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SUMMARY

The Earth’s climate is changing and cities are facing a warmer future. As the

locus of economic activity and concentrated populations on the planet, cities are both

a primary driver of greenhouse gas emissions and places where the human health im-

pacts of climate change are directly felt. Cities increase local temperatures through

the conversion of natural land covers to urban uses, and exposures to elevated temper-

atures represent a serious and growing health threat for urban residents. This work

is concerned with understanding the interactions of global trends in climate with lo-

cal influences tied to urban land covers. First, it examines temperatures during an

extended period of extreme heat and asks whether changes in land surface tempera-

tures during a heat wave are consistent in space and time across all land cover types.

Second, the influences of land covers on temperatures are considered for normal and

extreme summer weather to find out which characteristics of the built environment

most influence temperatures during periods of extreme heat. Finally, the distribution

of health vulnerabilities related to extreme heat in cities are described and examined

for spatial patterns.

These topics are investigated using meteorology from the summer of 2006 to iden-

tify extremely hot days in the cities of Atlanta, Chicago, Philadelphia, and Phoenix

and their surrounding metropolitan regions. Remotely sensed temperature data were

examined with physical and social characteristics of the urban environment to answer

the questions posed above. The findings confirm that urban land covers consistently

exhibit higher temperatures than surrounding rural areas and are much more likely

to be among the hottest in the region, during a heat wave specifically. In some cities

urban thermal anomalies grew between the beginning and end of a heat wave. The

xiv



importance of previously recognized built environment thermal influences (impervious

cover and tree canopy) were present, and in some cases, emphasized during extreme

summer weather. Extreme heat vulnerability related to environmental factors co-

incided spatially with vulnerabilities related to social status. This finding suggests

that populations with fewer resources for coping with extreme heat tend to reside in

built environments that increase temperatures, and thus they may be experiencing

increased thermal exposures.

Physical interventions and policies related to the built environment can help to

reduce urban temperatures, especially during periods of extremely hot weather which

are predicted to become more frequent with global climate change. In portions of the

city where populations with limited adaptive capacity are concentrated, modification

of the urban landscape to decrease near surface longwave radiation can reduce the

chances of adverse health e↵ects related to extreme heat. The specific programs,

policies, and design strategies pursued by cities and regions must be tailored with

respect to scale, location, and cultural context. This work concludes with suggestions

for such strategies.
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CHAPTER I

INTRODUCTION

Urban areas are focal points for addressing global climate change and its related

health impacts. This study is designed to improve the understanding of the spatial

distribution of heat in urban areas and the relative contributions of various built

environment characteristics to local heat, particularly during the extreme heat ex-

pected to become typical of future climates. The work combines previous knowledge

of important land cover drivers of urban thermal fluctuations with information on

heat-related health risk factors and investigates how these phenomena change during

periods of unusually hot weather. The findings will help cities plan for climates in

which such events will be more common.

1.1 Purpose

The culmination of three factors makes this work not only timely but significant

with respect to improving the built environment and the lives of people inhabiting it.

First, changes in the character of episodic heat in the US and elsewhere are resulting in

weather that is hotter, beginning earlier in the year, and lasting longer [133]. Second,

cities are the hub of attention for climate change. They create economic activities and

related emissions that help drive up greenhouse gas concentrations in the atmosphere,

but o↵er e�ciencies in lifestyle that can reduce per capita contributions [15, 230].

Cities are also the sites of the most severe impacts of human health during extreme

heat events [81]. Finally, cities are themselves creating additional heat exposures

for residents [128, 186]. Though only slowly being recognized, cities have a role

to play in reducing the temperature increases they are experiencing because of the

way their development has fueled the replacement of natural vegetative covers for

1



dark, heat-retaining surfaces [187]. This direct attachment of a city’s actions to its

climate future can be a powerful motivator for municipalities to get involved with

mitigating hazardous increases in temperature, as well as reducing carbon emissions

and improving quality of life [230]. This study builds upon previous research to more

clearly outline how this potential of cities can best be harnessed to improve public

health of its residents on a constantly warming planet.

1.2 Context

In 2011 the impacts of extreme weather events have been an important and consistent

theme in American news. Tornados, floods, and extreme heat have dislocated and

injured people in many parts of this country. July of 2011 was the fourth warmest on

record [140]. In this same year the National Oceanic and Atmospheric Administration

(NOAA) updated its 30-year ‘normal’ temperatures to include the most recent decade

and found that temperatures, averaged over more than 5,000 weather stations around

the nation, have risen by more than half a degree Fahrenheit [137]. This trend has

been heralded as an indicator of the new normal for weather patterns in and around

the US. Impacts, which have been predicted to appear in the future, are beginning

to manifest in current weather patterns and recent research has found that heating

experienced in the 21st Century could be permanent [48].

The heat of 2011’s summer seems to have extended into 2012. The last two years

were connected by a constant period of unusually warm weather with many parts of

the US seeing a mild winter and early heat waves hitting various parts of the US in

the spring and early summer. April 2012 was the third warmest on record for the US

(and 5th for the globe) and might be considered a relief from the March that preceded

it; the warmest ever recorded for the US. Temperatures for the first four months of

the year were more than 5 degrees above the long term average making it not only

the hottest year-to-date in US history but, when considered with prior months, also

2



the hottest consecutive 12 month period.

The worst of this year’s heat is still being written into the history books as this

work is being conducted. During the weekend before the 4th of July this year a heat

wave blanketed much of the eastern US, including Atlanta. A new record for all-

time high temperature in Atlanta was set on Saturday June 30, 2012 at 106�F. The

night before storms in the mid-Atlantic knocked out power to more than 1 million

people. Combined with high temperatures above 100�F in the week that followed,

residents faced considerable health risks from prolonged exposure to the heat. In

this extraordinary heat wave of June 2012 18 of 298 locations (with weather stations

followed for their robust period of record and representation of US climate) broke their

all time records [25]. All of this in the first two weeks of summer. These most recent

weather events signal the immediacy of the impacts of global climate change with

implications for their long-lived influence on how human development will proceed.

Prior to these recent heat events, many sources had forecast such impacts asso-

ciated with global climate change. The number of periods of regional extreme heat,

sometimes called heat waves, is expected to grow as increasing greenhouse gas (GHG)

concentrations lead to more variability in the climate [95]. This has been determined

by the Intergovernmental Panel on Climate Change (IPCC) to be an impact with

very high likelihood in the next century. However, in addition to global increases in

GHG concentrations, land cover also plays a role in determining the local tempera-

tures that inhabitants feel during these events and di↵erent land covers may interact

with regional weather patterns di↵erently. The interactions between regional weather

events and local land cover, along with the problematic e↵ects of prolonged extreme

thermal exposure for human health and urban infrastructure, demonstrate the need

for a deeper understanding of how local land cover dynamics vary during extreme

events.
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1.3 Study Summary

The intent of this work is to produce a more precise description of environmental

influences on extreme heat exposures during spells of elevated temperatures. The

results can be used to produce maps and guidance documents for more detailed plan-

ning with respect to mitigating and coping with urban heat. The work, described in

Figure 1, is divided into three investigations that di↵er in aims, data, and study de-

sign. This approach will provide a significant amount of information that will then be

summarized and related to potential policies solutions available to cities and regions.

To provide such a description the interaction of neighborhood scale climate influences

and their e↵ect on local land surface temperatures (LST) will be investigated – first

at the regional scale and second at the city scale. Specifically, LST across an entire

metropolitan region will be investigated to see how temperatures on urban land covers

within the region change during an extended heat event. Locally, the characteristics

of the built environment will be considered more closely and their association with

temperature changes during extreme heat, compared to normal summer weather, will

be assessed. This analysis will involve only the primary cities in each metro area and

will serve to inform the third section of the work. In a final analysis the environmental

factors important during extreme heat will be combined with population character-

istics known to define health vulnerabilities related to extreme heat. The product of

this combination will be an improved assessment of heat health vulnerability in cities.

The work herein begins with a review of the relevant literature describing the

foundations and informing the questions it will explore. Included are discussions of

global environmental change, urban climatology, heat-related human physiology and

epidemiology, as well as methodological precedents for this work. The purpose of the

review is to provide a working knowledge of this issue to the reader as well as to

clearly demonstrate gaps in the current information base that this work will help to
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Section 1
(Chapter 4)

Examining a
Heat Wave

Research Question OutputData/Methods

MODIS imagery (daily)
land cover 
NDVI
weather station data

statistical tests
(odds ratios, t-tests)

validation of imagery 
and scale 

importance of urban 
areas in heat over the 
course of a multiday event
 

Section 2
(Chapter 5)

Environmental 
Influences

Extreme vs. Normal
Conditions 

Section 3
(Chapter 6)

Vulnerability Analysis

Landsat TM imagery
environmental variables
(impervious surface, 
buildings, tree cover, HH dens)

spatially weighted 
linear regression

detailed description of 
abnormal locations

important environmental risk 
factors for Section three

region-specific BE influences
on temperature during extreme 
heat

environmental variables 
(from Section 2)
vulnerability data for American
Community Survey

principal components
linear combination
spatial statistics - Moran’s I

vulnerability mapping for all the 
metros in study

improved understanding of the 
relationships between different 
vulnerability types within cities

The figure outlines the three main sections of the work - answering questions about the impor-
tance of urban areas in long heat waves, the role of characteristics of the built environment in 
mitigating or exacerbating extreme heat, and how environmental vulnerability aligns with popula-
tion vulnerability. The work is informed by the literature review in Chapter 2, the methods and 
definitions for the study are detailed in Chapter 3, and the findings of the three sections will be 
summarized and related to potential and existing policies in Chapter 7. 

Are changes in LST during a heat 
wave consistent in space and time 
across all land cover types?

What are the most important built 
environment influences on land 
surface temperature during 
extreme summer heat?

How is the health vulnerability to 
extreme heat spatially distributed 
within cities?

Figure 1: Outline of the Study and Three Main Sections

fill.

While this work involves what has been described as three investigations, they

can be thought of as separate but connected. Some of these connections relate to the

selection of location and period of study. These are particularly important factors

in this work as it is concerned with the health vulnerabilities specific to place and

is also interested in certain weather patterns that are temporally limited. Chapter 3

serves to define the locations and times selected for these investigations and provides

justification for these choices. In addition, descriptions of the time and place for the

work is given. Some of this data will serve as inputs for the subsequent analyses, while
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other pieces will help define the boundaries of the investigation, and some will serve to

inform the interpretation and discussion of results. Detailed methods of each separate

investigation will be included in the relevant chapter detailing the related findings;

Chapter 3 takes the conceptual issues discussed in the literature review (Chapter 2)

and formally states the central research questions investigated and the settings for

these investigations.

The first major section of this work examines how urban land covers di↵erentially

influence temperatures over the course of a multi-day heat wave event. This portion

of the work is detailed in Chapter 4. For each metropolitan region being studied

a heat wave is identified and used to consider how temperatures near urban land

covers di↵er from the surrounding natural lands and if urban temperatures change

from beginning to end of the heat wave in a noticeable manner. It is hypothesized

that urban lands tend to retain energy and heat up more over the course of the

heat wave than proximate natural land covers. The results of this work should help

to identify if urban residents may be more susceptible to increased heat exposures

at di↵erent points within a heat wave. This work also provides the opportunity

to investigate daytime and nighttime temperatures separately. The potential for

enriching the description of nighttime heat exposures is an important contribution of

this work.

The second major investigation in this work is described in Chapter 5 and uses

a comparison of extreme heat days with days of normal seasonal weather. Extreme-

to-average temperature di↵erences are assumed to vary with local land cover and

land use patterns. It is hypothesized that specific characteristics of the built envi-

ronment act synergistically with regional extreme heat and exacerbate LSTs on days

with extremely hot weather. Conversely, some characteristics work antagonistically to

mitigate local elevated temperatures during periods of extremely warm weather. The

primary question that this work answers is which environmental factors are associated
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with surface temperature increases during heat waves? The results will identify the

areas within cities which experience the greatest temperature changes during extreme

weather and which environmental factors are associated with these increases (or de-

creases). If these patterns vary by region it may be that the relevance of vegetation

for mitigating local extreme temperatures during heat waves is more important or

feasible for some areas than for others. The results of this work will improve the

understanding of environmental factors contributing to heat vulnerability in cities

and lead to more comprehensive examinations of vulnerability during extreme heat

events.

Finally, Chapter 6, the third major section of this work, combines the environ-

mental risk factors from Chapter 5 with social risk factors previously described in the

literature as a means of better identifying areas with populations most vulnerable to

adverse health e↵ects during extreme heat events. The purpose of this section is not

to answer a specific question as much as to describe heat vulnerability within cities

using new knowledge from the previous investigation in Chapter 5. However, the

correlation between elements of environmental and social vulnerability will be con-

sidered. Where high vulnerability for the two categories is coincident opportunities

exist for more e�cient use of emergency response resources as well as the reduction in

exposures to elevated temperatures by manipulating characteristics of the built envi-

ronment. This analysis will help to highlight where such opportunities exist within

cities.

The conceptual framework in Figure 2 illustrates how local heat and human ex-

posure to elevated temperatures fit with discussions of global and regional climate

change. This work will make important contributions to better understanding some

of the drivers of regional climate variation tied to urban design and environmental

planning decisions, as well as to vulnerability mapping and adaptation measures like

emergency response planning. The main conceptual pathway (largest, darkest gray
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box) describes how climate change a↵ects heat-related illnesses generally. The top

pathway (upper grey box) describes critical points of specification moving from heat

to related mortality and is a subset of the influence of weather on temperature-related

illness. This work aims to describe the relative contributions of various urban form

characteristics to local heat in urban areas, particularly during periods of extreme

regional heat. By more specifically describing the role of environmental variables in

local warming, vulnerability maps that combine include both vulnerability factors re-

lated to exposure and sensitivity can be produced. Thus, independent of the findings

with respect to the interaction of regional heat waves and local climatic influences, this

work can be used to produce more comprehensive and e↵ective adaptation measures

for cities in the face more frequent and severe extreme heat events.

Global Climate
Change

Moderating Factors
Population Demographics

Condition of Housing Stock

Heat Heat Stress Heat Illness
(clinical signs) Heat Death

Regional
Climate Change

Temperature
Precipitation

Wind
Humidity

More Frequent and Severe
Heat Waves

Fewer Cold Spells

Increased Heat-Related Illnesses
Increased Heat-Related Deaths

Reduced Directly Cold-Related Deaths
Reduced Respiratory Illnesses

Adaptive Measures
Availability of Air Conditioning

Emergency Response Plans

Research
Improved Prediction

Effective Response Plans
Exposure Assessments

Urban Design

Practice
Effective Response Plans

Vulnerability Mapping

Factors
Affecting
Exposure

Factors
Affecting
Access to

Treatment

Factors
Affecting

Sensitivity to
a Given Heat

Exposure

provision/preservation of vegetation
reduction of impervious surface

spatial mapping of 
heat + heat vulnerability

combine demographic + 
environmental mediators

The figure combines two conceptual frameworks describing first the influence of weather and 
climate change on temperature-related illness [McGeehin & Mirabelli, 2001] (darker gray box) and 
second describing the causal chain from heat exposure to heat death [Kovats & Hajat, 2008] (lighter 
gray box).   The contributions of this work within these frameworks are shown in the white box to 
the left. They include describing spatial patterns of heat during heat waves and contribution of 
urban built environments to local heat. Finally these environmental risk factors are combined with 
demographic and social risk factors to better define extreme heat vulnerability in cities. 

Figure 2: Contributions of this Work to Practice and Research Within Existing
Conceptual Frameworks
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CHAPTER II

LITERATURE REVIEW

2.1 Environmental Change, Extreme Events, and Health

The expectation of future health impacts related to changes in global climate is well

considered and documented. The IPCC’s documentation of health e↵ects in the most

recent assessment report features an entire chapter on the human health impacts of

climate change [41]. Among these are the e↵ects of more frequent and long-lasting

heat waves, with explicit attention to mortality during the 2003 European heat wave

(p. 397). Excess mortality in France reached almost 15,000 for the event which lasted

20 days in August [160]. Regionally, two main health impacts of climate change have

been identified: direct heat-related mortality and morbidity and changes in infectious

disease [153, 130].

Research points to the importance of the deviations from mean temperature during

extreme weather events as the main driver of heat-related illness and death. Concep-

tually, the connections between global and regional climate change and changes to

heat-related health impacts are shown in Figure 2. McGeehin and Mirabelli (2001)

use the links between global climate change, regional climate change, changes in

frequency, timing and severity of extreme heat events, and heat-related illness to

highlight some of the important points of intervention for research and practice [129].

These include several environmental factors that are subject to local planning in-

fluence. For example, the provision of emergency response plans by local agencies.

While exposure to the health impacts of climate change can be considered at many

levels (globally, regionally, locally), more detailed exposure assessments at a local

level will be crucial for producing the response plans for extreme heat that are most
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useful to the agencies in charge of implementing them. Urban design is one aspect of

the framework that is almost entirely managed at the local level, and more specifically

by planning professionals. Land use planning and urban design may help mitigate

extreme heat locally and reduce exposures to extreme heat.

Among the expected changes to climate in the future, increases in temperature

are the most recognizable and widely discussed. The connection between a changing

climate and rising temperatures is evident in the original phrasing of the issue when

the term ‘global warming’ was coined to describe the impacts of increasing atmo-

spheric carbon dioxide levels. Today the issue is often phrased as ‘climate change’

and the far-reaching impacts, including changes in the water cycle and shifts in migra-

tory patterns of animals are discussed, but elevated temperatures remain the defining

characteristic of future climates. Indeed, the IPCC, the international body which

acts as scientific authority on climate change information, has said that it is ‘very

likely’ that warming will occur across all land regions of the world in the 21st Century

[37]. They arrive at these assertions after considering historical trends and modeled

future climate scenarios. Considering historical trends in temperature, the presence

of recent warming is obvious. As shown by the global land surface temperature record

from the last 130 years (Figure 3) temperatures are currently half a degree Celsius

(approximately one degree Fahrenheit) above the long-term average. Most of this

warming has occurred in the last 50 years. Some of the highest global average tem-

peratures have occurred in the most recent decades, with nine of the last ten years,

and 17 of the last 20, among the hottest years on record.

Modeling e↵orts replicate this trend, as well as recreate temperature records and

forecast future changes to global temperature under various emissions scenarios. The

IPCC assesses these scenarios through the year 2100 to examine the potential temper-

ature increases. As shown in Figure 4, these scenarios, ranging from a continuation

of current emissions trends (A1F1) to aggressive reductions in global emissions (B1),
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depicts recently rising measurements in the average global surface temperature of more than 0.5oC  
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compiled by the Goddard Institute for Space Studies, NASA (http://data.giss.nasa.gov/gistemp/)
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Figure 3: Global Temperature Anomaly 1880-2010

predict temperature increases in the next 100 years larger than have been experienced

in the last 1,500. The measured period of time, shown in solid black, mirrors the land

temperature anomaly from Figure 3, and the increases predicted for the next 90 years

can be seen clearly. The models predict at least one additional degree Celsius (2�F)

of warming in the global mean temperature by 2100 and up to nearly six degrees

Celsius (⇡12�F).

Changes to global climate have significant implications for changes in the number

and frequency of extreme events, or those events that have historically occurred with

less frequency or that have a small probability of occurring. Figure 5 conceptually
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Climate models have been able to accurately replicate past climates using validation techniques 
involving tree rings, ice cores, fossil records, etc. These models use current CO2 emissions and 
concentrations to predict future global temperature anomalies relative to the average from 
1800-1900.  Significant increases in the global temperature are expected. These increases range 
from 2oC (~4oF) assuming aggressive reductions in carbon emissions (B1) to 6oC (~12oF) with 
current emissions trends( A1F1). (adapted from The Copenhagen Diagnosis, 2009 and Mann et al. 
2008)

Figure 4: Reconstructions and Projections for Future Temperature

illustrates how statistical shifts in climate variability impact the probability of extreme

events. In the first case (panel a, the shifted mean) the average climate (temperature)

increases without any change in the variability of the climate system. If we presume

this is the case with the globally averaged temperature then we would expect to

experience more extreme days on the warm side and fewer extreme cold days. The

increase in extremes at one end of the distribution is accompanied by decreases on

the other end. It is also important to note that changes in the extremes occur non-

linearly with changes to the mean. Thus, small increases in the mean can result in

larger changes for the frequency of extreme weather [131]. In the case of increased

variability (panel b), only the variability changes without shifting the mean. Here,
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Figure 5: Impacts on Extreme Events from Shifts in Climate

if we presume the climate variability will increase as predicted, we would expect less

frequent days that we currently consider average and more frequent extreme days,

both hot and cold. When considering events at least one standard deviation from the

mean, a change in variance will have a greater impact on extreme event frequency

than a change in the mean [106]. Finally in the changed symmetry case (panel c)

the mean and the standard deviation of the distribution change simultaneously. As

it is shown, the mean decreases while the variance increases, causing more extreme

high values and almost no change in extreme low values. Changes to both the mean

and variability of the distribution are more likely occurring than changes to one

aspect alone, and to di↵ering degrees in di↵erent locations. Since the magnitude and

direction of these changes matters greatly for changes to extreme events, consideration

of local dynamics would be an important piece to understanding the threat of extreme

weather for a specific place [134].

When considered in aggregate the trends related to extreme events suggest tem-

perature extremes are increasing in magnitude and frequency. Trends in the United

States demonstrating fewer frost days and increasing minimum temperatures have

been observed [55]. Trends in humidity and dewpoint have also been shown to be

increasing, with larger increases in nighttime humidity than in daytime between 1961
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and 1995 [64]. A combined metric of temperature with humidity referred to as ap-

parent temperature is particularly important for heat-related illness [102]. Minimum,

mean, and maximum summertime apparent temperatures across the United States

have also been shown to be increasing [63]. Newer studies that include the most

recent decade of climate records show these trends more dramatically. In particular,

the number of new record high temperatures across the US was shown to be double

the number of new record lows for the most recent decade This ratio was close to

one in the 1950’s and is predicted to increase to 20 by mid-century and 50 by 2100

following the IPCC’s mid-range emissions scenario [135].

Through a combination of looking to the past - at historical climate records and

surface temperature measurements - and by looking forward - using global climate

models - scientists are able to comment with a degree of certainty on what has been

happening with temperature and what is expected to happen with temperature in the

next century [202]. Extremes in climate can be classified into two broad categories:

abnormalities based on simple statistics related to high or low temperatures, and those

related to more complex events that are remarkable, such as heat waves and droughts

[105]. A review of several examinations, both into observations and model results,

found that the likelihood of increases in both categories of extremes is very likely [55].

This is true for the 20th Century as well as for the expectations for the 21st Century.

In particular the group looked at what was happening and what was expected to

happen with extreme temperatures and found that temperature extremes moving

toward warmer measurements, in terms of increasing minimum annual temperatures

and annual maximum temperatures [64]. Additionally, a decrease in cold events and

increases in heat events or heat waves are expected.

The global mean temperature is a convenient and meaningful way to describe cli-

mate on Earth but masks the regional variations in climate change that are important

for predicting, understanding, and ameliorating the related health impacts. For most
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Table 1: Summary of Previous Findings Related to Temperature Extremes

Conclusions from
Observations

(20th Century)

Conclusions from
Modeling

(21st Century)

Higher maximum temperatures
More hot summer days
Increase in heat index
Higher minimum temperatures
Fewer frost days (higher 
minimum temperatures)

Very likely
Likely
Likely
Virtually certain
Virtually certain

simple extremes based on climate statistics
Very likely
Very likely
Very likely
Very likely
Likely*

More heat waves

Fewer cold waves

Possible

Very Likely

complex event-driven climate extremes

*No direct model analyses, but these changes are physically plausible on the basis of the other simulated model changes;  comparable

changes simulated by the models are noted in parentheses.

Very likely* (higher 
maximum temperatures)
Very likely* (higher 
minimum temperatures)

Adapted from Easterling et al. Science 2000, the table summarizes a review of observations and modeled 
trends for climate extremes. The assessment of extremes here relies on very large scale changes that are 
physically plausible or representative of changes over many areas. In some regions the changes of certain 
extremes may not agree with the larger scale changes. Therefore, the assessment here is a general one where 
observed and model changes appear to be representative and physically consistent with a majority of changes 
globally. Additionally, certain changes in observed extremes may not have been specifically itemized from 
model simulations, but are physically consistent with changes of related extremes in the future climate 
experiments and are denoted as such. The definitions of the uncertainty estimates for the possibility of 
changes in extremes differ between observations and models. For observations they are based on the 
following probability ranges: Virtually certain, >99%; Very likely, 90 to 99%; Likely, 67 to 90%; Possible, 33 to 
66%. For models they are based on the following degree of model agreement or physically plausibility: Very 
likely, a number of models that have been analyzed have shown such a change, or that change is physically 
plausible and can readily be shown for a larger group of models; Likely, some models that have been analyzed 
have shown such a change, or the change is physically plausible and could be shown for a larger group of 
models; Where the observed changes agree with the models, they are qualitatively consistent with climate 
changes expected from increasing GHGs. 
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areas in North America, regional climate projections predict annual mean warming

to exceed global mean warming [37]. The American southwest is one region that is

expected to experience exceptional increases in its summer temperatures. Even dur-

ing periods of little change in the global mean temperature, regional responses can

vary greatly [166]. Of particular interest to this work is the impact and influence of

land cover on local surface temperatures, specifically in urban areas. Given that so

little land area is held in urban areas - estimates for the US are under 3% [94] - the

impact may go unnoticed when examined at the global scale.

2.2 Heat and Health

A central motivation for this work is to generate knowledge that will improve e↵orts

by several di↵erent agencies working to save lives in cities. The primary ways this

work addresses health in the city is by focusing on reducing exposures to extreme heat

and by identifying where additional resources would be most useful for ameliorating

heat’s e↵ects on residents. To better understand the current state of knowledge

regarding relationships relating climate and heat to health the literature describing

such linkages is briefly summarized here. In combination with other sections of this

literature review, the discussion here helps to explain how local environmental factors

that influence exposures require further examination in light of larger changes to the

global climate.

2.2.1 Heat Epidemiology

The expectations for future changes to climate are directly related to expected health

impacts [109]. Indeed, the connections between climate and health demonstrate the

importance and relevance of considering past and future climates, regardless of our

impacts on them. Here, the evidence supporting such connections is explored to

reinforce the utility of this work and to better understand what aspects of the rela-

tionship between temperature and health hold the most importance and which are
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less understood.

The relationship between heat and health has generally been investigated in two

distinct ways: first, by investigating statistical extremes and, second, by examining

specific events. This division mirrors the one used by meteorologists and climate

scientists to categorize extreme weather when investigating historical trends and ex-

pected patterns for the future. A common way of assessing the relationship between

temperature and health involves examining changes in daily mortality rates as tem-

peratures vary.

A number of investigations around the US and Europe demonstrate consistent,

though di↵erent, relationships between temperatures and mortality. Many of these

are time-series studies, which look at historic regular measurements of the health

outcome as well as the exposure. Those considering low as well as high extreme

temperatures tend to demonstrate a U-shaped curves which describe increased daily

mortality rates at the extremes compared with lower rates at moderate mid-range

temperatures. Di↵erences arise when populations from di↵erent regions are com-

pared. One study conducted with 11 eastern US cities investigated mortality and

daily temperature from 1973 to 1994 found rates of mortality to di↵er according

to latitude [42]. When compared with northern cities, southern US cities including

Charlotte, Atlanta, Jacksonville, and Miami showed steeper increases in the risk of

cold-related mortality as temperatures dropped. Conversely, mortality risk in the

northern cities, including Boston, Chicago, and Philadelphia, showed more dramatic

increases with higher temperatures than their southern counterparts. The health

e↵ects of heat on mortality have been found to be much more heterogenous than

those for cold temperatures, due in part to variability in the presence of coping re-

sources, coincidence with elevated summer air pollution, and historic climatic norms

in di↵erent cities [132].
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There are several explanations behind the di↵erences between regions. One in-

volves di↵erences in the biophysical ability of populations to cope with heat. This

idea presumes that people’s bodies living in typically hotter environments, like those

in southern US cities, are better adapted to respond to high temperatures [18, 225].

This might include adjusting to become less susceptible to dehydration or better able

to relieve heat via sweating. Other regional adaptations may be social, such as un-

derstanding how to remain hydrated or how to properly dress during hot weather.

Behaviors that include avoiding the hottest part of the days for outdoor activities

could also play a role. Another compelling reason that could explain regional dif-

ference is the presence or certain physical and technical infrastructures [74]. The

most obvious among these is the prevalence and use of air conditioning in southern

climates. Many more individuals have personal access to air conditioning in homes

as well as other locations with air conditioning o↵ering them respite from oppressive

hot weather. Indeed as the prevalence of air conditioning has increased in northern

locations, the number of heat-related deaths has decreased while ambient apparent

temperatures in those same locations has increased [46]. Southern cities also often

consist of built environments that facilitate and encourage travel by personal automo-

bile - a microenvironment that is often air conditioned - thus reducing the time spent

outdoors exposed to ambient temperatures. Architects and planners have also begun

to factor heat relief into designs, facilitating adaptation to extreme heat conditions

[47].

Similar to the di↵erences between regions, di↵erences in the timing of extreme heat

can also a↵ect the response in health outcomes within the population [176]. Partic-

ularly high temperatures occurring outside of the typical summer months, especially

earlier in the year, have greater health impacts. Biophysical reactions to sudden hot

weather is one suspected reason for the spikes seen in heat-related mortality [108].

Another is the failure of heat-adaptation infrastructure to be ready for such an event.
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For example, houses that have not removed winterizing modifications, or prepared

air conditioners, particularly window units. Given such di↵erences, location and

population-specific high temperature threshold values have been produced and used

to identify days of high and low heat health risk. This categorization of days allows

for comparison of general mortality numbers on ’hot’ and ’non-hot’ days to estimate

the e↵ect of hot weather on population health. Investigating several years of data

with detailed information about the communities where deaths have occurred shows

that heat-related mortality can varies between communities and demonstrates the

importance of several factors in addition to temperature that interact to determine

local and individual risk [1].

Considering the range of ways that humans can cope with and prepare for extreme

heat, adaptation strategies can be categorizes and arranged into hierarchies of e↵ec-

tiveness based on various other factors. As discussed here, adaptation strategies can

be though of as biological (acclimatization over a single year or years), cultural/social

(social networks checking on people’s health, dispersing information, even air condi-

tioning), and physical (architectural adaptations, green infrastructure). The e↵ec-

tiveness of various strategies will di↵er with characteristics of the heat event. For

example, during heat events occurring earlier in the year, biological adaptations will

provide minimal protection to people and public health measures will have to rely

more heavily on social and physical adaptation measures. Alternatively, Patz (1996)

organizes adaptation strategies according a ”hierarchy of control” that distinguishes

administrative strategies from engineering and personal behavior adaptations [152].

In extreme conditions individual behaviors like hydration may be insu�cient to cope

with heat, and require administrative considerations to protect human health. One

example of this is the rescheduling of later summer football practices either to cooler

early morning hours or air conditioned indoor facilities. Understanding the relative
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merits of various adaptation strategies under di↵erent circumstances and how adap-

tation measures work together can help prioritize response needs, develop policy, and

inform up-stream investment to protect human health.

2.2.2 Factors Which A↵ect Adverse Health Outcomes

Specific extreme heat events can be investigated with greater detail to begin to de-

scribe risk factors involved in heat-related mortality. One study design often used to

describe the association between temperature and mortality when individual mortal-

ity data is available is the case-crossover study. In this design, mortalities constitute

a case, and the characteristics of several proceeding days are investigated to identify

thermal or other characteristics that may have a role in a↵ecting the health outcome.

The design is similar to a more traditional matched case-control but uses each case

just prior to the heath outcome as its own control.

One event investigated with considerable scrutiny in the US was the 1995 Chicago

heat wave between July 14 and July 17. Semenza used a matched case-control design

to investigate 680 cases of heat induced death, cardiovascular death, and cardiovas-

cular death complicated by heat-related factors. The research estimated that half

of the cases could have been avoided with the provision of air conditioning. Living

alone and being confined to a bed or not being able to take care of oneself were all

associated with increased risk of mortality [174]. Semenza and others also examined

hospital admissions during the heat wave and found an 11% increase in all admissions

during that week. Admissions for the elderly (over 65 years of age) was 35% higher

than comparison weeks [175].

A review of several heat event-specific studies identified consistent findings with

regard to risk and protective factors during heatwaves. Being unable to care for

oneself greatly increased the risk of mortality during heat events. The meta-analysis

calculated an odds ratio of 2.97, suggesting that such individuals were almost three
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The figure, adapted from McGeehin & Mirabelli (2001) depicts the complex relationship between 
human health and stressful weather. The pathway from changes in the global climate to specific 
heat-related health impacts (left to right) involves several important connections.  The needs for 
research as well as opportunities for mitigation and adaptation interventions are noted along this 
path. The complexity of the relationship make it a important medical, social, and environmental 
issue.   

Figure 6: Influence of Weather and Climate Change on Temperature-Related Illness

times as likely to die during heat events than similar individuals without such a

disability. The analysis found that being confined to a bed had an odds ratio over

six. Conversely, having a working air conditioner in the home consistently reduced

risk of mortality by about 75%. Increased social contact within the community was

also found to be consistently protective during heat events [20].

2.2.3 The Relationship of Climate and Heat to Health

The conceptual framework informing the path from global climate change to changes

in mortality and morbidity is presented in Figure 6. In this figure there are sev-

eral points of consideration for intervention, education, and improved understanding,

mostly around the connections between global to regional climate, frequency of ex-

treme weather, and health outcomes. The most successful and e↵ective climate plans

will incorporate heat-related health impacts and an understanding of their causes into

planning e↵orts [150].

The conceptual relationships between more frequent and severe heat waves and

21



Factors
Affecting
Exposure

Factors
Affecting

Sensitivity to
a Given Heat

Exposure

Factors
Affecting
Access to

Treatment
Heat Heat Stress Heat Illness

(clinical signs)
Heat Death

The pathway from high temperature to heat-related death is expanded to illustrate points of 
intervention and risk factors that influence the progression along the pathway. The factors affect-
ing access to treatment and individual sensitivity are better understood than factors that influence 
exposures, and specifically local variations in temperature. (adapted from Kovats & Hajat, 2008). 

Figure 7: Causal Chain from Heat Exposure to Heat Death

increased heat illness and death can be further expanded to more carefully describe the

relevance of the moderating factors and adaptive measures shown in Figure 7. Kovats

and Hajat (2008) explain important conceptual steps along the path from increased

ambient temperatures to heat-related death [111]. In moving from heat to thermal

stress, illness, and eventually death they illustrate key determinants of adverse health

outcomes. They describe the first of these determinants, the exposure, using three

categories: heat wave events, days with temperature above a specified threshold, and

heat stroke on hot weather or non-heat wave days. None of these descriptions of

exposure explain how heat may vary over space. Temperature variations with urban

land cover patterns may be an important driver of exposures to heat but has not

been well considered. Factors a↵ecting one’s sensitivity to heat and the ability to

cope with heat, such as age and access to air conditioning, have been much more

closely examined in the heat death epidemiology literature (Section 2.2.1).

2.3 The Role of Land Cover in Local and Regional Climate

The connections between land cover, atmospheric conditions, and climate are varied

and interrelated. For example deforestation in di↵erent locations produces outcomes

that vary not only in magnitude but also direction [10, 17]. Thus, predicting the
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outcomes of changes to any one part of the system becomes an important and sub-

stantial challenge. This is especially the case since land use decisions are often made

with local authority and without the aid of sophisticated global climate models. In

order to better understand some of the linkages between land cover-driven climate

change via physical surface changes and by way of interactions with the atmosphere

the two are examined here. The urban heat island (UHI) is provided as a localized

example of land cover modification of the surface energy balance.

2.3.1 Land Cover Interactions with the Surface Energy Balance and At-
mosphere

This work aims to further describe aspects by which land cover influences urban

climate, thus the majority of this discussion will focus on the relationship of land

cover to climate. However, as climate is determined by a number of other factors,

some understanding of basic climate influences is necessary. Chief among these are

the importance of solar radiation to the energy in the Earth-atmosphere (E-A) system

and the role of atmospheric constituents.

Earth’s climates, and indeed changes in climates, are fundamentally connected

to the single primary energy source of solar radiation. Incoming solar energy is in

the form of shortwave radiation and is either reflected, absorbed, or transmitted by

interactions with matter, including atmospheric gases. Interactions at the surface of

the Earth absorb, become heated, and reradiate this energy as longwave radiation.

Gases in the atmosphere that trap longwave radiation and experience an increase in

heat are referred to as greenhouse gases (GHG. They are important to the E-A system

because they are transparent to incoming shortwave solar radiation and opaque to

longwave radiation thus holding incoming energy and heating the atmosphere. Life

on the planet would not be possible without the GHGs. Most recently GHGs have

received attention as anthropogenic emissions, in particular carbon dioxide (CO2),

have been accumulating in the atmosphere and increasing the radiation absorbed and
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transmitted by atmospheric GHGs.

Land cover has been hypothesized to be as important to anthropogenic climate

forcings as those related to human emissions of GHGs [89, 128, 157]. Characteristics of

the Earth’s land surfaces are crucially important for determining how solar radiation

is transformed, including how energy at the surface is partitioned into sensible and

latent heat and where water resides in the system.

Albedo of surfaces is one important property to consider because it determines

how much of the incident shortwave radiation will be absorbed. Accounting for energy

in the E-A system using the energy balance, this property of surfaces has a direct

impact on setting the limit of the surface energy budget. Limiting initial absorption

has e↵ects on the amount of energy reradiated as longwave radiation from the surface,

the amount of energy available for evapotranspiration, and the quantity of energy

converted to sensible heat. Natural surfaces like fresh snow and ice have higher

albedo and reflect more of the incident shortwave radiation to the atmosphere and

space.

Surfaces also di↵er with respect to their storage and release heat and water.

Among di↵erent types of soils there is variation in their ability to retain water, store

heat and transfer heat to the atmosphere [146]. Vegetative surfaces interact with

incoming solar radiation in a variety of ways. There are seasonal di↵erences in the

amount of leaf cover and thus the surface area available for the absorption and ex-

change of radiation. Trees, particularly deciduous, broad-leaf trees, o↵er significant

shade, and thus intercept incoming solar energy before it can interact with other

surfaces like soils. The leaves of these species absorb energy di↵erently than soil and

transmit some of the incoming radiation.

The collection of land surface and vegetative cover interactions with solar radiation

are collectively labeled as biophysical e↵ects on climate. In relatively recent geological

times human alteration of the natural Earth surfaces have changed these biophysical
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characteristics of many locations on Earth. Anthropogenic manipulation, cultivation,

and fabrication of landscapes dramatically change the Earth’s surface and thus the

composition and quantity of energy within the E-A system. Even without human

interactions, the balance of solar, atmospheric, and terrestrial radiation at the earth’s

surface is a very complex phenomenon. The complexities of energy balance and

spatial heterogeneity in the surface energy budget at di↵erent locations on the globe

relate directly to di↵erences in temperature, humidity, and other weather indicators

like cloud cover and precipitation [158, 167]. In this regard, land use decisions and

properties of the land cover are directly linked to local, regional, and even global

climate [61, 157, 159].

Perhaps the best-known and well-recognized description of land cover’s influence

on local climates is the urban heat island (UHI). The UHI is well documented as

a physical phenomenon, created by contributions from land cover changes and land

use that decrease surface albedo, reduce evaporative cooling, and increase waste heat

emissions [9, 145, 198]. Typically the UHI is characterized by comparing temperatures

observed within the urban area to temperatures from stations in the surrounding

rural area. The UHI is also often characterized by examining nighttime minimum

temperatures for a single location.

The mechanism of UHI formation is a combination of specific sub-mechanisms

that influence the near surface energy balance: namely the reflection/absorption of

shortwave radiation, the partitioning of longwave radiation into the sensible and la-

tent heat fluxes, addition of waste heat to the local sensible heat flux, and trapping

of longwave radiation in urban geometries. Land cover changes in urban areas in-

clude replacing vegetated surfaces with pavement and tend to decrease the reflection

of shortwave radiation and increase the amount of longwave radiation available for

absorption and re-radiation by GHGs. These surfaces absorb more of the sun’s in-

coming shortwave radiation and emit this energy as longwave radiation (heat) over
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longer periods of time, well into the evening hours, which inhibits the natural diurnal

temperature fluctuation. Higher nighttime minimum temperatures increase human

thermal exposures, particularly during heat waves. Reduced vegetation in urban

areas decreases the amount of evaporation and thus directs energy retained at the

surface into the sensible heat flux. This sensible heat is experienced as an increase in

temperature at the surface and in the near surface air. Latent heat is energy used in

the conversion of water to a higher energy state: liquid to gas. Evapotranspiration

by plants is a mechanism that diverts longwave energy at the surface into the latent

heat flux rather than the sensible flux. Diverting energy to the latent heat flux at

the surface has a cooling e↵ect. Finally, waste heat from combustion and electrically

driven motors add thermal energy to the urban environment. Air conditioners and

car engines are two of the most common sources of urban heat emissions.

With regard to anthropogenic modification of land cover, and inadvertently cli-

mate, the scale of the urban area is one that has been used to investigate the phe-

nomenon extensively [8]. Buildings, particularly tall buildings, introduce increased

variability in surface roughness and highly absorptive materials cover much of the

area. These characteristics of urban development tend to make city surface conditions

drier, rougher and warmer than surrounding areas and contribute to the formation of

urban boundary layers. These are near-surface layers of the atmosphere which reside

above the urban canopy and experience climate modification due to the presence of

the city at the surface [144]. Additionally a unique volume of anthropogenic heat

sources, primarily via combustion, exist at the urban scale and add to the sensible

heat loading in the urban boundary layer. Such sources represent energy input in to

the local climate system that is temporally disconnected from the actual solar flux.

Sailor, Lu, and Fan (2003) estimated diurnal anthropogenic heating profiles for trans-

portation, buildings and metabolism to show increases in near surface temperature

of 0.2�C during the day and nearly 1�C at night [170]. Temperatures above roadways
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have also been shown to be lower on weekends than weekdays, adding to the evidence

of anthropogenic warming from automobile use [82].

Roughness, or the variability in object size and height across a surface, of the

urban surface results in the formation of urban canyons, which consist of the walls

of buildings and the ground between them. Canyons represent a repeating urban

feature with impacts for radiant climate forcing and convective air movements that

di↵er from those expected in simpler horizontal homogenous landscapes. The walls of

buildings increase the area interacting with incoming solar radiation and contribute

to significant sensible heat loading. Heat storage in building surface materials also

a↵ects diurnal temperature cycling and keeps nighttime temperatures elevated. The

energetic mechanics of such a landscape require examination at finer scale to be ex-

plained. Moreover, inconsistencies in building orientation and height create additional

variability in the characterization of the canyon energy balance [142]. Empirical ev-

idence and canyon modeling demonstrate the importance of canyon geometry and

materials to nighttime warming in urban areas [100, 142, 148].

Despite the di�culties that urban roughness presents in accurately characterizing

the urban boundary layer, a substantial body of literature exists which demonstrates

the influence of land cover change on urban climate. These studies focus on land

cover change in two main respects: use of anthropogenic materials in fabricating new

surfaces and the replacement of vegetation with non-biogenic surface substrates. The

former consists of roads and building rooftops, which strongly absorb, store, and emit

solar radiation as sensible heat. These materials generally have low albedo and so they

hold more of the incoming shortwave radiation at the earth’s surface, thus increasing

the surface energy budget. The ability of such materials to store absorbed energy

has implications for diurnal temperature cycles in urban areas. Under natural cover

conditions the surface energy budget is at a deficit when the sun is not directly shining

on the surface. Materials involved in urban land cover such as asphalt derivatives and
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metals decrease the nocturnal energy deficit by channeling energy absorbed during the

day into the sensible heat flux overnight. The result is higher nighttime temperatures

and smaller di↵erences between daytime and night temperatures, otherwise referred

to as diurnal temperature range.

Urban replacement of vegetation with non-vegetative surfaces a↵ects several cli-

matic parameters including surface roughness [146], albedo [194, 197] and shifts in

the sensible-latent heat flux due to a changes in evapotranspiration [75, 146, 198].

Recall that radiation channeled into the latent heat flux is not realized on the surface

as a change in temperature but is stored in the material undergoing a change of state.

This material is most commonly water entering the vapor phase. In addition to re-

ducing the e↵ective temperature at the surface, water vapor formation contributes to

cloud generation and energy transfer in the larger E-A system. The nature of clouds

to decrease e↵ective surface radiation by absorbing and scattering incoming solar ra-

diation, their importance in regional precipitation, and their role in convection within

the Earth-atmosphere system demonstrates the potential impact of localized vegeta-

tive land cover change at several scales. Oke also notes the importance of pollution

on longwave radiation and absorption over urban areas.

A comparison of the two energy balances in Figure 8 is useful for explaining

the role of urban land conversion in changing local climate. First, the net all-wave

radiation flux (black line) is governed primarily by the incoming solar radiation in

both the urban and rural cases. The most notable di↵erences are in the partitioning

of the heat into the sensible and latent heat fluxes. The urban case has significantly

less heat in the latent flux and more in the sensible flux when compared with the

rural case. This leads to a warming of the environment in the urban setting. The

delayed peak in urban sensible heating is due to afternoon turbulent heat transfers

that continue to warm the atmosphere after the solar peak at midday. Here, the

heat storage term is important as it continues to influence the energy balance after
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The two diagrams describe the changes in surface energy fluxes over the course of a single day in 
urban and rural areas. The data comes from Vancouver, BC and originally appears in Oke, 1987. The 
most notable differences are in the partitioning of the heat into the sensible and latent heat fluxes. 
The urban case (top) has significantly less heat in the latent flux and more in the sensible flux when 
compared with the rural case (bottom). This leads to a warming of the environment in the urban 
setting.

Figure 8: Comparison of Urban and Rural Surface Energy Fluxes
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The figure (adapted from USEPA, http://www.epa.gov/heatisld/images/UHI_profile-rev-
big.gif ) shows the variation in the urban heat island over the course of the day and across 
 the rural/urban transect. Note the large differences in daytime surface and air temperatures 
 (orange lines) and the equivalency of daytime and nighttime air temperatures (orange and
 blue solid lines) in the downtown area. The natural cooling offered by undeveloped areas
 ceases to exist in urban areas and prolongs exposures to high temperatures.

Figure 9: Temporal and Spatial Variation in the Urban Heat Island

sundown. This results in larger di↵erences between urban and rural temperatures in

the evenings.

Thus the magnitude of the UHI, measured as the di↵erence between urban areas

and a proximate rural site, experiences variations temporally. Figure 9 provides

a conceptual urban-rural profile with day and night air and surface temperatures.

Notice the increased variability in daytime temperatures as solar radiation interacts

with various surface materials. Also, note the large di↵erence between nighttime

urban and rural temperatures due to sustained release of stored heat in urban areas

after sundown.

Another important feature of the urban heat dynamic is the variation of UHI

30



intensity across the urban-rural landscape. Notice that in Figure 9 the UHI is larger

for the urban center than for the intermediate urban residential areas. This is in part

due to the urban center’s larger reductions in natural vegetation and the channeling of

more energy into the sensible heat flux and storage. Consider that the ‘urban’ case in

Figure 8 is mostly 1 and 2 story homes and the area is approximately 36% built, 64%

greenspace [146]. Other reasons for the increased UHI intensity ‘downtown’ relate

to the urban geometries, which increase longwave absorption and radiation between

buildings as well and reduce turbulent heat loss. The energetic mechanics of such a

landscape require examination at finer scale to be explained.

2.3.2 Empirical Measurement of Land Cover’s Change on Climate

An important part of measuring land cover change’s impact on climate is to first con-

firm its existence. In this regard the UHI is a major theme throughout the literature

as it is easily understood and repeatedly demonstrated. The UHI is defined by dif-

ferences in temperatures between urban areas and the surrounding rural areas with

di↵erent land cover characteristics. Empirical studies have demonstrated elevated

temperatures in city centers and around urban land uses when compared with nearby

rural land cover. Air temperatures in cities can be an average of 2�C higher than

surrounding areas [33] and has been observed and documented for the last 100 years

[32, 143, 145]. Elevated temperatures of urban land use can be observed at various

scales including the building and streets [147, 204] and towns with populations less

than 1,000 [115]. Conversely lower temperatures can be seen around sections of urban

vegetation, such as parks [67, 195, 196]. Hawkins et al. [84] used 10-day temperature

records from sensors at an airport with those on a nearby farm to show the pres-

ence of a UHI in Phoenix. The observed UHI varied depending on the rural baseline

used but the average UHI ranged from 9.4� to 12.9�C. Such large values exhibit the

importance of considering UHI on specific days and times, as opposed to averages
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over several months and years. Such large di↵erences in temperature for only a few

days can have important impacts on health [13, 40, 91, 101]. Recording profiles of

the UHI is another way that researchers have demonstrated the theory with empiri-

cal evidence. Hungarian researchers used mobile temperature measurement over the

course of a year throughout a city of 160,000 to characterize the city’s UHI. Intensity

of the UHI varied with season, wind speed, and cloudiness but was most intense at

the city center and decreased moving toward the edge [208]. This corresponds to

areas of more intense development within cities, for example in traditional downtown

areas or central business districts [146].

Evidence of warming from urbanization is apparent, but estimates of UHI magni-

tude, growth, and impact vary with location and are currently being debated. Some

UHI studies have employed historical surface temperature records to compare urban

and rural temperatures and used the residuals to represent warming due to urban-

ization. Temperature is recorded in-situ at surface stations around the globe as well

as remotely by satellite. Remote measurements are more sensitive to energy stored

in the atmosphere and better representations of large-scale climate changes due to

greenhouse gas warming and atmospheric circulation, but less sensitive to localized

changes happening at the surface such as land cover conversions. Comparison by

Kalnay and Cai of records from surface stations to those of the 50-year reanaly-

sis measurements of the atmosphere demonstrated di↵erences largely attributed to

land use changes. Their work found daily minimum temperatures to increase and

maximums to decrease. This is likely due to the increased release of night time

longwave radiation over urban land cover in the case of the former and increased

evapotranspiration from agricultural land cover during daytime in the case of the

latter. The analysis estimated that half of the decrease in diurnal temperature range

and a 0.27�C increase in mean temperature per century (0.035�C per decade) is due
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to changes in urban and other land use [28, 103]. Lim et al. [120] combined a sim-

ilar observed surface temperature minus reanalysis (OMR) methodology with land

use characteristics obtained from MODIS satellite imagery. Focusing on urban areas

demonstrated the significance of land cover types a↵ecting measured warming using

the OMR methodology and, in particular, identified a warming trend in urban ar-

eas larger than other land use types. Zhou et al. [234] observed similar di↵erences

in surface and troposphere warming during recent periods of rapid urbanization in

China. Surface temperatures showed a faster rate of warming as well as a decrease

in diurnal temperature range. They attribute a 0.05�C increase per decade in mean

surface temperature to urbanization. Specific land cover conversions have also been

examined using the OMR methodology. Fall, et al (2009) [60] found that stations

at or near conversions to urban/developed land covers experienced temperature in-

creases ranging from 0.6�C/decade (from grassland) to around 1�C (from forest) and

more than 1�C/decade (from agriculture) (see Figure 10).

Surface stations vary in time of observation, location, and equipment used over

time and thus are subject to significant bias if such factors are not accounted for [155,

156]. To control for some of this variability in surface measurements, a similar analysis

was conducted using the reanalysis records and those of the US Historical Climatology

Network database which includes corrections in surface records to account for changes

in location, equipment, and time of observation [54]. These findings estimated a mean

temperature trend of 0.147�C per decade, which others have argued, was exaggerated

due to inconsistencies and inaccuracies in the reanalysis measurements [215].

Gallo et al. [65] investigated the consistency of the temperature record for US

Historical Climatology Network (HCN) stations using land cover designations from

the operational linescan system against land cover determined from satellite imagery.

The findings demonstrate the ability of land cover designations to influence analyses

using HCN data and have led to improvements in urban/suburban/rural classification
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Specific land cover conversions have been shown to result in differing 
temperature increases. The estimated increases here represent changes 
beyond those due to global climate change. Here the temperature 
changes observed after conversions of general  vegetated land covers to 
developed land cover are shown. When most natural land covers are 
converted to developed, an increase in temperature results. Barren was 
the only land cover for which a conversion to developed did not result in 
warming. (adapted from Fall et al. 2010) 

Figure 10: Warming Related to Specific Land Cover Conversions
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of stations in the HCN and reduced biases in the data. Recently Hale et al. examined

the temperature records of the 366 US Climate Normals stations to see how measure-

ments at the stations changed with nearby land cover change. Prior to significant

land cover change, few significant temperature trends were observed, however, follow-

ing the most significant periods of land cover change, 95% of the stations exhibited

warming trends in minimum, maximum, or mean temperatures [79]. In particular

urban land changes resulted in observed warming more consistently than other land

use conversion types. Importantly, similar observations were not apparent within the

reanalysis temperature records [78].

Data from the HCN has also been used with more specificity to examine warming

in cities in particular. Urban stations are paired with nearby rural sites and di↵erences

between the sites are evaluated. Between 1940 and 1980, warming in 34 pairs of North

American sites found a warming trend of 0.11�C in cities [113]. More recently, Stone

used Global Historic Climatology Network (GHCN) data, which corrects station data

according to the HCN standard and includes the largest metropolitan areas, to show

a di↵erence in the warming trends of urban and rural sites. This divergence of the two

trends (Figure 11) represents an increase in the UHI intensity of 0.05�C per decade

and was found in the 50 largest urban centers in the US [190].

Other evidence of urbanization’s warming includes proxy measures such as heating

and cooling degree-days required in cities and their surroundings. This measure

considers the number of days that heating or cooling is required in a place given a

specific reference temperature. It has been shown that around the US over a period of

continued urbanization, cities’ requirements for heating have declined while demand

for energy to cool buildings has increased [115, 198, 199]. Oke [143] demonstrated

commonalities of the diverse observed UHIs in an analysis of city size with UHI. Heat

island intensity was shown to be directly related with the logarithm of population.

This simple relationship can be applied to most urban settlements in North America.
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Temperatures from urban and rural weather stations were collected and compared over 50 years. 
The rural anomaly mimics the  global surface temperature anomaly after 1955. The urban tempera-
tures are consistently higher than the rural temperatures and the difference between the two 
illustrates the urban heat island effect. The magnitude of the difference is growing over the study 
period. Also, the magnitude of the urban heat island is greater than the rural temperature anomaly - 
the amount of warming attributable to global climate change. (adapted from Stone, Vargo, & 
Habeeb, 2012)

Figure 11: Comparison of Urban and Rural Temperature Anomalies (1958-2008)
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Analysis of UHIs in Korea found a similar relationship to population [38].

Aggregate measures of metropolitan form have also been associated with increases

in the number of extreme heat events experienced in cities. Stone, Hess, and Frumkin

(2010) found that in the past 50 years the number of days with extreme heat in the

most sprawling cites increased nearly three times as much as extreme heat days in

the most compact cities, from 5.6 to 14.8 [186]. Shanghai’s UHI has been shown

to be increasing the frequency and duration of extreme heat in the city compared

with surrounding areas. The city has also experienced much higher rates of mortality

during heat waves than its exurban areas [201].

It has also been shown that remotely sensed vegetation and impervious surface

data are well correlated to development patterns and intensity and can be used to

describe urban thermal characteristics [226]. Low-density patterns have been shown

to contribute more heat to UHIs than proximate high density areas, and planning

strategies like zoning and subdivision regulation have also been shown to be e↵ective

in reducing urban warming [188, 191].

2.4 Considering urban warming with respect to health

The UHI has proved to be a useful and familiar descriptor of the influences of land

use and land cover on local climate; however, with regard to thermal stress and the

impacts of local temperature on population health the UHI’s comparison of rural and

urban temperatures is insu�cient for meaningful heat event emergency planning. In

order to provide a thorough and strategic incorporation of environmental influences

into heat event planning an investigation of land use and land cover during the very

events that are most threatening to health is needed. Such an understanding allows

for proactive mitigation of local heat concentration by land use policies as well as for

more e↵ective response in times of extreme heat.
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The importance of urban heating has recently been examined more closely to es-

timate its contribution to heat stress and deaths from intense and prolonged thermal

exposures. In such work, the temperature experienced by a person and the length

of exposure to elevated temperatures are the primary factors a↵ecting morbidity and

mortality - more important than the urban-rural di↵erence in temperatures [13, 21].

To better understand the thermal exposures in the urban environment, temperatures

should be assessed with a connection to location and duration, rather than compar-

atively with surrounding areas. Thus, the spatial distribution of temperature, and

minimum temperature in particular, may be more appropriate qualities to investi-

gate for the purposes of estimating urban thermal exposure. In fact, several modeled

thermal indices have been created to better estimate the temperatures experienced

by people in urban environments [47, 127]. They often involve combinations of tem-

perature (surface or air) and estimates of humidity. Such indices have been used as

outcome variables to evaluate the influence of surface characteristics on heat stress

and could be constructed for nighttime minimum temperatures specifically [80].

The tendency of densely populated urban areas in general to retain heat overnight

and prolong exposures to elevated temperatures is a feature that can intensify the

e↵ects of heat waves [40, 129]. While recommendations for heat wave adaptation exist

with respect to socio-economic status and demographic factors, little information

exists to evaluate potential heat exposure as it relates to its environmental drivers

[209]. Urbanization is usually considered a regional factor a↵ecting heat wave health

risks; this work examines the variation of temperature related to environmental factors

at a much finer scale.

Remote sensing data of finer spatial resolution and more frequent image capture

has enabled surface temperature to be analyzed in conjunction with land cover and

land use data [2, 51, 220]. Such work has produced a better understanding of how
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land covers, such as vegetation and dense urban development impact local temper-

atures independent of the surrounding rural temperatures. However, these studies

are often limited to single sites, points in time, or investigation of specific land cov-

ers with respect to temperature [27]. Few studies have investigated the relationship

between land covers and local LST during extreme heat events or have included the

many potential drivers of local temperature variation. While LST may not be the

perfect measure for estimating local heat exposures - failing to accurately capture air

temperatures that may result from decreased evaporation, for example - the variation

in LST, or LST anomalies will reflect local influences with su�cient accuracy [83].

Some studies have attempted to map spatial variation of heat wave vulnerabil-

ity and even used LST as a proxy for exposure in a few cases. These studies use

epidemiological knowledge of demographic risk factors, and in some cases remotely

sensed thermal data, to better describe how heat event vulnerability varies within

urban areas. Johnson, Wilson, and Luber (2009) used LandSatTM data to describe

the maximum, mean, and minimum LST inside of census tracts. The LST data was

combined with demographic risk factor data for the populations in those census tracts

and used to predict heat-related mortality, compared to records from an extreme heat

event in Philadelphia in 1993 [99]. Also in 2009 Reid et al. sought to map heat vulner-

ability by census tract, but on a national scale. They combined ten risk factors from

the literature using factor analysis to create an index describing heat vulnerability.

The list of risk factors contained one land use characteristic, percent of census tract

not covered in vegetation, and the analysis did not consider temperature in any way

[168]. Ueijo et al. (2011) used ASTER imagery with neighborhood characteristics at

the census block group level in Phoenix and Philadelphia to examine association with

heat-related health e↵ects - mortality in Philadelphia and heat-related distress calls

in Phoenix. The analysis included several land cover and built environment variables

(NDVI, % impervious, housing density, % single family detached housing) as well
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as average and maximum nighttime LST. The study also used some novel measures

of neighborhood stability which were shown to be important for vulnerability [206].

Again, the analysis was not specific in how dates for study were determined and if

imagery were from extreme heat events. Most recently, Huang, Zhou, and Cadenasso

(2011) examined the correlation of LST with land cover and social variables by cen-

sus block group in the Gwynns Falls watershed in Baltimore County, MD [90]. The

team derived mean LST by block group from LandSatTM imagery and examined the

co-occurrence of socio-economic risk factors with elevated LSTs. Their work did not,

however, examine the environmental determinants of urban ‘hot-spots’ nor did it seek

to examine risk or vulnerability during a period of extreme heat.

The Paris heat wave during the summer of 2003 is one regional climatic occurrence

that has been examined with more scrutiny. In 2007 Dousset et al. combined satellite

images containing frequently resolved surface temperatures from NOAA-AVHRR and

more highly spatially resolved land cover data from SPOT-HRV to characterize the

distribution of temperatures around the city through the a day in the 2003 heat wave

[53, 52]. Three sites within the urban area were examined specifically: downtown

Paris, a park to the west of downtown, and an industrial site to the north. Land

surface temperatures were averaged for 50 NOAA-AVHRR images over a nine-day

period in August 2003. The work was compared to earlier analysis of Paris surface

temperatures from August 1998. Daytime high temperatures in urban parks during

the 2003 heat wave were found to be similar to those in 1998; however, nighttime

temperatures in the park were as much as 2�C higher during the heat wave compared

to 1998. The use of normalized di↵erence vegetation index showed a consistent neg-

ative correlation between vegetation and surface temperature. For every 0.1 increase

in the vegetation index an approximate decrease of 2�C was shown. The results of

the work support the use of heat exposure indicators obtained from satellite imagery

to derive vulnerability estimates [114].
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2.5 Investigating Land Cover During Extreme Events

There are several interactions between the regional heat wave and local land cover

influences that merit conducting this study. First regional heat waves are character-

ized by prolonged heat and often little precipitation. The decrease in soil moisture

during heat waves can have a significant e↵ect on evaporative cooling compared to

normal conditions [62]. Another potential interaction involves the plants themselves,

as some species may decrease metabolic activity and thus evapotranspiration during

periods of extreme heat [39]. Anthropogenic heat may also increase during heat waves

as the use of air conditioners increases. Urban geometry can absorb and reradiate

the already abundant longwave heat energy to exacerbate local heating further. Such

detailed data on urban features is di�cult to obtain for entire metropolitan areas and

in this work proxy measures for building height and urban geometry are employed

to ensure some degree of consideration with reasonable data coverage. Finally each

of these hypothesized interactions may a↵ect daytime maximum and nighttime min-

imum temperatures di↵erently, and thus have a variety of impacts for heat stress,

illness, and death.

A better understanding of environmental factors a↵ecting vulnerabilities during

heat waves can result in strategies with more ancillary benefits for cities than cur-

rent adaptation measures. To date, an e↵ective adaptation strategy for avoiding

heat stress deaths has been to increase the proportion of homes with air conditioning

[47]; however such strategies may have downsides, particularly if they are relied upon

more heavily in the face of more frequent extreme heat. Air conditioning strategies

disproportionately favor the wealthy as they require costs for installation and op-

eration. Secondly, active cooling strategies that use electricity and other forms of

energy mechanically move heat outdoors and produce waste heat which can elevate

local temperatures and exacerbate extreme heat further [136, 170]. Finally, while me-

chanical cooling strategies o↵er dramatic benefits to large portions of the population
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their potential to fail from power outages must be considered seriously. A loss of

power would mean not only the loss of the primary strategy for dealing with extreme

heat but is made more likely as the strategy is increasingly relied upon. Identifying

the land cover influences that are most important during heat waves can provide

cities with adaptive planning strategies without increasing demands for energy and

the positive feedbacks that intensify heat in urban areas. Even with the e↵ectiveness

of mechanical cooling and targeting of vulnerable populations, improved knowledge

of environmental drivers of heating can ensure that planning decisions make local

warming no worse.

The ability to incorporate environmental factors of heat stress vulnerability is a

necessity for more accurate and e↵ective climate adaptation planning. Moreover, the

need to plan for adverse changes in climate variability, such as more frequent heat

waves, will not be corrected by mitigation strategies in the near term. Warming and

increased climate variability are certainly features of the future climate system for

the next 100 year regardless of potential reduction in global GHG emissions. That

is, even with the most aggressive GHG mitigation strategies, global carbon dioxide

concentrations will remain above pre-industrial levels for years to come and contribute

to increased climate variability. More frequent and intense heat waves are part of

our future - how and where will planning decisions related to land cover inform our

responses, mitigate their e↵ects, or make them worse?

2.6 Contributions of This Work

Contributions of this work are shown in the context of the Climate-Heat-Health con-

ceptual framework as part of Figure 2. Given that plausibility of changes in weather

and climate for a↵ecting the relationships between land cover and urban tempera-

tures, this study contributes knowledge that will be crucial to successful adaptation

for cities. This work attempts to build on the current understanding of how land
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covers influence temperatures - described in Section 2.3.1 - by investigating these

influences during extreme events specifically.

First, the importance of land covers at di↵erent points within an extended heat

wave is investigated. The work presented in Chapter 4 acknowledges the predicted

changes in climate, and heat waves specifically, described in the literature reviewed

in this chapter (Section 2.1); however, here the aim is to go further in examining heat

waves specifically. This is important, as the results will be more applicable to the

future climate-related hazards that cities are likely to face. While temperatures within

urban areas have been examined during heat waves, the progression, persistence, or

subsistence of extreme temperatures over the course of a heat wave have not been well

considered. Additionally, they have not been explained with respect to their surface

drivers. The findings will lend support to climate change adaptation and mitigation

e↵orts in cities for the benefit of residents’ health.

Second, this work will directly compare extreme and normal summer weather to

examine how the influence of land covers change with changing meteorology. This

analysis recognizes a gap in the literature to better demonstrate or measure the dif-

ferential impact that land cover and the built environment may have during periods

of extreme heat. The reasons for potential changes in these influences is provided

above in Section 2.5, but these factors have yet to be usefully described in scien-

tific studies. As will be seen in Chapter 5, this is also a novel application of land

surface temperature data. The utility of this portion of the work is in its ability to

potentially add support for land-based mitigation strategies to reduce temperatures

in close proximity to citizens during the times when such reductions are needed most

to protect human health.

Finally in Chapter 6, the work of a relatively small number of studies described

in Section 2.4 is expanded upon. These studies, along with the work presented here,
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strive to move closer to a comprehensive combination of the many factors that con-

tribute to heat-related illness and death described in the heat vulnerability literature

[111]. Here environmental factors thought to be most important to local elevated

temperatures during heat waves, including land surface temperatures during the heat

wave, are considered with demographic and social vulnerability factors used in earlier

studies and shown to be associated with heat mortality and morbidity. This combi-

nation of factors mirrors those determined to influence heat-related illness and death

as conceptually described in Figure 7. This analysis will explicitly examine how these

various groups of vulnerabilities are distributed spatially. The resulting mapping

exercises will e↵ectively demonstrate where land cover strategies to mitigate temper-

atures will have the greatest impact for public health. Adaptation measures, such as

heat response planning will also benefit from seeing where the greatest vulnerabilities

to heat exist. Such locations may be in areas that are not heavily influenced by land

covers and thus must be dealt with by other agencies and approaches during extreme

heat events.

In sum, the outcome of this work will help cities to plan and deal with one of the

most certain future health threats related to a changing global climate. The work

is designed to focus on expected conditions in cities and the influence of local land

covers on temperatures. The results will enable cities to clearly identify those areas

where intervention and response are most needed, as well as guide strategic action

for avoiding heat-related health e↵ects.
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CHAPTER III

DESCRIPTION OF THE STUDY

3.1 Introduction

In this chapter the central research questions and general methods for the work that

follows are laid out. There are common themes in the methodology of the work that

run across all the main components of this study despite di↵erences in the scope and

aim of the questions they strive to answer. In general, the study of urban heat islands

and urban warming have been diverse in their description of the phenomenon, the

tools and data used to assess them, and the fields from which the studies have come

[9, 214]. Thus there are not standardized methods for some of this research as there

may be in larger, more established fields of study, such as in biology. Support for the

approaches used here comes from previous work that is of high quality and similar

nature, or on the basis logical assumptions. In some cases the decisions reflect the

limitations related to the sources of data and are the product of discussions between

the author and members of the advisory committee.

In the initial section of this chapter the central questions investigated by analyses

in Chapters 4, 5, and 6 are presented. The general methods employed to answer

these questions are also discussed. For each, more detailed discussions of the data

and methods used in the research can be found in the specific chapter. In what follows,

the general locations and times to be examined in this work are presented, explained,

and defended. Various forms and sources of data are employed to lend merit to these

decisions. Given the character of the questions asked by this work, the selection of

dates and places has important consequences for the validity and meaning of findings.

For reasons described in Chapter 1, these places must be first and foremost urban
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centers - as cities are crucially important for addressing the causes and managing the

impacts of changing climate. Secondly as this work strives to look forward and explain

the interactions of urban landscapes with future climates, examples of climate that are

indicative of future warming must be selected. Specifically this means that summer

dates with exceptional heat and weather must be identified for study. Finally given

the relevance of this work’s potential findings for human health, the thermal factors

that are known to most a↵ect health must be considered in selecting both places and

times. With regard to place, previous works are used to identify cities that have

experienced and planned for severe heat waves and that have been studied for their

tendencies to drive urban warming. With regard to time, the use of temperature

measurements that represent local minimums and include humidity reflect important

hazards to human health and lend support to the dates selected.

3.2 Central Research Questions

In Chapters 4 through 6 specific hypotheses and questions are investigated using a

number of data sources and methods. This chapter is intended to serve as a guide

for the analyses described in the remaining work. The main hypotheses investigated

herein are presented and explained.

3.2.1 Temperature and Land Cover During a Heat Wave

3.2.1.1 Central Research Question Regarding Land Cover During Heat Waves

As explored in Chapter 2, regional heat waves are expected to increase as well as grow

stronger and longer with global climate change. Such changes mark a potential serious

health threat for urban populations. Di↵erences in urban warming over the course of

a heat wave like those expected in the future has not been thoroughly considered and

such work could make important contributions to improving citys’ resilience to such

events. Chapter 2 examines variations in land surface temperatures (LST) during

the course of a heat wave. The idea driving this work is that di↵erent land covers
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respond di↵erently to extended periods of time, thus the central research question of

this work is:

Is the distribution of LST during a heat wave consistent in space and time across

all land cover types?

This research question is explored by testing two, more specific questions (3.2.1.2

and 3.2.1.3) explicitly.

3.2.1.2 Hypothesis: Urban areas are more likely to be among the warmest in the
region during a heat wave

The null hypothesis in this test assumes that the proportion of urban locations that

are among the hottest in the region is the same as the proportion of non-urban

locations that are among the hottest in the region. The alternative hypothesis in this

test states that urban areas are much more likely to be among the hottest areas in the

region during a heat wave. Thus the null and alternative hypotheses can be stated

formally as

H0 :
n
U⇤

n
U

=
n
R⇤

n
R

(1)

H
A

:
n
U⇤

n
U

>
n
R⇤

n
R

(2)

A Chi-squared test for association is used to test this hypothesis. The statistical

tests can be conducted using the number of urban (#U) and non-urban (#R) locations

in the region and knowing how many of these locations are included among the region’s

hottest locations (*). The expectation for this test is that the null hypothesis will be

rejected since urban areas should exhibit much higher temperatures than surrounding

non-urban areas. This question e↵ectively asks if the urban heat island is observable

during a heat wave. If the null hypothesis is rejected, it lends credit to the ability of

the data to demonstrate important di↵erences in temperature that are expected to

vary with urban land cover.
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3.2.1.3 Hypothesis: Urban temperatures, relative to the region, change from the
beginning to the end of the heat wave

The null hypothesis in this test assumes that the deviation of urban temperatures

from the regional average is the same at the beginning and end of the heat wave.

The alternative hypothesis in this test states that temperatures on urban locations

change relative to the rest of the region from the beginning to the end of the heat

wave. Thus the null and alternative hypotheses can be stated formally as

H0 : �T
i(E�B) = 0 (3)

H
A

: �T
i(E�B) 6= 0 (4)

A two-sample t-test is used to test this hypothesis. The statistical tests can be

conducted using the average di↵erence in temperature anomalies (T) for locations of a

given land cover type (i) at the beginning (B) and end (E) of the heat wave. Rejecting

the null hypothesis for locations with urban land covers implies that temperatures

on such locations are changing di↵erently compared to the non-urban locations over

the course of an extended heat wave. One possibility would be that urban locations

are heating up more than the region over the course of the heat wave and urban

temperature di↵erences would be larger at the end of the heat wave than at the

beginning. This hypothesis will be tested for both day and nighttime temperatures.

3.2.2 Built Environment Influences During Extreme Heat In Cities

3.2.2.1 Central Research Question Regarding Built Environment Influences

Recognizing the threat to urban areas that warmer future climates pose a better

understanding of the built environment drivers of urban heat, particularly during ex-

treme heat, is necessary for e↵ectively mitigating elevated temperatures. The central

question of Chapter 5 examines the influence of the built environment during normal
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and extreme summer weather. It is focused on identifying the important influences

on extreme summer LSTs are and how they may di↵er from influences on LST during

normal summer weather.

What are the most important built environment influences on land surface tem-

perature during extreme summer heat?

This research question is explored by testing two, more specific hypotheses (3.2.2.2

and 3.2.2.3) explicitly.

3.2.2.2 Hypothesis: Variables describing the built environment show associations
with land surface temperatures during extreme summer weather

This issue is examined using linear regression modeling of potential built environment

characteristics on mean census tract LST. Though this hypothesis seems straight

forward and previously examined in the literature, the use of separate models for

extreme and normal summer weather will allow for the associations under each set

of conditions to be compared. The standard ordinary least squares (OLS) regression

model takes the form

y = ↵ + �1x1 + ...+ �
n

x
n

+ ✏ (5)

where the dependent variable LST (y) is defined by some constant (↵) and its

linear associations with the independent built environment variables (x) multiplied

by some constant (�) and the residual error ("). Here, several built environment

variables are considered on extreme summer days and normal summer day and the null

hypothesis can formally be stated as the coe�cient describing the linear association

of a specific variable (i) with LST under particular meteorological conditions (j) being

zero. Alternatively, the value of a specific coe�cient is not zero.

H0 : �i,j = 0 (6)

H
A

: �
i,j

6= 0 (7)
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3.2.2.3 Hypothesis: : Spatial influences on the regression model results are sig-
nificant

Observations for the dependent variable, LST, are likely to be highly influenced by

or correlated with proximate neighboring values. Thus e↵orts to assess associations

must control for such geographic influences. Modeling will incorporate spatial weights

into linear regression e↵orts to control for portions of the observed e↵ects due solely to

geography. The results of models will provide a quantified assessment of the influence

of built environment factors on LST during extreme and normal summer weather

conditions. The Moran’s I global statistical test for spatial autocorrelation is used

to examine the presence or absence of spatial influences on model results. The null

hypothesis states that there is no spatial clustering of model residual values and is

tested using z-scores for the Moran’s I Statistic (I) for a given city (i) and date (j).

H0 : Ii,j = 0 (8)

H
A

: I
i,j

6= 0 (9)

Spatial structures within the data will be controlled using either a spatial lag

model or a spatial error model depending on diagnostics of the standard OLS. The

spatial lag model introduces a spatial weights term (W) representing the influence

of neighboring values into the standard OLS. The spatial coe�cient (⇢) is used to

determine if LST values (y) depend on the values in neighboring spatial units.

y = ↵ + ⇢W + �1x1 + ...+ �
n

x
n

+ ✏ (10)

H0 : ⇢ = 0 (11)

H
A

: ⇢ 6= 0 (12)
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The spatial error model corrects for spatial correlation in the residual errors be-

tween neighboring units. The model modifies the standard OLS by separating the

original error term (") into a spatially uncorrelated part (") and a spatially correlated

component (⇠). The parameter � indicates the extent to which the spatial compo-

nent of the errors (⇠) are correlated with one another for nearby observations, with

connectivities described by the spatial weights (W).

y = ↵ + �1x1 + ...+ �
n

x
n

+ ✏+ �W ⇠ (13)

In the case of the spatial error model, the hypothesis testing spatial influences can be

written as

H0 : � = 0 (14)

H
A

: � 6= 0 (15)

The spatial regression models will be used to test the influence of built environment

variables as described in 3.2.2.2. These tests of regression coe�cients (�) will produce

results unbiased by geographical influences. Additional details of the methods for this

analysis are provided in the Section 5.3 of Chapter 5.

3.2.3 Health Vulnerabilities During Extreme Heat in Cities

3.2.3.1 Central Research Question Regarding Health Vulnerabilities

The actual vulnerability associated with extreme heat for urban populations depends

on many factors. Environmental factors will be the focus of the work up to this

portion. Chapter 6 examines the spatial distribution of heat risk indicators - environ-

mental, demographic, and social - within cities. This portion of the work is interested

first in the spatial association and second in the potential correlation of these risk

factors.

How is the health vulnerability of extreme heat spatially distributed within cities?
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This research question is explored by testing two more specific hypotheses (3.2.3.2

and 3.2.3.3) explicitly.

3.2.3.2 Hypothesis: There is spatial association among extreme heat vulnerability
in cities

This first hypothesis will be tested using Local Indicators of Spatial Association

(LISA). This is e↵ectively the local Moran’s statistic generated from several hun-

dred iterations to give an estimate of the significance of the observation. Statistically

significant clusters of high and low vulnerability can thus be identified. Here the null

hypothesis states that vulnerability in a given tract and surrounding tracts exhibits

no spatial association (I
i

) and the alternative states that it does.

H0 : Ii = 0 (16)

H
A

: I
i

6= 0 (17)

Three separate categories of vulnerability are used in this analysis: environmental,

demographic, and social. Principal components analysis (PCA) is used to develop nu-

merical variables describing each vulnerability category from a number of contribut-

ing risk indicators. These contributing factors were determined from the literature

on heat-related illness as well as from studies that have previously examined spatially

explicit risk factors in heat morbidity and mortality. Each census tract has a single

value representing, for example, its environmental vulnerability based on the values of

impervious cover, vegetation cover, and extreme summer LST, among other factors.

PCA results will be used to produce scores assigned to each unit of analysis based

on the value of that unit’s component value relative to other units in the same city.

Cumulative vulnerability will be calculated based on a linear combination of the three

individual component scores.
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3.2.3.3 Hypothesis: Di↵erent elements of extreme heat vulnerability in cities are
associated with one another

Correlations (⇢) between the di↵erent categories of heat vulnerability will be assessed

using Spearman correlation coe�cients. These statistics will test for the presence of

a linear relationship between vulnerability components. The null hypothesis states

that no association between the vulnerability components (a, b) exists within a given

city (i).

H0 : ⇢(a,b)i = 0 (18)

H
A

: ⇢(a,b)i 6= 0 (19)

Additional details of the methods for this analysis are provided in Section 6.4. The

results of this analysis will not only provide cities with detailed descriptions of where

the greatest vulnerabilities exist but also where environmental interventions may pro-

vide the best return on investment in terms of climate-related health benefits. The

work will also be able to compare results across cities to see if consistent patterns

emerge.

3.3 Study Locations

Attention to place is a defining characteristic of planning research, particularly that

related to urban design and form [7]. Indeed when discussing the uneven distribution

of future extreme weather events the significance of where events are increasing, is

implied. When preparing to respond to the health threats related to climate change,

identifying locations of heightened vulnerability can make the most of limited re-

sources and improve the public health response [85]. This knowledge is thus essential

for climate change adaptation [154, 228]. The importance of place to work concerning

urban heat and potential health impacts was made explicit in a 1998 article by Karen

Smoyer [182] which proposed using a place-based approach for researching extreme
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events. The article has been cited as a guiding influence on subsequent works ex-

amining questions similar to those posed here [206]. Smoyer points out that many

epidemiological studies emphasize the people involved with the illness and overlook

characteristics of places that the people inhabit. She argues that a place-based ap-

proach, already used in studies comparing long-term exposures of populations, can

be extended to the study of extreme events. The research demonstrates that map-

ping, analysis of spatial autocorrelation, and di↵erence of means testing at the census

tract level were able to identify place-based vulnerabilities and disparities, while a

population-based approach would have failed to identify the same high-vulnerability

locations [182]. An important consideration in any place-based health research in-

volves important subjective decisions about the scale and definition of places. Here

the places and decisions involved in this study are described.

3.3.1 City Size and Form

Four cities will be used to focus the study: Atlanta, GA, Chicago, IL, Philadelphia,

PA, and Phoenix, AZ. The cities have been selected based on important similar-

ities and di↵erences with respect to three characteristics. Table 2 describes these

four cities using several variables. First, the cities are all the centers of major US

metropolitan regions. The four metros in the study all have populations larger than

4 million according to the 2010 US Census, placing each of them among the top 15

Metropolitan Statistical Areas (MSA) in the country. Large cities were selected for

their concentrations of people and built environment, and thus the potential expo-

sures during extreme heat events. Second, these larger metropolitan areas also help

ensure that a variety of urban landscapes - skyscrapers, urban parks, high-rise apart-

ments, suburban cul-de-sacs, greenfields - are included in the study. Moreover, due

to di↵erences between the cities with respect to when they were settled and recent

rates of growth, important urban design influences are likely to exist. A broad metric
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Table 2: Selected Characteristics of Study Locations

Chicago, IL

Philadelphia, PA

Atlanta, GA

Phoenix, AZ

73.0

76.6

76.9

87.4

121.2

112.6

57.7

Metro
MinTemp
thresh (oF)

9.46 M (3)

5.97 M (5)

5.27 M (9)

4.19 M (14)

population
(rank)

Sprawl Index
(less is more)

110.9

central

northeast

southeast

NCDC
region

southwest

Selected characteristics are displayed for each of the four metropolitan statistical areas (MSA) 
included in the study. Population is obtained from the 2010 US Census. The threshold temperature 
for the 85th percentile of minimum apparent temperature is obtained from the National Climatic 
Data Center (NCDC), as is the climatic region. The Sprawl Index is a measure developed by Ewing et 
al. (2003) for the MSA. It incorporates several measures of urban form and population density to 
create an index describing the character  of each region’s development. 

of regional urban design, a sprawl index developed by Ewing et al. [58] that con-

siders 83 of the nation’s largest MSAs, helps demonstrate this: the most sprawling

quartile (Atlanta) and most compact quartile (Philadelphia and Chicago) are both

represented in the sample. Phoenix is in the 3rd quartile, slightly less compact than

Philadelphia. The importance of characteristics like urban form for extreme heat is

discussed above in Section 2.3. Finally, each city in the study comes from a di↵erent

region of the country. Choosing cities from di↵erent regions is important so that cities

in di↵erent climates and with di↵erent types and amounts of dominant vegetation can

be examined and compared. The cities in the study represent four of the nine US

Climate Regions defined by the National Climatic Data Center: Central, Northeast,

Southeast, and Southwest. These regions have previously been shown to be useful

for grouping historical climate anomalies [104]. Selecting cities from di↵erent regions

is important because strategies for reducing local heat amplification and sensitivities

to extreme heat have been shown to vary by region [129].
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3.3.2 Comparing Primary Cities to Metropolitan Regions

The work relating to the second and third research questions will use LandsatTM

imagery to conduct an investigation concentrating on the same four cities described

above. In each of the MSAs, the central or primary city will be used as the area

of study. The central cities often contain the most dense and varied built environ-

ments, they hold a crucial concentration of people, and posses more detailed and well

documented geospatial databases. This last point is particularly important when

considering the actual structures of the built environment. Figure 12 shows how

the central cities relate to the larger MSAs used in the first portion as well as their

contribution to the regional area and population.

3.3.3 Related Work in Selected Cities

These cities were also chosen for their previous experience with heat waves, extreme

heat research, and the implementation of adaptation measures. Atlanta, Philadelphia

and Phoenix are currently being examined as part of the Climate, Urban Land-

use, and Excess mortality (CULE) Study at Georgia Tech. Previous and ongoing

examinations into heat-related health e↵ects and the presence of urban drivers of

local climate changes make these cities strong candidates for further examination. It

was not feasible to use a source of land surface temperature (LST), the dependent

variable for sections of this work, to determine the study locations. Instead, previous

and ongoing scientific examinations that confirm heat-related health e↵ects and the

presence of urban drivers of climate changes make these cities strong candidates for

further examination. The literature on these facets of cities make them relevant to

the study for the following reasons. First, cities in which the health and emergency

responses to heat have been considered may be more likely to have plans in place for

dealing with heat. Including them in this work increases the relevance of findings for

these cities and can lead to recommendations being incorporated into plans. Also,
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Atlanta Philadelphia

acres
3,972,510

81,077 (2%)

acres
2,518,562

91,331 (4%)

Chicago Phoenix

acres
6,126,374

146,606 (2%)

acres
9,342,381

303,607 (3%)

people
5,268,860 

420,003 (8%)

people
5,965,800

1,526,006 (26%)

people
9,461,105

2,695,598 (28%)

people
4,192,887

1,445,632 (34%)

Each region’s primary city (red) is shown within the larger Metropolitan Statistical Area (MSA) 
(black). For the section of the study covered in Chapters 5 and 6 the city boundary is used. Greater 
diversity in the built environment and higher resolution data about the built environment are 
available for these areas and will enable better descriptions of the environmental influences on 
land surface temperatures.  The areas and populations are also shown for each region and city. All 
regions are shown with a common scale.  

Figure 12: Primary Cities within Selected Metropolitan Regions
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since the existing plans from these cities can serve as models for other cities there is

a greater chance for wide adoption for the results of this work. Secondly, cities with

demonstrated urban heat islands (UHI) have incentive to recognize the importance of

land cover-based mitigation. Cities like Atlanta already have strong tree protection

laws in place to preserve this valuable land cover. The existence of strategies like

this in cities with prominent UHI allows for the opportunity to consider such policy

action in discussions of results and can provide examples for other cities looking to

mitigate local warming.

3.3.3.1 Work Examining Heat-Related Health E↵ects

Phoenix and Philadelphia have also been featured in other research projects examin-

ing health e↵ects during heat waves, including work by Uejio et al. that uses mortality

and emergency room visit records. Philadelphia has also been researched by Johnson

et al. [99] and Hondula et al. [87]. Both examined a combination of environmental

(LST) and socio-demographic variables in predicting heat deaths. Philadelphia has

also been singled-out for its progressive heat-response planning e↵orts [56]. Chicago

has been featured in the literature for the health response to heat waves in 1995 and

1999. The 1995 heat wave in Chicago was well recognized and studied by Semenza

and others [175, 174, 222]. The changes implemented by the city, particularly with

regard to response for vulnerable populations was been shown to be e↵ective in the

1999 heat wave there [22, 151]. In studies that have focused on a general temperature

and mortality relationships - rather than the relationship during particular extreme

events - these four cities have also appeared. A study of 50 US cities investigated mor-

tality on extreme days, defined as days with minimum temperatures above the 99th

percentile, included all four of these cities. Phoenix had the highest cuto↵ value for

an extreme heat day, 32.2�C, nearly four degrees above the second highest, Honolulu

and Miami [132].
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3.3.3.2 Work Examining the Urban Heat Island

While heat and health have been better considered in Chicago and Philadelphia, re-

search focused on describing and explaining aspects of the urban heat island have

been more carefully considered in Phoenix and Atlanta. Both cities are renowned for

their sprawling character and how this built environment contributes to urban warm-

ing. They di↵er, however, in the type of natural land cover that their progress has

replaced. Atlanta, sometimes called a “city in the forest” has cut down thousands of

acres of forest to make way for suburban residents, while Phoenix’s auto-dependent

metropolitan landscape intrudes into largely barren shrubland. Documentation of

Phoenix’s heat island, as well as its potential mitigation have appeared in the litera-

ture for some time.

A study from 2004 found large variability in UHI measurement around Phoenix

depending upon which rural location was used for comparison with urban tempera-

tures. The average heat island measured from 9.4�C to 12.9�C with a maximum of

14.6�C [84]. Others have shown how the prevalence of impervious cover in the region

intensifies the urban heat island and increases demand for water [76]. One study to

investigate the spatial variability of heat in the region used a modeled human thermal

comfort index derived from climate data specific to eight neighborhoods to demon-

strate how increased thermal exposures coincided with decreased adaptive capacity.

The neighborhoods with the highest temperatures were those where residents had

fewer resources to cope with extreme heat. The environmental variables associated

with higher thermal stress included sparse vegetation, few open spaces, and high

population density [80].

The correlation of wealth and relief from Phoenix’s high temperatures led to the

formulation and testing of a luxury e↵ect hypothesis: using satellite-derived LST and

other data sources to demonstrate how wealth a↵ected the distribution of vegetation

in the area and resultant micro-environmental temperatures. The team found that for
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every $10,000 increase in median HH income a neighborhood experienced more than a

quarter of a degree Celsius reduction in temperature on an early summer Phoenix day

[97]. Another recent study used satellite imagery to reveal intra-urban di↵erences in

temperature that were often as large as urban-rural di↵erences previously measured.

Vegetation proved important for mitigating daytime temperatures while impervious

surfaces like pavement were related to high nighttime temps [27].

In the 1990s a NASA Earth Observing System (EOS) Interdisciplinary Science

investigation was conducted to study how Atlanta’s growth a↵ects climate and air

quality for the region. The study, named Project ATLANTA (Atlanta Land-use Anal-

ysis: Temperature and Air-quality) focused on documenting and modeling Atlanta’s

urban heat island - the influence on surface energy balances, its growth, and its im-

pact on the regional air quality [164, 165]. Members of the team found that Atlanta’s

heat island influenced the region’s precipitation and exacerbated lightning strikes.

A study from 2000 found that over half of the precipitation events during a sum-

mer study period were initiated by Atlanta’s urban heat island. These storms demon-

strated coincidence with the maximum observed UHI in the city and may not have

occurred in the absence of Atlanta’s UHI. Even existing thunderstorms were found to

be influenced by the UHI, which tended to bifurcate storms and divert them around

the downtown, indicating a persistent and significant contribution of the UHI sur-

face energy balance influence on the local atmosphere [19]. Data from several years

showed that precipitation events disproportionately occurred in close proximity to

Atlanta’s major freeways, whose adjacent high-intensity development features abun-

dant impervious cover and characteristic elevated temperatures and low moisture.

The UHI for Atlanta was measured to be maximized to about 3�C daily [50]. Atlanta

has also been found to be experiencing an increasing number of extreme heat events

in recent decades. This growth is estimated to be more than one additional extreme

heat event every three years and was shown to be associated with sprawling urban
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character [186]. Most recently, simulated heat waves for the Atlanta region found the

UHI intensity to grow under these extreme conditions [235].

3.3.4 Other Study Locations Considered

These four cities satisfy several criteria for e↵ectively conducting this work, such as

facilitating the investigation of important similarities and di↵erences. Still, other

large metropolitan areas were also considered. Several cities were eliminated because

of their coastal locations and the potential for such locations to greatly influence

weather patterns. One city included in the study, Chicago does feature a large body

of water and provides an opportunity to see if this feature has a significant influence

on results. Other large cities in the top ten largest MSAs were not included for various

reasons. For example, Dallas and Houston would have been good candidates for the

study, but were excluded in order to limit the number of cities studied and in part

because of their similarities to the Atlanta metro region.

3.4 Defining Extreme Heat and Heat Waves

One important contribution of this work will be the examination of the environmental

determinants of heat amplification specifically during periods of extreme heat. Thus,

selection of the dates for study is an important methodological consideration. A

widely recognized multi-regional extreme weather event will be used as an initial

sampling set of dates for collecting satellite imagery, land cover, and land use data. By

selecting a recognized extreme heat event as a primary period of analysis, the study

is focused on environmental influences important to public health and emergency

planning during such events. While the majority of previous research has described

and evaluated the general condition and magnitude of UHI, this work concentrates

on the events that drive emergency heat planning. In doing so it also focuses on

planning for the potential future climate in many areas.
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3.4.1 A Multi-Region Extreme Heat Event

The heat wave selected for this study occurred in July-August 2006 over large portions

of North America. The National Climatic Data Center (NCDC) listed the heat waves

of July 15-26 and the first week of August among their Climate Global Hazards for

2006. Very high temperatures characterized the weather event across most of the

United States and Canada beginning on July 15th and extending until August 27th

in some parts of the country. On July 17th, every state except Alaska, North Dakota,

and Minnesota recorded temperatures of 32.2�C (90�F) or greater. The average July

2006 temperature for the contiguous United States was 25.1�C (77.2�F), compared

to the 20th Century average of 23.5�C (74.3�F). Figure 13 from the NCDC shows

temperatures across many parts of the globe to be higher than normal and that

nearly all locations in the US were warmer than the normal July 2006. This was the

second warmest July and 11th warmest August on record for the contiguous US to

that point. The January to July period for 2006 was the warmest on record up to

that point. More than 90 records for the highest nighttime temperatures for July

were also broken. The health e↵ects associated with the event were also marked.

More than 16,000 excess emergency department visits and an estimated 200 deaths

in California were attributed to the heat in July [110, 149].

The extreme heat was compounded by significant drought, particularly in the

Desert Southwest and Southern Plains. Nationally, July 2006 ranked as the 26th

driest July on record (112 years). Georgia was one of six states far below normal for

the month.

3.4.1.1 Other Evidence of a National Response to the 2006 Summer Heat

While the July-August heat event can be seen in weather data, it is also interesting to

consider the reaction and response of individuals to the heat event. More and more

internet searches and social media are becoming meaningful sources for detecting
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degrees C

-1-2-3-4-5 5

The data displayed above, compiled by the National Oceanic and Atmospheric Administration 
(NOAA) and provided by the National Climatic Data Center (NCDC), show temperature anomalies 
from land surface observations for the month of July 2006. Average temperatures used to calculate 
anomalies come from July in the years 1961-1990. Nearly every location in the continental US 
exhibited a positive anomaly in July 2006,  in some cases between 4-5oC. No locations were cooler 
than normal in July 2006. 

Figure 13: July 2006 Temperature Anomalies
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population-level reactions that can serve as indicators for flu [23, 35, 70], racial biases

Stephens-Davidowitz2012, and other spatially-limited health concerns [173]. One

novel, if not provocative, way of identifying a heat wave of significance is to examine

and compare people’s reaction to the weather event. To do so, the Google Insight for

Search tools Google Trends and Google Correlate were used to look at search terms

expected to show up during periods of elevated temperatures. The tools allow users to

see the frequency of searches for certain terms and to find similar search terms whose

patterns are highly correlated. Starting with the search terms “high temperatures”

(important that it is plural) and “record high temperatures” abnormally high search

volumes can be seen during the 2006 summer selected for this study. When search

activity for the term is fitted to a normalized distribution, search volumes for the 2006

summer were found to be about eight standard deviations above the mean. Several

terms related to high temperatures and even heat-related illness are highly correlated

over the last eight years and exhibit the summer 2006 spike. Included in Figure 14

is the trend for the term “extreme heat,” but other searches such as “staying cool,”

“heat exhaustion,” and “heat stroke” all had Pearson correlation coe�cients larger

than 0.7 with “high temperatures” during this period.

The data presented above are for the entire US. Thus, if the searches are dis-

tributed evenly across the population and searches are related to local weather, the

data implies that the weeks during mid/late July and early August were noticeably

hot over a large portion of the US. Attempts were also made to investigate the search

volume patterns for particular days and cities; however, the data was insu�cient

to produce useable results. Similarly, actual temperature measurements can be fed

into Google Correlate to examine what search terms might be correlated with these

real world data. When weekly estimates for the Atlanta temperatures were uploaded

to Google for a period of 13 weeks, none of the results made much sense (the top

64



“high temperatures”

2006

2004 - 2010

“extreme heat”  r=0.72

20
04

no
rm

al
iz

ed
 se

ar
ch

 a
ct

iv
ity

 
no

rm
al

iz
ed

 se
ar

ch
 a

ct
iv

ity
 

Ja
n

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
ly

Au
g

Se
p

O
ct

N
ov D
ec

20
05

20
06

20
07

20
08

20
09

20
10

“heat stroke”  r=0.68

“high temperatures”
“extreme heat”  r=0.88
“heat stroke”  r=0.86

-2

0

2

4

6

8

10

-2

0

2

4

6

8

10

The graphs display the search activity tied to terms related to hot weather for the US: “high 
temperatures” , “extreme heat”, and “heat stroke.”  The Pearson correlation coefficient between the 
“high temperatures” and other terms is also presented. In the top graph covering 2004 to 2010, the 
summer of 2006 stands out as an anomalous event. In the bottom graph (2006 expanded) the 
timing of the event can be seen as occurring in the latter half of July/beginning of August. The 
normalized search activity is the number of standard deviations from the mean for each week’s 
search activity, specific to each term.

Figure 14: Google Search Activity for Heat/Health Related Terms 2004-2010
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result was “stars are blind lyrics” 0.9326). This routine may be improved by includ-

ing more weeks of temperature data (only the three summer months were used) and

if the potentially correlated search terms could be refined to look at searches for a

particular region. Nonetheless, the results provide an interesting way of considering

crowd-sourced data to demonstrate a measurable response to abnormally hot weather.

3.4.2 Identifying Extended Periods of Extreme Heat in Summer 2006

3.4.2.1 Extreme Heat Days

One important factor that separates this work from preceding work on the subject

is its explicit examination of LST during extreme heat events. Using the final two

weeks of July and the first two weeks of August 2006 as an initial sampling frame,

individual days were examined more closely to see which were most likely to pose a

threat to human health. The timing of these days was then considered to identify

groups of such days that were consecutive in each city. Groups of consecutive days

were then labeled heat waves and used to examine research questions in depth.

Weather station data from the National Climatic Data Center (NCDC) was used

to assess extreme heat on individual days and to verify that heat waves existed within

the initial sample frame of the 2006 summer national event. Days where the NCDC

station’s apparent temperature is in the 85th percentile of the long-term daily aver-

age were flagged as being abnormally hot. This criterion can be applied to minimum,

mean, or maximum daily temperatures, and has been shown to be indicative of mor-

tality related to heat stress [102]. Airport stations from each of the four MSAs were

used to assess the intensity of heat on given days. Days on which the minimum ap-

parent temperature exceeded the 85th percentile of the stations’ long-term averages

were identified as extreme heat days. The minimum apparent temperature was used

because of its significance on heat related health outcomes. Apparent temperature,

calculated following Steadman (1984) is a metric created by combining the humidity
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and temperature for a given day according to the following formula [185]. The follow-

ing equation describes how apparent temperature (AT ) is calculated using ambient

air temperature in degrees Celsius (T ) and water vapor pressure in kPa (e).

AT = �1.3 + 0.92T + 2.2e (20)

The metric is robust to temperatures below 80�F and is representative of the

factors that cause heat stress and related health e↵ects. The 85th percentile of the

long term (1961-1990) average minimum, maximum, or average apparent temperature

is described as a useful threshold for identifying extreme heat stress conditions [63].

The relevance of the threshold has been validated by the examination of weather-

related mortality on days where thresholds were exceeded [102]. Thus, the presence

of heat waves in the summer of 2006, were systematically identified in each MSA

according to criteria that relate directly to related human health e↵ects. Here, each

of the MSAs contains a stretch of at least nine days with consecutive days of minimum

apparent temperature exceedances that fall completely or partially within the 2006

summer event described above (Section 3.4.1) by the NCDC.

3.4.2.2 Identifying Specific Heat Waves

This work aims to better understand how temperatures vary in space and time, and

how land cover may a↵ect temperatures di↵erentially over the course of a multi-day

extreme heat event. To do this, a nationally recognized period of abnormally warm

weather across the United States during the summer of 2006 has been selected for

analysis. Within this event days are identified as extreme according local long-term

climate normals. Using this classification, extended periods of heat - consecutive

extreme heat days - were identified for closer investigation. These multi-day extreme

events, or heat waves, consist of no less than a week of consecutive extreme heat event

days with no more than one non-extreme event day included. The calendar in Figure
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Chicago Philadelphia Phoenix

The calendars above for July and August 2006 display the days where the minimum apparent 
temperature at a representative station exceeded the 85th percentile of the station’s long term 
average. Also shown are the days roughly identified as a period of abnormally hot weather across 
multiple regions (multi-region event).  A heat wave (gray) was identified as a string of consecutive 
exceedances during the multi-regional event with no more than a single non-exceedance day within 
it. 
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Figure 15: Identification of Consecutive Extreme Heat Days (heat wave)

15 shows how extreme heat days combine to form heat waves within the bounds of

the national weather event. The careful description and identification of heat waves

is an important piece of the methodology of this study.

Airport stations from each of the four MSAs were used to assess the intensity

of heat on given days. As can be seen in Figure 15, days on which the minimum

apparent temperature (equation 20) exceeded the 85th percentile of the stations’

long term averages were identified as extreme heat days. The minimum apparent

temperature was used because of its significance on heat related health outcomes

The metric is representative of the factors that cause heat stress and related

health e↵ects. The 85th percentile of the long term (1961-1990) average minimum,

maximum, or average apparent temperature is described as a useful threshold for

identifying extreme heat stress conditions [63]. The relevance of the threshold has

been validated by the examination of weather-related mortality on days where thresh-

olds were exceeded [102]. Thus, heat waves, here, are systematically identified in each

68



MSA according to criteria that relate directly to related human health e↵ects.

Also shown in Figure 15 is the national recognized period of hot weather stretching

from mid July to early August (described above in 3.4.1). Heat waves were identified

by combining consecutive days of minimum apparent temperature exceedances in and

around the national heat event during the summer of 2006. In three of the MSAs the

heat waves include a single non-exceedance day. In each case the non-exceedance day

was less than one degree Celsius (<2�F) below the 85th percentile threshold. The

heat waves in Atlanta, Chicago, and Philadelphia were each nine days long and all

contain some overlap in the first week of August. The timing of the Phoenix event is

about a week earlier and the duration is longer. Phoenix’s heat wave lasted 13 days

and is the only MSA to have its heat wave begin ahead of the predetermined start of

the national heat event.

3.4.2.3 Minimum and Maximum Temperature Exceedances During the Summer
of 2006

There are several ways to describe the regional weather patterns in each of the cities

for a given day. One means, using the minimum apparent temperature from the

NCDC discussed above, serves as the way of identifying extreme heat days. Alterna-

tively, the maximum temperature from NCDC stations could be used and compared

to a similarly long-term distribution to see if daily measurements are above the 85th

percentile for each city. The choice to use minimum temperature relates to the im-

portance of the regular diurnal temperature retreat experienced at night in providing

physical respite to people’s bodies during times of extreme heat. Thus elevated min-

imum temperatures often pose a greater risk to human health because they extend

the exposure of the human body to elevated temperatures. This lengthening of ex-

posure increases the demands on the body’s thermoregulation mechanisms and leads

to hyperthermia. In order to describe the heat waves in greater detail, descriptions

of the summer months before and after the heat wave are included in Figure 16,
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For each MSA the temperature trends and year-to-date precipitation are presented for the summer of 
2006. In the top section for each city, the minimum (gray line) and maximum (black line) apparent 
temperature trends are shown for the summer months (June, July, August) of 2006. The 85th percen-
tile threshold temperatures used by the NCDC to identify extreme heat days (red lines), and the 
1980-2010 normal minimum and maximum temperatures (bounded gray shaded area) are shown. In 
the bottom section the 1980-2010 normal YTD precipitation (gray shaded area) is shown with the 
observed YTD precipitation for 2006 (black line). Spanning across both sections in red is the period 
identified as a heat wave being investigated. 

Figure 16: Summer Month Temperature and Precipitation Measurements
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which shows the daily maximum and minimum apparent temperature (�F) for the

three summer months in each MSA. Also plotted are the threshold temperatures for

the 85th percentile minimum and maximum temperatures - extreme heat days occur

when the temperature trends are above their respective threshold (red, horizontal)

lines. A gray area delineates the range between the long term (1981-2010) normal

minimum and maximum temperatures. Finally, the heat waves identified using the

minimum apparent temperature exceedances are highlighted in red.

The periods to be investigated in this study represent the longest stretches of

minimum exceedances in each MSA, and they occur during the nationally recognized

period of abnormally hot weather. An additional consideration for describing the

weather in these MSAs during the summer of 2006, precipitation, is included below

each temperature graph. It is interesting to see that in Atlanta, Chicago, and Phoenix

the study period concluded with a rain event. In Atlanta and Phoenix, in particular,

it was a fairly significant rain event that came at the end of a long dry spell. In both

regions, the year-to-date rainfall deficit (distance between the black 2006 ytd line and

the gray normal ytd line) had been growing prior to and through the identified heat

wave. Chicago, prior to the heat wave, had received more than normal rainfall up to

the point in the year. While all of the regions are likely a↵ected by large masses of

hot air during these weeks, the results with regard to land cover may di↵er between

areas experiencing drought conditions (Atlanta and Phoenix) and those not (Chicago

and Philadelphia).

In each MSA the heat waves capture not only the longest stretch of minimum

apparent temperature exceedances, but also the highest maximum and minimum ap-

parent temperatures for the three months. It also becomes clear that the heat waves

feature some days that are exceedances with regard to both the minimum and max-

imum apparent temperatures, while some days are exceedances for only one of the

metrics. Minimum exceedances without corresponding maximum exceedances may
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pose a unique health threat, in part due to the attention high summer maximum

temperatures receive and help to raise awareness of potential risks. Minimum ex-

ceedances without high maximum temperatures lack the typical signals for people to

take precautions to avoid heat stress and thus may result in increased adverse health

outcomes [129].

In general all of the MSAs experienced more minimum than maximum tempera-

ture exceedances. For example, Philadelphia experienced 19 extreme heat events ac-

cording to minimum apparent temperatures, but only exceeded its maximum thresh-

old 10 times (8 days exceeded both). For all cities, a day where the maximum thresh-

old was exceeded was likely to coincide with a minimum temperature exceedance as

well (see Figure 17). In three of the cities, minimum exceedances were more likely to

occur without a coincident maximum exceedance; only Phoenix saw the majority of

its minimum exceedances on days with coincident maximum exceedances. This may

speak to the importance of Phoenix’s arid climate. The lack of moisture through-

out the region may increase the correlation between general daytime and nighttime

temperatures, whereas in other regions areas lacking moisture may be more spatially

distributed, or other factors may be driving the minimum temperature exceedances.

In Phoenix there also appears to be a seasonal e↵ect that could be related to long,

dry summers and a lack of moisture. Over 10% of the variability in the observed min-

imum temperatures (p<0.001), and over 20% of the trend of the diurnal temperature

range (p<0.05) in Phoenix can be explained by day of the year.

3.5 Assessing the Built Environment

This work is strengthened by its careful inspection of environmental factors associ-

ated with heat susceptibility. This work aims to move beyond previous descriptors

used to investigate urban heat and health - such as percentage impervious surface or

vegetation - and quantify the built environment in greater detail. The use of higher
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Figure 17: Summer Month Extreme Heat Days (Min and Max)

resolution thermal from Landsat, the careful selection of dates representing normal

and extreme summer weather, and limiting the area of analysis to primary cities are

all decisions meant to support the validity of this investigation. The use of detailed,

fine scale built environment data is another crucial consideration.

3.5.1 Block Size

Characteristics of the built environment such as street width, building height, and

abundance of waste heat from automobiles are important influences on local urban

heat that have not been widely considered in the literature. The average block size

in census tracts will be used in analyses as a proxy for some of these characteristics.

Block size is aspect of the built environment one that has been used in a variety of

urban design and planning studies to explain travel behaviors [31, 112, 212], social

capital [203], and the surface energy balance [191]. The diverse utility of block area

relates to many potential contributions to urban heat. Smaller average block sizes

are typically associated with downtown areas. Such areas are associated with high

employment densities, and thus a concentration of human activities during daytime
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hours. This may contribute to anthropogenic waste heating during the summer. Also

the presence of tall buildings in these areas is associated with limited sky view factors

and increase e↵ect of urban geometry. To the extent that the satellite may be able to

obtain useful LST readings for these areas, block size is a useful proxy metric where

better data is unavailable and can help capture these important built environment

drivers of heat. The 2010 US Census blocks are used to obtain the average block size

for each Census tract in the four cities.

3.5.2 Building Footprint

An important reason for considering a limited area of analysis for later portions of

the study is to facilitate the use of building and/or parcel-level data in assessing the

built environment. This data is not often available for complete MSAs but accessible

for several large cities. Buildings are an important part of the built and thermal envi-

ronments due to their ability to exaggerate the absorption and radiation of longwave

sensible heat. Delineating buildings from other components of the built environment

is important since they are distinct surfaces that can be manipulated with policy and

design. In the cities of Atlanta, Chicago, and Philadelphia building footprint data

was available. Footprint areas were aggregated to the census tract and used to create

a percentage building footprint metric. In Chicago, building characteristics including

the number of stories was a part of the data (obtained from the City of Chicago -

GIS Department) [36]. Thus for Chicago, a metric involving building height may be

derived to try and capture some of the e↵ects of urban morphology on LST. Also

included among Chicago’s building data is the estimated square footage. This metric

provides a second way to consider the height as well as economic and human activ-

ity with the buildings in each tract. The square footage may also provide a better

metric than absolute building height due to better coverage. In Atlanta, the building

footprint data was available for Fulton County, and excluded a small eastern portion
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of the city located in DeKalb County. There are ten of these tracts in the city and

they will be excluded from analyses.

3.5.3 Impervious Surface

Impervious surface is an environmental variable included in some other studies of heat

mortality. It expands on the amount of building footprints in an area by including

other dark, hot surfaces like parking lots and streets. Often it is collected using the

National Land Cover Dataset (NLCD) managed by US Geological Survey (USGS).

The NLCD estimates the percentage of each 30m pixel that is impervious surface

and includes the entire country. The dataset is built from Landsat data collected

at various times of the year and is validated using Digital Orthoimagery Quarter

Quadrangle (DOQQ) aerial photography with a resolution of 1m [86]. Raster data

describing impervious surface in 2006 was obtained from the NLCD was assessed at

the Census tract level to obtain a percentage impervious for each tract in the four

cities. The correlation of this metric with the percent building footprint is likely

quite high. Correlation coe�cients for this and all other environmental metrics will

be calculated before proceeding with analyses involving LST.

3.5.4 Vegetation

Another parameter made available through the NLCD is percentage tree canopy;

again as a percentage of each 30m pixel for the entire US. Studies of heat impacts,

particularly near built environments, often contain some estimate of vegetation, either

as a fraction of the ground cover or through a metric that may be more indicative of

vegetative growth like NDVI. The latter may be more useful for capturing seasonal

changes in vegetation or shifts in vegetation health. In this work, the NLCD tree

canopy percentage - estimated for summer 2001 - was aggregated to the tract level.
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3.5.5 Elevation

One of the most influential factors on temperatures at particular latitude is eleva-

tion. The relationship governing temperature with change above the earth’s surface

is well understood and governed by a relationship known as the lapse rate. This rate

describes the expected temperature drop for increase in elevation. Although it is

not traditionally thought of as part of the built environment urban construction and

development grades and moves land within the region, and this analysis considers

elevation explicitly. To do so, Digital Elevation Model raster data obtained from the

National Elevation Dataset managed by the USGS [68] was used. The data, available

at the 1 arc-second (⇡30 m), 1/3 arc-second (⇡10 m), and 1/9 arc-second (⇡3 m)

resolution in limited areas was obtained at the 1 arc-second spatial resolution for all

four cities. The data was then aggregated to the Census tract using ArcGIS Spatial

Analyst. Both the mean elevation and the range of elevation values found in each

tract were considered. Where multiple scenes of elevation data were required, these

were combined using ArcGIS mosaic functionality.

3.6 Conclusion

This chapter describes the guiding central research questions, hypotheses, and general

definitions that inform the remainder of the work. The study locations are provided

along with support for these choices on the strength of their relevance to describing

large population centers with existing heat islands that have the potential to inform

future heat response planning in cities. In what follows, the hypotheses described in

this chapter are explicitly tested and the results from the four cities are compared

and contrasted. Detailed methods relevant to the specific analyses are included in

the corresponding chapter.
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CHAPTER IV

TEMPERATURE AND LAND COVER DURING A

PROLONGED HEAT EVENT

4.1 Introduction

More frequent and prolonged extreme heat events are a highly probable expected

outcome of global climate change according to the most recent Assessment Report

from the Intergovernmental Panel on Climate Change (IPCC). Longer heat waves

pose greater risks to human health and infrastructure than isolated days with higher

temperatures. This is in part due to the absence of lower nighttime temperatures,

which o↵er much needed relief to heat. This work is designed to examine the influence

of land covers on temperatures over the course of a prolonged heat event including

important nighttime temperatures. The spatial distribution of temperatures and

influence of land cover over the course of a heat wave is an aspect that has seldom

been described previously. Here, the ability of daily land surface temperature (LST)

data to capture coarse urban-rural temperature di↵erences is confirmed and used to

test the hypothesis that urban temperatures remain constant relative to the region

from the beginning to the end of a heat wave.

4.2 Central Research Question Regarding Land Cover Dur-
ing Heat Waves

As described in Chapter 2, regional heat waves are predicted to increase as well as

grow stronger and longer with global climate change. Such changes mark a poten-

tially serious health threat for urban populations. Di↵erences in urban warming over

the course of a heat wave like those expected in the future have not been thoroughly

considered, and such work could make important contributions to improving cities’
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resilience to such events. This chapter examines variations in land surface temper-

atures (LST) during the course of a heat wave. The idea driving this work is that

di↵erent land covers respond di↵erently to extended periods of time, thus the central

research question of this work is:

Is the distribution of LST during a heat wave consistent in space and time across

all land cover types?

This research question is explored by testing two more specific questions (4.2.1

and 4.2.2) explicitly.

4.2.1 Hypothesis: Urban areas are more likely to be among the warmest
in the region during a heat wave.

The null hypothesis in this test assumes that the proportion of urban locations that

are among the hottest in the region is the same as the proportion of non-urban

locations that are among the hottest in the region. The alternative hypothesis in this

test states that urban areas are much more likely to be among the hottest areas in the

region during a heat wave. Thus the null and alternative hypotheses can be stated

formally as:

H0 :
n
U⇤

n
U

=
n
R⇤

n
R

(21)

H
A

:
n
U⇤

n
U

>
n
R⇤

n
R

(22)

A Chi-squared test for association is used to test this hypothesis. The statistical

tests can be conducted using the number of urban (#U) and non-urban (#R) locations

in the region and knowing how many of these locations are included among the region’s

hottest locations (⇤). The expectation for this test is that the null hypothesis will be

rejected since urban areas should exhibit much higher temperatures than surrounding

non-urban areas. This question e↵ectively asks if the urban heat island is observable
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during a heat wave. If the null hypothesis can not be rejected it means that regional

heat tends to disproportionately a↵ect rural areas and land cover e↵ects that create

the heat island may be less important during such periods. If the null hypothesis is

rejected, it lends credit to the ability of the data to demonstrate important di↵erences

in temperature that are expected to vary with urban land cover.

4.2.2 Hypothesis: Urban temperatures, relative to the region, change
from the beginning to the end of the heat wave.

The null hypothesis in this test assumes that the deviation of urban temperatures

from the regional average is the same at the beginning and end of the heat wave.

The alternative hypothesis in this test states that temperatures on urban locations

change relative to the rest of the region from the beginning to the end of the heat

wave. Thus the null and alternative hypotheses can be stated formally as:

H0 : �T
i(E�B) = 0 (23)

H
A

: �T
i(E�B) 6= 0 (24)

A two-sample t-test is used to test this hypothesis. The statistical tests can be

conducted using the average di↵erence in temperature anomalies (T) for locations of a

given land cover type (i) at the beginning (B) and end (E) of the heat wave. Rejecting

the null hypothesis for locations with urban land covers implies that temperatures

on such locations are changing di↵erently compared to the non-urban locations over

the course of an extended heat wave. One possibility would be that urban locations

are heating up more than the region over the course of the heat wave and urban

temperature di↵erences would be larger at the end of the heat wave than at the

beginning. This hypothesis will be tested for both day and nighttime temperatures.
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4.3 Related Literature

Some previous work has attempted to investigate similar issues, examining heat in

cities and across regions during a heat wave. Few, however, have involved multiple

cities from the same summer or examined the changes that may occur from the

beginning to the end of the heat wave. One study examining a heat wave used a period

spanning July 31 to August 5, 2008 in Oklahoma City to describe temperature trends

at weather stations classified as rural, suburban, or urban. The analysis focused on

describing the urban heat island (UHI), or the di↵erence between the mean urban and

rural temperatures, during the event. The study concluded that a consistent urban

heat island existed throughout the event and that its intensity fluctuated between 1�

and 2�C warmer during the day and over 3�C warmer at night. It is not clear if the

heat island grew over the event or if the heat island that persisted through the event

was larger or smaller than that experienced in Oklahoma City during normal summer

weather [11].

A second study to investigate a specific heat wave took advantage of the 2003 event

in Paris and used satellite imagery to compare temperatures at locations around the

city. The period of examination spanned one month (July 21 - August 21, 2003) with

the heat wave representing 10 days (August 4-13, 2003). More than 80 satellite images

from the National Oceanic and Atmospheric Administration’s Advanced Very High-

Resolution Radiometer (NOAA-AVHRR) were acquired for the period and combined

to produced average LST images for di↵erent times of day during the heat wave. The

heat island was found to be concentrated and centered on downtown during the night,

but several temperature anomalies existed around the city during the day. Nighttime

LST during the heat wave were elevated compared to nighttime LST during normal

summer weather. Also the locations with highest nighttime LST corresponded to the

greatest mortality during the heat wave [52].

A third study conducted in Bucharest during July of 2007 used MODIS LST

80



to compare the heat wave UHI to the UHI under normal summer weather. The

researchers found that nighttime changes in the UHI related more to the intensity

and size of the heat island, but did not find it to change shape. MODIS images

from July of 2007 were compared to the average of images from the month of July in

the years 2000-2006. During the day, the Bucharest UHI dissipated and was almost

thermally indistinguishable from surrounding areas. An important piece of this work

was its combination of air temperatures measured at weather stations with LST data

from MODIS. The results found that the correlation between the air temperatures

and the LST of the pixels where the stations were located became stronger during

the extreme heat period [34].

Each of these studies makes use of a naturally occurring meteorological event to

examine the behavior of the urban heat island under extreme conditions. This work

takes a similar approach to investigating the influence of urban land cover under what

are currently special circumstances, but which are likely to become normal. In this

work a larger area is considered than in earlier works. This characteristic of the work

should help to capture larger ‘rural’ areas for comparison to ‘urban’ lands and may

help control for spatial variation in smaller areas due to factors external to the in-

fluence of the land covers themselves; regional weather patterns, air movements, etc.

This work makes use of MODIS LST data. Although higher resolution LST products

such as LandsatETM+ and the Advanced Spaceborne Thermal Emission and Reflec-

tion Radiometer (ASTER) have become preferred for urban thermal research, the

MODIS product is designed to provide measurements in large-scale land dynamics,

in line with the area of analysis in this work. The MODIS LST product has also been

highly scrutinized by the scientific community and found to be appropriate for the

study of UHI in large cities [216].
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4.4 Detailed Methods

4.4.1 Land Surface Temperature Imagery

There are few sources of data that facilitate the consideration of the spatial variabil-

ity of temperatures over a region on a daily basis. Short of a network of well-spaced

weather stations within a single region, satellite imagery capturing LST are the best

data source for this exercise. LST data are often publicly available and widely used

within the scientific community. They are becoming particularly popular for examin-

ing the correlation of spatially specific temperature and heat mortality. The MODIS

sensor was selected for this study because of its availability for the regions and days

in question, its collection of nighttime as well as daytime temperatures, and its suite

of coincident land cover data.

4.4.1.1 Potential Imagery Sources

Other satellites with finer spatial resolution, such as LandSat’s Thematic Mapper

(TM) and ASTER were also considered. LandSatTM did not o↵er the temporal

resolution (daily data collection) needed to conduct an analysis over the course of

consecutive days. The ASTER satellite would be an ideal data source for this study

since it has a higher spatial resolution and can capture nighttime temperatures. The

one drawback is the collection locations and times must be scheduled through NASA

in advance, making it di�cult to ensure that data will be collected during a meteoro-

logical event of limited tenure. In a study that looks back on previous weather events

we are limited to the ASTER data collected on those days. For the study areas and

periods examined here, these data were not available.

One other option that has been used in the study of heat waves is NOAA’s

AVHRR. This sensor has been used in several studies demonstrating the associations

of LST and vegetation, and the proximity of air and surface temperature estimates

[43]. The limited number of channels available with the AVHRR sensor make it a

82



less desirable choice than MODIS. The frequency of MODIS LST in the literature,

and the existence of other MODIS products that may be used in concert with LST

(albedo, vegetation indices, land cover, etc.), led to the selection of MODIS products

for this analysis.

4.4.1.2 Potential Land Surface Temperature Products from MODIS

The earliest proposals for this work described examining daily LST data at a fairly

detailed resolution of 1km using MODIS data. In working with the data it became

clear that missing data at the 1km scale would threaten the possibility of e↵ectively

examining several consecutive days of a heat wave. After attempts to improve the

data at this resolution a more coarse resolution LST was considered. MODIS of-

fers a 6km LST daily product, which is aggregated from the valid 1km observations.

While the 6km data is not appropriate for detailed descriptions of fine-grained land

cover variations such as those within urban areas; it should provide su�cient detail

to describe di↵erences between the coarse consideration of urban and non-urban land

covers used here. In fact, the hypothesis described in Section 4.2.1 will help to con-

firm this assumption before using the data to look at LST over time. The display

and monitoring of ecological and landscape changes at the regional scales is the ap-

propriate use of MODIS data, including the LST product [217]. All of the MODIS

LST products are processed for geolocation referencing and to incorporate seasonal

land cover emissivities into LST estimates. All images were processed according to

MODIS’s Level 3 standards which includes converting raw data to calibrated radi-

ances, and gridding of data to a common sinusoidal grid independent of daily path

variations. While this gridding facilitates the consistent geolocation of pixels for each

day of the analysis, a drawback of this processing is the averaging of raw results to

fit the grid.
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4.4.1.3 Missing Data in MODIS Daily LST Products

Reasons for Missing Data The most common reason for missing data in satel-

lite images is heavy cloud cover and a number of algorithms have been developed to

identify and remove clouds from imagery. A cloud mask product for MODIS imagery

exists for daily images at the 250m spatial resolution. This product informs the qual-

ity assessment of pixels in the 1km and 6km MODIS LST products and is used to flag

pixels for removal due to cloud cover. Since the MODIS LST products are generated

from a number of other MODIS products including sensor radiance, atmospheric tem-

perature and water vapor, and the quarterly land cover products data inconsistencies

or flaws in these products can result in flagged pixels and missing data in the MODIS

LST product. Other quality assessment flags for the MODIS LST products include

those for emissivity error and LST error. The majority of missing data in the data for

this analysis were flagged as ‘LST not produced due to cloud e↵ects’ with the data

flag ‘good quality data’, emissivity error less than 0.01, and LST error less than 1K.

E↵orts to Account for Missing Data Missing data in the daily MODIS products

was an apparent issue from the initial inspections of the imagery. An alternative

satellite carrying MODIS sensors was considered and compared to try and resolve

this issue. First, the Aqua satellite was examined to see if the missing data problems

were consistent across sensors aboard it and the Terra satellite. The same missing

data problems were found to exist in both imagery sources. Second, data from the two

MODIS satellites were examined together to see if a relationship could be identified

to help fill data gaps. Images covering the entire Atlanta MSA for the 2nd of August

from both the Aqua and Terra satellites were used for an analysis to compare imagery

from the same day. The hope was that imagery from the two could be combined, or

used for interpolation, to fill in missing LST data. An area of overlap for the two

images that captures much of the Atlanta MSA (2000) was used for the analysis.
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Table 3: Comparison of MODIS Terra and Aqua Satellites

Satellite (data) ~ Time of collection Missing pixels (%) 

Aqua (day)  12: 30  – 1:30 PM  20,593 (51.3%)  

Terra (day)  10:00 – 11:00 AM  21,726 (54.1%)  

Aqua (night)  1:30 – 2:30 AM  8,649 (21.6%)  

Terra (night) 10:00 – 11:00 PM  8,355 (20.8%)  

The table demonstrates differences in the daytime and nighttime collection times 
for the two satellites. These temporal differences relate to differences in the solar 
radiation at the time of collection, particularly for daytime images. For this reason, 
the land surface temperature estimates from the two satellites are more highly 
related for nighttime LST. Also evident is the prominence of missing data across 
the different satellites. 

A grid of 40,128 units mirroring the Terra pixels was created and used. Both day

and night land surface temperatures were examined. Though there are not significant

di↵erences in the image collection hardware aboard the two satellites, slight di↵erences

in time of collection exist as presented in Table 3.

There was a comparable frequency of missing data between the two satellites

with a di↵erence between frequency of missing daytime and nighttime values. The

percentage of pixels without LST data was much higher during the day. Terra had the

higher missing data rate for daytime and Aqua for nighttime. Data in locations at the

intersection of the two satellites will be used in this preliminary analysis. The primary

di↵erence between the images from the di↵erent satellites is the time and angle of

collection. Examining the pixels with data for both satellites resulted in 11,698 (29%

of the total analysis area, 64% of the possible pixels) observations for daytime data

and 26,481 (66% of the analysis area, 85% of the total possible pixels) for nighttime.

Pixels with data for both satellites were examined for linear relationships between

the two. Nighttime showed a much higher correlation (0.7) than the daytime images

(0.48).

The weak correlations between the two satellites did not provide a means of filling
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in gaps within the data. The correlations were particularly weak for daytime LST,

likely due to the di↵erence in solar intensity for the di↵erent times of collection for

the two satellites. Nighttime temperatures exhibited stronger correlations, possibly

for related reasons. These results were not supportive of using imagery from the two

di↵erent satellites in concert and instead MODIS LST products with more coarse

resolution had to be used.

When analyzed over the entire study area the 6km LST data provided much better

coverage than finer resolution products. For the August 2nd day investigated with

both Aqua and Terra 1km imagery, both satellites were missing more than half of the

area around Atlanta. The 6km product covers more than 70% of the Atlanta area.

The 6km data provided better coverage for the nighttime as well. For the August

2nd night image, the 6km Terra product provides data for more than 87%of the area,

compared with around 80% for the Aqua and Terra 1km night images.

4.4.1.4 Processing MODIS Land Surface Temperature

Imagery was downloaded from the Land Processes Distributed Active Archive Cen-

ter (LP DAAC) using their MODIS Reprojection Tool which can mosaic, clip, and

reproject imagery products with much shorter processing times. These 6km data

are available for both daytime and nighttime LST for most of the days of interest.

Each MSA was examined using its local UTM zone (Atlanta and Chicago - 16N,

Philadelphia - 18N, Phoenix -12N) and a regular grid of cells created along the pixel

boundaries. Pixel values for each day and night of the heat wave were combined with

grid cells using zonal tools as part of ERSI ArcGIS’s Spatial Analyst. The imagery

provides measures of LST as digital values at the scale of 0.02 Kelvin - thus a pixel

value of 15268 translates to a LST of 305.36 K (32.21�C, 89.98�F). The conversion

of these values to Kelvin was performed in Microsoft Excel after processing with Ar-

cGIS. Pixels with missing values were given placeholder values of ’9999’ so they could
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be easily identified and excluded from analyses.

Metrics for each grid cell included the daily temperature as well as the di↵erence

between the LST for the grid cell and the daily average of LST within the region. This

latter metric was created to more e↵ectively consider the development and description

of hotspots within the region while controlling for the day-to-day fluctuations in

regional weather. That is, even though the days in the analysis have been identified

as extreme heat days, there will be hotter and cooler days among them (as can be seen

in Figure 16). The LST may vary with such regional weather variations, however to

e↵ectively consider how LST in a particular location may be changing over the course

of extended extreme heat the variation due to regional weather had to be removed.

This new metric will allow the analysis to see if hotspots in the region consistently

appear in the same locations, if they grow over the course of the heat wave, and

whether or not certain urban land covers play a role in this phenomenon.

The practice of comparing each individual value to the mean of all values is similar

to the Moran’s I statistic used in spatial analysis. This technique is referred to as

mean centering. It is useful for identifying the high and low values within the data.

While the global Moran’s I results in a single number summarizing the pattern of

high and low values in the data, the metric used here stops short of that to provide

continuous data for each point about its value relative to the rest of the values on a

particular day. The use of the metric also provides a convenient way for displaying

the data around a mean of zero, for any particular day or for the entire heat wave.

Since the mean of the di↵erences around the mean is zero, the data can be easily

examined and compared using the number of standard deviations above and below

zero to show the hottest and coolest locations.

In order to facilitate analysis of temperatures between di↵erent points in the heat

wave, some data aggregation is necessary. Each heat wave is thus, divided into thirds

and location-specific daily deviations area averaged. The beginning, middle, and end
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or final third of the heat wave can then be compared to determine if hot spots exist for

entire heat wave or develop early and later dissolve, for example. In Atlanta, Chicago,

and Philadelphia the nine-day duration of the respective heat waves divide nicely

into three-day sections for analysis. In Phoenix, the 13-day heat wave was divided

symmetrically to include a five-day middle section bound by a four-day beginning and

end. Change in temperature anomalies will be assessed for the beginning to end of

the heat wave. Areas of urban character will be examined specifically and compared

with non-urban areas throughout each region using statistical tests comparing means.

4.4.2 Comparing Land Surface Temperature to Near Surface Air Tem-
perature

A primary concern to the validity of this work is how closely LST aligns with actual

air temperatures measured at stations and experienced by individuals in particular

locations. Since air temperatures are those most associated with individual thermal

comfort, heat stress, and ultimately hyperthermia, demonstrating that LSTs provide

a reasonable proxy for air temperatures can greatly improve the work’s relevance for

public health.

4.4.2.1 Previous Work Around This Issue

A study examining a particularly hot summer in Bucharest in 2007 found the cor-

relation between MODIS LST data and coincident temperature measurements from

stations were strongest during the periods of extreme heat [34]. An initial comparison

of LST with the regional temperatures was performed to examine the two temperature

measurements together. The average LSTs for the entire region, day and night, were

compared with the maximum and minimum temperatures measured at the reference

stations. Air temperatures have been found to be most closely related to satellite-

measured surface temperatures for heavily vegetated areas [43]. Consistent positive

and negative biases have been found between satellite estimated air temperatures and
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field measurements for the same location [44, 161]. This implies that the magnitude

of this bias may change depending on weather and the specific satellite, while the

general trend within certain analyses has remained consistent. This supports the use

of this data for making comparisons within a particular region and relatively limited

temporal window as is done in this work.

Figure 18 displays the average regional LST, raw air temperature measurements,

and the apparent temperatures for the days of the heat wave in each MSA. From

the plotted trends of station maximums, station minimums, and the average regional

daytime and nighttime LST it is clear that LST is more volatile/variable than air

temperature, that maximums (minimums) tend to vary consistently with daytime

(nighttime) LST averages, and that these relationships vary between regions. First,

the dramatic peaks and valleys of the LST lines (solid black and gray) demonstrate the

increased volatility in these measurements. This is likely due to variations in the solar

intensity at the time of measurement. Since the satellite sensor is passively measuring

reflected solar energy and radiation at the surface, rather than actively sensing the

environment, this can be associated with cloud cover and thickness; however cloud

cover is partially controlled for in the preprocessing of imagery and show up in this

data as missing data. Also, since the measurements are based on one point in the

day, they may be more susceptible to bias from changes that occur during that day.

Whereas, the station measurements consider recorded data from throughout the day

and are less likely influenced by temporarily limited phenomenon within a given 24

hours. Finally, the LST data presented are averages from the entire region and thus

can be greatly a↵ected by changes in one part of that region. The station data

from NCDC and GHCN, however, are fixed in space and less likely to be influenced

by changes that occur within the region but not in proximity to the station. As is

shown in subsequent analyses of the LST data, the volatility persists when looking

at individual cells or particular parts of the region, and so this bias from other areas
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The graphs display the regional mean land surface temperatures (LST) (daytime and nighttime), the 
minimum and maximum apparent temperatures (collected from the National Climatic Data Center 
(NCDC)) measured at the representative station for each MSA, and the minimum and maximum 
anadjust temperatures from the same stations (data managed by the Global Historic Climate 
Network (GHCN)). The period shown is the identified heat wave for each MSA. In all cases, except for 
Phoenix, the night time LST trends consistently below the NCDC and GHCN minimum tempera-
tures, and the daytime LSTs trend below the NCDC and GHCN maximum temperatures. In Phoenix 
the LSTs are above the NDCD measurements consistently. The LSTs in all areas demonstrate greater 
variability from day to day. The correlation coefficients for max apparent temps with daytime mean 
and minimum apparent temps with nighttime mean are provided - calculated from a small number 
of observations. Many show a moderate to strong positive correlation. Atlanta’s nighttime mean 
does not seem to vary with minimum temps. Points along the LST lines show the percentage of the 
region for which MODIS imagery provided data and give an idea of the confidence in the estimation 
of the mean.  

50% of MODIS pixels with data

Figure 18: Comparison of Land Surface Temperatures and Station Measurements
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within the region is not likely the cause of this.

Missing data remains a problem on specific days. As can be seen in Figure 18,

several of the images from each of the MSAs, contain information for less than 50%

of the pixels. Despite this limitation of the data it is fairly clear that the maximum

temperatures measured at GHCN stations and adjusted for humidity by NCDC vary

day to day in the same general way as daytime LST. Similarly nighttime LSTs vary

with station minimums. There are moderate to strong positive correlations between

these series, though the coe�cients are calculated from a small number of observa-

tions. Consider, for example, the dip in the middle of the Atlanta heat wave, the

drop o↵ at the end of Philly’s heat wave, the early dip and late peak in Chicago, or

the movement of Phoenix’s maximum temperatures from day 6 to day 11 of the heat

wave. Nighttime temperature tends are slightly more di�cult to match up due to

their likely time of collection near the end of one day or start of the next. While the

minimum station temperatures tend to match fairly well with the nighttime LST, it is

more di�cult to see if there is some relationship between the daytime and nighttime

temps. That is, it is easy to assume that minimum LST occur after the recorded

maximums but they may have easily occurred before the daily maximum. It may be

that the relationship may be made clearer by shifting the minimum temps one day

forward or backward in some cases. In the case of the LSTs captured by MODIS,

we can be fairly certain that the nighttime LST came after the daytime LSTs for the

same day’s imagery (based on the time of collection shown earlier).

It is also clear daytime and nighttime LST averages measure distinctly di↵erent

temperatures on the ground and should be considered separately. Daytime averages

do not vary in a consistent way with minimum temperature readings. The daytime

LSTs (solid black) cross the minimum temperature lines (dashed gray) several times

during the heat waves. This quickly makes the absence of any consistent variation

between the two measurements clear. Comparing station minimums with nighttime
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LST is justified given that the former is consistently higher than the latter for all

MSAs. However, Phoenix appears to di↵er again from other MSAs when station

maximum temperatures and daytime LST are considered. In Phoenix, dry weather

typified the heat wave (contrasted with moist weather in other MSAs); daytime LSTs

fall below measures maximum air temperatures. This is counter to what can be seen

in the other three MSAs with daytime LSTs consistently above station maximum

temperatures, but is consistent with LST-air temperature di↵erences over dry soils

[30]. The consistent nature of the di↵erences between LST and measured air tem-

peratures lends credit to analyses that make relative LST comparison with specific

regions, for example through mean-centering. This type of systematic error has been

found in other analyses and determined to have little e↵ect on the spatial structure

of observed temperatures [117].

4.4.3 Land Cover Data

4.4.3.1 Land Cover Classes

Land cover data for the study region is available at much finer resolution than the

LST data being used. The MCD12Q1 - Land Cover Type Yearly L3 Global 500m SIN

Grid dataset available from NASA provides an annual estimate of land cover at 500m

resolution that is created from MODIS’s Terra and Aqua satellites combined. For this

exercise the 2006 land cover combined product was used. The product contains land

cover classification according to five widely used land cover schemes. Given that the

detection and depiction of regional vegetation over time is a strength of the MODIS

satellites, the plant functional type (PFT) classification scheme was used for this work.

This scheme uses an internationally developed 12-class classification scheme based on

vegetative properties. The PFT groups vegetation into categories of plants that are

similar with respect to their responses to environmental factors and their e↵ects on

ecosystems [181]. The PFT classifications are increasingly preferred over biome-based

classifications in global change research[16, 193]. The PFT classification methods
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Table 4: Land Cover Recoding Scheme

Plant Functional Type (PFT)  Recoded class 

Water  Water  

Evergreen Needleleaf Trees
 

Forest  

Evergreen Broadleaf Trees Forest  

Deciduous Needleleaf Trees  Forest  

Deciduous Broadleaf Trees
 

Forest  

Shrub Grass/shrub 

Grass  Grass/shrub
 Cereal Crops  Crop 

Broad-leaf Crops  Crop 

Urban and Built-up Urban 

Snow and Ice  N/A  

Barren and Sparse Vegetation  Barren  

A simplified land cover classifica-
tion scheme was used to 
produce general vegetated, 
water, urban, and barren classes. 
The plant functional type (PFT) 
classification was obtained from 
MODIS combined imagery for 
2006 at 500m. Each 6km LST grid 
cell was given the majority land 
cover within the grid cell’s 
boundaries. 

better represent fractional land covers within large units of analysis and directly

capture leaf-level physiology, thus more accurately reflecting ecosystem dynamics [66,

180]. The 12 classes were condensed in order to provide more robust and digestible

findings. The resulting 6 classes included water, forest, grass/shrub, crop, urban, and

barren. Table 4 describes how the initial classes were condensed for the analysis. The

6km grids created from the LST pixels were used to aggregate the land cover data.

Within each grid cell, the majority land cover was determined using ESRI ArcGIS’s

Spatial Analyst. Figure 19 below demonstrates the distribution of these classes across

the MSAs at the 6km grid resolution as well as how the 6km majority estimates for

each land cover class compare to the original higher resolution 500m data.

4.4.3.2 Vegetation Indices

As an alternative to general land cover classifications at the grid cell scale, the Nor-

malized Di↵erence Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI)
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Atlanta PhiladelphiaChicago Phoenix

forest

grass/shrub

barren

crop

water

urban

20.6% 19.8% 0.77%

3.7% 1.3% 2.38%

1.8% 0.0% 1.75%

65.2% 66.4% -1.17%

8.8% 12.5% -3.73%

0.2% 0.1% 0.05%

47.4% 60.4% -12.97%

29.9% 23.7% 6.22%

14.0% 6.6% 7.46%

8.4% 9.2% -0.77%

3.3% 3.4% -0.12%

34.9% 35.4% -0.57%

7.7% 0.5% 7.13%

35.2% 39.8% -4.64%

18.9% 20.7% -1.86%

0.0% 0.0% 0.04%

0.1% 0.1% 0.06%

0.2% 0.1% 0.13%

90.6% 94.1% -3.46%

2.2% 1.1% 1.11%

3.5% 3.2% 0.33%

3.3% 1.4% 1.82%

1:700,000

1:700,000

1:700,000

1:700,000

The maps show the dominant land cover at a 6km spatial resolution. The MSA boundaries are 
included in black for reference. In each the concentrations of settlement and development around the 
central business district of the metropolis is evident. For each MSA three numbers are reported: the 
percentage of the area held in each land cover class using the 6km majority classification method, the 
percetange of the MSA according to the base land cover data at 500m, and the difference as a percent 
of the total area. The largest difference between the 6km and the 500m classification is the under 
classification of Atlanta’s forest; however this does not come at the expense of underclassifying urban 
land cover - arguably the most important for this exercise. The largest misclassification of urban land 
is in Chicago. 

6km 500m diff 6km 500m diff 6km 500m diff 6km 500m diff

Figure 19: Land Cover Classification at 6km and Comparison to 500m
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were also examined. These data are available at the 500m spatial resolution with 16

day temporal resolution from the Terra and Aqua satellites. The timing of the image

capture is staggered between the two satellites and determination of which satellite

product to use for analysis was based on which provided imagery during the heat

wave for each location in question. Mean NDVI and EVI were calculated for each

6km grid cell. The vegetation indices range from -1 to 1 with numbers below zero

often occurring over water.

These metrics provide a di↵erent way of measuring the presence or absence of

temperature-moderating vegetation in several ways. First, they provide a continuous

metric that may be useful for examining linear relationships between vegetation and

LST. Second, they provide a more nuanced view of the vegetation abundance and

health during the heat waves. Unfortunately they are only available for one time

within the heat waves examined. Finally, while they provide additional detail about

the local vegetation and the potential of that vegetation to mitigate heat, there may

be limits to how e↵ectively related findings can be translated to policy and practice.

Land cover classes such as urban land and forest may be more useful for describing

which areas may be su↵ering from the highest temperatures during a heat wave. Still,

the vegetation index metrics may be highly correlated with the land cover classes or

can be combined with more careful ground truthing to improve legibility of findings.

4.4.4 Analyses

To determine if, and to what degree, higher temperatures persist on urban land

covers compared to others, statistical tests measuring associations and comparing

mean values are used. First, average daytime and nighttime temperature anomalies

for each pixel location in each MSA is paired with the coincident land cover. The

association of consistently elevated temperatures over urban lands compared to other

land covers are assessed using chi-squared tests to produce odds ratios. To examine
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di↵erent times within the heat waves comparison of mean values over urban land

covers at various times are made using two-sample t-tests. Tests for equality of

variance are used to determine which t-test to perform for each case. For all values

varying degrees of significance according to p-values are reported in tables (p>0.1 not

significant, p0.1 somewhat significant, p<0.05 significant, p<0.001 very significant).

4.5 Results

4.5.1 Urban Areas are More Likely to be the Hottest in the Region

Urban areas were consistently found to be more likely to be among the hottest in

the region during heat waves. The average daytime and night time deviations for the

entire heatwave in each MSA is presented in Figure 201. Using the heat wave average

of deviations (anomalies) helps overcome some of the missing data issues and serves

as a way to demonstrate the correlation of temperatures with the land cover patterns

for each MSA. This helps a�rm the capabilities of this data to capture temperature

di↵erences across the region, as well as previously demonstrated phenomenon like the

urban heat island (UHI).

Urban areas in Chicago and Philadelphia are easily identified in Figure 20, suggest-

ing that urban land covers are more often coinciding with the hottest temperatures

in the region during the heat wave. Pockets of the Atlanta MSA also show up in the

daytime average deviation thumbnail. In Chicago and Philadelphia the most central

portions of the urban centers2 show both day and nighttime average temperature

deviations more than 2 standard deviations from the mean of daily temperature de-

viations. Phoenix shows more dramatic regional patterns with cooler temperatures

persisting over the eastern portion of the region and warmer temperatures remaining

over the western parts of the MSA. This may have to do with elevation di↵erences and

1Figures including the daytime and nighttime deviation images for every day in the heat waves
can be found in Appendix A.

2For a description of where urban land covers are found within the MSAs refer to Figure 19; for
the relationship of the central city to the MSA boundary refer to Figure 12.
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topography moving across the region from west to east. Warmer spots (1-2 standard

deviations) do appear in the urbanized area for some pixels in the nighttime average

deviation thumbnail.

Looking at the distributions, compiled from the daily deviations, the daytime

deviations are consistently larger than the nighttime deviations. This is to be ex-

pected as daytime LSTs will be heavily influenced by the incoming solar radiation.

Phoenix presented the greatest daytime and nighttime deviation temperatures, while

Philadelphia had the smallest deviations for both day and nighttime LST.

Moving beyond Gestalt observations, the association of urban land cover with per-

sistent hot spot formation can be demonstrated statistically. In Atlanta, Chicago, and

Philadelphia locations that were, on average, one or more standard deviations warmer

than the regional mean were overwhelmingly urban (Figure 21). In Atlanta grid cells

with majority urban land cover made up 62% of such locations for daytime deviations

and 36% for nighttime. This made urban land cover locations in Atlanta more than

28 times (p<0.001) as likely to be more than 1 standard deviation warmer than the

regional mean - a ‘hot spot’ - during the day, but only about 6 times (p<0.001) as

likely to be hot spots at night. The numbers in Chicago and Philadelphia demonstrate

elevated temperatures over urban areas during the heat wave more clearly. Results of

Chi-squared tests shown that for Chicago pixels classified as urban made up 80% of

these hot spots during the day (OR: 102.7, p<0.001) and 89% at night (OR: 162.1,

p<0.001) during the heat wave. Philadelphia was similar with urban pixels constitut-

ing 89% of these hot locations during the day (OR: 57.8, p<0.001) and 82% at night

(OR: 25.4, p<0.001). In both cities urban areas were the only locations more than 2

standard deviations above the regional mean on average, for either day of nighttime

deviations; though there were very few such instances.

97



Atlanta Daytime Atlanta Nighttime

Chicago Daytime Chicago Nighttime

Philadelphia Daytime Philadelphia Nighttime

Phoenix Daytime Phoenix Nighttime

2.23

Here, larger images of the average daytime and nighttime temperature deviations are presented for 
the four MSAs. Again, colors depict the number of standard deviations above and below the mean 
for each pixel’s average deviation from the regional mean LST on a specific day during the heatwave.   
Included are the values that bound each color category. Pixels (6km) were assigned to categories 
using a normal distribution, rather than the region’s specific distribution. Thus some examples, such 
as Atlanta’s nighttime average deviations, contain no pixels where the average temperature devia-
tion was more than 2 standard deviations from the mean. The distribution for this example is rather 
leptokurtic, or rather peaked, with a larger number of its observations falling within one standard 
deviation of the mean. It is not surprising that this is the case for many of the examples here, given 
that they area averages over the entire heatwave in each region and regression to mean is likely to 
influence the final appearance of such data.  
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Figure 20: Daytime and Nighttime Average Temperature Deviations
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The majority of ‘hot spots’ (more than 1 SD warmer than the region) during 
the heatwave in each MSA are disproportionately urban land cover (black 
portion of bar). This pattern is stronger for daytime deviations than for 
nighttime deviations, though it persists for both. Phoenix is the only 
exception to this, perhaps because of the different nature of the weather - 
prevalence of dry tropical rather than moist tropical - or due to the 
abundance of a single land cover (grass/shrub), or more dramatic eleva-
tion differences within the region.

Figure 21: Proportion of ’Hot Spots’ as Urban Land Cover
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4.5.1.1 Di↵erences in Warming Related to Vegetation Indicies

Examining the di↵erences between the urban locations that fall into the hot spot

category and those that do not is important for understanding what environmental

factors increase temperatures and thus heat exposure for people living in those urban

areas during heat waves. The images above describing average daytime and nighttime

temperature deviations suggest that the densest areas of development - the central

business districts of Chicago and Philadelphia in particular - characterize the hottest

urban locations. Using vegetation indices, di↵erences between pixels with a common

land cover classification can be illustrated. When the mean NDVI and EVI of grid

cells at the 6km resolution were considered, decreasing vegetation density/health was

associated with temperatures further above the regional mean for the entire MSA

and within specific land cover classes. In Atlanta, NDVI was negatively correlated

with both daytime (r=-0.49; p<0.001) and nighttime (r=-0.25; p<0.001) average

temperature deviations. Similarly, higher vegetation indices were found in the coolest

locations within the region. For example in Atlanta, NDVI decreased from 0.81 in

those locations more than 2 standard deviations cooler than the region to 0.64 in

those locations 1-2 standard deviations hotter than the region (EVI: 0.62 to 0.40).

Examining vegetation indices sheds some light on why certain urban locations

tend to be hot spots while others do not. Comparing the NDVI for urban hot spots

to cooler urban locations (less than 1 SD warmer than the region), NDVI is associated

with daytime deviations and often with nighttime deviations. The results of t-tests

comparing NDVI vary by MSA. In Atlanta the average NDVI for urban daytime

hot spots was lower than cooler urban locations (p=0.043), but not for nighttime

hot spots (p=0.835). In Chicago NDVI di↵ered for both nighttime (0.043; p=0.020)

and daytime (0.056; p=0.007) comparisons of urban locations. In Philadelphia hot

and cooler urban locations also showed significant di↵erences in NDVI. Nighttime

hotspots in Philadelphia had much lower NDVI measurements than cooler urban
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locations (0.131; p<0.001)

Looking at the urban locations more closely, the association between increasing

temperatures and decreases in vegetation can again be seen. For urban locations

around the regional mean (< 1 SD cooler) the mean NDVI is 0.68 (n=5) and 0.66

(<1 SD warmer; n=38), compared with 0.62 (1-2 SD warmer, n=37). The EVI

presents a similar trend (0.43, 0.41, 0.39) a�rming the ability of this data to capture

the influence of vegetation characteristics of urban areas on temperatures. The asso-

ciation between vegetation and the concentration of regional heat is expected and has

been shown in several previous studies [192, 205, 220, 231]. The relationship has been

shown to demonstrate considerable sensitivity to season with greater strength during

warm seasons with vegetation is flourishing. Here the relationship is demonstrated for

a particularly hot period of time when vegetation may be under some distress. This

suggests that, for the weather experienced in 2006, vegetation continues to function

as moderator of temperature during periods of extreme heat.

The mean vegetation indices across the di↵erent land cover classes is presented

in Figure 22. The vegetation-temperature association is evident in many of the land

cover classes and MSAs. It is important to note patterns between MSAs with regard

to the indices values in the hottest and coolest locations. For example, the urban

locations in Chicago and Philadelphia that are much hotter than the region (>2 SD

warmer) have mean NDVI values less than 0.59. There may be some threshold values

for NDVI in cities within these regions that facilitate extreme hot spot formation

during heat waves.

Notably, Phoenix is once again an anomaly among the four study locations. The

arid, desert conditions of the region greatly influence the land cover types seen as

well as the vegetation indices observed in these land covers. The NDVI in the coolest

portions of the region (>2 SD cooler) are less than or equal to those seen over land in

any of the other MSAs. The size of the MSA also has an e↵ect on the results; since an
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The figure shows the average 
normalized difference vegetation 
index (NDVI) of pixels in categories 
according to their dominant land 
cover type and the land surface 
temperature (LST) anomaly during 
the heat wave.  The LST anomaly is 
indicated by color and consistent 
with earlier figures (standard 
deviations above and below the 
mean). As an example consider the 
pixels dominated by urban land 
cover in Philadelphia. The coolest 
urban pixels for both day and 
nighttime LST have higher NDVI 
(more vegetation) 
than the hottest 
urban pixels.  NDVI is 
shown to vary 
inversely with LST 
when considered 
over the entire 
region and within 
land cover classes. 
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Figure 22: NDVI by Land Cover Class and Average Day and Night Temperature
Deviation
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overwhelming area is grassland the temperatures over this one land cover class will

dramatically e↵ect and dictate the regional mean. Nonetheless, urban land covers

would be expected to show up as hot locations, and they do not. More dramatic

elevation changes within the MSA may play a role in masking the di↵erence between

urban land covers and surrounding grasslands.

4.5.2 Urban Warming from Beginning to End of the Heat Wave

The central purpose of this work using MODIS imagery is to investigate what happens

with LST when a metropolitan region experiences a series of consecutive extreme heat

days. To do so we compare the beginning and end of the heat wave in each MSA,

again using a location’s deviation from the daily regional mean to describe LST in

any one place within the region. Figures 23 and 24 show the result of aggregating

daily data into thirds of the heat wave and use the same color scheme to describe

temperature anomalies/deviations3.

Once again the urban heat islands in Chicago and Philadelphia can be seen most

clearly throughout the heat wave. What is more interesting about these maps is that

you can begin to see how the heat island changes over the course of the event in these

regions. This is perhaps best shown in the case of Philadelphia nighttime anomalies.

Recall that the urban area for Philadelphia runs from southwest to northeast through

the center of the MSA (see Figure 19). In the beginning of the heat wave only a

few locations are more than 1 SD above the mean for the heat wave; however by

the middle of the heat wave, and certainly at the end a concentration of very hot

nighttime locations is apparent. Along the same lines, the areas that are between

1-2 SD above the heat wave mean have expanded to include much of the urban

land surrounding downtown. In fact by the end of the heat wave the area with

temperature anomalies greater than 1SD above the mean is nearly three times that

3Figures including the daytime and nighttime deviation images for every day in the heat waves
can be found in Appendix A.
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middle third final third

The images present the average daytime temperature deviations for the beginning, middle and final 
third of each MSA’s heat wave (1 grid cell = 6kmx6km). Averaging over several days improved the 
coverage of LST and facilitated comparison of temperatures over the course 
of the heat wave. Some of the same findings from the earlier images (average 
deviation over entire heat wave) persist. For example, the urban heat island 
is most evident in Chicago and Philadelphia, and unrecognizable in Phoe-
nix.  warmercooler

Figure 23: Average Daytime Temperature Deviations for the Beginning, MIddle and
End of Heat Wave
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The images present the average nighttime temperature deviations for the beginning, middle and 
final third of each MSA’s heat wave (1 grid cell = 6kmx6km). Averaging over several days improved 
the coverage of LST and facilitated comparison of temperatures over the course of the heatwave. 
Some of the same findings from the earlier images (average deviation over entire heat wave) 
persist. For example, the urban heat island is most evident in Chicago and 
Philadelphia, and unrecognizable in Phoenix.  In Chicago the hottest 
locations appear to move from the western edge of the city to the center. 
Similarly, in Philadelphia the downtown area ends the heat wave as an 
easily distinguishable hotspot at night. 

warmercooler

Figure 24: Average Nighttime Temperature Deviations for the Beginning, MIddle
and End of Heat Wave
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at the beginning, going from 5% of the region to about 15% and, no doubt, including

a much larger percentage of the its population. Daytime patterns in Philadelphia

show the most severe anomalies moving from the southwest portion of the city to the

northeast, but not expanding much from beginning to end.

In Chicago the daytime heat island is well concentrated at the beginning of the

heat wave and appears to expand and dissipate slightly by the end. The areas covered

by the anomalies grow from less than 10% to more than 13% of the region, again

including heavily populated areas of the MSA. The most severe daytime anomalies

tend to sit over the downtown. Chicago’s hottest nighttime anomalies begin north of

the city and move into the downtown area by the heat wave’s end. The portion of

the region more than 1 SD above the mean is fairly consistent from start to end with

a slight decrease in the middle.

Atlanta and Phoenix are again more di�cult to interpret, particularly with regard

to the behavior of temperatures over urban areas. Atlanta su↵ers from persistent

missing data, particularly in the final third of the daytime data over the eastern

portion of the city. The beginning to middle portions of the daytime data appear to

show an expansion of the hotter anomalies, however few locations can be considered

among the most severe anomalies. Atlanta’s nighttime data also su↵er from missing

data over the urban area, this time during the middle of the heat wave. From the

beginning to the end of the heat wave anomalies more than 1 SD above the mean

appear over the eastern portion of the urban area.

In Phoenix the regional pattern that existed for the average day and night tem-

perature deviations initially investigated persist for the various sections of the heat

wave. The west portion of the MSA tends to contain the hotter anomalies while

cooler areas tend to be on the eastern side of the MSA. Again, the downtown area is

hardly visible from the thermal images. The west to east temperature trend is likely

the result of large elevation changes. Much of the land west of the metro area sits at

106



about 200m (650ft) above sea level, while portions east of the Phoenix metro have

elevations approaching 1,200m (4,000ft).

4.5.2.1 Changes From the Beginning to the End of the Heat Wave

Statistically, the anomalies over urban areas were overwhelmingly positive and much

larger than anomalies over other land covers (see Table 5). The only exception to

this was the urban Atlanta daytime anomalies in the final third of the heat wave

(not statistically significant), when almost half of the urban locations lacked LST

data. This pattern of existed in Phoenix as well with urban locations being between

1.5�C and 2�C (4�F) warmer than the region on average, despite the maps lacking a

clear appearance of hot urban anomalies. The largest anomalies existed in Chicago’s

urban areas with temperatures averaging more than 4�C (8�F) above the regional

mean (p<0.001) for the majority of the heat wave.

In all of the MSAs excluding Phoenix, daytime urban deviations were greater

than nighttime deviations. The largest di↵erences appear to occur at the beginning

of the heat waves. For example in Atlanta the daytime urban anomaly averaged 2�C

(p<0.001), compared to the nighttime anomaly of 0.3�C (p<0.05). Nighttime anoma-

lies appear to grow over the course of the heat wave more than daytime anomalies.

This was the case in Atlanta and Philadelphia where nighttime urban temperature

deviations grew by 1.1�C and 0.45�C (p<0.001), respectively from the beginning of

the heat wave to its end. This occurred as daytime deviations show a decrease to-

ward the regional mean and no change, respectively, from beginning to end. Chicago’s

nighttime anomalies showed no change over the course of the heat wave, though its

urban areas grew hotter during there day relative to the region by 0.73�C (p<0.05).

Throughout this investigation the findings in Phoenix have stood in contrast to

the other three, more temperate MSAs. While this analysis finds Phoenix’s urban

locations to be warmer than the region for both daytime and nighttime, the nighttime
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Table 5: Beginning, Middle, and Ending Temperature Deviations on Urban and
Non-urban Land Covers

* p < 0.1 ** p <  0.05 *** p < 0.001

The table shows the mean deviations at urban and non-urban land covers during the beginning 
third of the heat wave, the middle, and  final third. Also presented is the difference between the  
urban and  non-urban land covers and the change in the deviation over urban locations between 
the beginning and end of the heatwave. The ‘difference’  row determines whether the changes 
during the heat wave were consistent across land covers or unequal. 

Atlanta n mean n mean n mean
daytime

other 788    -0.134    ** 788    -0.275   *** 738    0.089     
urban 80       1.947     *** 79       2.382     *** 44       -0.237    

difference 2.081     *** 2.656     *** -0.326    

nighttime
other 722    -0.040   637    -0.114    ** 737    -0.117    **
urban 80       0.260     ** 39       1.864     *** 80       1.369     ***

difference 0.299     ** 1.978     *** 1.486     ***

Chicago
daytime

other 1,021 -0.356    *** 1,085 -0.604    *** 1,085 -0.532    ***
urban 139    3.840     *** 155    4.590     *** 155    4.571     ***

difference 4.196     *** 5.195     *** 5.103     ***
nighttime

other 1,006 -0.397    *** 1,085 -0.236    *** 1,085 -0.260    ***
urban 155    1.889     *** 155    1.752     *** 155    1.893     ***

difference 2.286     *** 1.988     *** 2.153     ***

Philadelphia
daytime

other 575    -0.339    *** 577    -0.240    *** 575    -0.474    ***
urban 151    2.029     *** 147    1.348     *** 151    1.891     ***

difference 2.368     *** 1.588     *** 2.365     ***
nighttime

other 575    -0.141    *** 575    -0.289    *** 575    -0.298    ***
urban 151    0.598     *** 151    1.304     *** 151    1.044     ***

difference 0.739     *** 1.592     *** 1.341     ***

Phoenix
daytime

other 1,549 -0.022    1,549 0.050     1,548 -0.796    ***
urban 51       1.610     *** 51       1.565     *** 51       1.210     ***

difference 1.632     *** 1.515     *** 2.006     ***
nighttime

other 1,549 -0.269    ** 1,439 0.148     ** 1,537 -0.447    ***
urban 51       2.762     *** 50       2.844     *** 51       3.008     ***

-2.184

1.110 ***

0.732 **

0.005

-0.138

0.445 ***

-0.400 *

0.246

***

difference 3.031     *** 2.696     *** 3.455     ***

beginning middle end beginning
to end
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anomalies are much larger, in some cases double the daytime anomalies. For example

in the final third of the heat wave Phoenix’s average urban daytime deviation was

1.2�C (p<0.001), compared with 3�C (p<0.001) at night. This finding marks the

importance of urban land covers in Phoenix to retain heat and increase the duration

of elevated temperatures for urban residents. The surrounding desert areas heat up

during the day similar to urban areas, but experience greater cooling at night while

urban areas experience much less. This helps explain why the di↵erent between urban

and non-urban nighttime anomalies are so prominent in Phoenix.

4.6 Discussion

4.6.1 Interpreting Findings

The intent of this portion of this work was to describe land surface temperatures

(LSTs) throughout a region during a period of consecutive days with extreme heat.

Specifically to examine how LST di↵ered over general land covers and how LST varied

over the course of the extended heat event. One important result of the work was the

confirmation of higher temperatures over urban land covers. This finding is formalized

by rejecting the null hypotheses described above in Section 4.2.1 and led to accepting

the hypothesis that urban land covers were much more likely to be among the hottest

locations in regions. Such elevated temperatures are characteristic of cities - known

as the urban heat island - and were found to persist as the region as a whole warmed

during a heat wave. The analysis used deviations from a regional mean temperature

to demonstrate consistently hot and cool spots within the region as daily temperature

fluctuated up and down slightly. The propensity of urban land cover to consistently

be among the region’s hottest locations a�rms the ability of the LST and land cover

data to represent a known phenomenon around cities of the UHI and improves the

validity of subsequent analyses with the same data.

The occurrence of hot spots over urban land cover was particularly apparent for the
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three study regions, which could be described as temperate. In Atlanta, Chicago, and

Philadelphia the warmest locations during the day and at night were overwhelmingly

urban. The anomalous location - the metropolitan area of Phoenix, AZ - did not

show the same association. This may have been due to the more sparse vegetation

and arid climate of the region. The soil types and lower moisture content, expanse

of the region, and wider range of elevation extremes all could have influenced the

negative findings in the case of Phoenix. Studies examining the relationship between

vegetation and LST captured via satellite have found much higher variability over

bare soils than fully canopied areas [29]. Phoenix’s landscape is typified as bare or

barren and this increased variability likely contributes to the di�culty in drawing

clear conclusions from the data and statistical tests used here.

In the various phases of the heat waves, the deviations that appeared in the overall

heat wave average persist. The hottest locations within the region are consistently

urban and in some cases these locations are heating up more rapidly than the region

itself during the heat wave. That is, urban anomalies in some places are getting larger

between the beginning and end of the heat wave. This indicates a warming occurring

over urban areas during the heat wave that is not occurring over the rest of the region

or that is occurring at an accelerated rate compared to the region’s warming. This

suggests that urban residents may face greater health treats as future heat waves

grow increasingly extended.

4.6.2 Exceptions and Limitations

A noticeable exception to urban warming over the course of the heat wave was the

case of Atlanta’s daytime temperature anomalies, which demonstrated a decrease

from beginning to end of more than 2�C (p<0.001). This result may be due, in part,

to the prevalence of missing data in the final third of the heat wave. The missing data

disproportionately a↵ect over urban areas where the result is 45% less observations,
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compared with a 6% reduction in the number of observations over other land covers.

What is more, the urban anomaly number for this final third in Atlanta is the only

urban number for day or night in any phase of the heat waves of all MSAs that was

not significantly di↵erent from zero.

The largest start-to-end growth in anomalies was for nighttime anomalies of At-

lanta and Philadelphia. Noticeably, these two regions are the only ones to have

considerable amounts of forest areas around the city centers - more than 40% of the

Atlanta study region and more than 30% of the Philadelphia study area. Forests are

particularly important in climate moderation and feedbacks because of their biogeo-

chemical processes involving water and carbon dioxide [17]. Particularly when forests

cover a large amount of the region, the large amounts of moisture they contain may

have considerable implications for moderating regional temperature. In Atlanta and

Philadelphia the cooling e↵ects of the regional forest may allow the region to moder-

ate its temperature as the heat waves extend. At the same time the urban areas lack

the concentration of moisture-holding forests and continue to heat up, particularly

over night.

To consider this suggestion more closely Chicago should also be examined, given

its similarities in latitude and general climate with Philadelphia in particular. In

Chicago, temperature anomalies were not shown to grow over the course of the heat

wave. The land cover around Chicago also does not contain the expansive forests

found in Atlanta and Philadelphia, though it does contain a significant amount of

cropland which, particularly when irrigated, can have significant e↵ects for evapora-

tive cooling [123]. The absence of beginning to end di↵erence in nighttime anomalies

suggests that urban areas are maintaining the same relative di↵erence to tempera-

tures in other parts of the region over the course of the heat wave. Thus the croplands

around Chicago may be changing temperature as fast as urban areas during the heat

wave. If this is the case, the presence of significant amounts of cropland around
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Philadelphia and almost none around Atlanta may explain why Atlanta saw night-

time anomalies increase more than twice as much as Philadelphia. That is, even

though nighttime urban temperatures could have increased in all three MSAs, the

growth in anomalies is most pronounced in Atlanta thanks to moderation of temper-

atures outside the urban area by the dominant forest land cover. This interpretation

varies slightly from previous work that has looked at the influence of general land

covers on temperature. Agriculture has been shown to have larger cooling e↵ects

than forests [120] and specific agriculture to forest conversion have been shown to

be warming more rapidly than locations undergoing conversion from forests to urban

land cover [60]. One important aspect to consider when comparing the findings of

these global and continental studies to this work is the type of agriculture captured

here and the influence of irrigated vs. dry cropland.

4.6.2.1 Regional Influences - The Case of Chicago’s Lake E↵ect

In Chicago there is also the considerable climate-moderating factor of Lake Michigan.

The increased thermal capacity of the large water body may disproportionately a↵ect

regional mean temperatures. The slower daytime heating and nighttime cooling of

the lake - a large portion of the region (20%) - may mask the nighttime anomaly and

overstate the daytime anomaly. If we consider the Chicago study area without the

lake we begin to see this (Table 6). The daytime anomalies are considerably smaller

(1-1.5�C), though still positive and significant, and nighttime anomalies remained

almost unchanged. Where originally Chicago urban locations saw a growth in day-

time anomalies, when the lake is removed from the analysis this growth is no longer

observed. Nighttime urban deviations tended to be similar with no change over the

course of the heat wave. It appears that the lake tended to emphasize the urban

anomalies during the day, enough so that the beginning and end deviations appeared

significantly di↵erent from one another. Excluding the large water body shows that
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Table 6: Temperature Deviations in Chicago (no-lake) Scenario

n mean n mean n mean
Chicago

daytime
other 
urban

difference

nighttime
other 
urban

difference

beginning middle end 

825 -0.165    ** 839 -0.401   *** 839 -0.433    ***
139 2.825     *** 155 3.336     *** 155 3.079     ***

2.990     *** 3.737     *** 3.512     ***

781 -0.474    *** 839 -0.344    *** 839 -0.309 ***
155 1.712     *** 155 1.931     *** 155 1.688

0.254

-0.023

beginning
to end

 ***

2.186     *** 2.275     *** 1.998 ***

* p < 0.1 ** p <  0.05 *** p < 0.001

The table shows the mean deviations at urban and non-urban land covers during the beginning 
third of the heat wave, the middle, and  final third. Also presented is the difference between the  
urban and  non-urban land covers and the change in the deviation over urban locations between 
the beginning and end of the heatwave. The ‘difference’  row determines whether the changes 
during the heat wave were consistent across land covers or unequal. 

urban daytime anomalies remained positive but constant during the heat wave.

4.6.2.2 Scale Influences - The Case of Phoenix’s County Size

Recall several possible explanations given for some of the contrary findings from the

Phoenix MSA described in Section 4.5.2. Most of these involved some masking of

urban anomalies, either because of the size of western counties (much larger area of

non-urbanized area in the analysis), the elevation range throughout the MSA (low

lying lands to the west consistently showing hotter temperatures), or the presence of

natural land covers with sparse vegetation (barren land can warm in a manner similar

to urban areas). In order to examine if the urban anomaly could be demonstrated

when some of these factors were removed or controlled, a secondary analysis was also

performed using a subset of the original Phoenix MSA. To do so an area the size

of that used for the Philadelphia MSA analysis was constructed around the Phoenix

city center. Daytime and nighttime anomalies were recalculated and the average
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Table 7: Temperature Deviations in Phoenix (small area) Scenario

n mean n mean n mean
Phoenix

* p < 0.1 ** p <  0.05 *** p < 0.001

The table shows the mean deviations at urban and non-urban land covers during the beginning 
third of the heat wave, the middle, and  final third. Also presented is the difference between the  
urban and  non-urban land covers and the change in the deviation over urban locations between 
the beginning and end of the heatwave. The ‘difference’  row determines whether the changes 
during the heat wave were consistent across land covers or unequal. 

daytime
other 
urban

difference

nighttime
other 
urban

difference

beginning middle end 

-0.127

0.108

beginning
to end

547 -0.080    547    -0.104    547    -0.344    **
51 0.293     * 51       0.425     ** 51       0.166     

0.373     0.529     0.509     

547 -0.133    507    0.014     547    -0.161    
51 1.410     *** 50       1.730     *** 51       1.518     ***

1.543     *** 1.716     *** 1.678     ***

deviations for the beginning, middle, and end of the heat wave were again compared.

Table 7 shows the daytime deviations, which previously had been significant and of a

magnitude of approximately 1.5 - 2�C, are no longer evident in the data. In general

the urban and surrounding areas of Phoenix appear to be about the same temperature

during the day. The nighttime anomalies, however, continue to appear suggesting that

urban land covers fail to cool o↵ at night in the same way as surrounding natural

land covers. The nighttime anomalies estimated with this small area analysis are

more than 1�C smaller than previously estimated, perhaps because of the exclusion

of large cooler - high elevation - portions of the MSA. Still the evidence of rural desert

nighttime cooling and urban heat retention is compelling.
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4.6.2.3 Temporal Influences - Defining the Beginning, Middle, and End of the
Heat Wave

Another potentially influential decision in the methodology was to use sections of the

heat wave for comparison. Given that the “beginning, middle, end” demarcation of

the heat wave was determined in part for convenience; a crude sensitivity analysis

was performed. The length of the beginning and end averaging periods were short-

ened by one day (to 2 days in Atlanta, Chicago, and Philadelphia and to 3 days in

Phoenix. The majority of results remained unchanged in both direction and signifi-

cance. Making the averaging periods one day longer also did not produce conflicting

results. Examining this and other limitations of the study in greater depth will hope-

fully strengthen the validity of the findings and support the use of such data and

analysis in describing urban heat.

4.6.2.4 Suggestions for Future Study

For future work that may seek to use these methods and data sources for identifi-

cation of high temperatures within a region, a few suggestions are o↵ered. First,

as mentioned above this process could be used for periodic evaluation of the urban

thermal environment and fed into heat response plans or inform strategies to mitigate

urban heat. The 8-day composite imagery from MODIS would be a good product to

consider for such work. This may help to minimize the issues created by missing data,

not to mention it would provide LST data at the much higher spatial resolution of

1km. Another benefit of using the composite imagery is the reduction in processing

time and e↵ort required to obtain LST information for the region. The composite

imagery is expected to produce results very similar to the overall heat wave average

imagery derived as part of this work, and would provide municipalities with both

daytime and nighttime anomalies, which might otherwise not be considered explic-

itly. In addition considering imagery from both MODIS satellites may be a good way

to increase LST coverage of the urban area as well as a way to quickly and easily
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strengthen the analysis. This is particularly true for the nighttime temperatures,

since the Aqua and Terra nighttime LSTs are less likely to be influenced by temporal

di↵erences in time of collection. Finally all of this information is available to local

planning personal at no cost and can be processed with relative ease - particularly

with the free MODIS Reproduction Tool from NASA. Since this analysis finds the

urban anomalies to be particularly strong indicators of urban land cover’s influence

on temperature, and one that is important for related human health e↵ects, the use

of MODIS imagery for its nighttime LST is an important recommendation.

Second the NDVI data available from MODIS can also serve as an important

input to heat mitigation planning. The general findings related to NDVI are in line

with those found in other works: NDVI and surface temperatures follow a linear

and mostly negative correlation [73, 88, 139]. Earlier studies have also shown that

satellite-measured surface temperatures for locations with extensive vegetation closely

approximate near surface air temperatures, particularly in pixels larger than 1km.

As shown above, the variability of vegetation within the urban land cover class was

associated with increased thermal anomalies. Cities may begin to consider the spread

and health of the vegetation throughout urbanized areas as a resource for dealing

with future climates. The MODIS vegetation indices provide a data source that is

temporally specific and spatially explicit. The 500 m product is detailed enough to

show cities where vegetation is lacking or shrinking over time.

Finally, a recommendation to incorporate dates outside of the identified heat waves

may provide useful information about the thermal behavior of urban land covers

during heat waves. While this work attempts to compare periods within a single heat

wave, the incorporation of periods of normal summer weather could help shed light on

how heat waves emphasize urban heat. Indeed some of the most useful findings of this

work come from considering average anomalies from the entirety of the heat wave,

and this can provide a useful basis for comparing to periods outside of heat waves.
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The next chapter in this work attempts to conduct some of this research using single

days from the same 2006 heat waves and non-extreme days from the same summer.

4.7 Conclusion

This investigation of the how LST changes over urban land covers during a heat wave

revealed a distinct tendency for urban areas to be much hotter than their surrounding

environs during the heat wave. A summary of these findings can be seen in the Table

8. In Atlanta and Philadelphia the nighttime temperatures at urban locations appear

to be increasing relative to the region over the course of the heat wave. Knowledge

of such changes in this environmental factor important for hazardous heat exposures

is useful for cities as they respond to protect human health during heat waves. In

the next section of this work the most important built environment influences on

extreme heat LST will be examined to help inform cities of more proactive measures

for reducing heat exposures.
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Table 8: Summary of Chapter 4 Findings

Hypothesis

Philadelphia

Chicago

Atlanta

Phoenix

General

Urban areas are more likely to be 
among the warmest in the region 

during a heat wave.

Urban temperatures, relative to 
the region, change from the 

beginning to the end of the heat 
wave.

62% of urban 
locations were 
daytime hotspots in 
the region 

urban portions of the 
region were more 
than 28 times as likely 
to be among the 
hottest in the region 
during the day

80% of urban 
locations were 
daytime hotspots in 
the region (89% 
nighttime)

urban portions of the 
region were more 
than 100 times as 
likely to be among 
the hottest in the 
region during the day 
(162 times as likely 
for nighttime)

89% of urban 
locations were 
daytime hotspots in 
the region (82% 
nighttime)

there were not significant differences between 
urban and non-urban proportions of hot spots

Urban locations were consistently more likely 
to be among the hottest in the region for most 
cities. 

Urban locations with more vegetation were 
cooler than urban locations with less 
vegetation.  

Urban locations were hotter than non-urban 
locations at the beginning, middle, and end of 
the heat wave. 

In Atlanta and Philadelphia nighttime 
temperatures in urban locations increased 
more than non urban areas from the beginning 
to the end of the heat wave. 

urban portions of the 
region were more 
than 57 times as 
likely to be among 
the hottest in the 
region during the day 
(25 times as likely for 
nighttime)

urban land showed 
much larger 
temperature 
deviations (relative to 
the region) than 
non-urban land at the 
begging and end of 
the heat wave

nighttime tempera-
ture deviations 
increased by more 
than 1oC from the 
beginning to the end 
of the heat wave 
(daytime deviations 
decreased)

urban land showed 
much larger 
temperature 
deviations (relative to 
the region) than 
non-urban land at the 
begging and end of 
the heat wave

temperature 
deviations did not 
appear to change 
from the beginning to 
the end of the heat 
wave (after control-
ling for lake effect)

temperature 
deviations did not 
appear to change 
from the beginning to 
the end of the heat 
wave

urban land showed 
much larger 
temperature 
deviations (relative to 
the region) than 
non-urban land at the 
begging and end of 
the heat wave

nighttime tempera-
ture deviations 
increased by more 
than 0.4oC from the 
beginning to the end 
of the heat wave

urban land showed 
much larger 
nighttime tempera-
ture deviations 
(relative to the 
region) than 
non-urban land at the 
begging and end of 
the heat wave
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CHAPTER V

INFLUENCE OF THE BUILT ENVIRONMENT ON HEAT

DURING EXTREME SUMMER WEATHER

5.1 Introduction

The second major question being explored in this work relates to di↵erences in the

spatial distribution of temperatures between normal summer days and summer days

with extreme heat. This analysis will di↵er from investigation in the first portion of

the work through its use of normal summer weather as a control, and through its use

of higher resolution land surface temperature (LST) data. This work will use LST

data from the Landsat Thematic Mapper (TM) sensors. Investigation will be limited

to the central cities used in the MODIS work (see Figure 12), allowing for closer

investigation of environmental factors that may contribute to increased elevation of

temperatures during extreme weather conditions. This portion of the work, because

of its detailed consideration of the built environmental influences on LST variation,

in particular, during an extreme weather event, is a novel addition to the literature

on these topics.

Variations in the built environment are presumed to be important to exacerbating

or moderating temperature di↵erences between normal and extreme weather for sev-

eral reasons. First, extreme weather may trigger physiologic responses in vegetation

that decrease the ability of biota to moderate local temperatures via evapotranspira-

tion. Similarly, elevated temperatures may rapidly decrease the amount of moisture

available locally and thus more quickly shift local surface energy balances toward in-

creased sensible heat fluxes. Thirdly, periods of hot weather may stimulate a positive
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feedback with anthropogenic contributions to local heating as mechanical heat re-

moval from buildings increases. Finally, there may be responses from urban geometry

and with urban canyon e↵ects that may produce di↵erent temperature distributions

during periods of extreme heat. These di↵erences may also relate to changes in the

movement of air and decrease turbulent cooling e↵ects within the urban area. These

phenomena are covered in greater detail in Section 2.5.

5.2 Central Research Question Regarding Built Environ-
ment Influences

Recognizing the threat to urban areas the warmer future climates pose, a better

understanding of the built environment drivers of urban heat, particularly during

extreme heat, is necessary for e↵ectively mitigating elevated temperatures. The cen-

tral question of this chapter examines the influence of the built environment during

normal and extreme summer weather. It is focused on identifying the important in-

fluences on extreme summer LSTs are and how they may di↵er from influences on

LST during normal summer weather.

What are the most important built environment influences on land surface tem-

perature during extreme summer heat?

This research question is explored by testing two more specific hypotheses (5.2.1

and 5.2.2) explicitly.

5.2.1 Hypothesis: Variables describing the built environment show as-
sociations with land surface temperatures during extreme summer
weather.

This issue is examined using linear regression modeling of potential built environment

characteristics on mean census tract LST. Though this hypothesis seems straight

forward and previously examined in the literature, the use of separate models for

extreme and normal summer weather will allow for the associations under each set

of conditions to be compared. The standard ordinary least squares (OLS) regression
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model takes the form

y = ↵ + �1x1 + ...+ �
n

x
n

+ ✏ (25)

where the dependent variable LST (y) is defined by some constant (↵) and its

linear associations with the independent built environment variables (x) multiplied

by some constant (�) and the residual error ("). Here, several built environment

variables are considered on extreme summer days and normal summer day and the null

hypothesis can formally be stated as the coe�cient describing the linear association

of a specific variable (i) with LST under particular meteorological conditions (j) being

zero. Alternatively, the value of a specific coe�cient is not zero.

H0 : �i,j = 0 (26)

H
A

: �
i,j

6= 0 (27)

5.2.2 Hypothesis: : Spatial influences on the regression model results are
significant.

Observations for the dependent variable, LST, are likely to be highly influenced by

or correlated with proximate neighboring values. Thus e↵orts to assess associations

must control for such geographic influences. Modeling will incorporate spatial weights

into linear regression e↵orts to control for portions of the observed e↵ects due solely to

geography. The results of models will provide a quantified assessment of the influence

of built environment factors on LST during extreme and normal summer weather

conditions. The Moran’s I global statistical test for spatial autocorrelation is used

to examine the presence or absence of spatial influences on model results. The null

hypothesis states that there is no spatial clustering of values of model residuals and

is tested using z-scores for the Moran’s I Statistic (I) for a given city (i) and date (j).

H0 : Ii,j = 0 (28)
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H
A

: I
i,j

6= 0 (29)

Spatial structures within the data will be controlled using either a spatial lag

model or a spatial error model depending on diagnostics of the standard OLS. The

spatial lag model introduces a spatial weights term (W) representing the influence

of neighboring values into the standard OLS. The spatial coe�cient (⇢) is used to

determine if LST values (y) depend on the values in neighboring spatial units.

y = ↵ + ⇢W + �1x1 + ...+ �
n

x
n

+ ✏ (30)

H0 : ⇢ = 0 (31)

H
A

: ⇢ 6= 0 (32)

The spatial error model corrects for spatial correlation in the residual errors be-

tween neighboring units. The model modifies the standard OLS by separating the

original error term (") into a spatially uncorrelated part (") and a spatially correlated

component (⇠). The parameter � indicates the extent to which the spatial compo-

nent of the errors (⇠) are correlated with one another for nearby observations, with

connectivities described by the spatial weights (W).

y = ↵ + �1x1 + ...+ �
n

x
n

+ ✏+ �W ⇠ (33)

In the case of the spatial error model, the hypothesis testing spatial influences can be

written as

H0 : � = 0 (34)

H
A

: � 6= 0 (35)
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The spatial regression models will be used to test the influence of built environment

variables as described in 5.2.1. These tests of regression coe�cients (�) will produce

results unbiased by geographical influences.

5.3 Detailed Methods

The details presented in this section supplement the study outline and general variable

and site selection outline in Chapter 3. The methods presented here include specifics

about the selection and processing of imagery as well as the statistical methods used.

5.3.1 Identifying Extreme and Normal Summer Weather

As with the MODIS portion of this work the careful selection of specific dates for

examination is important to answering the central question. Days must be selected

according to specific criteria to validate the qualification of the weather on a particular

day as extreme and normal. The temporal resolution of the LST data is a limiting

factor, since Landsat TM images are only captured over a location every 16 days.

Thus the availability of the imagery must coincide with, first the summer months

of 2006, second the national heat event from mid-July to early August 2006, and

third the imagery would ideally be available during the heat waves investigated with

MODIS. These heat waves were denoted using exceedances of the 85th percentile of

the minimum apparent temperature, a useful indicator of heat-related health risk, at

a regional weather station.

Extreme heat days for each city were selected using the heat wave periods iden-

tified earlier in this work. Because of the limited availability of LandsatTM data

the location of the day within the heat wave will not be able to be controlled for

with sampling. Control or normal summer days were considered days that occurred

outside of the heat wave for the city, outside the extended nation heat event, and

were not a minimum apparent temperature exceedance but did occur in the summer

of 2006. As a rule control days, which fell before the heat wave and the national
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heat event were selected preferentially. This was done in order to avoid potential

lasting influences of the heat wave itself on the summer weather that followed it. For

example the heat wave might be expected to impact regional moisture availability

for the remainder of the summer months and thus LST for post-heat wave ’normal’

summer weather. Given the timing of the national heat event in the latter half of the

2006 summer, the majority of potential control days are likely to come earlier in the

summer. For each city, the same weather station records, maintained by the National

Climatic Data Center (NCDC) and described earlier in Section 3.4.2.1, were used to

identify exceedances.

5.3.2 Coincidence of Extreme and Normal Days with Image Availability

The availability of Landsat was determined using USGS’s Global Visualization Viewer

(Glovis). Images from the Landsat mission 4-5 were queried for images with less than

20% cloud cover. However, since this analysis will only be using a small portion

of any one scene (typically less than 5%), the cloud cover for the city and area

of interest could be greater. Glovis provides a cloud cover index for Landsat images

using an automated algorithm that can sometimes miss thin or small clouds, and may

misclassify snow, ice, or water. For these reasons, visual and digital cloud detection

and removal will be conducted. Still, beginning with scenes that have relatively low

cloud coverage is a good first pass filter for the imagery.

Landsat TM images consist of seven spectral bands with thermal infrared (TIR)

information contained in Band 6. The TIR information is captured with a spatial

resolution of 120 meters but is resampled to a resolution of 30m meters to match the

pixels from other bands. Band 6 captures energy from the electromagnetic spectrum

between 10.40 and 12.50 micrometers. The Landsat Enhanced Thematic Mapper

(ETM+) aboard Landsat 7 provides both high and low gain for the TIR band to

allow for more detailed radiometric data; however, a problem with the satellite’s
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scanning mechanics has created gaps in imagery collected after May 31, 2003. For

this reason, it was decided that Landsat 7 imagery would not be used.

All of the Landsat images used for this portion of the analysis are downloaded

from the Glovis interface and come processed through the Level 1 Product Generation

System (LPGS). The images used in this analysis are corrected according the Standard

Terrain Correction (L1T) which ensures radiometric and geometric accuracy through

the use of ground control points and a digital elevation model. The L1T products are

rectified using ground control points from the GLS2005 dataset. The combination of

these corrections ensures consistent topographic and geodetic accuracy for all of the

downloaded images.

Figure 25 shows the dates (boxed) for which Landsat TM imagery with less than

25% cloud cover were available through Glovis. Also noted are the summertime

minimum temperature exceedances within each city. In all the cases, there is a date

with Landsat imagery available within the heat wave studied using MODIS. In all the

cities except for Phoenix, the date with imagery coincides with an exceedance. Recall

that heat waves were identified as periods of consecutive exceedances containing no

more than a single non-exceedance day. The Landsat image in Phoenix was captured

on the one day in Phoenix’s heat wave that was not an exceedance according to the

record at the local NDCD weather station.

5.3.3 Image Processing

5.3.3.1 Cloud Identification and Removal

Despite the initial screening using the 25% overall cloud cover level for image selec-

tion, some dates and locations will still have clouds that should be removed prior

to being used in analyses. In general clouds contaminate remotely sensed data in

two ways. First, with respect to temperature clouds are often much cooler than the

surfaces. Thus for these analyses the presence of clouds may cause temperatures to

be underestimated for locations. Second, clouds cast shadows on the Earth’s surface
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Atlanta

June
2006

July
2006

August
2006

Chicago Philadelphia Phoenix

Extreme heat days as determined by minimum apparent temperatures above the threshold set by 
the 85th percentile of a long-term record are marking in red. These days the ideal candidates for 
examining extreme conditions in cities, particularly during the national heat event. Black boxes 
note the days for which LandsatTM images exist with reasonable cloud cover. All of the cities, 
except for Phoenix, have imagery on days that are extreme and in the national event, as well as 
days earlier in the year intended to represent normal summer weather.  
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Figure 25: Potential Extreme and Normal Summer Days (2006) for Examination
with LandsatTM Imagery
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that distort the radiation reflected from the surface and detected by the satellite’s

sensors. Because the two distortions appear very di↵erently when displayed in their

natural color, it makes sense that the process to remove them should include separate

means of identifying each.

The model used for identifying and removing clouds is adapted from the US For-

est Service documentation regarding the removal of cloud interferences in tropical

setting using Landsat 7 ETM+ images [126]; however methods often tested and used

with Landsat 7 imagery have also been found to be similarly e↵ective with Land-

sat TM imagery from Landsat 4-5 [96]. Tropical regions were used for developing

the method because of the frequency with which clouds obscure images captured in

tropical regions and not for any di↵erences in the region’s clouds themselves. The

methods developed by the USFS were intended to be used to create masks - areas of

an original image that can be replaced with cloud-free portions of other images with

the same location and proximate time period. Here, because the timing of the image

is critical to the analysis, the methods are used to remove the cloudy portions of the

image entirely.

Clouds and their shadows are common features in the visible and near-infrared

portions of satellite images. Visual inspection was used in concert with digital analysis

to verify and narrow cloud identification from digital radiance values alone. Addition-

ally, LandsatTM’s thermal band was employed to help distinguish clouds from other

similarly colored features. Clouds were identified first, using information from Land-

satTM’s Bands 1 and 6. Portions of the Landsat image with digital values greater

than or equal to 120 in band 1 (blue visible) were identified and compared with areas

where band 6 registered digital numbers between 102 and 128. Areas within the im-

age that met the criteria for both bands were identified as clouds and verified using

visual inspection of true color and NIR displays of the image. An example of this

process for the June 17, 2006 image containing the City of Atlanta is included below.
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natural color image infrared color image

cloudy area identified for removal

June 17, 2006 temperatures
(cloud free)

visual cloud detection digital cloud detection

clouds (color)
band 1 > 120

clouds (color + thermal)
band 1 > 120

and
102 > band 6 > 128

cloud shadows
17 > band 4 > 66

clouds (thermal)
102 > band 6 > 128

Cloud detection and removal from LandSat imagery is important for removing bias from 
subsequent digital analysis. This methodology was adopted from Martinuzzi, Gould, & Ramos 
González (2007). It uses visual detection of clouds with digital detection. Digital information 
from bands 1 (blue) and 6 (thermal) are used to detect clouds, information from band 4 (IR) is 
used to detect proximate cloud shadows. A buffer of 10 pixels (300m) is used around clouds and 
their shadows and these regions are removed from the imagery used in the analysis. 

In this example for an image over Atlanta on June 17, 2006 some clouds (orange ovals) and 
shadows (yellow oval) can be seen in the southernmost portion of the City. Digital detection is 
combined with this visual inspection to identify cloud pixels for removal (shown as a green 
outline over the IR image above). Pixels within the cloudy area are removed before processing 
images to arrive at land surface temperatures (left). 

Figure 26: LandsatTM Image Processing to Remove Clouds
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As seen in the example, the criteria for band 1 identifies several areas that are not

actually clouds - areas with digital values greater than 119 (high values in the blue

band appear white in the visible range). For example the white roof of the Georgia

Dome where the Atlanta Falcons play. When combined with the thermal band the

areas identified using band 1 alone are narrowed down considerably and the result is

much more consistent with clouds that can be seen in the visual inspection. A bu↵er

of 10 pixels (300m) was used around the cloud pixels identified using bands 1 and

6. The bu↵ers are included to capture potentially mixed cloud/non-cloud pixels that

were not captured with brightness values alone.

Band 4 (the NIR band) is used to digitally identify shadows within the image.

Pixels with digital values between 17 and 66 are considered potential cloud-shadows.

Shadows can be cast by clouds as well as by tall buildings and features in the topog-

raphy of the surface. Thus the digital identification of shadows must be used together

with the previous cloud identification to di↵erentiate cloud shadows from other shad-

ows or mis-identified shadow pixels. Shadow pixels in close proximity to clouds that

are consistent with the visual inspection were bu↵ered by 10 pixels and combined

with the bu↵ered cloud pixel areas to create cloud ’masks’ for images. These areas

that were considered clouds or cloud-shadow were excluded from further analyses.

In the example image below from Philadelphia you can see how well the cloud

detection process does for identifying clouds. In this particular case, the clouds over

the region followed what is called a popcorn pattern. These compact and distinct

clouds are scattered across the region in a fairly regular way and relatively easy to

discern from visual and digital inspection. In the image below the final area marked

for removal (green outline) constituted almost 36% of the city area (red outline).

Another common type of cloud to appear in imagery resembles and haze above the

surface. Such clouds can cover larger areas and may not be as readily detected

by digital inspection because of their weaker reflectance of various wavelengths and
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The image on the left shows the preliminary cloud assessment using threshold values in Bands 
1 and 6 of the LandsatTM image. Black areas are clouds. It identified about 6% of pixels within 
the city boundaries (red) as clouds. The image on the right demonstrates the result of the cloud 
removal process where cloud pixels are buffered and cloud shadow pixels are also identified, 
buffered, and included. The areas inside green-outlined polygons were flagged for removal.  
The full cloud removal process results in about 36% of the city area being removed from 
analyses.  Both images are from June 30, 2006 in Philadelphia, PA. 

Figure 27: Example of Cloud Identification in Philadelphia

lighter shadows cast on the ground. Some summer days in Philadelphia and, to some

extent, the extreme weather day for Phoenix contains such clouds. These types of

clouds are much more di�cult to remove without careful visual inspection.

Clouds were considered for all of the days being investigated. That is, for both

normal weather images and extreme heat images. The areas that were identified as

cloud or cloud shadow in either image for a particular city were removed from both,

so that areas excluded because of clouds on a normal summer day would not create

problems if those same areas were cloud free on extreme heat days, for example. Thus

each pixel in the normal weather image has a corresponding pixel with data in the

extreme weather image after cloud removal. This allows for direct comparison of LST

between normal and extreme summer days. A preliminary cloud coverage assessment

consisting of pixels in band 1 and 6 was considered in the selection of which images to

use, so that the smallest area of the city had to be excluded. This preliminary cloud
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assessment di↵ered slightly from the actual number of pixels for removal to produce

cloud free images (see Philadelphia example in Figure 27) but served as a convenient

way to compare imagery from di↵erent days.

5.3.3.2 Conversion of Landsat Data to Surface Temperatures

The use of Landsat data for the purposes of describing surface temperatures has

not been widely practiced due to the processing requirements to convert measured

radiation at the sensor to accurate temperatures at the surface that can confidently

be used in quantitative analyses [162]. In processing Landsat imagery as a part of

this work several obstacles had to be overcome. Some are these challenges are met

through the careful and time-consuming work of individual image processing. Rather

than having batch models to process several images at once or through downloading

available pre-processed imagery as was possible with MODIS, Landsat digital readings

must be converted to numbers representing more real land surface temperatures.

Other obstacles that could not be overcome with processing techniques are taken

under consideration in the analysis of the data and digestion of the results. This

section of the methodology describes how and why the imagery is processed and how

it informs the remainder of the work.

Band 6 of the LandsatTM product can be used for the estimation of LSTs after

considerable processing. In general there are three validated methods for converting

Landsat measurements to accurate LST [183, 221]: the radiative transfer equation,

the mono-window algorithm [162], and the generalized single channel method [98].

Converting Digital Numbers to Radiance The original Band 6, like the other

bands for each LandsatTM scene captures energy with wavelengths between 10.40

and 12.50 µm and stores information as digital numbers (DN) ranging from 0 to

255. These are sometimes referred to as brightness values and describe the intensity

of the radiation detected in the corresponding range of wavelengths for each band.
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Approximately 80% of the energy in this region of the electromagnetic spectrum is

emitted by the land surface [44]. In discussions concerning the thermal band this

measured radiation is sometimes referred to as the top of the atmosphere (TOA)

radiance. In the case of the visible and near infrared bands (1-4), DNs are often used

as is to display images in true or false color and give a sense of relative intensity.

In the case of radiation in the range of band 6 (thermal band) the numbers can be

processed to arrive at LST values in Kelvin. To do this the DNs must be converted to

TOA radiance and then to brightness temperatures. The brightness temperature is

only an approximation of LST since it includes atmospheric interferences. The DNs

are converted into values representing the radiance received at the satellite’s sensor

(L
�

) using a formula developed by NASA [125] seen in Equation 36:

L
�

= L
min(�) + [L

max(�) � L
min(�)]

Q
DN

Q
max

(36)

Where Q
DN

is the DN of each pixel and Q
max

is the maximum DN for the Landsat

scene. The other variables represent the maximum (L
max(�)) and minimum (L

min(�))

at-sensor radiances and can be obtained from the metadata included as a text file

when downloading Landsat scenes. For the scenes used in this analysis the equation

can be simplified by inserting the constants so that the conversion of DN to radiance

values for LandsatTM images is as follows:

L
�

= 0.05518Q
DN

+ 1.2378 (37)

Converting Radiance to Brightness Temperature Once at-sensor radiance

values (W m�2 sr�1 µm�1) have been calculated the brightness temperature can be

derived using an inverted Plank’s radiance function [184]. The formula has been

approximated for LandsatTM Band 6 as follows [71, 172, 224]:
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T
b

=
K2

ln(1 + K1
L�

)
(38)

where K1 and K2 are pre-launch calibration constants available for LandsatTM

and ETM+ sensors. For Landsat 5 K1 = 607.76 W m�2 sr�1 µm�1, and K2 =1260.56

K [171]. The resultant temperature, T
b

(K), is an approximation of LST from the

radiance received at the satellite. It estimates this temperature as if the surface of

the Earth acted as a blackbody, with an emissivity of 1. However, since surface

materials do not act as black bodies and thus the emissivity of the surface must be

considered to accurately represent LST. Two other potentially confounding sources of

radiative influence must also be considered: the upwelling radiance from the Earth’s

atmosphere and the downwelling radiance from the sky. The brightness temperature

LST has been shown to be appropriate for relative comparisons, but less accurate

when making quantitative comparisons, say across days [49].

Correcting for Surface Emissivity In order to estimate surface emissivity, many

studies have employed the red (R) and near infrared (NIR) bands of the same imagery

as the thermal band data to derive a normalized di↵erence vegetation index (NDVI).

Here bands 3 (R) and 4 (NIR) of the same imagery are used to derive NDVI via

Equation 39:

NDV I =
NIR�R

NIR +R
(39)

When NDVI for a pixel falls within the range of 0.157 to 0.727, an e↵ective

emissivity (") can be estimated from Equation 40 [211]:

✏ = 1.0094 + 0.0047ln(NDV I) (40)

For emissivity values outside of that range, emissivity constants are provided

according to Table 9 [233]:
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Table 9: Estimated Emissivities for Corresponding NDVI Ranges

Land surface emissivity (ε)NDVI

0.995NDVI < -0.185

0.970-0.185 <NDVI < 0.157

1.0094 + 0.047 * ln(NDVI)0.157 < NDVI < 0.727

0.990 NDVI > 0.727

The table provides  estimates of surface emissivity for various ranges 
of normalized difference vegetation index (NDVI). Take from Zhang, 
Wang, & Li (2006).  

Correcting for Atmospheric Transmission Once the surface emissivity has

been calculated, the atmospheric transmittance of radiation must be determined.

Water vapor plays a large role in determining the transmittance of energy in the

atmosphere and can be used to provide estimates for these purposes. Water vapor

content for the time of the satellite’s pass can be estimated from hourly data collected

at surface weather stations. Here, the first order weather stations used to examine

minimum apparent temperatures and exceedances were again used to obtain near-

surface temperature and relative humidity estimates. These values can be used to

calculate water vapor (w) in the atmosphere according to Equation 41:

w = 0.0981[6.108e
17.72T0C
237.3+T0C RH] + 0.1697 (41)

where the water vapor content, w (g/cm2) is dependent on the near surface tem-

perature, T0C (�C) and the relative humidity, RH [119, 227].

Finally, the atmospheric transmittance (⌧) can be calculated using this water va-

por estimate. Both the mono-window algorithm and the generalized single channel

method use water vapor estimates in order to avoid the necessity of in situ radiosound-

ing data required with the radiative transfer equation methodology. The benefit of
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this is that accurate LST estimates can be derived without expensive or exclusive soft-

ware packages that estimate atmospheric transmittance, such as MODTRAN, LOW-

TRAN, or 6S [232]. Because the mono-window algorithm and the generalized single

channel method can convert brightness temperatures to LST without additional in

situ measurements, they are referred to as single-channel methods. Between the two,

the generalized single channel method from Jimnez-Muoz and Sobrino (2004) o↵ers

a slightly more parsimonious estimation method compared with the mono-window

algorithm from Qin et al. (2001) since it only requires water vapor measurements

and not an additional calculation of mean atmospheric temperature. Also, among

these single channel methods the generalized single channel methodology produced

improved results (rmsd < 1K) when applied to a common image [183].

The generalized single channel method is explained in full detail in Jimnez-Muoz

and Sobrino (2004) and is described here in a simplified notation. The final calibrated

LST (T
s

) is given by Equation 42 and its dependents [183].

T
s

= �[✏�1( 1L�

+  2) +  3] + � (42)

with

� = [
c2L�

T 2
b

(
�4

c1
L
�

+ ��1)]�1 (43)

where � is the e↵ective wavelength estimated to be 11.457 µm for LandsatTM

Band 6, c1 = 1.19104 108 W µm4 m�2 sr�1 and c2 = 14387.7 µm K, and

� = ��L
�

+ T
b

(44)

with atmospheric functions

 1 = 0.14714w2 � 0.15583w + 1.1234 (45)
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 2 = �1.836w2 � 0.37607w + 0.52894 (46)

 3 = �0.04554w2 + 1.8719w � 0.39071 (47)

Operationalizing Images to Compare Land Surface Temperature Across

Time According to the methods described above the Landsat DN data downloaded

from Glovis can be rather easily converted to TOA radiances (L
�

) and brightness

temperatures (T
b

), and then corrected for surface and atmospheric interferences after

obtaining three parameters: the surface emissivity " - from NDVI - and atmospheric

transmittance - as estimated from water vapor content (w) and near surface temper-

ature (T0C). To accomplish this a model was constructed within ERDAS Imagine 10,

a widely used image processing software. The model shown below takes LandsatTM

images and derives surface emissivities based on image-specific NDVI. These emissiv-

ities are used with TOA radiances and brightness temperatures derived from Band 6

digital numbers to arrive at LST. The user must input image-specific constants for

the three atmospheric functions ( 1,  2,  3). These are calculated using estimates

of atmospheric water vapor from hourly weather observations of air temperature and

dew point temperature for the time of image collection.

Once the original Band 6 images for the normal and extreme days had been clipped

to removed clouded areas and DNs have been converted to Kelvin LSTs, a new raster

is created from the extreme-normal di↵erence. This process is also completed using

the map algebra function within the Spatial Analysis tools of ESRI’s ArcGIS 10. The

normal weather temperatures, extreme weather temperatures, and extreme-normal

di↵erences are then compiled to the census tract level using ESRI’s zonal statistics.

The result includes average and minimum temperatures and the average di↵erence in

temperatures for each tract that can be compared to environmental variables expected
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to influence LST within each Census tract. Tracts were built using the 2010 Census

blocks.

5.3.4 Built Environment Analysis

As presented in Chapter 3, the collection of variables that describe the built envi-

ronment in cities and are thought to capture some of the impacts of urban form

and landscapes on temperatures during extreme heat are included in this section of

the study. They are used to test associations between characteristics of the built

environment and LST on normal and extreme heat days specifically.

5.3.5 Spatial Units

This analysis makes use of higher resolution data with regard to LST and built en-

vironment characteristics in order to explain variation in temperature over diverse

urban landscapes. This work’s use of the census tract to aggregate LST and pre-

dictor variables is consistent with several other studies with similar intent; however,

the census tract is a unit that varies within and between regions as well as one with

inherent anthropogenic influences. The definition of census tracts responds to geo-

graphic characteristics as well as to political and social patterns. These fingerprints

on tract definition may have unintended influence on the findings of work such as

this. Statistical corrections with continuity-based weights are one way to control for

the geographic distribution of these features.

A regular grid was also considered to aggregate LST and demographic character-

istics. This approach suits this analysis well, given that many of the environmental

data are available at spatial units disaggregated beyond the tract level. This modifi-

cation to the analysis o↵ers greater specificity for the associations of land cover and

LST, depending on the degree of spatial autocorrelation. For the Atlanta study area

in this portion of the work, a 500m regular grid would o↵er the possibility of aggre-

gating to 1,100 observations for LST and built environment characteristics. Compare
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The model above uses a 7-band LandsatTM image to derive land surface temperatures that are 
corrected for atmospheric transmission and surface emissivity effects. The constants used in 
atmospheric functions (psi 1, 2, 3) must be updated by the user to reflect the atmospheric water 
vapor for the time of collection for the image being processed. The process in an adapted form 
of the generalized single channel method originally proposed by Jiménez-Muñoz & Sobrino, 
2003. 

Figure 28: LandsatTM Image Processing Model
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that with the 107 observations obtained using the Census tract boundaries.

Pilot analyses in Atlanta using a regular grid did not produce dramatically dif-

ferent results. Maps showing high and low LST clusters exhibited similar patterns

using the 500m grid. The higher spatial resolution of the grid aggregation did help

display more detail in the clusters, but in general high temperature clusters existed

over downtown and midtown Atlanta with low temperature clusters to the north and

southwest of downtown. The improved detail o↵ered by the grid did produce some

interesting features. For example the low LST cluster in the northwest corner of the

city, which originally appeared as a single cluster over several census tracts, was seen

as a ring of low LST grid cells. Upon closer investigation the center cells were shown

to be a retail district built around the intersection of Interstate Highway I-75 and

West Paces Ferry Rd. The warmer retail district with its parking lots and roofs was

distinguishable from the cooler surrounding leafy residential neighborhoods. Pilot

testing with the regular gird and regression models produced similar results as with

Atlanta’s tracts.

One drawback of increasing the resolution of the analysis is the incompatibility

with demographic data used in the next portion of the work to examine heat-related

health vulnerabilities in cities. These demographic and social data area available at

the Census Tract level and, for some variables, at the Census block group level. The

manipulation of data at the tract level to conform to a regular grid involves several

assumptions about the distribution of people and homes within each Census unit

(tract or block group). This may be increasingly problematic as regular gird cell size

decreases and Census unit size increases, typically toward the edges of cities.

In the interest of supporting the capability of data from this section of the work to

integrate with demographic and social data in the next section of the work the Census

tracts were used for analysis. One possibility for increasing the spatial resolution of

the analysis while maintaining this capability would be to revisit the environmental
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analysis performed in this chapter after identifying the highest vulnerability areas with

the analysis from Chapter 6. This would allow for improved understanding within

tracts identified as highly vulnerable and could provide more useful recommendations

with respect to environmental interventions to mitigate urban heat.

5.3.6 Analysis

For each city the built environment predictors as well as normal, extreme, and the

di↵erence in LST were compiled using ESRI ArcGIS zonal statistics tool. Descrip-

tive statistics were produced for the list of variables using SPSS 17 (IBM). Variables

were examined for normality and where appropriate were transformed using a log

transformation. This determination was based on the values describing the shape

of the variable’s distribution. Variables with skewness larger than 2 (smaller than

-2) were transformed and the log transformations were used in analyses if the resul-

tant distributions demonstrated reduced skewness and kurtosis [118]. Correlations

between possible covariates were estimated and variables with significant correlations

greater than 0.7 (less than -0.7) were considered for removal from the model to avoid

autocorrelation within the models.

Spatial autocorrelation describes how values in one spatial unit are associated

with values in proximate units. The LISA statistics describe autocorrelation as high-

high, low0low, high-low, and low-high, which characterizes the value in the spatial

unit and the values in the units around it. A Census tract with high-high spatial

autocorrelation has high values (LST, for example) and is surrounded by other tracts

with high LST. In order to remove the e↵ects of location of LST observations, spatial

autocorrelation was assessed in models and controlled. Spatial regression models

were constructed for each city and three dependent variables were considered: mean

LST on normal summer day, mean LST on extreme day, and the di↵erence in mean

LST from extreme to normal. Spatial weights for each city were constructed using
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first order queen1 continuity, and all spatial statistical modeling was performed using

GeoDa software [6].

For each model, the spatial dependence of the dependent variable was first assessed

using a global Moran’s I. Backward stepwise OLS regression was used to determine

which variables to include in the model (p < 0.05). The presence of spatial autocor-

relation was assessed in the model using a Moran’s I statistic on the model residuals,

as well as with Lagrange Multiplier tests for the presence of spatial lag and spatial

error. Spatial lag is present when the values of a Census tract are directly a↵ected

by the values in neighboring spatial units. Spatial error is present when the error

terms of a tract are a↵ected by the errors in neighboring units. Spatial modeling can

account for either spatial lag or spatial error in models but not both simultaneously.

There are di↵ering thoughts on the best ways to decide which to control in models.

Anselin and others adhere to practice of consulting the results of the robust tests for

presence of spatial lag or error to inform the decision [5].

This work follows the decision process described by Anselin to determine which

spatial influences for which to adjust the standard ordinary least squares (OLS) re-

gression model [4]. Ward and Gleditsch advise that the theoretical understanding of

the phenomenon being investigated be used to determine which of the two to include

in the model [218]. When feedback from neighboring spatial units is expected, the

spatial lag is the most appropriate choice. Ward and Gleditsch recommend that the

spatial error term be used when there is the potential for some other unexplained

influence that either can not be, or is not, controlled for in the model. They suggest

that the spatial error term is often less interesting for application to social science.

In this work, the theoretical influence of surrounding temperatures on local tem-

peratures is an assumption that might be made confidently, however given the focus of

1The two most common continuities are queen and rook, named for the movement of the chess
pieces. Queen continuity creates spatial weights using values from neighboring spatial units moving
out in all directions for a specified number of steps.
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this work on land cover and the built environment factors which vary across space the

model diagnostics will inform model selection. This choice seems particularly appro-

priate when examining the di↵erence between the normal and extreme temperatures

where the influence of neighboring values is less clear. The final spatially adjusted

models are presented in the results section for each city.

5.4 Results

5.4.1 Selection of Normal and Extreme Summer Images

For each MSA in the 2006 summer an extreme and a normal summer image were

identified. Given the 16 day revisit time between Landsat images, a limited number

of days for each MSA existed that were both reasonably cloud free and conformed

to the criteria set forth for di↵erentiating normal and extreme summer weather. For

extreme weather images were sought out that 1) fell within the national summer 2006

event, 2) were also within the heat wave examined in Chapter 4, and 3) were collected

on a day for which the minimum apparent temperature exceeded the 85th percentile

of the long term average at the city’s representative station. In all cases the rainfall

on the day of image collection and the three days prior was assessed and imagery

without recent precipitation was given preference.

Cloud cover was revisited in the final image selection. For each potential image,

the first steps of the full cloud removal algorithm were used to assess the cloud cover

over the study area (city boundaries) specifically, rather than the Landsat estimates

for the whole scene. This first step of the cloud removal algorithm identified pixels

with a Band 1 brightness value above 120 and a Band 6 brightness value between 102

and 128. The Landsat approximations used for initial screening provide estimates

for the entire scene, several times the area of the city. Thus a 10% cloud coverage

estimate for the scene could result in no clouds over the city itself. Conversely, an

image with a 3% Landsat cloud cover estimate for the scene may actually have much
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In Atlanta, the August 4th image provides an example of extreme weather that is from a day with a 
minimum temperature exceedance, within the national event, and the heat wave investigated in 
Chapter 4 (red area). Also there is no apparent cloud cover and very little recent rain.  For normal 
summer weather, the June 17th image is also free of rain influence with minimal clouds. The 
weather on June 17th does not represent an extreme event; both the minimum and maximum 
apparent temperatures fall within the long term average range (gray area). Other summer images 
contain too many clouds (June 1) and represent extreme events because of temperature exceed-
ances (July 3, July 19).  
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Figure 29: Atlanta’s Potential LandsatTM Images with Meteorological Data

greater cloud cover for the city. This city-specific cloud coverage gives a much better

idea of how viable the image is for the analysis. These numbers are provided with

true color thumbnails of the images in the following figures.

5.4.1.1 Atlanta’s Normal Summer and Extreme Images

The Atlanta summer had six potential images for use in the analysis. The extreme

image for Atlanta came from August 4th and the normal image was captured on

June 17th. The August 4th image was captured within the heat wave investigated

in Chapter 4, inside the national heat event, and was also a minimum apparent

temperature exceedance (also maximum temp). The image from August 4th contains
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very little potential for influence from recent precipitation and cloud cover. Earlier

summer images for Atlanta fall inside the 2006 national heat event (July 19th), are

extreme according to minimum temperatures (July 3rd), or have considerable cloud

cover (June 1st). The Landsat image from June 17th in Atlanta also contains minimal

influence from rain and clouds but contrasts the August 4th image with regard to

extreme weather. Both its maximum and minimum apparent temperatures fall within

the normal range. Following the cloud removal process, 2.2% of the city’s land area

was excluded from consideration. In analyses, the tracts a↵ected by clouds were

removed completely. This resulted in the removal of 8 additional tracts from the

Atlanta study area. All of these were in the southeastern portion of the city (see

Figure 26 for reference). The built environment in these tracts was average for the

city of Atlanta, while the June 17th LST in 3 of the tracts was lower than any other

tract in the city.

5.4.1.2 Chicago’s Normal Summer and Extreme Images

In Chicago, the extreme summer weather image was captured on July 31st and the

normal summer image came from June 13th, 48 days earlier. As was the case in all

of the cities, there was only one LandsatTM image available during the heat wave

period, and as with Atlanta, the July 31st image for Chicago provided a cloud free

image with relatively minimal precipitation influence. Earlier images closer to July

31st were judged inappropriate on the bases described previously. The July 15th

image comes on a day that is also a minimum temperature exceedance and may fail

to provide the contrast with the extreme summer image. The image from June 29th

is potentially biased by larger amounts of recent rain. The June 13th image may

contain similar e↵ects of recent rain, but contains less cloud cover and for this reason

was preferred. There was the possibility of including the image after the heat wave -

collected on August 16th - as it meets several of the selection criteria; however, this
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In Chicago, the July 31st image provides an extreme weather image that is a minimum temperature 
exceedance, within the national event, and the heat wave investigated in Chapter 4 (red area). Also 
there is no  apparent cloud cover and relatively little recent rain.  For normal summer weather, the 
June 13th image is also free of clouds but has recent rainfall that may influence results. The weather 
on June 13th does not represent an extreme event, though the minimum apparent temperature is 
below the long term average (gray area). Other summer days contain more clouds and similar 
amounts of rain (June 29) or represent extreme events because of temperature exceedances (July 
15). 
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Figure 30: Chicago’s Potential LandsatTM Images with Meteorological Data
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In Philadelphia, the August 1st image provides an extreme weather image that is a minimum 
temperature exceedance, within the national event, and the heat wave investigated in Chapter 4 
(red area). Also there is no  apparent cloud cover and relatively little recent rain.  The earlier summer 
weather on June 30th is contaminated by considerable cloud cover and the July 16th image is an 
minimum temperature extreme that may also fall within the 2006 national heat event. Facing a lack 
of other June images, due to heavy cloud cover, an earlier summer image in May (29th) was 
considered and found to be appropriate for use as a normal summer image. 
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Figure 31: Philadelphia’s Potential LandsatTM Images with Meteorological Data

was deemed unadvisable because of the possible lasting e↵ects of the heat wave on

subsequent summer weather that may be contained in the August 16th imagery.

5.4.1.3 Philadelpia’s Normal Summer and Extreme Images

The extreme summer image for Philadelphia comes from August 1st during the heat

wave and classified as extreme according to minimum temperature. There is no

evidence of rain in the preceding three days or on the day of the image collection

and the city is cloud free. The earlier summer image collected on July 16th was

also collected on an extreme minimum temperature day and was not used for normal

weather. The June 30th image provided a su�cient contrast to the extreme weather

condition on Aug 1st but was contaminated with cloud cover. As described in the
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cloud removal methodology above, 6% of the pixels within the city boundary were

classified as cloud in the preliminary analysis and this translated to removal of more

than 36% of the city land area after incorporating cloud shadows and bu↵ering. These

cloudy areas a↵ected more than half of the city’s census tracts with more than two

thirds of the city’s population. The cloud removal process resulted in important parts

of the downtown area - a unique built environment within the city - to be removed,

and led to other imagery being considered.

Finding normal summer imagery for the city was complicated by sparse data.

Philadelphia was the one city where extremely heavy cloud cover limited the number

of LandsatTM images available from June through August. The Landsat scene col-

lected over Philadelphia on June 14th was almost entirely masked by cloud cover and

was excluded from consideration. By extending the summer period backward three

days a late May LandsatTM image was identified which met several of the selection

criteria. The May 29th image over Philadelphia contains no cloud cover and has

very little influence from recent precipitationand will be used to investigate normal

summer weather in Philadelphia.

5.4.1.4 Phoenix’s Normal Summer and Extreme Images

As in the previous chapter’s analysis Phoenix was again an anomaly among the study

locations. The obvious choice for an extreme summer image in Phoenix - the July 17th

image collected during the heat wave - fell on the one day within the heat wave that

was not an extreme day according to minimum apparent temperature. Moreover, this

image was contaminated with heavy cloud cover over the central downtown portion

of the city. After the cloud removal algorithm cloud cover in the June 17th image was

found to a↵ect more than half of the city’s census tracts. These tracts accounted for

more than 80% of the city area and 67% of the city’s households. With this in mind,

the other LandsatTM image collected during the 2006 national event on August 2nd
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In Phoenix, none of the images available fell on days considered to be extreme events by minimum 
apparent temperatures. All images were free of heavy rain influence. The July 17 image which falls 
within the heat wave investigated in Chapter 4 (red area) is contaminated with considerable cloud 
cover. The next available image (August 2nd) is an alternative for late summer weather and could 
be compared with an early summer image from June 15th. 
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Figure 32: Phoenix’s Potential LandsatTM Images with Meteorological Data
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was used as the extreme summer example for Phoenix. The cloud cover was much

reduced and although the apparent temperatures were relatively low for the region,

the weather for August 2nd was during a period of oppressively hot tropical weather

in the region. The June 13th image from 48 days earlier was used as the normal

summer comparison image. Temperatures on June 13th were below those measured

on August 2nd making it an appropriate example of normal weather relative to the

extreme summer selection in Phoenix, despite it not meeting all of the criteria used

in other cities.

5.4.2 Characteristics of Selected Imagery

In Table 10 the selected images - 2 in each city, with 2 viable alternatives that were

unusable - are listed and details are provided. In all cases, a usable ‘extreme’ image

was available from the 2006 summer national heat event (described in Chapter 3) was

compared with a ‘normal’ summer image from earlier in the same year. In Atlanta,

Chicago, and Philadelphia, the extreme image came from a day that was a minimum

temperature exceedance within the previously investigated heat wave (Chapter 4)

with weather characteristic of oppressive heat. Normal images came 48 days prior

to extreme images in all cities except Philadelphia where it was captured 64 days

earlier. In no cases were the normal images collected on days with minimum apparent

temperature exceedances, maximum apparent temperature exceedance, or within the

national summer heat event. In only one case was an image used where there was

more than 1/10 inch of rain in the previous three days; this was the normal summer

weather image in Chicago from June 29th.

Among the most important characteristics in the table, is the water vapor content

of the atmosphere at the time of collection. This factor is used to determine the

approximate temperature of the atmosphere and the corresponding transmitted radi-

ation received by the satellite’s sensor. It is crucial in the image correction processes
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for deriving LST estimates and is the most noticeable di↵erence between extreme

and normal summer correction factors within each city. In all cases the water vapor

content is higher on the extreme day and results in larger magnitude constants used

to correct for atmospheric transmission. The di↵erences in these atmospheric func-

tions ( 1,  2,  3) influences absolute LST estimates for a given day and complicates

comparisons between days.
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Table 10: Selected Images with Characteristics

MSA Atlanta Atlanta Chicago Chicago Philadelphia Philadelphia Philadelphia Phoenix Phoenix Phoenix
Date 17-Jun-2006 4-Aug-2006 13-Jun-2006 31-Jul-2006 29-May-2006 1-Aug-2006 30-Jun-2006 15-Jun-2006 17-Jul-2006 2-Aug-2006

Extreme N Y N Y N Y N N Y* Y**
Min AppT (F) 70 81 74 83 66 84 67 73 86 84
Max AppT (F) 85 99 50 101 91 98*** 81 94 103 98

LandsatTM image LT50190372006168GNC01 LT50190372006216GNC01 LT50230312006164PAC01 LT50230312006212PAC01 LT50140322006149GNC01 LT50140322006213GNC01 LT50140322006181GNC01 LT50370372006166PAC01 LT50370372006198PAC01 LT50370372006214PAC01

Path 19 19 23 23 14 14 14 37 37 37
Row 37 37 31 31 32 32 32 37 37 37

%CC (scene estimate) 1% 3% 0% 0% 0% 0% 21% 0% 13% 2%
%CC (city estimate) 2.7% 0.0% 0.0% 0.0% 0.0% 0.0% 35.8% 0.0% 24.4% 0.0%

Time of Collection (GMT) 16:05 16:05 16:27 16:28 15:32 15:33 15:33 17:56 17:57 17:57
Lmin(λ) 1.238 1.238 1.238 1.238 1.238 1.238 1.238 1.238 1.238 1.238
Lmax(λ) 15.303 15.303 15.303 15.303 15.303 15.303 15.303 15.303 15.303 15.303
Qmax 255 255 255 255 255 255 255 255 255 255

T0 (F) 80 93 73 94 83 92 77 94 97 92
Dew Point T (F) 53 70 49 74 64 75 56 29 59 57

T0 (C) 26.67 33.89 22.78 34.44 28.33 33.33 25.00 34.44 36.11 33.33
Relative humidity 39.29 47.41 42.73 52.62 52.86 57.88 48.37 9.95 28.58 31.02

w (g/cm2) 1.58 2.77 1.38 3.15 2.27 3.25 1.74 0.73 1.95 1.82
psi1 1.2445 1.8211 1.1882 2.0921 1.5260 2.1675 1.2973 1.0882 1.3783 1.3265
psi2 -5.7061 -15.6645 -4.5353 -19.9241 -10.8123 -21.0887 -6.7333 -1.7915 -8.2300 -7.2818
psi3 2.4531 4.4460 2.1029 5.0530 3.6179 5.2049 2.7263 0.9572 3.0832 2.8621

Im
age Characteristics

W
eather Characteristics

The table presents general information for the images used in the analysis. It includes details about the particular LandsatTM images down-
loaded, their time of collection, and assessed cloud cover (CC) - clouds and cloud shadows buffered. Additionally weather statistics for the date 
of the image are included with time specific air and dew point temperatures used in the calculation of water vapor, and ultimately used to 
derive the atmospheric functions (psi 1, 2, 3) for atmospheric correction of LST. Extreme days are shown in dark red, while normal summer days 
are presented in black. The two faded columns are images that were good candidate images but excluded due, primarily, to cloud cover.

* min temp below exceedance value but in Chp 4 heat wave

** min temp below exceedance value, not in Chp 4 heat wave, but in National Event

*** interpolated
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5.4.3 Descriptive Statistics for Built Environment Predictors

The descriptive statistics used as predictors of local LST in each city ate summarized

in the following table. Several of the built environment predictor variables were log-

transformed to conform to the assumptions of normality necessary for linear regression

modeling. In most cities transforming variables was required for household (HH)

density and block size as these were highly skewed. This improved the character of

the variable’s distribution in Atlanta and Chicago, in particular. Tree canopy also

needed to be transformed in most cities and was surprisingly low in Chicago and

Philadelphia. Even after being transformed, some variables still failed to display

normal distributions and may be excluded from models to improve model integrity

and validity. These included the logarithm of HH density in Atlanta, as well as

the transformed average block size and building square footage in Chicago. When

these variables were more closely examined with the Kolmogorov-Smirnov test they

were found to be non-normal. These three variables were subsequently excluded from

analyses. For all of the cities variables representing the percent impervious cover, the

percent tree canopy, mean tract elevation, and either HH density or average block

area were considered for OLS regression models. Despite having less available built

environment data than other cities - no building data - Phoenix had five eligible

variables; the same number as Chicago - the most data-rich city.

Atlanta possessed the greatest range of tree canopy values between the cities with

tracts up to nearly three quarters forested. All other cities possessed far less tree

canopy and had tracts with no observable tree canopy. In all of the cities except

for Phoenix, a strong negative correlation was found between the percent impervious

cover in a tract and the percent tree canopy. This suggests that in Atlanta (-0.96, p

< 0.01), Chicago (-0.77, p < 0.01), and Philadelphia (-0.89, p < 0.01) trees are being

displaced when development proceeds.

Household density also varied greatly between the cities. Chicago’s maximum
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value was more than five times that in Atlanta or Phoenix. The di↵erences between

cities with respect to this metric may help to demonstrate a potential threshold e↵ect

where HH densities of a certain measure begin to exert noticeable influence on LST.

5.4.4 Results of Spatial Regression Models

One of the most notable results of this exercise is that corrected LST on the normal

days returned higher LST than corrected images from the extreme summer day, re-

sulting in negative extreme - normal temperature di↵erences. This was the case in

all of the cities and is likely the result of removing atmospheric e↵ects influenced by

water vapor on the day of image collection. The water vapor content on extreme

days was always greater than on normal days (see Table 10). Thus the atmospheric

influences on brightness temperatures and TOA radiances is larger on extreme days

and corrections may lower corrected LST estimates. Previous work using thermal

imagery to measure the urban heat island has demonstrated the tendency of such

corrections to produce lower LST estimates compared with brightness temperatures

and such corrections may be more pronounced for images from days with extreme

weather [214]. This issue directly a↵ects the validity of direct comparisons of LST

values from normal and extreme days, ironically the issue it was originally meant to

ameliorate.

The di↵erential magnitude of atmospheric corrections on di↵erent days makes the

LST estimates inappropriate for evaluating absolute temperature. Some estimates

were far lower than expected and do not represent reasonable temperatures for sum-

mer weather. For example the average tract-level LST estimates on extreme summer

days in Atlanta, Chicago, and Philadelphia all hover near 0�C, which is certainly in-

accurate. Thus, the most useful interpretations of the LST results come from making

comparisons of estimates from single images. Such comparisons are made in linear

regression modeling. The relative magnitude of LST was also used to produce the
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Table 11: Descriptive Statistics for Built Environment Predictors

For each city descriptive statistics for the available environmental predictors are provided. Log 
transformations were used to correct for dramatically non-normal distributions (skewness larger 
than 2, smaller than -2). The descriptive statistics for both the original (faded) and the transformed 
variables are included in the table, however only the variables with approximately normal distribu-
tions were considered in analyses (black). 

Atlanta
Variable N Min Max Mean

Standard
Deviation Skewness Kurtosis

% tree canopy 107 1.21 71.96 33.15 19.18 0.00 -1.01
% impervious surface 107 7.47 88.15 39.28 20.50 0.36 -0.82

% building footprint 107 2.33 42.29 15.48 8.22 1.07 1.37
elevation (m) 107 249.77 319.92 287.34 18.16 -0.27 -0.92

HH density (HH/acre) 107 0.00 20.23 0.72 2.42 6.82 49.38
log (HHdensity) 107 0.00 3.06 0.33 0.46 3.86 17.65

block size (acres) 107 3.13 163.22 13.77 16.75 6.92 60.40
log (block size) 107 1.14 5.10 2.34 0.69 0.66 1.02

Chicago
% tree canopy 800 0.00 49.12 1.91 3.83 5.79 49.11

log (tree canopy) 800 0.00 3.91 0.73 0.71 1.25 1.46
% impervious surface 800 13.30 89.96 64.64 11.97 -0.48 0.37

% building footprint 800 0.00 49.16 25.17 8.37 -0.26 -0.02
elevation (m) 800 176.25 202.28 183.27 3.88 1.96 4.61

HH density (HH/acre) 800 0.00 102.37 12.08 12.00 3.32 14.28
log (HHdensity) 800 0.00 4.64 2.31 0.70 0.14 0.96

block size (acres) 800 1.09 66.52 3.30 4.10 10.24 133.19
log (block size) 800 0.09 4.20 1.01 0.48 2.15 7.97
square footage 800 0.00 152,664.15 2,098.28 7,726.05 13.08 211.06

log(sq ft) 800 0.00 11.94 7.01 0.98 -2.60 27.28

Philadelphia
% tree canopy 384 0.00 67.80 5.85 9.92 2.89 10.06

log (tree canopy) 384 0.00 4.23 1.25 1.09 0.74 -0.57
% impervious surface 384 1.97 95.23 62.44 19.99 -0.82 0.05

% building footprint 384 0.37 66.67 25.73 11.22 0.27 0.01
elevation (m) 384 1.43 119.19 34.36 25.89 1.09 0.61

HH density (HH/acre) 384 0.00 68.03 11.63 9.16 2.05 6.78
log (HHdensity) 384 0.00 4.23 2.28 0.77 -0.78 1.16

block size (acres) 384 0.84 62.71 5.14 6.08 4.75 31.57
log (block size) 384 0.61 4.15 1.59 0.59 1.29 1.89

Phoenix
% tree canopy 355 0.00 17.98 1.68 2.54 3.22 12.72

log (tree canopy) 355 0.00 2.94 0.74 0.62 1.16 1.04
% impervious surface 355 0.05 71.26 41.38 17.80 -0.91 -0.19

elevation (m) 355 298.83 624.37 379.79 58.13 1.35 2.23
HH density (HH/acre) 355 0.00 16.07 3.05 1.86 1.60 7.63

block size (acres) 355 3.23 352.31 15.07 25.01 8.95 103.04
log (block size) 355 1.17 5.86 2.40 0.61 1.96 5.84
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LISA maps and to identify where high and low LST clustered within cities and how

these clusters changed between normal and extreme weather. This way of considering

the data provides a useful way of interpreting the data despite the shortcoming of the

image processing methodology.

Brightness temperatures (BT) were also assessed to see if results varied with the

level of image processing. Fully-adjusted LST demonstrated a greater range of tem-

perature estimates than BT. Since LST is known to vary more than air temperatures

over space, a greater range of values was expected with LST than with BT. Thus it

appears that LST more appropriately captures temperature variability within cities.

Emissivity-corrections in LST estimates help to more accurately capture the ener-

getic response of di↵erent land covers, even if absolute temperature estimates remain

inaccurate. At the spatial resolution of LandsatTM data pixel-specific emissivity

correction has been noted in the literature as important for proper interpretation of

satellite-derived temperature data.

The results of multivariate modeling are presented city by city. In each case the

results of the standard OLS regression coe�cients as well as the Moran’s I estimate

on the model residuals are presented above the model correcting for spatial influences.

The models with fully adjusted LST, and then with BT, as the dependent variable

on the normal summer weather day and extreme summer days are presented in the

columns.

5.4.4.1 Atlanta Results

LST/BT Dependent Variable Descriptives and Spatial Clusters In Atlanta,

107 census tracts were analyzed after being cleaned for data availability and cloud

interference. The descriptive statistics for the tract mean temperatures on the normal

and extreme days are presented in the following table. With the statistics are maps

demonstrating the local spatial autocorrelation of the dependent variables. In all cases
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positive spatial autocorrelation exists for downtown tracts where tracts with high LST

values and smaller extreme-normal di↵erences are surrounded by tracts with similar

results. This high LST downtown cluster appears to be larger on the extreme weather

day. Few spatial outliers (high surrounded by low and low surrounded by high) were

observed in Atlanta. Most of these tracts fell at the edge of the city and their LISA

results may be biased by location.

Mean tract LST on Atlanta’s normal summer day was 298.24K (77.16�F) and

was 282.98K (49.69�F) on the extreme summer day. These results are unexpected

and may be overwhelming influenced by atmospheric corrections as part of the image

processing. Considering mean tract BT produced estimates more consistent with the

weather station criteria used to select image dates. All of the 107 census tracts, save

one, demonstrated higher mean brightness temperatures on the extreme summer day

than on the normal day. The average for all tracts was nearly 2�C higher for the

extreme summer day, and the average brightness temperatures for each day, respec-

tively was closer with observations from the local weather station. On the normal

summer day, June 17th, the mean brightness temperature was nearly equivalent to

the maximum observed temperature from the city’s representative weather station:

86�F and 85�F, respectively. For the extreme summer day, August 4th, the mean

brightness temperature was approximately 90�F while Atlanta’s station recorded a

maximum of 99�F and a minimum of 81�F. This suggests that the use of brightness

temperatures may not capture near surface temperature variations exactly but can

provide more accurate absolute temperatures than fully corrected satellite readings.

The univariate LISA maps for the normal and extreme summer weather BT in

Atlanta appeared nearly identical to those from the fully corrected LST. High-high

clusters appeared around the central business district with low-low clusters to the west

and north. The similarities with LST are not surprising given that both estimates

are derived from the same raw satellite measurements. Still, the clustering patterns
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Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

Descriptive statistics for the dependent variables in the case of Atlanta are presented. The land 
surface temperatures (LST)  and brightness temperature (BT)  in Kelvin for days with normal 
summer weather (June 17, 2006), extreme summer weather (August 4, 2006), and the difference 
between the two dates were used as the dependent variable in linear regression with environ-
mental covariates.  A univariate local indicator of spatial autocorrelation (LISA) is also presented 
for each variable. The  maps helps to demonstrate where clusters of correlated locations exist. 
Dark red (blue) locations display clustering of locations that posses high (low) LST/BT and whose 
neighbors also posses high (low) values. All locations with color are significant at p<0.05 level. 

Atlanta
June 17, 2006 August 4, 2006

Variable Normal LST Extreme LST

N 107 107
Min 292.74 276.38

Max 303.15 288.95
Mean 298.24 282.98

Standard Deviation 2.90 3.32
Skewness -0.03 -0.03

Kurtosis -1.14 -1.12

June 17, 2006 August 4, 2006
Normal BT Extreme BT

107 107
299.40 301.90
306.85 307.90
303.11 305.05

2.00 1.58
0.04 -0.02

-1.11 -1.13

Figure 33: Descriptive Statistics for Atlanta Land Surface Temperature

confirm the presence of the hottest urban temperatures over the highly developed

downtown area in Atlanta.

Atlanta Regression Results - Built Environment Predictors of Temper-

ature Land surface temperatures were predicted rather well by the amount of

impervious surface in Census tracts. The percent impervious captures a significant

amount of the variability in other environmental covariates, as evidenced by strong

correlations (percent tree canopy -0.963, p < 0.01; percent building footprint 0.861,

p < 0.01; logBlockSize -0.748, p < 0.01). The variable representing impervious cover

was left in the model while highly correlated covariates were removed from consid-

eration to reduce the possibility of multi-colinearity and to produce the most parsi-

monious model without sacrificing explanatory power 2. The final model in all cases

2Tree canopy is expected to have significant influence on temperatures, but was excluded from
this and other models due to strong correlations with impervious surface. Bivariate regression
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(normal LST, extreme LST, normal BT, and extreme BT) included only the single

environmental predictor; percent impervious cover. Variables representing elevation

and HH density were not found to be significant predictors of tract LST. The results

of the models for Atlanta, both standard OLS regression and spatially adjusted are

presented in the following table.

Spatially corrected models found very little change in regression coe�cients, indi-

cating that the explanatory power of the percent impervious was not largely biased

by spatial autocorrelation. The di↵erence in the regression coe�cients between the

normal and extreme days indicates that the land cover characteristic has a larger

impact on LST during the extreme event when a 10% increase in impervious surface

was associated with more than 1.5�C increase in LST, compared with 1.35�C increase

during normal summer weather.

The results from the models using BT reinforce the importance of impervious

cover for temperature. In both the extreme and normal cases the percent impervious

was again the only significant environmental predictor after necessary corrections for

handling spatial correlations among errors. The associations of BT and impervious

were slightly smaller than with fully adjusted LST. This is not surprising since LST,

which accounts for emissivity of the surface for each pixel, was expected to capture

more variation in temperatures.

Atlanta Regression Results - Spatial Influences Standard OLS models for

both the normal and extreme summer days in Atlanta demonstrated reasonable ex-

planatory power with R2 values above 0.85; however, the global statistic of spatial

autocorrelation (Moran’s I) for the model residuals indicated spatial autocorrelation

in the model. Diagnostics indicated spatial autocorrelation among error terms and

models were corrected using a spatial error adjustment (�). The spatial error model

models with canopy and LST were generated to examine the e↵ects of tree canopy explicitly and
are discussed later in the chapter.
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<1 SD below

<1 SD above

1-2 SD above

>2 SD above

1-2 SD below

>2 SD below

mean (0)

The final Atlanta linear regression models are presented for normal  
and extreme summer weather, using both fully adjusted land surface 
temperature (LST) and brightness temperature (BT) as dependent 
variables. Normal ordinary least squares (OLS) regression results are 
presented with the corresponding Moran’s-I  showing the presence of 
spatial autocorrelation in the model residuals. Adjusted models were 
also constructed with removed or reduced spatial influences. The 
residuals of the adjusted model are mapped by their deviation 
around a mean of zero.  (* p < 0.1, ** p < 0.05, *** p < 0.001)

Atlanta
Dependent Variable

OLS
constant 292.983 *** constant 277.052 ***

% impervious 0.134 *** % impervious 0.151 ***

0.893 0.867
Moran's I for Residuals 0.170 ** Moran's I for Residuals 0.325 *** ** ***

OLS with Spatial Term
constant 292.961 *** constant 276.859 ***

% impervious 0.135 *** % impervious 0.157 ***
lamda (spatial error) 0.389 ** lamda (spatial error) 0.604 ***

0.903 0.903
Moran's I on Residuals 0.006 Moran's I on Residuals 0.002

June 17, 2006
Normal LST

August 4, 2006
Extreme LST 

constant 299.473 *** constant 302.232 ***
% impervious 0.093 *** % impervious 0.072 ***

0.902 0.870
Moran's I for Residuals 0.155 Moran's I for Residuals 0.334

constant 299.444 *** constant 302.128 ***
% impervious 0.093 *** % impervious 0.075 ***

lamda (spatial error) 0.362 ** lamda (spatial error) 0.612 ***

0.910 0.907
Moran's I on Residuals 0.004 Moran's I on Residuals 0.001

June 17, 2006
Normal BT

August 4, 2006
Extreme BT

R2 R2 R2 R2

R2 R2 R2 R2

Figure 34: Standard and Spatially Adjusted Model Results for Atlanta
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Descriptive statistics for the dependent variables in the case of Chicago are presented. The land 
surface temperatures (LST) and brightness temperatures (BT) in Kelvin for days with normal 
summer weather (June 13, 2006), extreme summer weather (July 31, 2006), and the difference 
between the two dates were used as the dependent variable in linear regression with environ-
mental covariates.  A univariate local indicator of spatial autocorrelation (LISA) is also presented 
for each variable. The  maps helps to demonstrate where clusters of correlated locations exist. 
Dark red (blue) locations display clustering of locations that posses high (low) LST/BT and whose 
neighbors also posses high (low) values. All locations with color are significant at p<0.05 level. 

June 13, 2006 July 31, 2006Chicago
Normal LST Extreme LST

N

Variable

800 800
Min 286.33 260.25

Max 303.88 278.24
Mean 297.29 273.46

Standard Deviation 2.63 2.37
Skewness -0.51 -0.93

Kurtosis 0.22 1.94

June 13, 2006 July 31, 2006
Normal BT Extreme BT

800 800
292.57 298.75
305.82 306.22
300.41 304.20

1.97 0.98
-0.45 -0.91
0.12 1.87

Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

Figure 35: Descriptive Statistics for Chicago Land Surface Temperature

improved the integrity of the models for all dependent variables. The use of r-squared

values is not recommended for comparing OLS to spatially adjusted models; instead

the log likelihood ratio and Akaike Information Criterion (AIC) diagnostics for good-

ness of fit. For all four of Atlanta’s dependent variables these diagnostics suggest

an improvement in the fit of the model after including the spatial error term. More

importantly, the spatial term is positive and significant in each case suggesting the

presence of spatial correlation in the data. Also, there is no evidence of spatial auto-

correlation in the residuals from the spatially adjusted models (second Moran’s I for

each dependent variable in Figure 34). This indicates that the models are correctly

specified and controlling for the spatial influences in the data.

5.4.4.2 Chicago Results
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LST/BT Dependent Variable Descriptives and Spatial Clusters In Chicago

the presence of the lake seemed to have a much greater e↵ect on LST/BT within

the city. This is evidenced in the movement of the high temperature clusters when

comparing early summer normal weather to later summer extreme cases. As seen

from the LISA maps in Figure 35, the high LST/BT clustering resided in the western

suburbs on June 13th and toward downtown (east) as the summer and heat progressed

into late July. These tracts along the lake in the heavily populated downtown area are

among the low clusters early in the summer, or they exhibit relatively low LST/BT

and are surrounded by similar tracts. Later in the summer they do not exhibit

the same LST/BT patterns. The heat capacity of the lake appears to help these

tracts early in the summer, but the benefits may dissipate as the summer progresses,

or during extremely hot weather and the lake waters warm. Once again the fully

adjusted tract level LST were higher on the normal summer day than for the extreme

case. Extreme summer brightness temperatures from July 31st averaged 3.7�C (6.7�F)

more than on June 13th.

Chicago Regression Results - Built Environment Predictors of Tempera-

ture When built environment predictors were considered, several were found to be

significantly associated with LST/BT for both normal and extreme summer weather.

Chicago has the greatest number of Census tracts (observations) of any city in the

study. The large number of tracts gave the models greater power and enabled more

variables to be included. The correlation between percent impervious and tree canopy

was strong enough to merit the exclusion of one variable. Since percent impervious

was also strongly correlated with the building footprint variable (0.678, p < 0.001),

leaving it in the model allowed for a more parsimonious model to be specified with-

out sacrificing explanatory power. The variables included in the final model appeared
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<1 SD below

<1 SD above

1-2 SD above

>2 SD above

1-2 SD below

>2 SD below

mean (0)

The final Chicago linear regression models are presented for normal 
summer weather and extreme summer weather, using both fully 
adjusted kand surface temperature (LST) and brightness tempera-
tures (BT) as the dependent variables. Normal ordinary least squares 
(OLS) regression results are presented with the corresponding 
Moran’s-I  showing the presence of spatial autocorrelation in the 
model residuals. Adjusted models were also constructed with 
removed or reduced spatial influences. The residuals of the adjusted 
model are mapped by their deviation around a mean of zero. (* p < 
0.1, ** p < 0.05, *** p < 0.001)

R2 R2 R2 R2

R2 R2 R2 R2

Chicago
Dependent Variable

OLS

OLS with Spatial Term

June 13, 2006 July 31, 2006
Normal LST Extreme LST 

June 13, 2006
Normal BT

July 31, 2006
Extreme BT

constant 245.024 *** constant 239.083 ***
% impervious 0.128 ** % impervious 0.157 ***

elevation 0.258 *** elevation 0.137 ***
log(HH dens) -1.401 *** log(HH dens) -0.417 ***

0.446 0.572

Moran's I for Residuals 0.627 *** Moran's I for Residuals 0.651 ***

constant 288.409 *** constant 260.153 ***
% impervious 0.106 *** % impervious 0.134 ***

elevation 0.010 elevation 0.024
log(HH dens) 0.256 *** log(HH dens) 0.170 **

lamda (spatial error) 0.945 *** lamda (spatial error) 0.875 ***

0.891 0.861

Moran's I on Residuals -0.093 *** Moran's I on Residuals -0.060 ***

constant 260.998 *** constant 290.067 ***
% impervious 0.103 *** % impervious 0.066 ***

elevation 0.193 *** elevation 0.056 ***
log(HH dens) -1.133 *** log(HH dens) -0.176 ***

0.491 0.578

Moran's I for Residuals 0.625 *** Moran's I for Residuals 0.649 ***

constant 293.489 *** constant 298.652 ***
% impervious 0.081 *** % impervious 0.056 ***

elevation 0.009 elevation 0.010
log(HH dens) 0.093 ** log(HH dens) 0.064 **

lamda (spatial error) 0.948 *** lamda (spatial error) 0.874 ***

0.904 0.862

Moran's I on Residuals -0.093 *** Moran's I on Residuals -0.060 **

Figure 36: Standard and Spatially Adjusted Model Results for Chicago
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to be consistently associated with the di↵erent LST/BT dependent variables and ex-

plained about half of the variability in LST/BT before spatial corrections. The warm-

ing influence of impervious surfaces was exacerbated in extreme weather conditions.

Extreme summer weather associations for impervious surface (0.100, p < 0.001) and

LST were nearly double those for normal summer weather (0.057, p < 0.001).

Chicago Regression Results - Spatial Influences Correcting for spatial as-

sociations was important in the models and demonstrated the influence of spatial

influences on the associations with elevation and HH density in particular (noted in

Figure 36). The other variables (percent impervious, percentage building footprint,

and percentage tree canopy were all found to be significantly associated with LST/BT

independent of spatial influences. Spatial errors models were not able to fully elimi-

nate spatial bias in the normal and extreme Chicago LST/BT models. In each case,

the spatiality-adjusted model produced better fitting models and contained spatial

terms that were very significant. Mean elevation in the tract was one environmental

predictor that appeared in the OLS models due to its geography. In this case the

elevation variable is very similar to a variable for each tract that describes how near

or far from the lake the tract sits. Having seen how temperature can be a↵ected by

proximity to the lake, it is not surprising that elevation, as a proxy for lake proximity,

appears in the OLS and drops out of the model once spatial influences are controlled

for. Similarly HH density is greatest in the tracts nearest the lake. The variable no

longer demonstrates significant associations with temperature after controls for geo-

graphic influence are introduced. Thus not much can be said about the population

density of the place, included in part as an indicator of anthropogenic waste heat

and canyon geometry e↵ects, as a means of moderating extreme heat through built

environment interventions.

5.4.4.3 Philadelphia Results
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Descriptive statistics for the dependent variables in the case of Philadelphia are presented. The 
land surface temperatures (LST) and brightness temperatures (BT) in Kelvin for days with normal 
summer weather (May 29, 2006), extreme summer weather (August 1, 2006), and the difference 
between the two dates were used as the dependent variable in linear regression with environ-
mental covariates.  A univariate local indicator of spatial autocorrelation (LISA) is also presented 
for each variable. The  maps helps to demonstrate where clusters of correlated locations exist. 
Dark red (blue) locations display clustering of locations that posses high (low) LST/BT and whose 
neighbors also posses high (low) values. All locations with color are significant at p<0.05 level. 

Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

May 29, 2006 August 1, 2006
Philadelphia

Normal LSTVariable Extreme LST

N 384 384
Min 275.71 260.06

Max 295.23 279.29
Mean 288.15 272.65

Standard Deviation 3.59 3.68
Skewness -0.95 -0.81

Kurtosis 0.95 0.43

May 29, 2006 August 1, 2006
Normal BT Extreme BT

384 384
295.87 299.68
307.17 307.43
302.96 304.74

2.09 1.48
-0.84 -0.80
0.71 0.42

Figure 37: Descriptive Statistics for Philadelphia Land Surface Temperature
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LST/BT Dependent Variable Descriptives and Spatial Clusters In Philadel-

phia, the low clusters of LST tended to reside in the northwest portion of the city

consistently (Figure 37). This may be a function of elevation, which was prone to

significant influence from spatial correlation (see Figure 38). The influence of the

bordering water body appeared to be less influential than in the case of Chicago.

A clear high LST cluster appears around Philadelphia’s downtown on the normal

summer day, while several small high LST clusters exist during the extreme weather.

High-high clusters for the extreme-normal LST di↵erence appear to surround the

downtown area in most directions.

Philadelphia Regression Results - Built Environment Predictors of Tem-

perature Impervious surface displayed the strongest associations with temperature

even after correcting for spatial dependencies. Many built environmental factors were

highly correlated among the Philadelphia tracts and were excluded from the models

to avoid multi-colinearity issues. The percent impervious was highly correlated with

variables representing building footprint (0.851, p < 0.001) and average block size

(-0.807, p < 0.001). In general there was little di↵erence between models with LST

and those with BT. Models containing the percent impervious and the mean elevation

in the tract explained more than two-thirds of the total variability in all cases (see

Figure 38). Temperature values for LST on extreme days was once again lower than

on normal days, and BT on the extreme day was nearly 4�C warmer than for the

normal summer day, on average. The association between impervious surface and

LST was consistent for both normal and extreme days. Using BT, the association

was slightly weaker on the extreme day than for the normal summer day.

Philadelphia Regression Results - Spatial Influences In all of the cases spa-

tial corrections to the standard OLS model were warranted by significant correlation

among the model residuals. In each case, spatial adjustments (spatial error) produced
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<1 SD below

<1 SD above

1-2 SD above

>2 SD above

1-2 SD below

>2 SD below

mean (0)

The final Philadelphia linear regression models are presented for 
normal and extreme summer weather using both the fully adjusted 
land surface temperature (LST) and brightness temperatures (BT). 
Normal ordinary least squares (OLS) regression results are presented 
with the corresponding Moran’s-I  showing the presence of spatial 
autocorrelation in the model residuals. Adjusted models were also 
constructed with removed or reduced spatial influences. The residuals 
of the adjusted model are mapped by their deviation around a mean 
of zero. (* p < 0.1, ** p < 0.05, *** p < 0.001) 

R2 R2 R2 R2

R2 R2 R2 R2

Philadelphia
Dependent Variable

OLS
constant 276.257 *** constant 260.673 *** constant 296.098 *** constant 299.929 ***

% impervious 0.171 *** % impervious 0.181 *** % impervious 0.099 *** % impervious 0.073 ***
elevation 0.036 *** elevation 0.020 *** elevation 0.020 *** elevation 0.008 ***

0.699 0.826 0.702 0.827

Moran's I for Residuals 0.675 *** Moran's I for Residuals 0.627 *** Moran's I for Residuals 0.674 *** Moran's I for Residuals 0.625 ***

OLS with Spatial Term
constant 276.268 *** constant 260.522 *** constant 296.190 *** constant 299.870 ***

% impervious 0.170 *** % impervious 0.177 *** % impervious 0.097 *** % impervious 0.071 ***
elevation 0.037 *** elevation 0.029 *** elevation 0.019 *** elevation 0.012 ***

lamda (spatial error) 0.872 *** lamda (spatial error) 0.844 *** lamda (spatial error) 0.876 *** lamda (spatial error) 0.843 ***

0.907 0.936 0.909 0.936

Moran's I on Residuals 0.012 Moran's I on Residuals -0.017 Moran's I on Residuals 0.018 Moran's I on Residuals -0.016

August 1, 2006
Extreme BT 

May 29, 2006 August 1, 2006 May 29, 2006
Normal LST Extreme LST Normal BT 

Figure 38: Standard and Spatially Adjusted Model Results for Philadelphia
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Descriptive statistics for the dependent variables in the case of Phoenix are presented. The land 
surface temperatures (LST) and brightness temperatures (BT) in Kelvin for days with normal 
summer weather (June 15, 2006), extreme summer weather (August 2, 2006), and the difference 
between the two dates were used as the dependent variable in linear regression with environ-
mental covariates.  A univariate local indicator of spatial autocorrelation (LISA) is also presented 
for each variable. The  maps helps to demonstrate where clusters of correlated locations exist. 
Dark red (blue) locations display clustering of locations that posses high (low) LST/BT and whose 
neighbors also posses high (low) values. All locations with color are significant at p<0.05 level. 

June 15, 2006 August 2, 2006Phoenix
Normal LSTVariable Extreme LST

N 355 355
Min 314.06 299.43

Max 324.02 309.59
Mean 320.75 305.41

Standard Deviation 1.46 1.66
Skewness -0.66 -0.51

Kurtosis 1.45 0.33

June 15, 2006 August 2, 2006
Normal BT Extreme BT

355 355
311.13 306.39
320.11 313.51
316.99 310.43

1.43 1.25
-0.57 -0.51
0.75 0.14

Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

Figure 39: Descriptive Statistics for Phoenix Land Surface Temperature

models that were better specified and which did not contain additional evidence of

spatial autocorrelation. None of the variables that demonstrated significant associa-

tions with temperature in the OLS models were found to contain serious geographic

influences. Elevation demonstrated a warming e↵ect on temperatures after control-

ling with a spatial error term. The positive sign on the coe�cient is not the expected

direction for this association, as higher elevations have cooler temperatures. How-

ever, the elevation variable may, like in the case of Chicago, be capturing the e↵ect of

proximity to the river, which borders Philadelphia to the Southeast. The weak asso-

ciations persist after controlling for spatial influences, implying that higher elevation

tracts are experiencing higher temperatures and the e↵ect is dampened slightly on

extreme days.

5.4.4.4 Phoenix Results
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LST/BT Dependent Variable Descriptives and Spatial Clusters In Phoenix,

355 census tracts were used to assess the environmental influences on temperature (as

seen in Figure 39). High LST/BT clusters exist in the northwest portions of the city

on both normal and extreme summer weather days. The low LST/BT clusters were

found primarily on the eastern parts of the city. The first choice for the extreme im-

age in Phoenix was contaminated by cloud cover and although the station-measured

maximum and minimum air temperatures were not dramatically di↵erent between

the normal and extreme day, LST di↵ered by an average of more than 15�C, with

LST higher on the normal summer day. This may be attributable to di↵erences in

the weather type on and around the day of the image and the resulting influence of

atmospheric energy on the readings at the satellite sensor. Earlier in the year the

air around Phoenix was much drier than later in the year. The extreme BT was also

higher than on the normal summer day by about 5�C.

Phoenix Regression Results - Built Environment Predictors of Temper-

ature Unlike most of the models for other cities, the models in Phoenix were

composed of di↵erent independent variables varying with the dependent variable be-

ing modeled (see Figure 40). Under the normal summer weather conditions, all of the

eligible predictors except average block size were included in the final OLS model.

The variable representing tree canopy was the only predictor to be included in all four

cases after controlling for geographic influences. It was significant after controlling

for spatial influences and was associated with significant decreases in LST/BT for

both normal and extreme weather conditions. The benefit of tree canopy in Phoenix

was more pronounced during the extreme weather than on the normal summer day

earlier in the year when examining LST.

Phoenix Regression Results - Spatial Influences Correcting for spatial influ-

ences in the case of the normal summer day demonstrated the presence of spatial
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<1 SD below

<1 SD above

1-2 SD above

>2 SD above

1-2 SD below
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The final Phoenix linear regression models are presented for normal 
and extreme summer weather using both the fully adjusted land 
surface temperature (LST) and brightness temperature (BT) . Normal 
ordinary least squares (OLS) regression results are presented with the 
corresponding Moran’s-I  showing the presence of spatial autocorrela-
tion in the model residuals. Adjusted models were also constructed 
with removed or reduced spatial influences. The residuals of the 
adjusted model are mapped by their deviation around a mean of 
zero. (* p < 0.1, ** p < 0.05, *** p < 0.001)

mean (0)

Phoenix
Dependent Variable

OLS
constant 321.881 *** constant 305.307 ***

% impervious 0.022 *** % impervious 0.028 ***
elevation -0.003 ** log (% tree canopy) -1.444 ***

HH density -0.140 **
log (% tree canopy) -0.664 ***

0.122 0.287
Moran's I for Residuals 0.476 *** Moran's I for Residuals 0.464 ***

OLS with Spatial Term
constant 98.963 *** constant 95.474 ***

% impervious 0.007 * % impervious 0.017 ***
elevation -0.002 ** log (% tree canopy) -0.753 ***

HH density -0.030 weights (spatial lag) 0.687 ***
log (% tree canopy) -0.453 ***

weights (spatial lag) 0.695 ***

0.496 0.608

Moran's I on Residuals -0.046 * Moran's I on Residuals -0.037

June 15, 2006 August 2, 2006
Normal LST Extreme LST 

constant 318.214 *** constant 310.463 ***
% impervious 0.022 *** % impervious 0.021 ***

elevation -0.003 ** log (% tree canopy) -1.196 ***
HH density -0.124 **

log (% tree canopy) -0.942 ***

0.188 0.340
Moran's I for Residuals 0.478 *** Moran's I for Residuals 0.470 ***

constant 319.981 *** constant 98.329 ***
% impervious -0.004 % impervious 0.012 ***

elevation -0.006 ** log (% tree canopy) -0.634 ***
HH density 0.012 weights (spatial lag) 0.683 ***

log (% tree canopy) -0.973 ***
lamda (spatial error) 0.744 ***

0.558 0.644

Moran's I on Residuals -0.059 ** Moran's I on Residuals -0.029

June 15, 2006
Normal BT

August 2, 2006
Extreme BT

R2 R2 R2 R2

R2 R2 R2 R2

Figure 40: Standard and Spatially Adjusted Model Results for Phoenix
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e↵ects on the significance of HH density and percent impervious cover. The overall

model appeared to be accurately specified to remove spatial bias. Correcting for spa-

tial correlation improved the fit of all models though it did not appear to completely

remove spatial influences in the case of normal-extreme LST di↵erences in Phoenix.

Interestingly, correcting for spatial error was more useful on normal summer days

than extreme days. For the models using August 2nd, a spatial lag variable was used

to remove the spatial influences from the OLS. This implies that the actual temper-

atures of neighboring Census tracts were influencing the temperature of the tract, as

opposed to the correlation of spatially proximate errors from unaccounted variables

or measurement. The extreme summer day in Phoenix is the only instance where

such a control was introduced. For both LST and BT the spatial lag model appear to

resolve the spatial autocorrelation problem in the OLS, improving the model fit and

validity even though neither of the independent variables were strongly influenced by

geography.

5.5 Discussion

5.5.1 Similarities Across Regions

Linear associations with built environment variables explained a considerable amount

of the variation in temperature throughout the cities. This was particularly true

for Atlanta, Chicago, and Philadelphia. In each, the linear models were able to

account for more than 80% of the total variation. Impervious surface in each of

these locations was highly correlated with a number of the other built environment

variables, and was found to be significantly associated with temperatures within the

cites. Importantly after correcting for the influence geography the associations with

impervious surface remained. This was true for both LST and BT. Using only LST,

slightly stronger associations between impervious surface and temperature were seen

on extreme summer days. The same pattern was not seen with BT, likely due to the
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influence of atmospheric temperature on BT. The correction for surface emissivity

in the fully adjusted LST makes it a more appropriate metric for assessing intra-

urban heat di↵erences tied to land cover. The fact that this was not seen using BT

is important for informing future studies which aim to describe surface heat islands,

particularly during extreme events.

The correlation between impervious surface and vegetative cover (tree canopy) in

these three cities was particularly high and resulted in vegetation being left out the

models. This strong negative correlation of impervious with vegetation makes sense

in these locations where tree cover is a prominent feature of the pre-development

landscape. Development, almost by definition, results in the addition and concentra-

tion of impervious surfaces. The act of building cities in locations like these three

translates directly into the displacement of trees and replacement with impervious

surface. Given the ability of vegetation to mitigate high temperatures and its docu-

mented importance for heat island formation this built environment variable warrants

explicit attention.

Spatially corrected bivariate regressions were performed with tree canopy variables

and LST in these tree cities. In all cases, the percent tree canopy (or log tree canopy)

was significantly associated with LST on both normal and extreme summer days after

spatial correction. The magnitude of the associations was quite large in Chicago and

Philadelphia. In Chicago the cooling e↵ect of moving from a 10% tree-covered tract to

one completely tree covered was greater than 1.5�C for both the normal and extreme

summer day. This association persisted after including other important environmental

variables such as elevation. In Philadelphia the cooling e↵ect was more than 2�C. It is

important to keep in mind that since the models in Chicago and Philadelphia use the

logarithm of percent tree canopy, cooling e↵ects of the same magnitude are associated

with increasing tree canopy in the tract from 0% to 10% as with increases from 10% to

100%. In all three locations the cooling e↵ect of vegetation increased slightly during
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extreme summer weather.

To examine the influence of impervious surface and tree canopy more closely

example heavily forested and heavily impervious tracts3 are examined with LST more

closely.

5.5.1.1 Tree Canopy and Impervious Surface in Atlanta

The results in Section 5.4.4.1 showed larger associations between impervious sur-

face and LST during extreme weather in Atlanta. Conversely, associations with tree

canopy showed slightly larger cooling e↵ects during extreme summer weather. In

Figure 41 one of the Census tracts with the most tree canopy and one with the most

impervious cover are compared. Not surprisingly, the heavily impervious tract is

smaller and from a section of the city near downtown, while the forested tract is

larger and further away from the urban core. With respect to LST the forested tract

was among the city’s coolest, while the impervious tract was among the warmest for

both normal and extreme summer weather. The LST di↵erence between the tracts

grew from 8.8�C to 9.5�C between the normal and extreme summer days.

5.5.1.2 Tree Canopy and Impervious Surface in Chicago

Chicago has several tracts with no observable tree canopy that are very similar to

the example impervious tract shown in Figure 42. Looking at LST in the tract on a

normal or extreme summer day shows slightly more variation in LST on the extreme

day. The yellow portions in the center of the tract indicate that portion of the tract

had higher LST than portions near the edge of the tract. Examining the actual land

cover for the tract shows lower buildings in the center of the tract, and taller buildings

at the edges. Much taller buildings can be found at the southern edge of the tract

along the Chicago River.

The forested tract is made up largely of a private recreation area called Schiller

3Only tracts with populations larger than 2,000 were considered for this examination.
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normal summer day (June 17th, 2006) extreme summer day (Aug 4th, 2006)

heavily forested tract heavily impervious tract

% impervious
(difference)

% canopy

Population

Normal LST (June 17)

Extreme LST (Aug 4)

73.1%

 69.8%

2,076

8.83oC

9.46oC

8.9

72.0

4,150

82.0

2.2

2,074

highest LST in the citylowest LST in the city

Land surface temperatures (LST) and true color imagery are shown for two tracts in Atlanta (high % 
canopy and high % impervious). The top half shows relative LST for normal and extreme summer 
weather. The bottom half presents statistics for the tracts as well as satellite imagery from summer 
(2005-2007). Tracts in each half are shown with common scale.  LST in heavily impervious tracts was 
higher than forested tract during normal and extreme summer days. 

Figure 41: Comparison of Heavily Forested and Impervious Tracts in Atlanta
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Woods. Most of the tract’s developed land is in a corner on the eastern edge of the

tract and is typified by suburban tract housing. Intra-tract (within a single tract)

LST di↵erences are observable with higher LST over this residential development in

the forested tract. The intra-urban (between tracts) di↵erence (5.6�C to 7.9�C is

smaller than in Atlanta but grew more between the normal and summer weather. A

portion of this growth may be due to the increased cooling e↵ect on tracts near the

lake (like the impervious tract here) earlier in the year.

5.5.1.3 Tree Canopy and Impervious Surface in Philadelphia

Philadelphia is the oldest city examined in this work and its built up land covers most

of the areas inside the city boundaries. Noticeable patches of cooler temperatures

during normal and extreme weather are only observable at the outer edges of the

city in Figure 43. Predictably, these correspond to large, contiguous stands of dense

vegetation. In a densely built-up city like Philadelphia significant greenspace like this

is really only available in undevelopable or protected lands. Indeed, we see these cool

spots in Philadelphia around the basins of tributaries feeding the larger Delaware

River. Tracts that include these cooler LST have relatively low populations. The

majority of people in the city live in tracts with much higher impervious surface

concentrations and higher LST, particularly on the extreme summer day.

Intra-urban temperature di↵erences between the vegetated and impervious exam-

ple tracts were quite large in Philadelphia. On the normal summer day LST in the

two tracts was nearly 10�C and the di↵erence during extreme summer weather was

more than 1.5 times as large. The most paved tracts in Philadelphia are more than

90% impervious surfaces. The impervious tract shown in Figure 43 is over 95% im-

pervious with no observable tree canopy. The images of the entire city (top half of

Figure 43) show more pixels at the extremes on extreme days (more dark blue and

dark red). This flattening of the LST distribution on the extreme summer day also
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normal summer day (June 13th, 2006) extreme summer day (July 31st, 2006)

heavily forested tract heavily impervious tract

% impervious
(difference)

% canopy

Population

Normal LST (June 13)

Extreme LST (July 31)

76.0

49.1

341

5.64oC

7.86oC

13.3

49.1

2,379

89.3

0

2,720

highest LST in the citylowest LST in the city

Land surface temperatures (LST) and true color imagery are shown for two tracts in Chicago (high % 
canopy and high % impervious). The top half shows relative LST for normal and extreme summer 
weather. The bottom half presents statistics for the tracts as well as satellite imagery from summer 
(2005-2007). Tracts in each half are shown with common scale. LST in heavily impervious tracts was 
higher than forested tract during normal and extreme summer days.  

Figure 42: Comparison of Heavily Forested and Impervious Tracts in Chicago
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improves the distinction of temperature di↵erences within the tracts, particularly in

the example vegetated tract.

More exceptionally low and exceptionally high LST during extreme summer tem-

perature demonstrates what the analysis above found; warming associated with im-

pervious surface and cooling from vegetation increased on extreme heat days. As in

Chicago, this finding demands di↵erent solutions for di↵erent development patterns.

The untouched watersheds that provide cooling in the less developed tracts are not

a model for interventions to cool more impervious tracts near downtown. Likewise,

preservation strategies that will do the most good to protect cooling influences in

the vegetated tract will not create a safer thermal environment in the impervious

tract. Nonetheless, the more developed tracts with higher temperatures during ex-

treme weather represent potentially greater thermal exposures and human health

risks. Thus, di↵erent strategies are needed to address heat mitigation in these loca-

tions. With such an abundance of existing impervious surface, albedo enhancement

of roads and buildings will be more cost e↵ective strategies. Streetscape ordinances

and design guidelines can mandate increased street tree canopy and vegetated medi-

ans or sidewalk bu↵ers. These minimal vegetation additions can be beneficial to local

temperatures but strategies focused on albedo will be able to cover more of the land

and mitigate temperature increases for these impervious tracts.

5.5.2 Phoenix as an Outlier

Phoenix, as in the analysis in Chapter 4, was again an outlier. The Phoenix mod-

els were unable to account for the same amount of total variability in the data as

models in other cities. It was the only location to produce models with di↵erent

sets of predictors for normal and extreme weather. Additionally, the correlation be-

tween vegetation and impervious surfaces was not so strong that the two could not

be included in the models simultaneously. In all the Phoenix models the percent tree
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normal summer day (May 29th, 2006) extreme summer day (Aug 1st, 2006)

heavily forested tract heavily impervious tract

% impervious
(difference)

% canopy

Population

Normal LST (May 29)

Extreme LST (Aug 1)

80.9

48.7

2,619

9.95oC

15.07oC

Land surface temperatures (LST) and true color imagery are shown for two tracts in Philadelphia 
(high % canopy and high % impervious). The top half shows relative LST for normal and extreme 
summer weather. The bottom half presents statistics for the tracts as well as satellite imagery from 
summer (2005-2007). Tracts in each half are shown with common scale. LST in heavily impervious 
tracts was higher than forested tract during normal and extreme summer days. 

14.3

48.7

2,429

95.2

0

5,048

highest LST in the citylowest LST in the city

Figure 43: Comparison of Heavily Forested and Impervious Tracts in Philadelphia
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canopy had the strongest associations with temperature (LST and BT) among all

built environment factors. Impervious surface, which was strongly associated with

temperature in all other cities, appeared to be heavily influenced by geographic lo-

cation and did not exhibit significant associations after spatial correction in normal

summer models.

Comparisons of the association of vegetation and temperatures between normal

and extreme days are di�cult to interpret given that they go in di↵erent directions

for the two dependent variables. When looking at LST, vegetation appears to have a

larger cooling e↵ect on the extreme summer day, however the opposite is true when

using BT. The partially adjusted BT estimates contain atmospheric influences that

are more di↵use and less spatially refined than the emissivity corrections used in

adjusting LST. Emissivity estimates take vegetation into account to correct for the

di↵erences in emissivity over di↵erent land covers. These corrections are particularly

important in locations with sparse vegetation, like much of the Phoenix region [117].

Thus the LST metric, which accounts for such factors, is preferred to BT when making

comparison that make inferences about the influence of vegetation.

5.5.2.1 Tree Canopy and Impervious Surface in Phoenix

Census tracts in Phoenix showed much less variation in amount of tree canopy, and

populated tracts had less variety in impervious surfaces than other cities. The veg-

etated and impervious examples in Figure 44 are much closer in the concentrations

of impervious surface than vegetated-impervious tract in other cities. Phoenix does

not benefit from the large, fairly dense stands of vegetation that were found in other

cities east of the Mississippi and in wetter climates. As was determined from a

closer consideration of the analysis with MODIS data, heat mitigation strategies in

Phoenix strategies should not rely on vegetation enhancement strategies due to their

resource dependence and feasibility. Instead, albedo enhancement for buildings and
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roads should be pursued. Additionally, architectural treatments that increase airflow

and provide ample shade at di↵erent times of day should be primary approaches to

reducing local temperatures.

Importantly, Phoenix was the only city investigated where the vegetated-impervious

di↵erence between tracts was smaller during extreme summer weather than during

normal summer weather. This trend mirrors the di↵erences comparing brightness

temperatures on di↵erent days earlier in Section 5.4.4.4.

5.5.3 Dependent Variables

Independent variables that were consistently significant in models after correcting

for spatial influences within the data provide reliable descriptions of which built en-

vironment predictors are most associated with temperature in cities. In all of the

cities during extreme weather this included the percentage impervious cover in cen-

sus tracts. The magnitude of these associations tended to vary between cities and,

more importantly, between normal and extreme weather within cities. The rela-

tive magnitude of regression coe�cients is more valid than the absolute magnitude.

Larger, positive coe�cients for percent impervious surface support initial hypotheses

that built environments contribute to local heating during extreme weather, and go

a bit further by suggesting that they amplify urban heat more on the hottest days.

5.5.3.1 Using Brightness Temperatures to Assess Extreme-Normal Temperature
Di↵erences

Perhaps the most di�cult information from this exercise to interpret is the compar-

isons that might be made between normal and extreme temperatures. These di↵er-

ences were expected to be positive, with higher LST during extreme weather. After

adjusting satellite radiances for land emissivity and atmospheric radiation the oppo-

site was true and di↵erences appeared negative. To examine this issue more closely
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normal summer day (June 15th, 2006) extreme summer day (Aug 2nd, 2006)

heavily forested tract heavily impervious tract

% impervious
(difference)

% canopy

Population

Normal LST (June 15)

Extreme LST (Aug 2)

25.6

17.8

1,393

3.76oC

Land surface temperatures (LST) and true color imagery are shown for two tracts in Phoenix (high % 
canopy and high % impervious). The top half shows relative LST for normal and extreme summer 
weather. The bottom half presents statistics for the tracts as well as satellite imagery from summer 
(2005-2007). Tracts in each half are shown with common scale. LST in heavily impervious tracts was 
higher than forested tract during normal and extreme summer days. 

2.53oC

45.7

18.0

3,911

71.3

0.2

2,518

highest LST in the citylowest LST in the city

forested tract

impervious tract

forested tract

impervious tract

Figure 44: Comparison of Heavily Forested and Impervious Tracts in Phoenix
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modeling exercises were conducted using extreme-normal di↵erence dependent vari-

ables calculated from brightness temperatures. This partial processing of imagery

provides a slightly less accurate estimate of LST, but was often higher for extreme

weather days than on normal summer days. Using BT may help to describe the

combination of land cover influences and those from regional weather patterns. The

spatial patterns of brightness temperatures obtained from imagery have been used

previously in studies relating ‘LST’4 to heat related mortality outcomes. Brightness

temperatures describe the spatial variability of temperatures that occur on the ground

as well as over it simultaneously.

Results for the di↵erence between BT on extreme and normal days appeared to be

a↵ected by the use of brightness temperatures. Areas of small di↵erences were clus-

tered in a band stretching southeast from the northwest edge of the city, and clusters

of large di↵erences were dotted around the city core. The earlier findings related to

BT on extreme and normal days persisted in the models estimating associations of

extreme-normal di↵erences in brightness temperature with impervious cover. In this

case, impervious cover has a negative coe�cient (-0.019, p<0.001) suggesting that ar-

eas with less impervious cover will see the greatest increases in temperature between

normal and extreme summer days. Brightness temperatures in Chicago also provided

better absolute of approximations temperature on normal and extreme days. The

lake appeared to have a cooling e↵ect on the normal summer day and the largest

extreme-normal di↵erences were clustered along the water.

5.5.3.2 Focusing on Relative Temperature for Given Day

These comparisons between results using brightness temperatures and those using

LST demonstrate the complications of using absolute temperature estimates and

4The issue is complicated by the fact that many of these studies use the term land surface
temperature while operationally using brightness temperatures. In this work LST is distinguished
from brightness temperatures by additional processing to represent land emissivity and remove
atmospheric influence.
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emphasize the importance of focusing on the results that use relative temperature

comparisons to draw conclusions. The LISA maps showing high and low clustering

of temperature values remained consistent for the di↵erent temperature estimates.

Where BT appears to o↵er some advantages is in assessing absolute temperatures

and perhaps with comparing temperatures across di↵erent days. The temperature

estimates from BT values provide more plausible estimates of actual temperatures

near the ground. These estimates would be more useful for identifying where tem-

peratures might cross thresholds associated with heat-related health e↵ects. The

ability of the BT estimates to represent higher temperatures on extreme summer

days o↵ers the opportunity to create an extreme-normal di↵erence as a dependent

variable in models. However, as the dependent variables and regression models are

constructed now, measuring the di↵erence in LST between tracts is more important,

and the emissivity-adjusted LST provides more meaningful associations with built

environment predictors than BT.

The decision to use LST over BT is an important one for determining the conclu-

sions drawn from this work. If larger temperature changes are associated with less

impervious surface, the results suggest that the most urbanized areas are experienc-

ing more land cover-influenced heating during normal summer weather. Thus heat

island mitigation actions may help to reduce heat exposures earlier in the year or

during normal summer weather, but actions to mitigate the e↵ects of extreme heat

may need to consider areas not typically thought to be most vulnerable to extreme

heat. Alternatively, if LST gives a better estimate of what is actually happening

to temperatures near the ground (free from atmospheric distortion) then we would

come to a di↵erent conclusion. Namely, impervious surface has a greater association

with temperature and heat island mitigation strategies should be focused on during

extreme heat events. Clearly more work around this topic is needed.

Secondary analyses using brightness temperatures for all four cities reinforce the
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strength of LST estimates for evaluating relative di↵erences and call into question

comparison of absolute estimates from di↵erent days. Within the literature using

satellite-derived LST to study the UHI, both brightness temperatures and a variety

of further-adjusted LST (emissivity and atmospheric transmission) are used [121, 122,

226]. Often the results are presented as descriptions of the ‘hottest’ areas within the

urban landscape or as numbers representing urban-rural di↵erences from common

images. The direct computation of extreme-normal LST di↵erences has not been

widely performed. The focus of the results from this work should be on the spatial

concentrations of high and low LST values within cities; a finding that appears to be

consistent across di↵ering versions of the LST dependent variable. This understanding

allows for further comparisons of regression coe�cients from models of normal and

extreme days and can demonstrate the increased importance of built environment

components on extreme weather days.

5.5.4 Model Specifications

All of the models required some form of correction for spatial autocorrelation among

the standard OLS residuals. The Moran’s I statistic for model residuals was used to

determine the existence of such influences. In most cases spatial correction with a

spatial error term removed the presence of spatial autocorrelation. Corrected models

provided regression coe�cients with less influence from neighboring tracts. Spatial

influences of a tract with a large amount of greenspace, surrounded by parking lots,

for example, might diminish the association of impervious surface with temperature.

After correction, the magnitude of regression coe�cients can be interpreted without

further consideration for where tracts were located or what neighboring tracts might

have looked like. Future studies could examine the e↵ect of neighboring tract built

environments by including the average values of impervious surface, for example, as

an independent variable in models.

183



Even in cases were spatial influences were not completely removed, such as in

Chicago, the magnitude of the influence was greatly reduced. These corrections also

improved the fit of models in all cases. Thus, model adjustments to control for spatial

influences produced better-specified models and improved the validity of associations

described by regression coe�cients. The resulting associations between built environ-

ment characteristics and LST/BT on normal and extreme summer days could then

be interpreted with greater clarity and confidence.

The issue of appropriate weight specification in the models was also scrutinized.

In general, spatial weights can be examined for two primary faults: first the pres-

ence of islands or unconnected locations and second the bimodal distribution, with

some locations having very few and others very many neighbors [3, 218]. For all of

the cities the weight file created using queen continuity with one order of connectiv-

ity was compared to higher order queen continuity weight files and distance-based

weight matrices. The first-order queen continuity weights su↵ered less from the two

mentioned abnormalities in all cases.

As seen in the Results Section (5.4), Chicago in particular presented problems with

regard to persistent spatial autocorrelation e↵ects in models. This could be due to

the significantly higher population density of Chicago compared to other cities in the

study. The increased density results in smaller census tracts and may require di↵erent

weighting schemes to remove all spatial influences within the models. Also, there are

a large number of tracts that border Lake Michigan, and thus find themselves on the

edge of the area of analysis. This may also play a role in the e↵ectiveness of the

spatial weights as these tracts contain influences from the neighboring body of water

that is not reflected in the weights.

In an attempt to examine these ideas the models in Chicago were rerun with spa-

tial weight files constructed using a number of di↵erent continuities. A weights file

created using a second order queen continuity was found to produce models without
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significant spatial influence. The results for both the normal and extreme days in

Chicago were not dramatically changed. Elevation was found to be insignificant in

the adjusted models, indicating that the influence of this variable on LST/BT was

due largely to geographic variation. Other variables, such as percent impervious HH

density, remained significant after spatial corrections, implying that these factors are

associated with the clustering of higher LST/BT after controlling for geographic vari-

ation. The new weighting scheme did not have a noticeable impact on the magnitude

of regression coe�cients. Larger associations between LST and impervious surface

were again observed for extreme weather compared to the normal summer day.

5.6 Conclusion

This work compares the influences of the built environment on surface temperatures

for normal and extreme summer weather. While the direct comparison of LST on

the two days proved to be significantly a↵ected by image interpretation and process-

ing, the influence of built environment factors during individual days were found to

be significant and robust to the influence of geographic variation. A summary of

these findings can be seen in the Table 12. The findings of this work generally find

agreement with previous work describing the association of the built environment

and temperature: increased impervious surface area and decreased vegetative cover

tends to warm urban areas. These patterns tend to be concentrated within cities and

produce hotspots.

This is, however, the first work of this kind to compare the influences of these

built environment patterns during di↵erent types of summer weather. Comparing the

findings from single days, di↵erences in the associations demonstrated the increased

importance of impervious surface for proximate LST during extreme summer weather.

This was a consistent finding across several cities and points to important strategies

that might be uniformly applied to cities as the adapt to a changing climate. Other
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Table 12: Summary of Chapter 5 Findings

Hypothesis

Philadelphia

Chicago

Atlanta

Phoenix

Variables describing the built 
environment show associations 
with land surface temperatures 

during extreme summer weather.

Spatial influences on the regres-
sion model results are

significant.

high LST was 
concentrated near 
downtown areas

impervious surface 
and tree canopy  was 
significantly 
associated with LST

impervious surface 
demonstrated larger 
associations with LST 
in extreme summer 
weather

modeling with spatial 
weights controlled for 
spatial autocorrela-
tion in the data

associations with 
impervious cover 
persisted after 
controlling for spatial 
influences

high LST was 
concentrated near 
downtown areas

impervious surface 
and elevation was 
significantly 
associated with LST

impervious surface 
associations with LST 
were similar for both 
normal and extreme 
summer weather 

modeling with spatial 
weights controlled for 
spatial autocorrela-
tion in the data

associations with 
impervious cover and 
elevation persisted 
after controlling for 
spatial influences

impervious surface 
associations with LST 
were important for 
extreme summer 
weather, in some 
cases stronger than 
during normal 
weather

modeling with spatial 
weights controlled for 
spatial autocorrela-
tion in the data

associations with 
impervious cover and 
tree canopy in 
extreme summer 
weather persisted 
after controlling for 
spatial influences

LST was associated 
impervious cover and 
tree canopy for 
normal and extreme 
summer weather

cooling effects of tree 
canopy were larger 
for extreme summer 
weather

impervious surface 
demonstrated larger 
associations with LST 
in extreme summer 
weather (HH density 
was smaller on 
extreme day)

the location of tracts 
relative to the lake 
(lower elevation) 
influenced associa-
tions with LST

associations with 
impervious cover  and 
HH density persisted 
after controlling for 
spatial influences
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findings illustrated di↵erences between cities. For example, the magnitude of the

cooling e↵ect of vegetation was found to be greatest in Chicago and Philadelphia,

though the association of vegetation and LST did not increase during extreme weather

as much as it did in Phoenix. This points to the importance of regional-specificity

for employing other adaptation strategies in preparation for hotter summers. These

di↵erences between UHI mitigation approaches and regional e↵ectiveness is crucial to

helping cities adapt to climate change e↵ectively and e�ciently.
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CHAPTER VI

VULNERABILITY

6.1 Introduction

Bangladesh is paradigmatic of the threats from climate change faced by a population.

Health and social impacts include the spread of disease, fresh water shortages, and

displacement of people. Part of the reason Bangladesh’s climate change hazard is so

dire and widely acknowledged is that their vulnerability comes from the confluence of

several di↵erent vulnerabilities. First, much of the country sits at a low elevation in a

large river delta, and it is so prone to flooding that the concept of floods here di↵ers

from other parts of the world: an event is only referred to as ‘heavy’ if more than

50% of the country is flooded [26]. Thus, the geographic character of the place sig-

nificantly contributes to its vulnerability, particularly with rising sea levels. Second,

other than a few small island nations with less than 10 million people, Bangladesh

is the most densely populated country in the world. Bangladesh has nearly half the

population of the United States living on a land area less than the state of Georgia.

The presence of such a large population solidifies the threat of flooding as a hazard

to human health. Third, nearly half of the population lives on less than $1/day [223]

and Bangladesh is in the bottom 25% of all countries in the world with respect to

gross domestic product [93]. The extreme poverty of the population severely limits

their ability to respond and adapt to the climate threat they face. The combination of

Bangladesh’s geography, population, and poverty are illustrative of the di↵erent types

of climate risks faced by places and the importance of considering them simultane-

ously. The case of Bangladesh is illustrative of the importance of considering multiple

types of vulnerability together, and in this portion of the work the environmental,
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demographic, and social vulnerabilities within four US cities are examined.

6.2 Central Research Question Regarding Extreme Heat Vul-
nerability

Knowing that urban areas will be hotter than surrounding rural areas is one level

of expressing residents’ vulnerability. Describing which parts of the urbanized area

tend to be the hottest provides a more detailed account of vulnerability for citizens.

As a final step in creating a more comprehensive vulnerability assessment for heat in

cities, the factors of the population that a↵ect vulnerability to heat can be added.

The investigation in this chapter builds upon the knowledge gained from the work

in Chapters 4 and 5 with previously identified socio-demographic risk factors. The

results will provide cities with more detailed descriptions of how heat vulnerabilities

are distributed, giving emergency response planning information that can make plans

more e�cient and e↵ective during extreme heat. Also the combination of environmen-

tal and socio-demographic risk factors highlights the locations where opportunities

exist to pursue land-based heat mitigation strategies (through urban planning and

landscape design) and guides the implementation of these strategies where they may

do the most good. For municipalities facing increasingly limited budgets in a contin-

ually warming world, options that both reduce vulnerability and help manage it are

not only desirable, but necessary.

The central research question related to extreme heat in cities first addresses

the spatial associations between general categories of vulnerability: environmental,

demographic, and social. Second, the potential correlation among contributing risk

elements is investigated.

How is the health vulnerability to extreme heat spatially distributed within cities?

This research question is explored by testing two more specific hypotheses (6.2.1

and 6.2.1.1) explicitly.
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6.2.1 Hypothesis: There is spatial association among extreme heat vul-
nerability in cities.

This first hypothesis will be tested using Local Indicators of Spatial Association

(LISA). This is e↵ectively the local Moran’s statistic generated from several hun-

dred iterations to give an estimate of the significance of the observation. Statistically

significant clusters of high and low vulnerability can thus be identified. Here the null

hypothesis states that vulnerability in a given tract and surrounding tracts exhibits

no spatial association (I
i

) and the alternative states that it does.

H0 : Ii = 0 (48)

H
A

: I
i

6= 0 (49)

Three separate categories of vulnerability are used in this analysis: environmental,

demographic, and social. Principal components analysis (PCA) is used to develop nu-

merical variables describing each vulnerability category from a number of contribut-

ing risk indicators. These contributing factors were determined from the literature

on heat-related illness as well as from studies that have previously examined spatially

explicit risk factors in heat morbidity and mortality. Each census tract has a single

value representing, for example, its environment-related vulnerability based on the

values of impervious cover, vegetation cover, and extreme summer LST, among other

factors. PCA results will be used to produce scores assigned to each unit of analysis

based on the value of that unit’s component value relative to other units in the same

city. Cumulative vulnerability will be calculated based on a linear combination of the

three individual component scores.
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6.2.1.1 Hypothesis: Di↵erent elements of extreme heat vulnerability in cities are
associated with one another

Correlations (⇢) between the di↵erent categories of heat vulnerability will be assessed

using Spearman correlation coe�cients. These statistics will test for the presence of

a linear relationship between vulnerability components. The null hypothesis states

that no association between the vulnerability components (a, b) exists within a given

city (i).

H0 : ⇢(a,b)i = 0 (50)

H
A

: ⇢(a,b)i 6= 0 (51)

The results of this analysis will not only provide cities with detailed descriptions

of where the greatest vulnerabilities exist but also where environmental interventions

may provide the best return on investment in terms of climate-related health benefits.

The work will also be able to compare results across cities to see if consistent patterns

emerge.

6.3 How Previous Studies Inform this Work

A small collection of studies has examined similar questions in urban areas. These are

described in greater detail in Section 2.4 of the literature review. Reid et al. (2009)

used social and environmental factors, as well as the prevalence of diabetes and air

conditioning to create a composite vulnerability index for populous census tracts

around the country [168]. Similar factors have been used with health outcome data

to describe adverse health outcomes at the tract and block group-level in Philadelphia

[87, 99, 206]. Another study used tract-level demographic data with mean LST to

estimate extreme heat health risks around Maryland [90].

In many of these studies LST was collected from summer days but not exclusively

from days with extreme heat. In the most recent work from Philadelphia, two extreme
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summer days from di↵erent years were selected and brightness temperatures were

used to describe the thermal environment. The attention given to selecting imagery

within a large and prolonged meteorological extreme event and also on an extreme day

more closely reflects how urban land cover in these cities interacts with future warmer

climate. Furthermore, while many of these studies examine recorded health outcomes

with risk factors, they do not explicitly test the spatial clustering of vulnerabilities or

the coincidence of di↵erent vulnerability types. The ability to identify and map areas

of significantly high vulnerability will be of greater use to cities and communities as

they work to address future extreme heat.

Thus, it is expected that this work better represents the environmental vulnerabil-

ities of future climate and may capture variability in thermal anomalies within cities

that other works would not have been able to distinguish. Furthermore, since this

work attempts to describe where, and by what amount, temperatures increase dur-

ing extreme weather new areas of high vulnerability created by continually warming

temperatures may be identified.

6.4 Methods

6.4.1 Components of Vulnerability

The same four cities examined throughout this work will be used in this description

of health vulnerability related to heat in cities. In order to produce an evaluation of

vulnerability that uses both environmental and socio-demographic risk factors, the

various data (descriptions below) will be collected at the Census tract level and exam-

ined relative to all of the tracts within the city. This work will produce comparisons

of locations throughout each city based on environmental factors, demographic risk

factors, social risk factors, and a combination of the three. This analysis will however

lack health outcome data with which to validate the vulnerability evaluation. Instead,

it relies on previously published examples and the work from previous Chapters. An
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important addition of this method will be the inclusion of several environmental vari-

ables - identified to exacerbate extreme heat in Chapter 5 - beyond LST alone into

considerations of vulnerability.

While the data used in Chapter 5 to examine the exacerbation of heat during

extreme events di↵ered slightly from city to city, the demographic and social data

are collected as part of the nationwide American Community Survey. Thus they

are consistent across all of the cities in the study. The division of vulnerability

characteristics into environmental, demographic, and social follows the conceptual

diagram describing the factors that a↵ect heat illness and death in Chapter 2. It is also

informed by the findings from epidemiological studies examining risk factors during

heat waves discussed in the literature review (Sections 2.2.1 and 2.4). Environmental

factors thought to increase temperatures and thus exposures were discussed in detail

in Sections 2.5 and 3.5. These include land cover descriptions of vegetative cover and

impervious surface. More recently LST has been incorporated into studies describing

the spatial distribution of heat vulnerability in cities. Here we add variables related to

average block size, HH density, elevation, and - where possible - percentage building

cover to capture environmental influences on temperature. Demographic factors are

those related to individuals or the general population. These include the number of

elderly people in tracts (over 65) and the total number of people living in tracts.

Social vulnerabilities describe di↵erences for certain portions of the population that

may make them more susceptible to extreme heat or less well equipped to deal with

heat. These variables are described by the portion of the people with less monetary

resources, educational resources, and language skills that make them less capable of

dealing with extreme heat than others in the same city with greater resources.
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6.4.2 Principal Components Analysis

Principal components analysis (PCA) was used to incorporate the variability in fac-

tors or elements associated with increased heat-related health outcomes into more

concise descriptions of vulnerability. Variables associated with heat risks were used

to create three components designed to maximize the variance of linear combinations

of variables. PCA was used to produce three components of vulnerability associated

with heat/health risks during extreme heat. An initial set of input variables and three

components of vulnerability were obtained from the literature describing heat-related

morbidity and mortality, as well as adaptive capacity to climate change. The three

components included in this work are environmental vulnerability, demographic vul-

nerability, and social vulnerability. A list of variables from earlier chapters in this

work, as well as from studies that have previously attempted to describe the spatial

distribution of heat-related health impacts informed the set of variables considered

for inclusion in components through data reduction techniques.

6.4.2.1 Environmental Vulnerability Elements

The first component, environmental vulnerability, includes those indicators consid-

ered in Chapter 5’s analysis. These include the percent of each census tract that is

impervious surface, tree canopy, building footprint (where available), average block

size, and HH density. Average block size and HH density represent the potential of

the built environment to influence temperatures via anthropogenic waste heat (from

transportation, in particular) and urban geometry, respectively. They are included

for the variance they explain in the thermal environment, though not captured in LST

estimates. The extreme summer LST dependent variable was also included among

these variables. The choice to use the extreme LST reflects this work’s intent of

representing extreme heat vulnerability in cities. The impact of this choice may be

explored in an ancillary analysis.
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6.4.2.2 Demographic Vulnerability Elements

The demographic component includes variables directly related to characteristics of

the population that may impact individual susceptibility of an individual or group

of individuals to heat. First, the total population of the census tract was included.

Since heat-related human health impacts will only be realized where people live, this

variable represents the relative potential for a population to experience health impacts

in a crude manner. Only tracts with populations larger than 100 were included in the

analysis. The second demographic variable included was the number of people over

65 in the census tract. This is a common measure of heat risk as the elderly have

been shown to be much more likely to die during heat events than younger neighbors

[13].

6.4.2.3 Social Vulnerability Elements

The di↵erences between social and demographic vulnerabilities are often subtle and

described above in Section 6.4.1. Several social vulnerability elements were considered

in PCA. These variables included 1) the percent of the census tract adult population

with less than a high school education, 2) the percent below the poverty line, 3) the

percent linguistically isolated (only speak a language other than English, or speak

English less than ’very well’), 4) the percent of the tract living alone, 5) the percent

over age 65 and living alone, and 6) the percent over age 65 and living in poverty.

The inclusion of these risk factors in selected studies as well as this work is shown in

Table 13. Over a relatively short time the number of factors considered by studies

has grown. This is particularly true for the environmental risk factors, which have

expanded to consider land covers and land use as well as building coverage. Race and

ethnicity often appear in other works of this nature due to their ability to capture

variation in poverty, educational attainment, and social isolation. Biogeographical

adaptations to climate related to race and ethnicity are less noticeable and relevant
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Table 13: Heat Risk Factors Examined in Selected Scientific Studies

Vulnerabilty Component Johnson et al.
2009*

Reid et al.
2009

Huang et al.
2011

Uejio et al. 
2011*

Hondula et al.
2012*

Vargo

Demographic
population 

risk factor

population over 65

Social
population living alone
over 65 and living alone
population in poverty
over 65 and in poverty
low educational attainment
vacant housing
households renting
linguistically isolated
ethnicity / race
crime
age of housing

Environmental
extreme LST
vegetation
impervious cover
building coverage
housing density
average block size
elevation
land use

The table presents potential risk factors contributing to elevated health effects from extreme heat.  
Scientific studies have considered different combinations of these factors to describe vulnerability 
spatially, as well as to demonstrate associations with heat-related morbidity and mortality (denoted 
with asterisk). The factors included in this work are shown in the far right column.

to this scale of analysis. Cultural adaptations related to racially-defined groups,

however, have been suggested to be important for influencing health outcomes during

extreme heat events [222]. Here, several of these social risk factors related to race are

included rather than including race directly in the analysis.

6.4.2.4 Details of Principal Components Analysis

Several of the variables described above are likely to influence components beyond the

suggested associations. PCA provides a way for the variance of these many factors

to contribute to more than one component simultaneously. Prior to PCA, variables

were adjusted using a technique known as unit variance scaling to prevent the domi-

nance of certain variables over others due solely to issues stemming from the scale of
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units. Methods to decrease the di↵erentiation and covariance of components can be

employed to create a set of components with maximum variation within each com-

ponent. Here, an oblique Oblimin rotation was used to prevent overloading of any

single component by original variables. This rotation allows for correlation among

components, an issue this work hopes to investigate. The final component construc-

tion was completed using only those factors with greater than a 0.4 (absolute value)

loading to at least one of the components. All of the components in each city were

verified according to eigenvalue (greater than one) and percent of the total variance

captured. All PCA operations were carried out in SPSS 19 (IBM).

Components were interpreted as environmental, social, or demographic vulnerabil-

ity based on the magnitude and direction of significant loading. Informal agreement

between the spatial patterns of variables and components were also used to confirm

interpretation of the components. For example, maps displaying patterns in LST,

percent below the poverty line, and population over 65 years of age were compared

with patterns of component scores to ensure accurate interpretation and direction

of the environmental, social, and demographic vulnerability scores. Where neces-

sary, component scores were inverted to ensure that larger scores corresponded with

increased vulnerability.

Component scores produced from the PCA were categorized and given a simpli-

fied vulnerability score that were then used to calculate a cumulative vulnerability

score for each Census tract by linear combination. This allowed for each vulnerability

component to have an integer value and followed a similar approach used by Reid et

al. (2009). Vulnerability scores ranged from 1 (PCA scores <-2) to 6 (PCA scores

>2), allowing cumulative vulnerability scores to range from 3 (lowest vulnerability)

to 18 (highest vulnerability). Tracts with vulnerability scores more than one standard

deviation below the mean were considered low vulnerability, while those tracts more
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than one standard deviation above the mean were high vulnerability. Spearman cor-

relation coe�cients were used to evaluate the correlation between component scores.

This served as a means of determining whether or not di↵erent types of vulnerability

were highly correlated. Univariate LISA was also used to identify statistically sig-

nificant clusters of high and low vulnerability for each vulnerability type as well as

cumulative vulnerability.

6.5 Results

In all of the cities studied, assessments of cumulative vulnerability demonstrated pat-

terns that were not directly observable using individual components. In most cases

the correlations among vulnerability components were not significant; however, there

were several significant correlations among elements from di↵erent vulnerability cat-

egories. This varied by city and there were some instances of important correlations.

The results of the analysis help to describe the most vulnerable locations within these

cities during extreme heat events and can o↵er suggestions on the most appropriate

responses from municipal agencies.

6.5.1 Results of Principal Components Analysis

6.5.1.1 Total Variance Explained

Principal components analysis (PCA) uses manipulations of covariance matrices to

capture a portion of the total variance in set variables with a lesser number compo-

nents. The correlations (loadings) between variables and each component are pre-

sented in Table 14. Variables with larger associations (absolute value larger than 0.4)

were deemed significant. Interpretation of each component was made by examining

the important constituent variables to each component. The amount of the variance

in the set of all original variables captured by each component, and cumulatively by all

components, is included in the final two rows of the table. In each city PCA produced

three components that each had eigenvalues greater than one and that, cumulatively,
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Table 14: Results from Principal Components Analysis

Atlanta Chicago Philadelphia Phoenix

1 2 3 1 2 3 1 2 3 1 2 3
E S D E D S E D S S E D

population 

component

demographic

social

environmental

variance

vulnerability

-0.231 -0.583 0.184 0.077 0.365 -0.508 0.115 0.759 0.287 0.102 0.358 0.746
population over 65 -0.484 -0.299 0.623 -0.231 0.521 -0.482 -0.003 0.880 -0.065 -0.285 0.720 0.435

population living alone 0.275 -0.880 0.217 0.080 0.912 0.022 0.500 0.482 -0.398 -0.084 0.865 -0.032
over 65 and living alone -0.150 -0.403 0.724 -0.196 0.715 -0.185 0.166 0.733 -0.102 -0.085 0.852 0.152
population in poverty 0.154 0.807 0.142 -0.140 -0.206 0.714 0.132 -0.343 0.655 0.868 -0.026 -0.156
over 65 and in poverty 0.444 0.247 0.379 0.053 0.042 0.514 0.044 -0.187 0.630 0.568 0.024 -0.043
% less than HS edu -0.138 0.854 0.021 0.130 -0.587 0.046 0.085 0.032 0.888 0.896 -0.189 0.148
% vacant housing 0.135 0.716 0.179 -0.209 -0.175 0.617 0.290 -0.474 0.125 0.261 0.043 -0.642
% households renting 0.594 0.243 0.092 0.172 0.120 0.801 0.267 -0.482 -0.048 0.644 0.295 -0.464
% linguistically isolated 0.127 -0.186 -0.587 0.416 -0.379 -0.357 0.021 0.254 0.588 0.878 -0.160 0.165

extreme LST 0.929 -0.095 -0.205 0.757 -0.356 -0.177 0.781 0.067 0.362 0.438 -0.260 0.464
impervious cover 0.945 -0.047 -0.201 0.898 -0.001 0.057 0.891 -0.025 0.222 0.543 0.525 -0.030
vegetation -0.882 -0.064 0.246 -0.693 -0.021 -0.125 -0.729 -0.116 -0.291 -0.159 0.433 -0.277
% building footprint 0.886 -0.233 -0.170 0.842 0.184 -0.089 0.899 -0.101 -0.017
housing density 0.428 0.659 0.175 0.766 -0.084 -0.334 0.375 0.532 -0.031
average block size -0.559 0.066 -0.364 -0.564 0.041 -0.074 -0.749 -0.010 0.059
elevation 0.593 0.325 0.123 -0.179 -0.244 -0.625 -0.482 0.013 -0.286 -0.641 0.012 0.042

% variance explained 38.285 18.245 10.318 22.744 18.285 14.650 31.318 18.056 11.650 29.588 20.179 11.329
cumulative % 56.530 66.848 41.029 55.679 49.374 61.025 49.767 61.097

The loadings for each component and city in the PCA are shown above. The components were 
interpreted to be indicative of the environmental (E), social (S), or demographic (D) vulnerability in 
each city based on magnitude, direction, and significance of the variables with the greatest 
influence on each component. Significant variables in each component (bold) were those with 
loadings greater than 0.4 (absolute value). The variance explained by each component and the set 
of all three components is shown in the bottom rows. 

were able to capture more than 55% of the variability among all heat/health vulner-

ability variables. First, second, and third components accounted for more than 22,

18, and 10%, respectively across all cities. Chicago’s three components explained the

least amount of total variance (55.7%) while Atlanta’s explained the most (66.8%).

The HH density in Atlanta and average block size in Phoenix were not found to be

significant contributors to any of the components. These were the only two variables

removed from the analysis due to lack of significance.

6.5.1.2 Importantance of Specific Components in Each City

In most cities, the first component (explaining a majority of the variance among

all components) was clearly identifiable as the component describing environmental
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vulnerability. In Atlanta and Philadelphia this component had significant loadings

from all of the environmental variables in the analysis and described more than 30%

of the total variance. Phoenix was a notable exception to this pattern. Phoenix’s first

component demonstrated significant associations with a number of social vulnerability

elements in the expected directions in addition to impervious surface and extreme

summer LST. All environmental components had positive, significant associations

with percent impervious surface. The social and demographic components were more

di�cult to distinguish, as many variables could potentially be classified with each

vulnerability factor, or considered important to both. In general, positive associations

between components and the number of people over age 65 helped make the decision

about which component was more accurately describing this important demographic

vulnerability factor.

6.5.1.3 Spatial Clustering of Vulnerability

The findings support the hypothesis that spatial associations exist with extreme heat

vulnerability. Significant clustering was found for all vulnerability components, and

cumulative vulnerability, in all four cities. Tracts with significant LISA results are

shown for each city in Figures 45 - 48. For a discussion of spatial autocorrelation and

LISA refer to Section 5.3.6.

Environmental Vulnerability Environmental vulnerability in cities largely fol-

lowed patterns seen earlier in Chapter 5. High-vulnerability tracts with high-vulnerability

neighbors were seen in and around downtown areas. In Chicago (Figure 46), one can

see the high-vulnerability tracts follow the freeways northwest and southwest from

the downtown business district. In Philadelphia a small pocket of high-vulnerability

tracts exists to the west of downtown. Low environmental vulnerability tracts appear

toward the periphery of cities. Nearly all of the findings related to environmental

vulnerabilities were for high-high or low-low spatial autocorrelation. There are fewer
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Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

environmental vulnerability demographic vulnerability

social vulnerability

downtown area

cumulative vulnerability

Local indicators of spatial autocorrelation (LISA) were assessed for cumulative 
heat vulnerability and its components. Census tracts in the cities with less than 
100 people were excluded from analyses. Values of vulnerability are compared 
with neighboring tracts and significant (p<0.05) clusters are colored according 
to the character of the clustering. High-high and low-low LISA results demon-
strate clusters of high and low vulnerability, where highly vulnerable tracts are 
surrounded by other tracts with high vulnerability, for example. Low-high and 
high-low represent low vulnerability tracts surrounded by highly vulnerable  
and highly vulnerable surrounded by low vulnerability tracts, respectively.

Figure 45: Spatial Clustering of High and Low Vulnerability in Atlanta
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instances of low-high or high-low spatial autocorrelation.

Demographic Vulnerability Demographic vulnerabilities were the most spatially

varied of the three vulnerability components, with far more high-low and low-high

spatial autocorrelation than other components. Significant high and low demographic

vulnerability tracts were identified in all cities. In Atlanta, high-vulnerability tracts

lie to the west of downtown. Some of these tracts were among the low-vulnerability

tracts for environmental vulnerabilities, and none were found to be among high envi-

ronmental vulnerability clusters. In Chicago, high demographic vulnerabilities were

clustered near the Lake Michigan shore on the north side of the city. Here some

tracts were coincident with high environmental vulnerability clusters. Philadelphia’s

high-vulnerability clusters lie at the northeast and southern extents of the city, pock-

ets of vulnerability exist throughout, with a larger cluster of low-vulnerability tracts

near downtown. In Philadelphia (Figure 47) and Phoenix (Figure 48) there are spe-

cific tracts where high demographic vulnerability stood in contrast to its neighbors

(high-low LISA results). In some cases these tracts were part of high environmental

vulnerability clusters. In Phoenix, in particular, these tracts appear to be statis-

tical anomalies where steep tracts that are large and sparsely populated are found

surrounded by lower, flatter tracts with more people.

Social Vulnerability Social vulnerability showed more distinct patterns than de-

mographic vulnerability. High social vulnerability areas can be seen in each city

according to the sections of the city that are home to poorer populations, largely

minority and/or immigrant. In Atlanta (Figure 45), these tracts are to the south

and west of downtown. Chicago’s notorious south side (south of downtown) shows

up as a high-vulnerability cluster along with a cluster to the west of downtown. The

heart of Philadelphia north of downtown is a distinct and large cluster of high social

vulnerability. In Phoenix, downtown tracts were part of a high-vulnerability cluster
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Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

downtown area

environmental vulnerability demographic vulnerability

social vulnerability cumulative vulnerability

Local indicators of spatial autocorrelation (LISA) were assessed for cumulative 
heat vulnerability and its components. Census tracts in the cities with less than 
100 people were excluded from analyses. Values of vulnerability are compared 
with neighboring tracts and significant (p<0.05) clusters are colored according 
to the character of the clustering. High-high and low-low LISA results demon-
strate clusters of high and low vulnerability, where highly vulnerable tracts are 
surrounded by other tracts with high vulnerability, for example. Low-high and 
high-low represent low vulnerability tracts surrounded by highly vulnerable  
and highly vulnerable surrounded by low vulnerability tracts, respectively.

Figure 46: Spatial Clustering of High and Low Vulnerability in Chicago
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Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

downtown area

environmental vulnerability demographic vulnerability

social vulnerability cumulative vulnerability

Local indicators of spatial autocorrelation (LISA) were assessed for cumulative 
heat vulnerability and its components. Census tracts in the cities with less than 
100 people were excluded from analyses. Values of vulnerability are compared 
with neighboring tracts and significant (p<0.05) clusters are colored according 
to the character of the clustering. High-high and low-low LISA results demon-
strate clusters of high and low vulnerability, where highly vulnerable tracts are 
surrounded by other tracts with high vulnerability, for example. Low-high and 
high-low represent low vulnerability tracts surrounded by highly vulnerable  
and highly vulnerable surrounded by low vulnerability tracts, respectively.

Figure 47: Spatial Clustering of High and Low Vulnerability in Philadelphia
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stretching across the city.

Cumulative Vulnerability The linear combination of the three vulnerability com-

ponents showed smaller, but significant clusters of high and low vulnerability to ex-

treme heat in all four cities. These areas of high-vulnerability were typically found in

locations with significant concentrations of populations, often disproportionately old

or poor, around downtowns and densely developed portions of the city. In Atlanta

the high-vulnerability clusters that had consistently appeared over downtown and to

the south and west in separate components persisted for cumulative vulnerability.

The high-vulnerability cluster overlapped much of the high social vulnerability clus-

ter which fell to the east of high demographic vulnerability and to the west of high

environmental vulnerability clusters. In Chicago, the high cumulative heat vulner-

ability tracts clustered along the lake to the north of downtown. Thus these tracts

mirror the spatial correlation patterns of high demographic vulnerability more than

the social vulnerabilities in Chicago. Philadelphia has two primary high cumulative

heat vulnerability clusters to the north and south of downtown. The north cluster

is likely influenced heavily by the high social vulnerability found there, while envi-

ronmental and demographic vulnerability had more influence on the high cumulative

vulnerability for the tracts south of downtown. Phoenix showed fewer tracts with high

spatial autocorrelation for cumulative vulnerability than for environmental and social

vulnerability. The high-vulnerability tracts were clustered along the western edge of

the central city. The higher elevation, sparsely populated tracts in the northern and

southern ends of the city were found to have significant low-vulnerability clustering.

6.5.2 Correlation of Di↵erent Vulnerability Elements

A number of significant correlations were observed between vulnerability elements,

including elements from di↵erent components of vulnerability. Extreme LST showed
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Spatial
Autocorrelation

low-low

high-high

low-high

high-low

not significant

downtown area

environmental vulnerability demographic vulnerability

social vulnerability cumulative vulnerability

Local indicators of spatial autocorrelation (LISA) were assessed for cumulative 
heat vulnerability and its components. Census tracts in the cities with less than 
100 people were excluded from analyses. Values of vulnerability are compared 
with neighboring tracts and significant (p<0.05) clusters are colored according 
to the character of the clustering. High-high and low-low LISA results demon-
strate clusters of high and low vulnerability, where highly vulnerable tracts are 
surrounded by other tracts with high vulnerability, for example. Low-high and 
high-low represent low vulnerability tracts surrounded by highly vulnerable  
and highly vulnerable surrounded by low vulnerability tracts, respectively.

Figure 48: Spatial Clustering of High and Low Vulnerability in Phoenix
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significant negative correlations with the important vulnerability variable describ-

ing the population over age 65 in the tract in Atlanta, Chicago, and Phoenix. In

Philadelphia, the correlation between this environmental and demographic vulnera-

bility element was not significant, but the correlation with impervious surface, an

important predictor of high LST, showed a significant negative correlation. Negative

correlations between these crucial environmental and demographic risk factors (inter-

sections of green and orange in Table 15) means that land cover-based strategies to

mitigate extreme heat may fail to help those most susceptible to extreme heat-related

health e↵ects. The correlations between environmental and population vulnerability

elements was strongest in Atlanta where its sprawling character has likely contributed

to lower population concentrations in heavily developed downtown areas. Along the

same lines, concentrations of large wealthy retired populations - individuals with ele-

vated demographic vulnerability - in Atlanta and Phoenix may tend to reside in leafy

and manicured neighborhoods with lower LST and environmental vulnerability.

Interestingly, elevation which was suggested earlier to serve as a proxy for other

descriptions of location such as proximity to water bodies, showed several significant

associations with social vulnerability elements (blue row in last column of Table 15).

The maps in Figure 48 above and the numbers in Table 15 below show interesting

patterns in Phoenix related to elevation. It appears that higher elevation areas in

Phoenix are clusters of low cumulative vulnerability, and have fairly strong nega-

tive correlations with social risk factors including population living in poverty, low

educational attainment, and linguistic isolation. The positive correlations between

these same factors and extreme LST suggests that such susceptible populations are

spatially coincident with increased environmental vulnerability.

Philadelphia also demonstrated significant correlations between higher extreme

LST and the abundance of populations with higher social vulnerability. Importantly,
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vulnerability elements related to age were often negatively correlated with other so-

cially determined vulnerability factors. This finding implies that populations with

increased physiological sensitivity and those with fewer resources to cope with ex-

treme heat may require targeted interventions in separate locations.

6.6 Discussion of Results

The findings related to correlations between elements of vulnerability showed how

environmental vulnerability related to exposure, namely higher LST during extreme

summer weather, was in some cases coincident with other risk factors. In particular

the findings in Phoenix and Atlanta demonstrate how the population least equipped

to cope with extreme heat may be exposed to the highest temperatures. A similar

conclusion was drawn from the work of Harlan et al. (2006) in Phoenix. The finding

implies that di↵erent strategies may be most relevant in di↵erent cities. For example,

the importance of linguistic isolation in determining social vulnerability for popula-

tions should inform a di↵erent set of strategies for reaching out to, notifying, and

preparing people to deal with extreme heat in Phoenix as opposed to Atlanta where

poverty among renters warrants more attention.

6.6.1 Spatial Coincidence of Vulnerability Clusters

In all of the cities the demographic vulnerability component was positively associated

with concentrations of individuals over the age of 65. This has been shown to be a

significant risk factor in determining death during extreme heat events. Addressing

such vulnerability involves providing relief from heat, either in the form of air con-

ditioned spaces for the elderly, or by educating individuals on steps they can take

themselves to prevent heat illness. These include the proper use of fans during ex-

treme heat, proper hydration measures, and potential cooling with moist fibers [210].

In Atlanta, Chicago, and Philadelphia demographic vulnerability components also

showed positive correlations with the elder who live alone. Isolation was a significant

208



Table 15: Correlations Between Vulnerability Elements
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population 0.458 0.467 0.403 -0.359 -0.240 -0.389 -0.475 -0.232 -0.337 -0.340 0.381 -0.257 -0.509
population over 65 0.302 0.832 -0.326 -0.192 -0.246 -0.411 -0.261 -0.621 -0.631 0.671 -0.498 -0.382

population living alone 0.485 -0.581 -0.570 -0.444 -0.296
over 65 and living alone -0.249 -0.226 -0.318 -0.375 0.409 -0.311 -0.241

population in poverty 0.333 0.755 0.613 0.527 0.203 0.282 -0.351 -0.224 -0.191 0.334
over 65 and in poverty 0.215 0.293 0.377 0.337 -0.363 -0.220 0.425

low educational attainment 0.555 0.293 -0.231 0.263
% vacant housing 0.410 0.199 -0.225 -0.192 -0.257 0.333

% households renting 0.565 0.537 -0.565 0.371 -0.345 0.268
% linguistically isolated 0.276 0.248 -0.237 0.073 -0.194

extreme LST 0.931 -0.933 0.773 -0.274 0.550
impervious cover -0.963 0.861 -0.366 0.577

vegetation -0.768 0.236 -0.590
% building footprint -0.397 0.495

housing density
average block size -0.255

elevation

Chicago

Atlanta

Phoenix

Philadelphia

population 0.642 0.420 0.432 -0.192 -0.142 0.080 -0.272 -0.229 0.241 0.100 0.071 0.208
population over 65 0.430 0.796 -0.239 -0.116 -0.130 -0.228 -0.355 -0.224 -0.281 0.163 -0.151 0.134 0.245

population living alone 0.641 -0.210 -0.430 -0.149 0.117 -0.199 -0.299 0.144 0.555 0.093 -0.186
over 65 and living alone -0.138 -0.219 -0.146 -0.091 -0.157 -0.278 -0.207 0.088 -0.155 0.202 0.149 0.069

population in poverty 0.440 0.422 0.491 0.584 -0.114 -0.224 -0.111 -0.254
over 65 and in poverty 0.166 0.163 0.400 0.072 0.111 -0.072 -0.166

low educational attainment 0.239 0.148 0.630 0.281 0.141 -0.139 -0.289
% vacant housing 0.393 -0.156 -0.137 -0.093 -0.172 -0.126 -0.234

% households renting 0.208 -0.187 0.071 0.239 -0.087 -0.447
% linguistically isolated 0.409 0.326 -0.166 0.229 0.107

extreme LST 0.710 -0.509 0.531 -0.404 0.114
impervious cover -0.616 0.687 0.332 -0.385 -0.182

vegetation -0.395 -0.149 0.368 0.247
% building footprint 0.501 -0.449 -0.107

housing density -0.100 -0.209
average block size 0.139

elevation

population 0.520 0.338 0.324 0.191 -0.246 -0.322 0.237 0.236 0.140 -0.234 -0.110
population over 65 0.469 0.786 -0.361 -0.175 -0.259 -0.352 -0.134 -0.123 0.115

population living alone 0.634 -0.182 -0.115 -0.244 0.198 0.110 0.204 -0.167 0.274 0.364 -0.243
over 65 and living alone -0.193 -0.141

population in poverty 0.586 0.634 0.436 0.408 0.142 0.390 0.342 -0.280 0.246 -0.254
over 65 and in poverty 0.534 0.320 0.286 0.195 0.277 0.250 -0.217 0.151 -0.180

low educational attainment 0.276 0.468 0.510 0.392 -0.366 0.223 -0.168 -0.293
% vacant housing 0.309 -0.202 0.302 0.261 -0.199 0.321 -0.248 -0.111

% households renting 0.183 0.185 0.203 -0.141 -0.172
% linguistically isolated 0.255 0.247 -0.192 0.108 -0.237

extreme LST 0.900 -0.770 0.797 0.412 -0.624 -0.428
impervious cover -0.823 0.857 0.547 -0.663 -0.572

vegetation -0.593 -0.374 0.518 0.567
% building footprint 0.675 -0.581 -0.395

housing density -0.400 -0.257
average block size 0.247

elevation

population 0.425 0.293 0.200 -0.078 -0.052 0.041 -0.272 -0.131 0.116 0.132 -0.019 -0.063 0.164 -0.134 -0.031
population over 65 0.515 0.765 -0.312 -0.108 -0.315 -0.199 -0.249 -0.318 -0.171 0.143 0.261 0.035 -0.102 0.251

population living alone 0.707 -0.113 -0.029 -0.317 0.124 0.344 -0.278 -0.240 0.290 0.234 0.390 -0.138 0.121
over 65 and living alone -0.100 0.039 -0.188 -0.002 0.088 -0.199 -0.200 0.296 0.299 0.205 -0.135 0.111

population in poverty 0.547 0.775 0.339 0.644 0.726 0.241 0.400 -0.049 0.189 -0.191 -0.508
over 65 and in poverty 0.455 0.175 0.361 0.393 0.170 0.196 -0.074 0.049 -0.110 -0.256

low educational attainment 0.155 0.394 0.909 0.384 0.331 -0.173 0.117 -0.170 -0.578
% vacant housing 0.555 0.160 -0.047 0.126 -0.043 0.071 0.020 -0.092

% households renting 0.408 0.057 0.438 0.005 0.461 -0.162 -0.358
% linguistically isolated 0.349 0.305 -0.171 0.189 -0.172 -0.533

extreme LST 0.144 -0.448 0.023 0.051 -0.069
impervious cover 0.189 0.559 -0.463 -0.309

vegetation 0.113 -0.108 -0.127

housing density -0.334 -0.152
average block size 0.346

elevation

Pearson correlation coefficients between risk factors in the various vulnerabilty components 
(demographic - orange, social - blue, environmental - green). Significant correlations (p<0.05) are 
shown in bold.  
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0.025 0.184 0.092
-0.179 -0.043 0.160

-0.167 -0.074 0.112 0.088 0.019 0.065 0.180 0.155 -0.129
-0.007 -0.187 -0.141 -0.165 -0.094 0.061

-0.097 0.080
0.183 -0.151 0.146 -0.034

0.060 0.026 0.043 -0.148 -0.158 0.081
-0.142 0.129 0.136
0.178 -0.183

0.166 -0.073
-0.046
-0.067
0.105
0.048

-0.066 -0.102

-0.008 -0.039 0.012 0.037
-0.045 0.037

-0.002 0.044 -0.033
0.054

-0.041 -0.034 -0.058 -0.045
-0.041 -0.028 0.054 -0.056

-0.068 -0.056 0.015
0.001 -0.012

-0.067 0.059
-0.025 -0.049
-0.058

-0.010 -0.101 0.069 -0.003 -0.088
-0.101 0.010 -0.026 0.009 -0.085 0.007

-0.070 -0.082 -0.057
0.007 -0.067 -0.076 -0.024 0.042 0.003 -0.056 -0.008 0.053 -0.056 0.024

0.007 -0.097
-0.014 -0.018

0.052 -0.057
0.085

0.034 0.076 -0.037
0.047 -0.080

-0.078 -0.052 0.041 -0.019 -0.063 -0.031
0.035 -0.102

-0.029
-0.100 0.039 -0.002 0.088

-0.049
-0.074 0.049

-0.047 -0.043 0.071 0.020 -0.092
0.057 0.005

0.023 0.051 -0.069
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risk factor for individuals who died during the 1995 Heat wave in Chicago, and others

[174, 20]. Strategies to deal with this extreme heat risk may be very di↵erent from

those addressing physiological vulnerabilities directly. To deal with isolation, apart-

ment visits and phone calls have been used to ensure that individuals living alone,

particularly elderly and disabled individuals, are aware of the weather-related risks

and know where and how to get help. Directories of such vulnerable populations need

to be compiled and maintained to ensure swift and e↵ective response to extremely

hot weather.

The spatial coincidence of high-vulnerability clusters in cities was initially per-

formed by visual assessment and investigated more rigorously using LISA analyses on

cumulative heat vulnerability (Figures 45 - 48). Cities can make use of information re-

lated to the di↵erent vulnerability types, di↵erently. For example, social vulnerability

maps can be used for assigning limited resources in extreme heat emergency response

e↵orts, as these areas represent the greatest potential for heat-related health outcomes

during extreme heat events. Knowledge of where elevated vulnerability exist with re-

spect to demographic and social vulnerability factors is particularly important for

adaptation measures that focus on community-based education and outreach, includ-

ing in home visits for elderly living alone. Distribution of environmental vulnerability

helps environmental planners to determine where land-based actions might be taken

to reduce heat during extreme weather. The coincidence of the di↵erent vulnerabil-

ities is shown here in maps of high cumulative vulnerability. These should serve as

primary guides for determining priority areas in climate change planning. These areas

represent locations within the city where interventions are most needed and where

mitigation actions can have substantial benefit. The synergy between land-based in-

terventions and population-based health benefit should make actions in such areas

appealing to city decision makers often faced with making trade o↵s between one and

the other.
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To describe the areas of high cumulative vulnerability to extreme heat health

e↵ects in more detail, Figures 49 - 52 provide enlarged maps of cumulative vulner-

ability in each city. The tracts in each city are divided into five quantiles to show

areas of highest (orange) and lowest (green) extreme heat vulnerability in cities. Ad-

ditionally 10 of the highest and lowest vulnerability tracts in each city are described

in terms of their key environmental, demographic, and social risk factors. In all

cases, high vulnerability tracts are typified by higher LST on extreme summer days

and higher concentrations of poor populations. As expected these high vulnerability

tracts, with their relatively higher LST, are composed of more impervious surface

cover than their low vulnerability counterparts. In Atlanta, it appears that elderly

populations reside in low vulnerability tracts more than high vulnerability tracts,

thus strategies aimed at increasing resources for the poor to deal with climate change

may take a higher priority. There were stark di↵erences in the amount of tree canopy

in high and low vulnerability tracts for Chicago and Philadelphia. In these cities

strategies that encourage and enhance vegetation growth in high vulnerability tracts

may prove to be an e↵ective means toward lowering local temperatures and reducing

heat vulnerability. The social vulnerability factor describing educational attainment

was significantly di↵erent for high and low vulnerability tracts in Philadelphia and

Phoenix. For Phoenix, specifically, this is related to its immigrant communities; thus,

material and messaging for heat notification and response must be tailored to such

populations.
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high vulnerability avg.

10 highly 
vulnerable
tracts

10 low
vulnerability
tracts

low vulnerability avg.

% tree canopy % impervious Extreme LST # over 65 % elderly poor % people poor %  low education
4.55                              63.54                            288.10                          12                                 -                                95.90                            63.20                            
6.73                              60.87                            287.61                          75                                 66.70                            33.20                            32.17                            

16.51                            54.87                            286.42                          130                               70.00                            60.70                            24.15                            
15.08                            54.95                            285.69                          296                               81.40                            31.80                            22.61                            
10.10                            63.87                            285.40                          78                                 28.20                            54.90                            23.36                            
20.05                            56.20                            287.16                          147                               62.60                            44.90                            32.10                            
43.46                            29.00                            280.38                          87                                 31.00                            42.80                            38.38                            
22.32                            52.80                            284.89                          180                               16.70                            41.30                            26.45                            
29.90                            31.98                            283.21                          613                               30.30                            32.90                            24.76                            
43.56                            29.40                            279.26                          539                               22.10                            44.80                            34.27                            
71.96                            8.91                              278.07                          923                               14.50                            6.90                              1.68                              
64.16                            13.41                            278.83                          982                               6.30                              2.40                              2.43                              
41.89                            35.93                            283.05                          304                               1.60                              8.30                              1.59                              
49.84                            25.12                            281.04                          333                               3.60                              5.10                              2.22                              
22.07                            51.62                            284.65                          93                                 -                                10.90                            10.82                            
58.13                            16.22                            279.62                          298                               -                                5.10                              -                                
69.32                            7.47                              276.38                          529                               7.90 1.90                              1.64                              

9.88                              62.70                            288.95                          14                                 - 8.80                              21.12                            
34.76                            37.68                            283.55                          39                                 - 31.30                            23.42                            

9.18                              35.73                            285.46                          44                                 - -                                27.31                            

21.23                           49.75                           284.81                         215.70                         40.90 48.32                           32.15                           
43.12                           29.48                           281.96                         355.90                         3.39 8.07                             9.22                             

The map depicts the cumulative vulnerability for extreme heat 
health effects in Atlanta by Census tract. Characteristics of the 
top ten high (outlined orange) and low (outlined green) 
vulnerabilty tracts are shown.  
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Figure 49: Characteristics of Atlanta’s High and Low Vulnerability Tracts
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% tree canopy % impervious Extreme LST # over 65 % elderly poor % people poor %  low education
-                                85.78                            272.58                          248                               43.10                            18.10                            0.57                              
-                                84.21                            272.35                          292                               45.80                            34.30                            15.31                            
-                                83.30                            271.43                          324                               8.60                              20.30                            6.66                              
-                                78.29                            273.04                          636                               60.20                            49.10                            23.39                            

0.77                              77.61                            273.51                          661                               39.50                            22.90                            12.32                            
1.60                              77.03                            272.37                          439                               9.60                              18.10                            1.83                              
-                                76.96                            271.27                          428                               1.90                              7.50                              -                                

0.73                              77.79                            271.76                          63                                 63.50                            16.00                            -                                
-                                83.54                            270.42                          464                               10.10                            12.10                            0.29                              
-                                83.94                            270.33                          308                               -                                15.10                            3.15                              

1.71                              55.90                            275.55                          288                               -                                4.00                              6.05                              
39.51                            23.60                            267.93                          809                               3.30                              1.70                              7.42                              

5.50                              39.17                            269.46                          430                               19.50                            6.00                              7.13                              
11.42                            49.41                            269.57                          502                               5.00                              2.70                              6.14                              

8.78                              34.24                            267.54                          202                               -                                0.50                              1.43                              
13.12                            46.72                            267.84                          218                               -                                6.80                              6.23                              
21.13                            40.73                            267.33                          249                               7.20                              9.10                              4.88                              
49.12                            13.30                            265.01                          656                               13.60                            8.70                              16.55                            
12.28                            47.19                            272.76                          960                               7.30                              18.30                            26.74                            
26.52                            35.48                            267.16                          589                               -                                1.00 2.24                              

0.31                             80.85                           271.91                         386                         28.23                           21.35 6.35                             
18.91                           38.57                           269.01                         490                         5.59                             5.88 8.48                             

high vulnerability avg.

10 highly 
vulnerable
tracts

10 low
vulnerability
tracts

low vulnerability avg.

The map depicts the cumulative vulnerability for extreme heat 
health effects in Chicago by Census tract. Characteristics of the 
top ten high (outlined orange) and low (outlined green) 
vulnerabilty tracts are shown.  
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Figure 50: Characteristics of Chicago’s High and Low Vulnerability Tracts
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% tree canopy % impervious Extreme LST # over 65 % elderly poor % people poor %  low education
0.63                              73.64                            274.46                          1,164                            35.10                            49.70                            33.56                            
0.18                              78.30                            277.54                          833                               24.80                            26.50                            35.52                            
1.17                              76.77                            275.91                          616                               43.20                            65.10                            38.92                            
0.22                              82.64                            276.90                          390                               56.90                            62.70                            62.87                            
0.09                              86.98                            274.49                          753                               20.10                            26.20                            21.71                            
0.33                              87.04                            277.93                          305                               23.90                            52.20                            40.34                            
3.35                              73.74                            274.97                          715                               19.70                            30.90                            37.83                            
0.16                              82.80                            277.37                          269                               45.70                            62.10                            51.31                            
-                                83.44                            277.43                          386                               33.40                            46.40                            51.79                            

0.36                              72.24                            273.64                          754                               32.20                            30.40                            26.15                            
16.40                            11.81                            263.15                          102                               33.30                            10.00                            6.62                              
31.52                            18.97                            264.64                          332                               4.20                              25.70                            11.05                            
26.65                            27.56                            265.82                          133                               -                                9.50                              16.85                            
42.46                            11.96                            263.14                          266                               14.70                            9.80                              6.39                              
41.25                            8.33                              261.48                          442                               7.60                              3.60                              3.84                              
39.83                            16.64                            264.24                          151 -                                -                                1.99                              
37.61                            19.46                            264.79                          730 3.90                              9.90                              9.24                              

0.60                              32.07                            263.17                          172 -                                2.90                              0.88                              
38.94                            12.14                            262.57                          122 9.00                              4.80                              1.72                              
63.24                            2.55                              261.56                          302 28.20                            22.20                            6.39                              

0.65                             79.76                           276.06                         618 33.50                           45.22                           40.00                           
33.85                           16.15                           263.45                         275 10.09                           9.84                             6.50                             

high vulnerability avg.

10 highly 
vulnerable
tracts

10 low
vulnerability
tracts

low vulnerability avg.

The map depicts the cumulative vulnerability for extreme heat 
health effects in Philadelphia by Census tract. Characteristics of 
the top ten high (outlined orange) and low (outlined green) 
vulnerabilty tracts are shown.  
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Figure 51: Characteristics of Philadelphia’s High and Low Vulnerability Tracts
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% tree canopy % impervious Extreme LST # over 65 % elderly poor % people poor %  low education
2.01                              57.69                            305.95                          496                               22.40

                           

 27.90                            32.01                            
0.14                              62.35                            307.32                          832                               1.90                              7.70                              20.36                            
7.85                              49.66                            304.06                          1,664                            1.00                              10.60                            10.23                            
0.41                              54.87                            307.08                          890                               17.90                            18.10                            28.13                            
0.62                              55.90                            307.13                          840                               11.00                            12.50                            28.63                            
4.05                              58.09                            305.50                          535                               31.80                            34.90                            17.60                            
0.90                              58.28                            306.54                          636                               12.10                            28.70                            43.32                            
0.75                              55.50                            307.05                          350                               31.70                            40.30                            50.35                            
0.73                              53.04                            306.02                          357                               53.50                            67.10                            58.53                            
0.69                              53.12                            306.72                          298                               70.10                            56.70                            60.26                            
-                                5.45                              299.43                          -                                -                                23.50                            20.20                            

0.06                              2.72                              304.03                          91                                 -                                19.10                            13.97                            
1.44                              13.57                            303.43                          30                                 - 15.90                            9.22                              
-                                8.24                              303.95                          95                                 - 15.80                            15.34                            

0.93                              1.35                              299.50                          46                                 - 3.70                              10.23                            
1.11                              5.00                              302.36                          373                               - 3.20                              9.22                              
-                                0.05                              307.49                          109                               - 0.20                              4.36                              

0.02                              5.76                              307.07                          98                                 - 6.50                              1.55                              
0.01                              0.55                              303.95                          13                                 - -                                7.07                              
-                                19.46                            304.46                          153                               5.20 1.10                              1.98                              

1.82                             55.85                           306.34                         689                         25.34 30.45                           34.94                           
0.36                             6.22                             303.57                         100                         0.52 8.90                             9.31                             

high vulnerability avg.

10 highly 
vulnerable
tracts

10 low
vulnerability
tracts

low vulnerability avg.

The map depicts the cumulative vulnerability for extreme heat 
health effects in Phoenix by Census tract. Characteristics of the 
top ten high (outlined orange) and low (outlined green) 
vulnerabilty tracts are shown.  
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Figure 52: Characteristics of Phoenix’s High and Low Vulnerability Tracts
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The spatial patterns of vulnerability di↵ered between Atlanta, Chicago, Philadel-

phia, and Phoenix. The importance of local information in climate planning should be

carefully considered when planning climate adaptation and mitigation actions. Again

the maps with vulnerability clusters can provide a way of identifying locally-relevant

solutions to reduce the impact of extreme summer weather on health. By carefully ex-

amining areas of low environmental vulnerability within cities, existing best practices

can be identified and serve as examples for further planning e↵orts. When combined

with cumulative vulnerability maps, these practices can be implemented in locations

where they are expected to yield the greatest health benefits.

6.6.2 Limitations

6.6.2.1 Assessing Correlations Among Components of Vulnerability

The second hypothesis related to extreme heat vulnerability in cities focuses on the

correlations among vulnerability elements. Results showed several significant corre-

lations between vulnerability factors in the di↵erent categories. Correlations between

the components scores obtained after data reduction through PCA could also be as-

sessed for their correlation to give a more general idea of what di↵erent types of

vulnerability in the cities have in common or di↵erence with each other. Indeed,

an oblique Oblimin rotation was used in the PCA to allow for the correlation be-

tween components that PCA would otherwise reduce as much as possible. When

correlations between components were assessed, few significant correlations were ob-

served. In Atlanta and Philadelphia weak correlations of di↵erent direction were

found between environmental and social vulnerability (Atlanta r =-0.237, p<0.05;

Philadelphia r=0.182, p<0.001). These were the only significant correlations involv-

ing environmental vulnerability components. These findings are given much more

meaning and the importance of each environmental vulnerability variable can be bet-

ter understood by examining the specific correlations with vulnerability elements. In
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Philadelphia, for example, where components for environmental and social vulnera-

bility showed a positive correlation specific direction for adaptation and mitigation

measures can be obtained by looking to see where these correlations are strongest.

Measures aimed at working with linguistically isolated populations or which reduce

the impact and amount of impervious surfaces near such populations should be pri-

oritized above those focused on housing density or quality, for example.

6.6.2.2 Specifics of Principal Components Analysis

The amount of variance explained by components appeared to be inversely propor-

tional to the number of Census tracts involved. In some cases PCA would have

benefited from a fourth component to capture more of the total variance in the data.

This, however, would have led to additional di�culties for interpreting the results and

translating findings into practical recommendations. Additionally, the possibility of

using two components was considered. Given the potential overlap between social

and demographic factors in many cases the division of vulnerability elements into

environmental and population-based vulnerability was appealing. This, however, led

to components that accounted for less of the total variance, again in accordance to

the number of tracts used in the city’s analysis.

There are a number of ways that the results of PCA could have been combined

to create a measure of cumulative extreme heat vulnerability. Linear combination of

components used equal weighting of components. Alternative approaches could have

been designed to weight components based on the amount of total variance explained

or on the number of significant elements included in them. Linear combination is a

conservative and familiar approach that has been used for combining factors of heat

vulnerability, previously [168].
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6.6.2.3 Spatial Units

The use of Census tracts in this analysis was important for enabling a description of

demographic and social vulnerability patterns within cities. The results demonstrate

that the tract-level information is capable of describing spatial variability and con-

centration of vulnerability within cities. Still, considerable variation in risk factors

may exist within Census tract boundaries. Also, more accurate description of thermal

exposures in cities are need to better understand the most extreme aspects of vari-

ability in the urban landscape, this includes the influences of building geometry on

near surface temperatures, height of the urban boundary layer, and decreased local

cooling from reduced turbulent mixing [72, 142, 147, 207]. The use of Census tracts

in this study is aided by limiting the analysis to primary cities only. City tracts do

not su↵er severely from the tendency of Census tracts to become dramatically larger

outside cities where population densities decrease dramatically. Including variables

that normalize by area or use percentage of the population in a specific cohort also

help control for a↵ects of tract size. The use of better-resolved population data re-

quires increased firsthand data collection, which is beyond the financial and temporal

scope of this work. Again, the work of Harlan et al. drew similar conclusions in

Phoenix using the smaller Census block group spatial unit for eight neighborhoods.

This work makes use of the Census tract data because of the availability of variables

thought to be important to demographic and social components vulnerability to ex-

treme heat that are unavailable at the block group level, such as linguistic isolation

and population over age 65 and living alone.

6.7 Conclusion

The comprehensive assessment of vulnerability to extreme heat considering environ-

mental, demographic, and social vulnerability together improves the understanding of

how such vulnerability is distributed within cities. In several of the cities studied here
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social risk factors were coincident with increased environmental risks. This finding

can help cities increase the e↵ectiveness of their e↵orts to cope with extreme heat. A

summary of these findings can be seen in the Table 16. The understanding this work

can be used to prioritize both response to extreme heat events and planning e↵orts

to mitigate extreme heat and related vulnerability. Prioritizing strategies for these

ends can help cities take action to deal with coming climate change for the benefit

of residents’ health. The next, and final, chapter will discuss how cities can best

translate this information into policy and action that protects human health in the

face of changing climate.
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Table 16: Summary of Chapter 6 Findings

Hypothesis

Philadelphia

Chicago

Atlanta

Phoenix

There is spatial association among 
extreme heat vulnerability in 

cities.

Different elements of extreme 
heat vulnerability in cities are 
associated with one another.

different categories of 
vulnerability  
clustered in different 
parts of the city

high cumulative 
vulnerability was 
clustered to the south 
and west of 
downtown Atlanta

different categories of 
vulnerability 
clustered in different 
parts of the city

high cumulative 
vulnerability was 
clustered in the 
densely populated 
tracts north of 
downtown along the 
lake

different categories of 
vulnerability 
clustered in different 
parts of the city

high cumulative 
vulnerability was 
clustered in two 
pockets just north 
and south of 
downtown Philadel-
phia

different categories of 
vulnerability 
clustered in different 
parts of the city

small pockets of high 
cumulative vulner-
ability were found on 
the western edge of 
the city (west of 
downtown Phoenix)

high LST during extreme summer weather was 
positively correlated with social risk factors

high LST during extreme summer weather 
was strongly correlated with linguistically 
isolated populations

high LST during extreme summer weather was 
positively correlated with social risk factors

high LST during extreme summer weather was 
positively correlated with social risk factors

General Different types of vulnerability were clustered 
in different parts of the cities. 

Cumulative vulnerability revealed clusters of 
vulnerable populations that might not have 
been identified otherwise. 

Significant correlations among risk factors from 
different categories were found in all cities. 

Social risk factors were often positively 
correlated with environmental risk factors 
including high LST. 
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CHAPTER VII

TRANSLATING FINDINGS INTO ACTION FOR CITIES

7.1 Introduction

In the previous chapters the justification for data decisions, detailed methods, and

results were presented. The rigor and attention to these aspects is crucial for ensuring

the validity of results and the interpretation of findings. Still, the full utility of this

work can only be realized after more careful consideration to translate scientific design

and statistical analysis into relatable examples and practical advice. In this final

chapter, the findings of the work are summarized and scrutinized to reveal their real

world meaning and applications for cities facing climate change.

7.2 Summary of Findings

Recall that this work is presented as three central research questions with two related

hypotheses each. In the first section, an extended window of extreme heat days was

used to investigate whether urban areas were more likely to be among the hottest

locations in the region during such an event. MODIS satellite imagery showed that

more urbanized locations within metropolitan regions were much more likely to be

the hottest in the region during an extended heat wave. Given the concentration of

people in urban locations the potential for heat-related health e↵ects is significant.

Second, the issue of change in temperature over the course of the heat wave was

examined. In Philadelphia and Atlanta, there was evidence of nighttime urban heat

island growth (0.445�C and 1.110�C, respectively) between the beginning and end of

a 9-day heat wave. Additional nighttime warming in urban areas over the course of

a heat wave can exacerbate heat stress for residents and must be planned for as the
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climate warms.

The second central question of this work went further in examining built environ-

ment influences on heat in cities during extreme summer weather. The first hypothesis

aimed to confirm that characteristics of the built environment had significant influence

on land surface temperatures during these hottest days. The associations between

built environment characteristics, such as the amount of impervious surface, were

significant for both extreme and normal weather and explained the majority of the

variance in LST. More importantly, some associations between the built environment

and LST were larger during hotter summer weather. The findings imply that some

strategies may serve to reduce urban temperatures more during extreme heat than

others. These findings persisted after correcting models for spatial influences.

Finally, in the third major section of this work, the spatial distribution and co-

variation of extreme heat vulnerability was examined. Risk factors were aggregated

into environmental, demographic, and social vulnerability categories and high and

low vulnerability areas were found to cluster in space. The clusters for the di↵erent

categories di↵ered and cumulative high-vulnerability clusters were identified which

revealed areas of concern that were not apparent when single vulnerability types were

considered in isolation. Hypothesized correlations between vulnerability elements

from the di↵erent categories were also identified. These correlations shed light on the

potential for synergies between measures attempting to manage risks during events

and environmental strategies to mitigate extreme heat.

Summaries of these findings can be found in Tables 8, 12, and 16 at the end of each

respective chapter. In this chapter, the study is discussed to expand on the utility

for practitioners and the findings are translated into concrete strategies and policy

recommendations. The work around each central research question is first considered

separately, and finally the results are considered together.
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7.3 How a Regional Consideration of Heat Can Inform
Policy

The combination of the regional scale analysis using MODIS imagery and the city-level

investigation with LandsatTM tells a more comprehensive story about how cities can

and should address climate change. To date, much of the policy related to land cover

and local temperature has focused on influencing site-level decisions about replacing

vegetation and modifying impervious cover to diminish its thermal e↵ects. Even

policies suggested for implementation across whole municipalities, such as Seattle’s

Green Area Ratio, still rely on controlling parcel-level, rather than regional, decisions.

This work can help to lead a discussion about regional form, structure, and the process

of development that is informed by climatic considerations. At the same time, it is

able to explain how to strategically go about investing and encouraging parcel-level

land cover manipulations to reduce urban heat and related vulnerabilities.

The presence of urban hot spots, particularly in the study regions east of the Mis-

sissippi, is important for a�rming the increased vulnerability to heat-related health

hazards of urban residents. It is generally understood that urban living is a risk factor

for heat death, and the findings from the analysis with MODIS LST data demonstrate

the potential for increased heat exposures in urban areas, specifically during extended

heat events. These findings suggest that in future, warmer climates urban areas will

continue to exhibit higher temperatures than their surroundings. This points to the

importance of targeting urban populations for public health responses to extreme

heat. The use of the deviation metric also speaks to the potential need to moni-

tor heat exposures for urban populations during periods of non-extreme regional hot

weather. That is, urban populations, by virtue of dramatically elevated temperatures

over urban lands, may be exposed to dangerous temperatures when regional forecasts

predict only average summer temperatures. Thus, the magnitude of urban temper-

ature deviations above the regional mean should be compared to deviations during
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normal summer weather to see if they grew during extreme heat events. The Landsat

portion of this work examined this point more closely.

Closer inspection of the land cover classes shed some light on the drivers of these

deviations and the potential solutions to reducing them. Through an examination of

the average vegetation indices in the di↵erent land cover classes we saw that healthy

and heavier vegetation within the subset of urban locations helped to mitigate tem-

peratures. This suggests that the observed concentration of heat in the hottest urban

locations might be moderated by increasing vegetation in these areas. This, of course,

can be accomplished by not building on these lands at all, and to a lesser degree by

building with lower intensity. However strategies that promote the latter and sug-

gest that the densest parts of urban central business districts (CBDs) - traditional

downtowns, skyscrapers, multifamily housing, etc. - which were typically the hottest

urban locations should not be pursued as models for human settlement oversimplify

the issue in the context of metropolitan growth. Strategies encouraging lower density

development to preserve vegetation or to avoid having people live in hot downtown

settings fail to consider the negative environmental consequences of such patterns and

the benefits of more compact development [24, 59, 57].

The findings from this work also suggest that disbursed, low-density develop-

ment would only make the problem of urban heat worse, potentially increasing heat

events and dangerous exposures for residents. Consider the heat around Chicago and

Philadelphia’s downtown area as described in Chapter 4, and Figure 20 in particular.

The urbanized areas can be discerned by looking at the region’s hottest areas (more

than 1 standard deviation above the regional mean). Strategies that exacerbate the

expansion of the urban area outward create a larger portion of the region that is urban

and hot (by making more of the region’s grid cells ‘urban’). The type of development

likely to proceed in these fringe areas require increased land cover conversions. Recent

work has shown that lower density patterns of development consume more natural
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vegetation and add more heat-retaining impervious surfaces for new residents [213].

Regions following such patterns of growth tend to be experiencing more extreme heat

events than more compact metro areas [186]. What’s more, development adding im-

pervious surfaces at and around the edges of urban regions not only increase local

temperatures, but have the e↵ect of raising downtown temperatures - already the

regions highest during both day and night [189]. Thus strategies that presume exur-

ban development to be a way of avoiding urban heat tend to feedback on themselves

making heat islands more intense and expansive.

For the most developed urban areas this means building structures that do not

create additional thermal radiation and that make use of the limited opportunities for

vegetation, including tree planting. For the region as a whole this means encouraging

growth in established settlements and arranging those settlements to preserve natural

vegetation. Thus, an appropriate approach to incorporating this knowledge into ur-

ban growth and planning is to look for strategies that can increase urban vegetation

without encouraging land consumption and urban expansion. Strategies that direct

people into existing urban settings can also provide for the provision of larger aggrega-

tions of surrounding vegetation. Examples from the analysis with MODIS images in

four specific locations (grid cells) are used to illuminate some of these strategies. This

way of examining the data helps to identify constraints and opportunities within the

urban landscape to implement landscape design and policy strategies for preserving

urban vegetation and reducing urban longwave thermal radiation. Because this work

found the urban heat island to persist in extreme conditions it echoes previously-

stated recommendations (i.e. those related to vegetation and impervious cover) with

additional credibility, and it helps instill confidence in cities as they plan for future

climates.
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7.3.1 Opportunities According to the Intensity of Urban Development

When temperature deviations were examined in Chapter 4, Chicago and Philadelphia

consistently displayed clear hotspots over the most dense urban landscapes in the

region. To examine the land cover characteristics and policy opportunities of such

locations, examples from these two regions were selected for closer consideration.

In both Chicago and Philadelphia, urban locations that exhibited the hottest and

coolest day and nighttime average daily temperature deviations were identified. Not

surprisingly, examples for urban locations that were coolest - closer to and in some

cases below the regional average temperature - were near the fringe of the urban areas

and hottest locations were more centrally located.

In Figure 53 satellite images obtained from Google Earth show high-resolution

photography of the land cover over these coolest and hottest urban locations. Di↵er-

ences in the abundance of impervious surfaces in the hottest locations is immediately

apparent. Beyond these obvious and expected di↵erences more important subtleties

can be observed which can inform urban heat mitigation policy.

7.3.1.1 Building Retrofits for Climate Moderation

First, the hottest urban locations in cities feature larger buildings than their cooler

counterparts. In some cases these buildings are large o�ce towers typical of down-

towns, in other cases they may be warehouses and shorter, large buildings that take

up significant amounts of land. These di↵erences in urban morphology carry with

them a few implications for mitigating urban heat. The downtown density of high-

rise buildings can require large amounts of parking. Surface parking lots are renowned

for their high summer temperatures. Zoning requirements are a municipal policy that

can eliminate or ease parking requirements and reduce the amount of dark, arid, and

hot surfaces in downtown areas.

A counterpart to such e↵orts involves increased regional support for transit and
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Chicago coolest urban example Chicago hottest urban example

Philadelphia coolest urban example

avg. daytime anomaly

avg. nighttime anomaly

avg. daytime anomaly

avg. nighttime anomaly

Philadelphia hottest urban example

Satellite Imagery from Google Earth (summer 2006, 2007) are shown for select grid cells in 
Chicago and Philadelphia. These coolest/hottest example grid cells (6km) demonstrated the 
smallest/largest temperature deviations from daily average regional temperatures during a 9-day 
heat wave.  The majority of land cover in all of the example grid cells is urban/developed. The 
locations of the grid cells (coolest - blue / hottest - red) within each region are shown on the maps 
for average daytime (above) and nighttime (below) temperature anomalies.     

Figure 53: Examples of Coolest and Hottest Urban Locations in Chicago and Phoenix
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non-motorized vehicle travel. Such e↵orts reduce the need for large parking lots and

decrease the amount of anthropogenic heat contributed to these centers of the urban

heat island. Lowering the amount of heat contributed by motor vehicles may reduce

urban anthropogenic heat by as much as 50% [170].

Downtown building densities also concentrate waste heat, particularly during day-

time hours when population densities swell. The internal policies of individual busi-

nesses and households also have a role to play in lessening the impact of concentrated

anthropogenic heat in dense areas. Setting building thermostats higher in summer

time with more relaxed o�ce dress codes can reduce energy use and waste heat

emissions. Such reductions may be crucially important during extreme heat events

when general energy demand rises and potential power outages carry increased risk

to human health.

The low-rise warehouses in many older industrial districts near downtown areas

o↵er significant opportunity for urban albedo modification or revegetation. The large,

flat roofs can be resurfaced with more reflective coatings. These strategies benefit the

urban heat island by reflecting more of the sun’s incoming energy, and o↵er the co-

benefit of reducing building energy use; thus reducing anthropogenic heat load [92].

Vegetated roofs can also serve as an e↵ective means of reducing urban temperatures

[169, 200]. Large roofs can be converted to extensive vegetated roofs that require

little maintenance, retain water, and increase urban evapotranspiration and cooling.

At the municipal level, regulations requiring minimum albedo or canopy/vegetation

limits may be introduced to specific zoning requirements. State and Federal influences

to this end should include economic incentives such as start up funds of tax credits

to ease the initial investments required.

Examples of such incentive systems include direct and indirect financial incentives,

as well as regulatory benefits and penalties. Several tax credit examples form city

and state governments exist. Even with outside assistance individual building owners
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still seldom pursue green roof strategies. A 2008 bill in New York City created one-

year tax abatements for new projects that covered 50% of roof area with vegetation

or solar panels [116]. In early 2011, only 5 applications had been filed, all for solar

panels. Cities have also created grant programs to provide direct financial incentives

for projects. These can provide lump sum awards or be based on the square footage

of the project. Indirect financial incentives include fee reductions for building permits

(Washington DC) and stormwater utilities (Minneapolis). Other policies o↵er density

bonuses or shortened permit review times for projects containing “green” components

include vegetated roofs, though few are aimed at green roofs specifically [178].

7.3.1.2 Interstitial Vegetation

The second important di↵erence between the hottest and coolest urban locations is

the open space in and around parcels. Lot sizes in the less dense and cooler urban

locations allow for vegetation in and around buildings. This interstitial vegetation has

the benefit of shading buildings as well as providing proximate evaporative cooling.

The lack of these spaces in the dense urban locations emphasizes the importance of

recommendations above, namely implementing policies to increase the use of vege-

tated roofing technologies.

If such spaces exist in the dense urban environment, they are likely to be found

along streets. Planting trees on streets often involves action in publicly managed

right-of-way (ROW). Policies related to streetscaping and street trees can be written

into zoning overlays or streetscaping design guidelines and administered by munici-

palities, and can often be conducted without additional action on the part of private

landowners. Successful street tree planting programs create standards for design and

maintenance of trees. Thus they require the coordination of local planners, arborists,

and public works departments. In some cases public tree planting operations can be
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funded with monies obtained through recompense fees as part of a local tree ordi-

nance. Such arrangements work to protect existing urban vegetation and serve as a

source of funding to increase tree canopy by requiring permits and assessing penalties

for tree removal.

Tree species selection is another important consideration in planning and planting

trees in cities. Trees must not only be tolerant of the pollution that exists in urban

areas but increasingly must be able to withstand higher temperatures. This may

involve planting species of trees that were previously found in warmer regions and

hardiness zones. The City of Chicago has shifted to favor species from Southern

climates when planting new city tress or replacing native Illinois species [107].

I stress the importance of such interstitial vegetation for cooler temperatures,

rather than to give the impression that larger lot sizes and lower densities are an

appropriate strategy for addressing urban heat. Recall that denser developments of-

fered the potential for co-benefits, whereby urban form could be modified to increase

vegetation or albedo (decrease local heating) while facilitating alternative forms of

transportation. Thus, opportunities to decrease surface energy imbalances and simul-

taneously reduce anthropogenic waste heat from vehicles exist with denser patterns.

Lower densities succeed in providing similarly distributed vegetation but work antag-

onistically with counterpart policies for mitigating urban heat.

7.3.1.3 Large Natural Spaces

The third important di↵erence between the hottest and coolest urban locations de-

picted in Figure 53 is the presence of large, aggregated greenspace in cooler locations.

In Chicago, the land toward the eastern edge of the grid cell and along the lake is

largely undeveloped. In this case the land is a state park that stretches more than

6.5 miles along the shore and covers over 4,000 acres. These pieces of natural land

cover form a wall of greenspace that borders the more typical development pattern to
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the west. In Philadelphia, the arrangement of development to greenspace is slightly

di↵erent. The limited developed area in the grid cell is relatively concentrated in

the center/northeast with fairly consistent natural land cover surrounding it. In this

case the greener spaces of the area form a belt that surrounds an urban concentra-

tion. When the grid cell is considered in isolation of the larger Philadelphia region,

this arrangement facilitates settlement while preserving significant amounts of natural

vegetation.

The climatic impacts of larger arrangements of substantial vegetated lands near

developed areas have not been well investigated. Theoretically, stands of vegetation

like a green wall or belt could have cooling e↵ects for nearby locations within the

same region [90, 177]. Prevailing weather patterns could carry cooler air from nearby

greenbelts into the city. Alternatively, strategically located green areas could help

pull hot air away from urban areas via convection.

These strategies di↵er from the sporadic placement of parks throughout urban

regions in important ways. First, the policies to facilitate and encourage such spaces

must be pursued at a regional level. The scale of these greenspaces likely spans mu-

nicipal boundaries and involves the coordination of several jurisdictions. Parks can

often be created through the actions of a single city or department. Second, parks

often exist as static land uses with little threat of development once they are founded.

Larger green areas require the persistent action of multiple administrations. When

such large natural areas still exist near metro areas, policies to ensure the preserva-

tion of the area must be undertaken. This may involve local/regional motivations

for preserving the space, but require state or federal management. Thus coordination

between the di↵erent levels of government is key. Municipalities may employ low den-

sity agricultural zoning to preserve expanses of undeveloped space. At the regional

level, strong growth management strategies that guide and inform patterns of growth

are needed. A key component to successfully guiding regional growth is a formal
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plan for the region. Metropolitan Planning Organizations (MPO), the administrative

unit used to define study areas for this analysis, can serve as the lead in such e↵orts.

Specific growth management strategies for regional preservation include impact fees

or capital improvement plans which ensure that new development be considered si-

multaneously and transferable development rights to encourage density in identified

nodes of development. One of the more controversial growth management strategies

involves the use of an urban growth boundary to limit the extent of a metropolitan

area.

Often such greenspaces must be assembled from portions of public and private

lands. In these situations land trusts can serve an important role in coordinating

actions to secure conservation of natural lands. State and federal governments can

help by providing financial incentives for private landowners to participate with land

trusts. Conservation easements on private properties may make up important pieces

of larger conservation e↵orts, particularly near the fringe of metropolitan areas where

large lot sizes exist.

One framework that has been proposed to thinking about the interaction of metro

areas with extensive, connected greenspaces is the idea of green infrastructure. The

concept involves the preservation and networking of underlying natural lands for the

provision of environmental services to a region. Green infrastructure can provide

some of the same services that concrete infrastructures, like stormwater systems,

have been developed to provide. Green infrastructures can also provide some services

that engineering and government may not, such as habitat provision. The cooling

impact of green infrastructure has been shown to be equivalent to warming from

global greenhouse gases over the next 70 years [69].

Policies exist to reduce the adverse impact of the most dense urban environments

on the surface energy balance, while a↵ording other opportunities for mitigating an-

thropogenic warming in cities. The evidence and technology for these strategies is
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well understood and ready for application. Similarly, policies at a number of ad-

ministrative scales can be employed to create regional arrangements that moderate

climate. Further study is needed to more precisely describe specific climatic impacts

of di↵erent arrangements. This, however, should not delay action for regional preser-

vation of natural lands as such e↵orts o↵er a number of environmental services in

addition to local climate moderation.

7.3.2 Applications for MODIS Data Monitoring Urban Heat During a
Heat Wave

A potential use for these findings concerns producing recent and relevant heat vulnera-

bility maps for urban areas. The ability of the MODIS product to capture di↵erences

in temperature across the region means that imagery from the recent past can be

used to show where the hottest part of the urbanized area lie, if these areas change

during the hottest weather, and if new high heat/vulnerability areas are developing

over time. Currently, projections describing risks of extreme heat can be found at

the county level and are based on historic trends. One of the most widely publicized

of these evaluations was released in 2011 by the Natural Resource Defense Council

(NRDC) as part of a series of maps describing various climate change-related health

risks [141]. Consider for example the case of Chicago, IL and Cook County (where the

city is located). The NRDC projections place the county in the lowest vulnerability

category because the county experienced less extreme heat days per summer than

expected from 2000-2009. Even with the crude 6km MODIS LST product used in

this analysis, a more detailed description of the locations within the city that typi-

cally experience the highest temperatures, particularly at night, could be produced.

Such information can help local public health practitioners and emergency response

o�cials to better deal with health vulnerabilities in extreme heat. Also, planners

could focus land-based heat mitigation strategies in these areas.

The findings of the MODIS LST analysis are useful for state and local o�cials
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thinking about how to deal with heat waves in cities. First, the urban locations are

consistently among the hottest in the region during a heat wave. This emphasizes the

need for cities to think about responses to heat waves and to generate plans for dealing

with such events. Second, the nighttime anomalies of urban areas are consistently

the most significant for all of the regions studied here. This finding informs response

planning to devote additional resources to nighttime relief by, for example, extending

the hours of cooling centers. This may be particularly important as the duration of

the heat wave extends, as some cities showed growing nighttime anomalies over the

course of a 9-day heat wave.

Lastly, the di↵erences between regions point to the need for plans that reflect the

character of local urban heating. Phoenix, for example, stood apart from the other

three metropolitan areas investigated. The hottest locations in the region were not

disproportionately urban. Particularly during the day, the Phoenix MSA did not have

urban temperature anomalies that di↵ered from those in non-urban areas. However,

the Phoenix data did show consistently larger nighttime anomalies for urban ar-

eas. Urban nighttime temperatures represent a temporally and spatially defined high

vulnerability for Phoenix residents and adaptation responses to avoid heat-related

mortality can be tailored accordingly.

Another key di↵erence for Phoenix is the presence and feasibility of vegetation

within the region. This is largely related to the desert character of the terrain and

climate of the region. Some of the strategies recommended for other MSAs - regarding

vegetation specifically - can not be widely implemented and are not advisable in this

environment. Strategic vegetation addition may be pursued in high vulnerability,

high temperature locations but the reach of such strategies will be limited in this

city. Environmental planning can help direct these e↵orts. Albedo strategies will

be much more feasible for urban cooling in Phoenix. The lack of water in the air

also makes shading much more impactful for relief from heat and human comfort.
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Architects, landscape architects, and urban designers have a role to play in creating

new and e↵ective structures which can shade and cool buildings passively.

7.4 How Finer Scale Considerations of Heat Inform Policy

Built environment factors exhibited significant associations with land surface temper-

atures (LST) during extreme summer weather. One of the most important variables

for explaining the variation in LST was the percent of Census tract that was covered

with impervious surfaces. This variable was highly correlated with other descriptors

of the built environment. One excluded characteristic in particular, tree canopy was

investigated separately and also found to be significantly associated with LST. The

influences of impervious cover and tree canopy on LST were significant independent

of geographic influences. This suggests that interventions related to these two built

environment characteristics to reduce local heat have significant impact regardless of

the LST patterns in surrounding tracts. More importantly, the findings of this work

suggest that the e↵ects of trees and impervious surface are greater during periods of

the most extreme heat.

There are already a number of strategies that planners have developed and been

made aware of for reducing urban temperatures. This work sought to examine if

those strategies would still be e↵ective under conditions like those expected in the

future and most dangerous to human health. The findings suggest that strategies

recommended today - reducing the e↵ect of impervious surfaces to generate longwave

radiation and increasing the abundance of vegetation in urban areas - will continue

to be useful and may be even more important for cities under future climates. The

fine scale considerations of temperature within cities along with more detailed de-

scriptions of urban built environments like those used in this work have the potential

to add specificity to local e↵orts for mitigating urban heat; both by providing local

information about heat and by more closely describing relative temperatures within
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the built environment and thereby helping to create more targeted policies.

Better descriptions of temperature variation within the city could prove to be very

useful for planners and city o�cials as they determine where and how to implement

land cover-based heat mitigation strategies to reduce the threat of urban heat. When

considered at a fine scale, maps from Landsat imagery can improve the e↵ectiveness of

investments and policies in cities by directing those investments to the hottest areas

within the city. When combined with vulnerability data about the population, the

spatial distribution of heat can help planners make decisions about heat-mitigating

investments and policies that do the most for protecting human health. Focusing on

cities for the analysis in Chapter 5 was done, in part, to facilitate the use of fine-scale

data on the built environment. In particular, building footprint data were consid-

ered a novel and useful addition to the body of work around urban heat. Although

impervious surface was ultimately used in regression models and findings suggested

reductions in impervious surface were important for reducing the highest tempera-

tures in the region, the building data can help begin to di↵erentiate various types of

impervious cover and understand which are the hottest.

The feasibility of strategies must also be considered with their e↵ectiveness. Strate-

gies that involve impervious surfaces or vegetation are the most commonly discussed

mitigation measures. The US Environmental Protection Agency has produced a

compendium of strategies for reducing heat islands which includes chapters on “Trees

and Vegetation,” “Green Roofs,” “Cool Roofs,” and “Cool Pavements.” The most

appropriate strategies for a particular place will vary between and within regions.

Vegetation strategies may be cost and resource-prohibitive in arid environments like

Phoenix, but easily implemented in regions like Atlanta with large amounts of nat-

ural forest. Within regions, the existing character of a site or neighborhood a↵ects

which strategies are most feasible. A large employment center with extensive sur-

face parking, for example, can more easily be retrofitted for albedo enhancements
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than extensive tree planting. Conversely, in leafy suburban neighborhoods preserving

existing tree canopy is a cost-e↵ective climate management strategy. Here, tracts

in Chicago that fall at the opposite ends of the vegetation-impervious spectrum are

examined more closely. The richness of the built environment data in Chicago also

allow for more careful consideration of urban morphology and LST. The comparisons

help reveal how patterns of development can influence the e↵ectiveness, e�ciency and

appropriateness of approaches to mitigate urban heat in cities.

Knowing that impervious surfaces generate heat for cities should cause planners

to more closely scrutinize when, where, and how much they should be used. Analysis

at this scale allow for impervious surfaces to be compared according to the number

of people they appear to be serving. The close proximity of short and tall buildings

is another unique feature of urban built environments and one that can be examined

with this data. Additionally, finer-scale examination of temperature distribution in

cities shows that some of the highest temperatures are reached in the center of large

flat roofs; the type that make good candidates for albedo increases due to their

individual ownership, large surface area, and abundance in the urban environment

[138, 124]. Moreover, large and continuous suburban developments with tract housing

tend to display similar patterns with hot peaks toward their centers. Policies tied

to zoning in warehouse or suburban districts can seek to mitigate these thermal

anomalies with greater precision by focusing on the character of the development and

the design techniques most likely to help. But this precision only comes with closer

investigation of urban heat as facilitated by the kind of data used here. This data

can be used to identify and study areas of similar character with di↵erent thermal

environments. In Chicago neighboring communities similar make-up and di↵ering

vulnerability to extreme heat are presented.
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7.4.1 E�ciency of Impervious Surfaces

The character of development in the forested and impervious tract in Chicago illus-

trates the di↵erent characters of built environment. Figure 42 from Chapter 5 is

included again here for reference. Despite their very di↵erent sizes, the two tracts

contain nearly the same number of people, but very di↵erent amount of tree canopy

and impervious cover. The e�ciency of the impervious surfaces in each tract can

be conceptualized if the amount of impervious surface normalized by the number of

people in the tract. It is important to examine this concept when considering the

contributions of di↵erent development patterns to urban heat island formation. The

forested tract has an e�ciency of about 8.5 impervious acres/100 people, while the

impervious tract downtown is 3.0 impervious acres/100 people. The lower per capita

impervious area implies more utility from the addition of impervious surface in the

downtown pattern of development. The comparison here is likely conservative if you

consider that the impervious surface in the forested tract benefits the residents of the

tract almost exclusively, and surfaces in the impervious tract are used by individuals

from across the region.

Higher intra-tract LST over the suburban development in the forested tract demon-

strates the role of land cover in local temperatures, and lends support to site-level

heat island mitigation techniques. These include roof albedo modification, vegetated

roofing, and other tree planting e↵orts. The higher intra-urban LST in the impervi-

ous tract compared with the forested tract helps illustrate the increased vulnerability

of residents for urban areas during extreme heat. Together they illustrate the impor-

tance of both development patterns for temperatures. The idea of surface e�ciency or

utility broadens the scope of local heat mitigation to consider the impacts of di↵erent

development and the people and functions they support. Such thinking is important

for evaluating and addressing these issues at multiple scales.

In Atlanta, in particular, there appear to be important gains that could be made
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normal summer day (June 13th, 2006) extreme summer day (July 31st, 2006)

heavily forested tract heavily impervious tract

% impervious
(difference)

% canopy

Population

Normal LST (June 13)

Extreme LST (July 31)

76.0

49.1

341

5.64oC

7.86oC

13.3

49.1

2,379

89.3

0

2,720

highest LST in the citylowest LST in the city

Land surface temperatures (LST) and true color imagery are shown for two tracts in Chicago (high % 
canopy and high % impervious). The top half shows relative LST for normal and extreme summer 
weather. The bottom half presents statistics for the tracts as well as satellite imagery from summer 
(2005-2007). Tracts in each half are shown with common scale. LST in heavily impervious tracts was 
higher than forested tract during normal and extreme summer days.  

Figure 54: Comparison of Heavily Forested and Impervious Tracts in Chicago
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Figure 55: Land Surface Temperature Anomaly with Per Capita Tree Canopy and
Impervious Cover in Atlanta
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by increasing the e�ciency of impervious surfaces. As Figure 55 suggests for sim-

ilarly sized tracts with approximately the same number of people lower impervious

e�ciencies (higher acres/person) results in higher LST. Similarly, tracts with more

tree canopy per person were shown to have lower LST. These trends support more in-

tense use of impervious surfaces in urban areas as a way to accommodate population

density while minimizing the intensity and extent of the urban heat island. When

you consider that more intense utilization of impervious surfaces in urban areas may

also create more space for vegetation, significant amounts of land-based heating may

be avoided.

7.4.2 Connecting Strategies to Zoning

These two locations in Chicago are under the single jurisdiction of the city, but

di↵erences in land use policy have led to the construction of these di↵erent built

environments. Tailoring heat mitigation strategies to these land use policies can serve

as e↵ective way to mitigate urban heat that is respective of important di↵erences in

urban form, lifestyle, and neighborhood identity.

Connecting heat mitigation policies to existing zoning codes or through overlays is

one way to link best practices for heat island reduction to existing local development

patterns. This approach o↵ers several benefits. First, zoning is the guiding frame-

work for development in cities. When heat island mitigation strategies are adopted

and added to current zoning practices they have an e↵ect on all subsequent develop-

ment under that zoning code. Zoning also has a direct e↵ect on the structure and

composition of the built environment. As the results of Chapter 5 and the previous

examples have shown, the built environment is an important factor for increasing local

temperatures during the hottest weather. Urban designers, environmental planners,

and climatologists can develop zoning to facilitate retrofits and new construction that
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minimizes the exacerbating impact of existing built environments on local tempera-

tures.

The process of revising zoning and approving new overlays cannot proceed, much

less succeed, without community input. Thus, implementing heat mitigation strate-

gies through zoning revision and creation ensures that local interests are reflected

when building cooler urban environments. Particularly for initial e↵orts to modify

the urban form of an area, preserving the character of a place and respecting local

values could enable and encourage the success of future projects in the community

and throughout the city.

Revising zoning codes to mitigate urban heat will require work on the part of

several parties. One important piece will be the education of planners whose job it

is to review, revisit, and revise zoning codes already. Improving the understanding

between the built and thermal environment in cities will help planners to advocate for

appropriate and necessary additions to zoning regulations. Environmental planners

can make use of data like the imagery used in these analyses to identify high priority

areas for built environment modifications. These locations can be good places to start

zoning modifications for heat mitigation. Climatologists and urban design profession-

als will need to work together to better understand the role of urban morphology in

local thermal conditions and strategies to mitigate high temperatures. Although the

analysis here was unable to di↵erentiate block-by-block variation, it is clear from the

imagery that variation in LST within Census tracts is observable and more work is

needed to understand these phenomena. Urban designers and architects will also play

an important role in creating mitigation techniques that are tailored to local climates,

values, and character.

Some examples of climate-related considerations in zoning policy already exist.

Specifying the percentage of impervious surface on di↵erent land uses is the most

common way of regulating built environment characteristics through zoning. Codes
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for the cities of Toronto and Waterloo include density bonuses to create incentives for

green roof projects in urban areas. In the US more than 13 cities o↵er such bonuses

for green building and two programs exist for increasing green roofs specifically [178].

Modifications to zoning policy provide a localized and persistent way of influenc-

ing built environments for the mitigation of urban heat. They must, however, be

employed in concert with parallel strategies discussed above. Much like the influ-

ence of zoning on the current patterns of development, modified zoning codes will

require long time horizons and periods of intense development to result in meaningful

change. One of the benefits of land cover-based mitigation techniques over GHG-

related mitigation is the immediacy of their benefit [187]. Thus, policies that increase

the incentive for retrofitting roofs or planting trees presently must be pursued concur-

rently. Also, since zoning can succeed creating smaller parcels and denser settlements,

they have an important role to play in the provision of larger greenspaces. However,

because natural areas of significant size are likely to cross jurisdictions and cadastral

boundaries, growth management policies, such as those discussed above, must also

be part of a comprehensive strategy for cities and regions.

7.4.3 A Closer Look at Urban Morphology in Chicago

LandsatTM data facilitates the investigation of LST variation at sub-tract scale. In

cities like Chicago that have high quality descriptive data for the built environment

combining the LST imagery rich built environment descriptions adds specificity to

high priority heat mitigation strategies in di↵erent sections of the city. The avail-

ability of building footprint data in the central cities of the four MSAs in the study

was a factor in determining the scope of earlier analyses. By narrowing the examina-

tion further, the buildings data in Chicago, which includes building height, can help

describe the e↵ects of urban morphology on temperature variation in urban areas.

Figure 56 shows building information and LST for the areas in and around the two
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tracts identified above for their tree canopy and impervious surface characteristics.

Predictably, the majority of buildings shown with the forested tract are less than 5

stories while the impervious (downtown) tract has much greater variety of building

heights. Two trends appear which are worth noting: one relating to assemblages of

notably tall buildings and the other with concentrations of short structures.

7.4.3.1 Morphology and LST Near the City’s Tallest Buildings

First, in the downtown tract observed LST at locations with the taller buildings are

cooler than nearby locations with shorter buildings. One collection of taller buildings

is just south of the tract boundary, across the Chicago River. A similar collection

is seen to the east of the tract boundary and slightly north, toward Lake Michigan.

In both of these collections there are a large number of buildings with moderate

footprints and varying height - many greater than 10 stories. Nearby areas with

shorter buildings, inside the tract boundaries, for example, have higher temperatures.

This pattern appears to be most pronounced during the extreme summer weather

(see Figure 54). A potential explanation for this observation is that the tall buildings

surrounding the lower roofs and surfaces inside the tract are shielding the tract area

from winds, which would otherwise provide some cooling via turbulent mixing. The

cooler portions in the southern portion of the tract may benefit from space provided

by proximity to the north shore of the River. There is also the possibility that LST is

not e↵ectively capturing true temperatures due to the height variations in the urban

surface for these locations. Heat trapped in urban canyons, where large numbers of

people would be spending time, are likely not well represented by remote sensing,

or LST information at this resolution. Also, the thermal conditions in between the

tallest buildings in the downtown area are likely to change during the course of the

day based upon the position of individual structures and surrounding buildings.

In order to better understand these e↵ects, more research is needed to model
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thermal conditions of individual street segments. Such models would take into account

faade materials of buildings and temporal variations in incident solar radiation to

better estimate human thermal comfort at the street level. The observations from

the data used here can still support some of the policies mentioned earlier, including

interstitial vegetation like street tree planting in dense urban landscapes. Green roof

strategies for shorter (hotter) roof surface may be preferred to albedo enhancement

when surrounded by taller buildings. E�cacy of the latter in such situations may

be diminished if reflected energy is absorbed by taller vertical building surfaces and

reradiated as heat in the urban environment. Vegetated roofs will act to transfer

energy to latent fluxes and provide lowered temperatures independent of morphology.

7.4.3.2 Expansive Shorter Roof Area

A second pattern between buildings and LST is observable around both tracts in

Figure 56 as well as throughout much of the city. Where there are large groups of

low buildings higher LST tends to exist at the center of the grouping with lower

temperatures near the edges. This trend in the LST images tends to appear over

relatively consistent and expansive impervious surfaces occurring in two general urban

forms: on landscapes composed of numerous similar, regularly spaced buildings and

at large flat single buildings.

In the forested tract this is seen in the corner where clusters of track housing

typical of conventional suburban subdivisions exist. The building data in this lo-

cation is a bit sparse since the city boundary is fragmented here. Still, the hottest

temperatures (red) appear in nodes closer to the center of subdivisions with cooler

surfaces (orange and then yellow) surrounding them. In the same way that parks,

as assemblages of vegetated lands, tend to appear as islands of cool temperatures

in the urban landscape, dense and continuous clusters of buildings appear as islands

of high temperatures within the city. Part of the reason for this is the distance of
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Figure 56: Urban Form and Land Surface Temperature in Chicago
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the center of the subdivision from the cooler surrounding influences. These include

the dramatically cooler regional park to the south and west and the slightly cooler

leafier neighborhood to the north and west. This general finding supports the de-

velopment of subdivisions that increase periodic green spaces. These may be pocket

parks, courtyards, or alleyways with vegetation. For new developments, initial sub-

division designs should cluster homes in less conventional arrangements to preserve

larger collections of natural spaces. Conservation subdivision ordinances are a local

planning tool that can be used to encourage such designs. Density bonuses can also

be used to incentivize developers to pursue alternative designs. The provision of local,

neighborhood green spaces include benefits for recreation, stormwater management,

and habitat provision in addition to potential cooling e↵ects.

The appearance of higher temperature nodes surrounded by cooler temperatures

can also be found at locations with single large short buildings like warehouses and

big box retail. There are examples of this throughout all of the cities. Within the

image of Chicago’s impervious tract in Figure 56 an instance of this can be seen in

the northwest corner of the image. Such sites can be remediated easily using roof

modifications including albedo and vegetation enhancements pursued through some

of the policies described above. The benefits of such strategies include reductions in

building energy demand in addition to local ambient cooling.

7.4.4 Environmental Planning for Extreme Heat with Respect to Vulner-
ability

Understanding how environmental factors influence temperature variations within

cities is very useful for strategically focusing environmental planning objectives and

policies for change over longer time horizons. The policies, technologies, and designs

discussed in this chapter so far can be used by cities to prepare for future climates

that are expected to bring more intense and frequent summer heat. However, popu-

lation characteristics within a city vary as widely, or more, than temperatures, and
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it is important to consider these variations when assessing the risk of extremely hot

weather to human health. This section explores the potential for this work to in-

form responses to extreme heat in a timely manner. This marks the combination of

analyses focused solely on environmental influences of urban heat with other influ-

ences that determine vulnerability to these climatic threats. Considerations of the

other components of vulnerability can help to create short-term responses to extreme

heat that are more e↵ective in the face of emergencies and work synergistically with

environmental mitigation strategies.

The findings in Chapter 6 demonstrate the importance of multi-dimensional vul-

nerability analyses related to extreme heat in urban areas. Considering di↵erent

components of extreme heat vulnerability illustrated the potential hazards faced by

di↵erent portions of the city that were not readily observable from environmental

analyses. When areas of high-risk area appropriately identified, response e↵ort dur-

ing extreme heat can act to e↵ectively protect human health and make e�cient use of

resources. The strong positive correlations of social risk factors with higher tempera-

tures, illustrates how environmental strategies can be used to reduce vulnerability in

the areas of greatest need.

7.4.4.1 Using Environmental Data to Improve the Identification of Heat Vulner-
ability

The heat response plans that already exist do a good job of identifying and acting

to reduce heat-related illnesses and death during extreme summer heat. Much of

this success is related to the identification and attention to many of the demographic

and social risk factors discussed in Chapter 6. Incorporating environmental data and

assessments, like those used in this work, can improve adaptation e↵orts aimed at

improving public health during heat events. Taking into account the distribution and

concentrations of vegetation, impervious surface, and LST introduces factors related

to potential heat exposures and related health e↵ects that are not often considered
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in extreme heat planning e↵orts. Planners and public health practitioners can use

the high resolution LST imagery to quickly evaluate relative temperatures through-

out the city and determine locations for strategic intervention. This can be done

with minimal image processing or with the full set of corrections used in these anal-

yses. The use of these data has already been shown here for discerning di↵erent

approaches to mitigating local heat in dramatically di↵erent built environments in

the same city. The data can also help to reveal disparities in local warming that exist

between locations that are not characterized by extreme canopy or impervious surface

observations. Such locations actually constitute the majority of most urban areas.

The ability to identify di↵erential temperatures in these otherwise similar locations

leads to interventions which mitigate thermal vulnerability that might not otherwise

be addressed by city-wide policies. In Chicago, adjacent neighborhoods with similar

built environment characteristics and di↵erent thermal environments were identified

and discussed here.

A section of Chicago’s south side is shown in Figure 57. Primarily residential

neighborhoods on the west and east sides of a north-south rail line display noticeably

di↵erent patterns in LST, with hotter temperatures west of the rail line and cooler

temperatures east of the rail line. Two representative blocks from each neighbor-

hood do not demonstrate great di↵erences in the built environments of the blocks

but confirms the disparity in LST. Planners should use this information to prioritize

mitigation strategies, including tree planting on private properties in these neighbor-

hoods. Climatologists should investigate the conditions on the ground to see why such

disparities exist and to measure the magnitude of the air temperature di↵erences in

the two neighborhoods. Community groups can help to organize response actions in-

cluding information distribution (hot weather alerts, cooling center hours/locations,

etc.) and personal attention for the disabled and socially isolated. These services can

be expensive for cities to pursue with great coverage, thus neighborhood volunteers
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Dramatic differences in nearby neighborhoods on Chicago’s south side are described. One residential 
block in each neighborhood is presented in detail. Summer land cover and LST with building 
footprints are shown along with statistics for each block. The difference in avearge LST is also given. 
Scale for images of the two blocks is identical.  

cool neighborhood hot neighborhood 

Figure 57: Comparison of Hot and Cool Neighborhoods on Chicago’s South Side
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have an important role to play in heat response.

7.5 Heat Response Planning

The primary means of managing extreme heat risk has been through the use of re-

sponse plans. These plans have proved to be e↵ective for avoiding heat-related illness

and deaths during extreme heat events [12, 151, 219]. Adaptive responses to increas-

ing heat wave hazards rely first and foremost on e↵ective forecasting and notification

services for cities. Accurate information about EHE conditions up to five days in

advance can allow cities to implement short-term emergency response actions and

save lives. This is easily incorporated into local television broadcasts using informa-

tion already available from the National Weather Service. Cities can better manage

the outcome of heat waves by preparing specific heat response plans [14, 151]. Such

plans should identify high-vulnerability populations including the elderly, the poor,

those who are disabled, and socially isolated individuals for more e↵ectively targeted

interventions during weather-related disasters. This includes compiling reliable lists

of facilities where such individuals may be concentrated.

Disseminating information is another of the primary components in heat response

plans. During EHEs, current weather details must be widely available and should

be presented along with particulars regarding cooling center availability and hours.

Information should also be provided on heat exhaustion symptoms, tips for staying

cool and hydrated, and outlets (hotlines) for reporting heat-related health concerns

and service interruptions such as power outages. Instructional information on coping

with heat is often less well received than knowledge of the heat event [179]. Facility

programming that extends the hours and access to community centers and other air-

conditioned spaces or suspends scheduled utility work during EHEs can provide relief

for citizens and reduce the possibility of exacerbating heat-related risks. Currently

many U.S cities are without heat response plans, and the relatively low public concern
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for heat risk and related warnings has not prompted administrative action [14].

Planning capacity is necessary to respond to the increasing frequency, duration,

and intensity of heat waves, including those outside the historical warm season. With

heat waves expected to arrive, on average, more than two weeks earlier in the next

50 years, local emergency response sta�ng will need to give more attention to heat

response planning. What may typically be thought of as a seasonal issue will require

more sta↵ hours, as the heat wave season grows longer. In 50 years cities are expected

to experience heat waves that could be at least a day longer and have minimum

temperatures that are a degree Fahrenheit hotter [77]. Additional personnel will be

required to help communicate with increased populations at risk for heat stress as well

as to sta↵ cooling centers during extended hours. Additional infrastructure will also

be necessary to provide relief from future heat waves. This includes adding cooling

centers or securing access to public air-conditioned spaces and updating electrical

grids and electrical generation capacity to avoid power outages as air-conditioning

use increases. Summers 50 years from now - with two to three more heat waves each

year - may not o↵er much time for summer resources and maintenance. Year-round

work by full-time heat response planning personnel can also help here, as scheduling

cooling center access and utility work should take place in the fall and winter months

to reduce the chance of exacerbating summer heat waves.

7.6 Summary of Recommendations and Applications of this
Work

A closer examination of the results from this work has illuminated the potential for

environmental planning strategies to mitigate heat in cities in the faced with changing

climate. Tailoring strategies to specific locations, using local data to assess spatial

variations in urban temperatures, and addressing extreme urban heat at a number

of scales are crucial components to appropriately pursuing heat mitigation strate-

gies. Finding the right strategies involves looking at the baseline conditions in a
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neighborhood, city, or region and selecting approaches to mitigation in a way that

maximizes actions while minimizes necessary resources. Using local data, such as

LST from LandsatTM imagery allows planners to gain a better understanding of how

temperature is varying, what mitigation techniques might work best, and how haz-

ardous thermal environments coincide with social vulnerability. Thus environmental

planning actions for urban temperature reductions address the most serious threats

related to health-related illness and anticipate the most important exposures dur-

ing extreme heat events. Finally, addressing urban heat mitigation with a variety

of regulatory, disciplinary, and spatial approaches reflects the multi-factorial nature

of determining temperature in a given location. This ensures that human resources

devoted to reducing extreme urban heat are not negated by other driving factors.

Table 17 describes some of the key strategies to reducing extreme urban heat.

These are presented according to three categories first discussed above in Section 7.3.1

along with the scale at which they are expected to be e↵ective and the jurisdiction

at which they can be pursued. In some cases the widespread implementation of a

strategy described to have ‘local’ e↵ects will begin to produce impacts observable at

the regional scale. For the three cities east of the Mississippi River there are subtle

di↵erences in the recommended approaches. The native state of the land with dense

vegetation and abundant moisture means that preservation and aggregation of large

natural lands is a high priority for action at the regional and/or state levels.

Forest preservation will be the primary focus of strategies in Atlanta, while ad-

ditional policies to protect and preserve agricultural and wetlands will be needed

in Chicago and Philadelphia, respectively. Other actions like tree ordinances and

conservation subdivision ordinances will continue to be important for these cites as

development progresses at their urban fringe. Dense residential neighborhoods within

the city that still contain considerable tree cover, like those in Atlanta, are crucial

places to pass and enforce strong tree ordinances. Chicago has already begun to
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pursue some of the most important strategies for its urban cooling. Green roofs, for

example are an important strategy for o�ce buildings near downtown and larger roofs

in its many industrial pockets, and the city is the leader in the US for incentivizing

and building green roof projects. Many cities are also already attempting to increase

interstitial vegetation through tree planting programs [187, 229].

It is worth noting that the recommendations from this work should be consid-

ered with respect to other urban and climate-related health concerns so that actions

taken following the recommendations here do not produce unintended ill e↵ects. Tree

planting e↵orts are a noteworthy example for several reasons. First preserving trees

in close proximity to homes may put residents at greater risk of personal injury

and property damage due to falling limbs. Similarly, while tree planting on streets

provides shaded walks and rest spots for citizens they may also present new risks.

Tree maintenance e↵orts and assistance should be included in tree planting e↵orts

to ameliorate these e↵ects. Some trees also produce large amounts of pollen which

can exacerbate respiratory problems, including asthma [45]. This is particularly im-

portant considering that urban vegetation has been found to produce larger amounts

of pollen and aeroallergens than their rural counterparts due to increased CO2 levels

and higher temperatures [236]. Particularly high-pollen-producing species like oak

and hickory should be avoided. E↵orts to increase urban canopy should be under-

taken with this information in mind, and species should be selected to maximize

temperature-moderating benefits while reducing unintended harm.
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Table 17: Summary of Recommendations

Atlanta larger natural spaces regional

regional
local

growth management (transferable development rights, impact fees, 
regional plans)5

conservation easements, public lands, urban forestry grants
tree ordinances, conservation subdivision ordinances4

metropolitan planning organization (MPO)

land trusts, state/federal agencies
cities, counties

interstitial vegetation local, throughout region
local
local
local

urban areas (streetscape guidelines for street tree provision)2

tree ordinances (recompense fees fund tree planting) and resolutions
green roofs (density bonuses in zoning, grants and tax incentives)1,5

creation of new pocket parks in neighborhoods (on vacant lots)2

cities
cities
cities
cities

surface modifications /
buildings

local
local

various
local/block

roof albedo increases (zoning for minimums requirements, grants)5

cool pavements/roads (streetscape guidelines, road engineering practices)
reduced paving (reduce parking requirements, support transit)5

reduce energy use (incentives for efficiency, dress codes)2,3,5 

cities
cities, states
city, state, county
national (incentives), private entity (dress codes)

Chicago

Philadelphia

Phoenix

objective scale/localepolicies administrator

larger natural spaces regional

regional
local

growth management (transferable development rights, impact fees, 
regional plans)5

conservation easements, public lands, urban forestry grants
tree ordinances, conservation subdivision ordinances, agricultural zoning4

metropolitan planning organization (MPO)

land trusts, state/federal agencies
cities, counties

interstitial vegetation local, throughout region
local
local
local

urban areas (streetscape guidelines for street tree provision)2

tree ordinances (recompense fees fund tree planting) and resolutions
green roofs (density bonuses in zoning, grants and tax incentives)1,5

creation of new pocket parks in neighborhoods2

cities
cities
cities
cities

surface modifications /
buildings

local
local

various
local/block

roof albedo increases (with considerations for urban morphology)5

cool pavements/roads (streetscape guidelines, road engineering practices)
reduced paving (reduce parking requirements, support transit)5

reduce energy use (incentives for efficiency, dress codes)2,3,5 

cities
cities, states
city, state, county
national (incentives), private entity (dress codes)

larger natural spaces regional

regional
local

regional/local

growth management (transferable development rights, impact fees, 
regional plans)5

conservation easements, public lands, wetlands preservation grants
tree ordinances, conservation subdivision ordinances, agricultural zoning4

wetlands preservation policies, daylighting streams 

metropolitan planning organization (MPO)

land trusts, state/federal agencies
cities, counties
cities, states

interstitial vegetation local, throughout region
local
local
local

urban areas (streetscape guidelines for street tree provision)2

tree ordinances (recompense fees fund tree planting) and resolutions
green roofs (density bonuses in zoning, grants and tax incentives)1,5

creation of new pocket parks in neighborhoods2

cities
cities
cities
cities

surface modifications /
buildings

local
local

various
local/block

roof albedo increases (zoning for minimums requirements, grants)5

cool pavements/roads (streetscape guidelines, road engineering practices)
reduced paving (reduce parking requirements, support transit)5

reduce energy use (incentives for efficiency, dress codes)2,3,5 

cities
cities, states
city, state, county
national (incentives), private entity (dress codes)

larger natural spaces regionalgrowth management (transferable development rights, impact fees, 
regional plans)5

metropolitan planning organization (MPO)

interstitial vegetation /
shade

local, throughout region
local
local

urban areas (streetscape guidelines for street shade provision)2

landscape ordinances and resolutions
creation of new pocket parks in neighborhoods with architectural shade 
structures2

cities
cities
cities

surface modifications /
buildings

local
local

various
local/block

roof albedo increases (zoning for minimums requirements, grants)5

cool pavements/roads (streetscape guidelines, road engineering practices)
reduced paving (reduce parking requirements, support transit)5

reduce energy use (incentives for efficiency, dress codes)2,3,5 

cities
cities, states
city, state, county
national (incentives), private entity (dress codes)

growth management and 
tree ordinances for regional 
forest preservation 

green roofs in urban areas

cool pavements on parking 
lots and streets

new parks in established 
neighborhoods (for 
example on vacant lots) - to 
break up suburban 
landscape

green roofs in urban areas 

move beyond financial 
incentives to zoning 
regulations  

city is largely built-up - 
focus on urban morphology 
and target microscale 
hotspots

wetlands preservation 
regionally

increase local stream 
exposure and buffers

green roofs in urban areas

city is largely built-up - 
focus on urban morphology 
and target microscale 
hotspots

focus on albedo strategies

shading structures made of 
cool materials - particularly 
in public places

maintain water 
management projects

prioritize anthropogenic 
heat mitigation

1 widely applicable to large, short buildings like warehouses         2 particularly relevant for dense, downtown areas          3 related to anthropogenic waste heat           4 particularly relevant for less dense residential settings             5 demonstrated co-benefits for GHG reductions
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The strategies recommended for Phoenix and cities in the West di↵er in some

respects from those in Atlanta, Chicago, and Philadelphia. The native landscape

cannot foster the dense stands of vegetation found in other regions and so regional

forest preservation is not a viable strategy. Nonetheless, regional growth manage-

ment strategies can still a↵ect Phoenix’s urban thermal environment by encouraging

transit and producing more intensely utilized impervious surfaces. Regional e↵orts to

construct and manage wetlands for providing irrigation water may o↵er some benefit

for regional temperatures. Scarcity of water is also a factor a↵ecting the widespread

use of interstitial vegetation and green roofs. Strategic placement of irrigated green

spaces may help to create oases within the city. Increased density achieved through

growth management mean that such strategic vegetation interventions, as well as

mechanical interventions like cooling centers, can be more widely accessible and uti-

lized. The lack of humidity also means that shading strategies may have a bigger

role to play to provide thermal respite and reduce building cooling loads, and thus

anthropogenic heat feedbacks. The design and construction of structures that take

advantage of this, and other passive cooling techniques could play an important role

in climate adaptation for many cities in this part of the country.

The information needed to make decisions and implement these strategies exists

and is ready to use. Table 18 describes the strengths of the data used in these anal-

yses and how they might be useful for cities working to improve climate adaptation

addressing extreme heat. Many of the strengths of these data are the same as those

that merited their selection for respective analyses. This work has helped illustrate

the utility of the data for identifying environmental factors in local heat and heat vul-

nerability. It has also added strength to the evidence of such factors influencing local

temperatures. In particular it has shown increased importance of such factors during

extreme heat conditions, which are likely to become more common with global climate

change. The use of these data and analyses can improve urban climate mitigation by
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Table 18: Applications and Utility of this Work

Chapter 4
monitoring data 
over the course 
of a heat wave

MODIS daily LST / 
MODIS 8-day LST composites

MODIS land cover / 
vegetation data

date-specific evaluation of heat island growth 
and change
crude evaluation of hotspots within the region
evaluation of nighttime hotspots
pre-processed data - easy to use

season-specific vegetation health data
shows crude differences in vegetation between urban 
portions of a single region 

-

-
-
-

-
-

-

-

-

-

-

-

-
-

-

-

-

-

-

-

-

-

-
-

-

-

-
-

-

-
-

- -

-

-

heat wave-specific hotspot information can
be used to target response actions and 
identify changing environmental vulnerability 
during extended periods of extreme heat
monitoring heat island over course of summer

identify vegetation-deficient urban areas for 
targeted interventions
identify areas for best practice examples in a 
specific city

Chapter 5
examining
extreme heat
and the built 
environment

LandsatTM imagery

NLCD canopy / impervious data

building footprint data

elevation

higher resolution temporally-specific land cover
LST/BT

pre-processed details  of important land covers
from a single point in time at reasonable resolution

detailed description of urban form

describes variation of important climate determinant

description of relative LST throughout the year
for cloud free pixels 
identify neighborhood level variation in LST
single out particularly at-risk sections of city

easy and quick comparison of important land 
covers across the city

investigate with LST to examine urban role in 
high/low LST
identify priority buildings for interventions
use meta data to single out particular land use 
or public/private buildings

examine low lying areas for coincidence with
social patterns (vulnerability)

Chapter 6
assessing 
comprehensive 
extreme heat
vulnerability

American Community Survey 
    elderly
    poverty
    linguistic isolation
    education
    living along
    renting

tract or block level social data tied to vulnerability
updated annually

captures variability in vulnerability that is not 
represented by environmental factors alone
vulnerability mapping can be used to develop 
more effective response plans
plans can be updated for changing vulnerability
patterns as demographics shift

data/analysis strengths utility
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helping tailor approaches to localities and by targeting strategies in areas of greatest

need. Many such actions work synergistically with adaptation measures aimed at

reducing extreme heat vulnerability and o↵er co-benefits for mitigating green house

gas production and global climate change.

7.7 Synopsis

7.7.1 Urban Areas During Heat Waves

This work was concerned with understanding the interactions of global climate trends

with local thermal influences tied to urban land covers. First, it examined tempera-

tures during an extended period of extreme heat and asked whether changes in land

surface temperatures during a heat wave were consistent in space and time across

all land cover types. The investigation a�rmed that urban land covers consistently

exhibit higher temperatures than surrounding rural areas and are much more likely

to be among the hottest in the region, during a heat wave specifically. In some cities

urban thermal anomalies grew between the beginning and end of a heat wave. The

findings helped revel the potential for large scale and regional e↵orts to help cool

urban areas during heat waves. Building retrofits to increase albedo and provide ur-

ban vegetation were suggested along with strategies that seek out opportunities for

interstitial vegetation in the urban landscape. Finally, growth management policies

and incentive structures that work to preserve large, uninterrupted natural spaces

were identified as important parts of regional plans to mitigate urban extreme heat.

To build upon this portion of the work, urban thermal anomalies during heat waves

should be compared to those before and after the heat waves. Such an analysis will

help consider how urban heat may influence temperatures even after larger extreme

meteorological conditions have subsided. Remotely sensed data with better coverage

and higher resolution will also improve the current study; however, the data used

here are currently available and ready to be used for descriptions of the surface urban
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heat island that is specific to region and time.

7.7.2 The Built Environment During Hotter Summers

Secondly, this work considered the influences of land covers on temperatures for nor-

mal and extreme summer weather to find out which characteristics of the built en-

vironment most influence temperatures during periods of extreme heat. The im-

portance of previously recognized built environment thermal influences (impervious

cover and tree canopy) were present, and in some cases, emphasized during extreme

summer weather. Strategic actions to reduce longwave radiation from impervious

surfaces are recommended in all of the study areas. The amount of impervious sur-

face per person in urban areas was shown to be a useful way for thinking about

urban density and the resulting thermal environment. In cities like Atlanta where

low density, auto-dependent development dominates, increasing population densities

can work synergistically with preservation of trees and natural spaces as well as work

toward parallel goals to improve environmental quality and reduce GHG emissions.

Arid cities like Phoenix should prioritize albedo and shading strategies for local ther-

mal moderation, as e↵orts to increase vegetation may conflict with water use for the

region. Dense downtown districts, however, should be high priority areas for vege-

tated roofs, particularly on large, 1-4 story warehouses. The need for region-specific,

and even neighborhood-specific, heat mitigation strategies supports the use of zoning

as a tool through which to implement urban cooling.

This work was limited by its use of remotely-sensed LST as an outcome vari-

able. The di↵erential image adjustments made comparison across days with di↵er-

ent summer weather di�cult and unadvisable. While LST from LandsatTM images

helped describe the relative surface temperatures within the city, more sophisticated

techniques are needed to derive absolute temperature estimates. Ideally, near sur-

face temperatures could be obtained from a network of weather stations distributed
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throughout the city. Such a network could be used to calibrate thermal imagery data

and may broaden its utility for describing urban thermal environments. Examin-

ing characteristics of the urban environment around stations could improve on this

work by more accurately demonstrating associations between the built environment

and ambient temperature - the variable most important for adverse heat exposures

- rather than land surface temperatures. The inventories of other sensors capturing

high resolution thermal data, such as ASTER, should also be explored for imagery

captured over urban areas during extremely hot weather. Also, this work can be

expanded to look at hot weather outside of the traditional summer months and begin

to more closely examine intense heat occurring early in the year.

7.7.3 Extreme Heat Health Vulnerability

Finally, this work described the distribution of health vulnerabilities related to ex-

treme heat within cities. Vulnerability related to environmental factors coincided

spatially with vulnerability related to social status. This finding suggests that pop-

ulations with fewer resources for coping with extreme heat tend to reside in built

environments that increase temperatures, and thus they may be experiencing in-

creased thermal exposures. While adaptation measures to deal with extreme heat

response have targeted the most vulnerable populations, mitigation measures have

not been deployed following a similar strategy. Land cover-based mitigation tactics

that are focused on reducing temperatures where other vulnerability related to high

temperatures are concentrated can serve to assist emergency response e↵orts. In all

of the cities studied here, tracts with the highest vulnerability had higher concentra-

tions of impervious surface and in most cities (all but Phoenix) they had less tree

canopy. The most successful approaches to ameliorating extreme heat vulnerability

for cities involve describing environmental as well as social and demographic vulner-

ability. With such an understanding, cities can more e↵ectively and e�ciently plan
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for timely response in the short term while taking steps to reduce risks in the longer

term.

The data used to assess extreme heat vulnerability here are readily available and

free of charge. Planners already work with many of the demographic and social

inputs allowing them to easily assess these vulnerabilities and eventually incorporate

environmental elements into such analyses. LandsatTM image processing requires

some additional expertise, but should not limit the application of this data to urban

environmental planning. As was shown, the use of such data can help illustrate

di↵erent thermal environments and resulting levels of vulnerability for spatial units

as small as neighborhoods which are adjacent to one another. Next steps for this

work include examining how vulnerability might shift in cities between normal and

extreme summer weather. The derivation of specific nighttime heat risks would also

be useful for directing response planning and heat mitigation strategies.

7.7.4 Conclusion

Overall this work has demonstrated the importance of considering environmental

planning for mitigating extreme heat in future climates. The presence of elevated

temperatures over urban land covers was shown to persist during extreme heat. The

relationship between higher temperatures and specific land cover types was shown to

be as important, or more important during extreme summer weather as it is for, what

are at the moment, normal summers in cities. The coincidence of hot thermal environ-

ments appeared to coincide with concentrations of vulnerable populations on several

instances. Certainly adapting to and avoiding the worst impacts of future climates will

require myriad methods. Environmental planning strategies should be among those

pursued by cites in the United States and abroad. Addressing urban heat by focusing

on land covers and land cover conversions known to influence longwave radiation is

an important part of addressing climate change for cities. This work has a�rming
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this as well as provided examples of how data, specifically, remotely-sensed thermal

data can be transformed into useful information that helps cities describe thermal

environments, modify hotspots, and encourage temperature moderating designs. The

built environment is directly connected to climate, and interventions to remedy ther-

mal anomalies result in benefits to the citizens where the actions are taken. Thus

such approaches to climate adaptation and mitigation directly connect climatic cause

and e↵ect and hold the potential to motivate climate action among groups where

concerns for global climate change cannot. Most importantly, the strategies pursued

to reduce local heat o↵er a multitude of parallel benefits that make cities healthier,

cleaner and, more enjoyable for the people who inhabit them.
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APPENDIX A

DAILY IMAGES OF DAYTIME AND NIGHTTIME LAND

SURFACE TEMPERATURE ANOMALIES
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Chicago day

Philadelphia day

Phoenix day

July 25 July 26 July 27 July 28 July 29 July 30 July 31 Aug 1 Aug 2

Aug 1

Atlanta

beginning (first 3rd) middle (second 3rd) end (final 3rd)
heat wave 

average

Chicago

Philadelphia

Phoenix

Aug 2 Aug 3 Aug 4 Atlanta dayAug 5 Aug 7 Aug 8 Aug 9 Aug 6

July 27 July 29 Aug 1 Aug 2 Aug 3 Aug 4July 28 July 30 July 31

July 12 July 13 July 14 July 15 July 16 July 18July 17 July 19 July 20 July 21 July 22 July 23 July 24

The figures show temperature differences in four metroplitan regions for a period identified as a heatwave .  Temperature is depicted as the 
difference between the value in any 6km grid cell and the regional average for that day.  Daytime temperatures in Kelvin were used. 
Colors depict the number of standard devisations above or below the mean of all temperature deviations in the region over 
the heat wave period.  The beginning, middle and end (thirds) of the heatwave will be used to aggregate data to 
compensate for the prevelance of missing data (grayed pixels) for any single day in particular. 

1-2 <1<1 1-2

warmercooler

>2>2

Figure 58: Daytime Temperature Deviations for Each MSA for the Duration of the 2006 Heat Wave
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beginning (first 3rd) middle (second 3rd) end (final 3rd)

Atlanta night

Chicago night

Philadelphia
night

Phoenix night

Atlanta

Chicago

Philadelphia

Phoenix

heat wave 
average

The figures show temperature differences in four metroplitan regions for a period identified as a heatwave .  Temperature is depicted as the 
difference between the value in any 6km grid cell and the regional average for that day.  Nighttime temperatures in Kelvin were used. 
Colors depict the number of standard devisations above or below the mean of all temperature deviations in the region over the 
heat wave period.  The beginning, middle and end (thirds) of the heatwave will be used to aggregate data to compensate 
for the prevelance of missing data (grayed pixels) for any single day in particular.

1-2 <1<1 1-2

warmercooler

>2>2

July 25 July 26 July 27 July 28 July 29 July 30 July 31 Aug 1 Aug 2

Aug 1 Aug 2 Aug 3 Aug 4 Aug 5 Aug 7 Aug 8 Aug 9 Aug 6

July 27 July 29 Aug 1 Aug 2 Aug 3 Aug 4July 28 July 30 July 31

July 12 July 13 July 14 July 15 July 16 July 18July 17 July 19 July 20 July 21 July 22 July 23 July 24

Figure 59: Nighttime Temperature Deviations for Each MSA for the Duration of the 2006 Heat Wave
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The Earth’s climate is changing and cities are facing a warmer future. As

the locus of economic activity and concentrated populations on the planet, cities

are both a primary driver of greenhouse gas emissions and places where the human

health impacts of climate change are directly felt. Cities increase local temperatures

through the conversion of natural land covers to urban uses, and exposures to elevated

temperatures represent a serious and growing health threat for urban residents. This

work is concerned with understanding the interactions of global trends in climate with

local influences tied to urban land covers. First, it examines temperatures during an

extended period of extreme heat and asks whether changes in land surface tempera-

tures during a heat wave are consistent in space and time across all land cover types.

Second, the influences of land covers on temperatures are considered for normal and

extreme summer weather to find out which characteristics of the built environment

most influence temperatures during periods of extreme heat. Finally, the distribution

of health vulnerabilities related to extreme heat in cities are described and examined

for spatial patterns.

These topics are investigated using meteorology from the summer of 2006 to iden-

tify extremely hot days in the cities of Atlanta, Chicago, Philadelphia, and Phoenix

and their surrounding metropolitan regions. Remotely sensed temperature data were

examined with physical and social characteristics of the urban environment to answer

the questions posed above. The findings confirm that urban land covers consistently

exhibit higher temperatures than surrounding rural areas and are much more likely

to be among the hottest in the region, during a heat wave specifically. In some cities



urban thermal anomalies grew between the beginning and end of a heat wave. The

importance of previously recognized built environment thermal influences (impervious

cover and tree canopy) were present, and in some cases, emphasized during extreme

summer weather. Extreme heat health health vulnerability related to environmental

factors coincided spatially with risks related to social status. This finding suggests

that populations with fewer resources for coping with extreme heat tend to reside in

built environments that increase temperatures, and thus they may be experiencing

increased thermal exposures.

Physical interventions and policies related to the built environment can help to

reduce urban temperatures, especially during periods of extremely hot weather which

are predicted to become more frequent with global climate change. In portions of the

city where populations with limited adaptive capacity are concentrated, modification

of the urban landscape to decrease near surface longwave radiation can reduce the

chances of adverse health e↵ects related to extreme heat. The specific programs,

policies, and design strategies pursued by cities and regions must be tailored with

respect to scale, location, and cultural context. This work concludes with suggestions

for such strategies.
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