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ABSTRACT 

 

 This study examined the urban heat island of a small urban area in central 

Pennsylvania that is divided by the Susquehanna River.  An urban heat island (UHI) occurs 

when urban areas are warmer than the surrounding rural areas.  This results from changes in 

the natural environment by human activities and development. Hourly temperature data were 

collected from 19 urban stations and 1 rural reference station, as well as from the Harrisburg 

International Airport weather station, from June 1st, 2014 through May 31st, 2015.  All urban 

sites were analyzed against the rural reference site to determine the yearly and seasonal UHI 

intensities of the Harrisburg area.  All sensor stations were also compared to one another to 

assess for intra-urban variability.  Relationships between mean UHI intensities and the 

distance to the river were examined.  Meteorological variables of relative humidity, dew 

point temperature, and wind direction were also investigated to observe how they impact 

temperature at varying distances from the river.  Results indicate that there is an average 

yearly UHI of 2.25ºC in the Harrisburg area.  The UHI was strongest at night, in the summer, 

and in the most urbanized areas.  Mean UHI temperatures decreased with increasing distance 

from the river.  Stations closest to the east shore of the river tended to be warmer than those 

closest on the west shore. For all seasons, humidity was shown to have a moderating effect 

on temperature, the closer the station was in proximity to the river. Wind analysis was 

unclear due to limited data and the curved nature of the river.  The determination of the urban 

heat island of this urban area, and the potential effects the river has on it, can assist in 

determining the best type and locations of mitigation strategies. 
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  CHAPTER 1: INTRODUCTION 

 

 Alterations of the natural environment by human activities have led to the 

development of urban heat islands (UHIs).  UHIs occur when urban areas experience warmer 

temperatures than neighboring rural areas (Maria et al. 2013, Tan and Li 2015).  Currently, 

around half of the world's population lives in urban areas.  It is projected that by 2030, 60% 

of the population will live in urban areas, and by 2050, that number will increase to 

approximately 70% (WHO 2013).  As an increasing amount of the population reside in urban 

areas, the study of UHIs will become even more imperative, as there are a variety of issues 

related to their occurrence.  These include increased mortality from more extreme heat wave 

temperatures (Wong et al. 2013, Vardoulakis et al. 2013), elevated cooling costs, and 

increased air pollution (Shaker and Drezner 2010, Papanastasiou and Kittas 2012).   

 Within urban areas, construction of roads, buildings, and other structures replace the 

natural vegetated landscape, leading to changes within the local climate (Maria et al. 2013, 

Yang et al 2013).  These structures will absorb, store, and radiate more heat than natural 

areas, as well as maintain less moisture for evaporative cooling (Wong et al. 2013).   

Anthropogenic heat sources also work to create UHIs through vehicle, industry, and cooling 

system emissions (Memon et al. 2008, Papanastasiou and Kittas 2012).   

 Urban areas experience different UHI intensities related to individual characteristics 

of the city.  Building height and density, population size and distribution, and percentage of 

land as green spaces are a few of the factors that can affect the magnitude of UHIs between 

different cities (Souch and Grimmond 2006).  UHI intensities not only vary between cities, 

but may also vary within cities.  Urban areas are a heterogeneous mixture of building heights 
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and densities, traffic patterns, and open spaces of vegetation, water bodies, and/or plazas 

(Hart and Sailor 2008).   Results of UHI studies can be used to plan the best type and 

locations of mitigation strategies to reduce the impacts of increased urban temperatures.  

These strategies often imitate the natural environment and can include green roofs, parks, and 

porous pavement that work by reducing runoff, increasing evapotranspiration (ET), and/or 

decreasing solar radiation absorption (Wong et al. 2013).     

 This proposed study will assess the UHI of a small urban area in central Pennsylvania 

that straddles the Susquehanna River.  In addition, it will examine potential effects of the 

river on the UHI.  The urban area will predominately include the capital city of Harrisburg on 

the east shore of the river, and a cluster of four smaller cities along the west shore.  During 

the course of the study, special attention will be paid to river proximity and the intensity of 

the UHI.  Knowledge of intra-urban variability and where UHI intensity is the strongest can 

allow for the best use of mitigation strategies and impact future urban planning.     
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CHAPTER 2: PURPOSE AND SCOPE 

 

 There is extensive literature on UHIs of large global cities such as New York (Gaffin 

et al. 2008), London (Kolokotroni et al 2008; Giridharan and Kolokotroni 2008), Buenos 

Aires (Camilloni and Barrucand 2012), and Singapore (Roth and Chow 2012) and mid-sized 

cities such as Atlanta, GA (Memon et al. 2007) and Portland, OR (Hart and Sailor 2009).  

However, there is considerably less literature on UHIs and smaller cities, despite the 

potential in all built-up areas for the development of a UHI (IAUC 2013).   There is also 

limited research on the effects of water bodies, especially rivers, on UHI development and 

intensity.  

 This study assessed the UHI intensity of the Harrisburg area in central Pennsylvania 

that is divided by the Susquehanna River.  The review of the literature demonstrates that the 

Harrisburg area currently lacks any type of UHI assessment.  Proper assessment is important 

to determine the magnitude of a UHI, as well as the best type and location of mitigation 

strategies.  This research will also seek to clearly communicate definitions and methodology 

so applicability of study results can be maximized, and the overall quality of UHI research 

can be improved.   

This study addresses the following questions: 

 1.  What is the average intensity of the UHI in the Harrisburg area? 

  Does it differ between seasons? 

 2.  How is river proximity associated with the UHI intensity in the Harrisburg area? 

  Is there a difference between the east and west shore? 
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3.  How is the UHI in the Harrisburg area affected by dew point temperature, relative 

humidity, and wind direction?  

The hypotheses for this research study are that there will be a small but significant 

UHI in the Harrisburg area, the UHI intensity will be strongest in the summer, and proximity 

to the river will reduce UHI intensity.  In addition, one shore may be cooler than the other 

depending on wind direction, and UHI intensity may also be affected by meteorological 

conditions such as relative humidity and dew point temperature. 
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CHAPTER 3: LITERATURE REVIEW 

 

3.1 Urban Heat Islands 

 In its most simplistic form, a UHI is the general warming of the city compared to the 

surrounding rural areas (Figure 1).  It was first described in 1818 by scientist Luke Howard 

as he was studying the city of London (Giannaros and Melas 2012).  Human civilization has 

altered the surface of the earth with the building of cities and has changed the energy balance 

at the earth's surface and lower atmosphere, resulting in warmer temperatures.  In an 

urbanized environment, energy is more likely to be found in the form of sensible heat, rather 

than in latent heat, as a consequence of surface changes and subsequent decline in surface 

evaporation (Stewart and Oke 2012).    

 
 Figure 1:  Changes in temperature between rural areas and increasingly urbanized areas, forming  

 a UHI.  Source: Urban_heat_island.svg: TheNewPhobia derivative work: Alexchris 

 (Urban_heat_island.svg) [Public domain], via Wikimedia Commons. 

 

 

UHIs are a global phenomenon found on every continent except Antarctica (Wong et 

al. 2013).  In some cities, UHI intensity may stem more from anthropogenic heat sources, 

such as industrial cities like London and Birmingham in the U.K., while other UHIs may 



                                                                                                                                                                                                                                        

   6 

 

experience more warming from solar radiation, such as Athens, Greece and Rome, Italy 

(Wong et al. 2013).  Meanwhile, Africa and Australia experience less UHIs than other 

continents because smaller amounts of their natural landscape has been disrupted by urban 

development (Wong et al. 2013).   

3.1.1 Types of Urban Heat Islands 

 There are three different types of UHI; the boundary layer urban heat island 

(BLUHI), canopy layer urban heat island (CLUHI), and surface urban heat island (SUHI), 

(Voogt 2013).  The BLUHI is the layer above the average height of the buildings, which is 

usually measured by weather towers, remote sensing, or aircraft.  The CLUHI is the layer just 

above the surface that extends up to the average height of the buildings.  The standard 

measurement for assessing a CLUHI are temperatures taken between 1-2 meters above the 

ground, which is termed the standard screen height (Voogt 2013). Typically, standard screen 

height temperature measurements are taken at two or more stationary sites, or at multiple 

sites across a city by vehicle traverse (Stewart and Oke 2012).  The SUHI are actual surface 

temperatures measured by aircraft, satellite, or direct surface measurements (Voogt 2013).  

The focus of this research proposal is on the CLUHI, which from this point forward will be 

referred to as the UHI.  This layer includes the air closest to the city surface and is where 

people are most impacted by temperature increases (Wong et al. 2013).   

3.2 Mechanisms 

 UHIs are created by a complex interaction of multiple factors.  These mechanisms 

can contribute in varying amounts to UHI intensity in different urban areas, depending on the 

design, climate, and land use of the city.  UHI intensity can even vary from location to 

location within the same urban area.  Parks within urban areas provide cooler regions within 
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a UHI, while industrial areas, which lack vegetation and may have constant anthropogenic 

heat emissions, tend to have more elevated temperatures (Hart and Sailor 2009).  Some 

mechanisms heat up the environment directly by creating instant heat generation, or 

indirectly by the heat that is absorbed by manmade structures (Memon et al. 2008).   

Research efforts to quantify contributions by individual factors have been limited.  

However, there are three main factors of urban design and land use that can affect UHIs: 

anthropogenic heat, impervious surfaces and urban geometry (Ryu and Baik 2012).  In 

addition, there are temporary weather variables that can contribute to UHI development, but 

have the potential to change daily (Maria et al. 2013).  Understanding the processes that work 

to produce UHI are just as important as understanding the resulting effects of these processes 

(Souch and Grimmond 2006). 

3.2.1 Anthropogenic Heat 

 Anthropogenic heat sources are those that come from human activities.   They can 

include heat from human metabolism (Maria et al. 2013) and waste heat emissions from 

industry, air conditioning, motor vehicles, etc., that heat urban areas directly (Memon et al. 

2008).  The amounts of anthropogenic heat sources in the environment related to cooling 

systems depend on seasonal temperature variation and overall climate based on urban latitude 

(Ryu and Baik 2012).  For every 1°C that temperatures rise above 20°C, electricity use for 

cooling systems can increase between 2-4%.  This can create a cycle where more air 

conditioner use creates more heat, which leads to more air conditioner use (Wong et al. 

2013).  

 Increased population size will also increase the intensity of a UHI.  More people 

typically means more buildings, industries, and motor vehicles, all of which increase the 
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amounts of anthropogenic heat sources within an urban area (Mirzaei and Haghighat 2010, 

Maria et al. 2013).  There has also been a difference noted in UHI intensity between 

weekdays and weekends.  A suggested reason for this difference is that during the weekday, 

there are more anthropogenic emissions from worker commutes as well as commercial 

activity within the downtown business district (Hart and Sailor 2009).   

3.2.2 Impervious surfaces 

 Evapotranspiration (ET) is the process whereby water from the soil is released to the 

atmosphere by transpiration from plants, and water from the surface dissipates to the 

atmosphere as water vapor from evaporation. This is a cooling process due to the absorption 

of the latent heat of vaporization that occurs during ET (Ahrens 2007).  As an urban area is 

built up with dry, impervious surfaces such as asphalt and concrete, it replaces permeable, 

moist soils (Wong et al. 2013).  These impervious surfaces create precipitation runoff instead 

of allowing precipitation to infiltrate and contribute to soil moisture (Doyle and Hawkins 

2008). With this decrease in available moisture, less evaporation is able to occur and 

consequently less cooling (Wong et al. 2013).  Vegetation is also reduced or completely 

removed from these areas thus decreasing transpiration.  Surface temperatures of impervious 

urban structures can vary from 25-50°C higher then air temperatures, while rural pervious 

surface temperatures are similar to air temperature (Maria et al. 2013). 

3.2.3 Urban Geometry 

 As an urban area is built up, its new surface geometry can affect the transport, 

storage, and absorption of heat.  Wind speeds decrease within the urban canopy layer as the 

roughness length of the surface increases due to drag from buildings (Gaffin et al. 2008).   

Winds speeds average 30-40% lower in an urban area versus a rural area (Shahmohamadi et 
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al. 2010).  Decreased wind speeds reduce heat removal (Memon et al. 2008), evaporative 

cooling (Shahmohamadi et al. 2010), and the dispersal of pollution in the form of gases and 

suspended particles.   Accumulation of pollution within the city also works to contain long 

wave radiation within the urban canopy layer, thus contributing to a UHI effect (Gago et al. 

2013). Additionally, vertical walls now exist as additional surface area that is able to absorb 

and store heat (Ryu and Baik 2012).   

 Urban canyons occur when streets cut through areas of tall, dense buildings and take 

the form of natural canyons. They increase the amount of shortwave radiation absorbed 

because of reflection of shortwave radiation back and forth between walls (Ryu and Baik 

2012).  Cities that have taller buildings that are close together will have UHI intensities 

stronger than cities with smaller buildings that are more spread out (Szeged et al. 2013). 

 Sky view factor (SVF) is a measurement of the percentage of sky that is visible from 

a specific urban location relative to the obstructing percentage of buildings (Shaker and 

Drezner 2010).  SVF can be an important factor in determining the effect urban geometry has 

on UHIs.  The lower the percentage of SVF, the more long wave radiation from the urban 

surface will become captured within the city and create warming (Alcoforado and Andrade 

2006, Shaker and Drezner 2010).  However, urban geometry with high SVF can cause lower 

daytime UHIs as buildings shade surfaces from incoming solar radiation (Ryu and Baik 

2012).    

3.2.4 Heat Absorption and Storage of Urban Materials 

 Increased heat storage by an urbanized area is an important factor in the development 

of a UHI (Yang et al. 2013).  Man-made materials found in urban structures create an 

environment that is different from the natural landscape.  Concrete, asphalt, and steel for 
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example, have the ability to store significantly more heat than trees, grass, and soil found in 

the natural environment (Hart and Sailor 2009, Wong et al. 2013).  At night, the heat that was 

absorbed and stored during the day is released into the atmosphere (Maria et al. 2013, 

Steeneveld et al. 2014).  The night time release of heat occurs more slowly from urban 

surfaces than rural ones, which contributes to a stronger UHI intensity in the nighttime hours 

(Doyle and Hawkins 2008). 

 Albedo and emissivity are two factors that relate to the heat absorption and radiation 

of materials. The albedo of an object is the ratio of reflected radiation to the total amount of 

radiation that reaches the surface.  Therefore, a lower albedo means more solar radiation will 

be absorbed by a surface (Maria et al. 2013).  The emissivity of an object is its ability to 

release the absorbed heat.  Urban surfaces tend to have lower albedo (Wong et al. 2013) and 

higher emissivity then natural surfaces, and therefore contribute to the warming of urban 

areas (Maria et al. 2013).  An example of albedo effects on urban areas was demonstrated in 

a modeled simulation of Los Angeles, where it was determined that temperatures during the 

summer could be reduced by 2-4°C if the albedo of buildings were increased (Wong et 

al.2013) .   

3.2.5 Weather Conditions 

 Cloud cover and wind conditions can change the intensity of a UHI from one day to 

the next even if the temperature stays the same (Szeged et al. 2013).  Anticyclonic conditions 

of clear skies and low wind speed will increase the intensity of a UHI.  Clear skies allow 

maximum amounts of solar radiation to heat the environment and urban structures (Memon 

et al. 2008), while low wind speed allows air to stagnate and warm due to reduced turbulence 

(Ryu and Baik 2012).  Multiple succeeding days of anticyclonic conditions can strengthen 



                                                                                                                                                                                                                                        

   11 

 

UHI intensity, as more heat is able to accumulate within urban structures.  Stratus clouds 

have been shown to have the strongest ability to prevent UHI formation while cirrus clouds 

have the weakest.  Lighter winds are able to prevent UHI formation in small cities, while 

stronger winds are needed to reduce or prevent UHI formation in larger cities (Szeged et al. 

2013).   

3.3 Variations in UHI Intensity  

 UHIs come in all magnitudes (Table 1).  UHI intensities as small as 0.6°C have been 

found in Atlanta, GA while UHI intensities as high as 12.9°C have been observed in 

Phoenix, AZ (Hawkins et al. 2003).  

 

Table 1:  UHI intensities for various locations across the globe. 

Location UHI intensity (°C) 

Phoenix, AZ** 9.4 to 12.9 

Poland 12 

Tokyo, Japan 8 to 12 

Seoul, South Korea 3.4 to 8 

Thessaloniki, Greece* 2 to 4 

Atlanta, GA 0.6 to1.2 
*Source: Hawkins et al. 2003. **Source: Giannaros and Melas 2012.  All other data sourced: Memon et al. 2007. 

 

 

3.3.1 Diurnal Fluctuations 
 

UHIs are stronger at night than during the day (Souch and Grimmond 2006).  As the 

sun sets and rural areas begin to cool, buildings and pavements in urban areas begin to 

release the heat that was stored during the day (Maria et al. 2013).  Since urban areas retain 

more heat from the day than do rural areas, they experience less cooling due to this heat 

release.  The maximum UHI intensity is reached roughly 3-5 hours after sunset (Figure 2).  

After sunrise, urban areas warm more slowly than rural areas, reaching the minimum, or 

potentially negative UHI intensity several hours after sunrise (Acero et al. 2013).  If the rural 
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area warms quickly enough it may surpass urban temperatures and create what is known as 

an urban cool island (UCI), where urban temperatures are lower than rural ones (Figure 2) 

(Shahmohamadi et al. 2010).   

 

   

Figure 2: Diurnal UHI intensity changes including UCI development. 

Source:  modified from Voogt 2013, modified from Oke 1982. 

 

3.3.2 Causative Factors 

 UHI intensity can also vary by causative factors.  Ryu and Baik (2012) suggest the 

major causative factor contributing to the development of a UHI can vary from daytime to 

nighttime.  In the evenings, anthropogenic heat sources have been suggested as the 

predominant contributor to UHI intensity during the summer in a mid-latitude city.  While 

during the day, impervious surfaces contribute most strongly due to low amounts of ET (Ryu 

and Baik 2012).  However, it should be kept in mind that these contributors can vary from 

city to city, especially between cities within different climates (Mirzaei and Haghighat 2010).  

Hour 

UHI 

UCI UCI 
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3.3.3 Seasonal Variation 

 There are conflicting results on which season has the most predominant UHI 

intensity.  A study in Shanghai China determined that the UHI intensity was strongest in the 

autumn and winter (Yang et al. 2013).  This is supported by Souch and Grimmond (2006) 

who report that UHIs are weakest in the summer.  Conversely, Giannaros and Melas (2012) 

suggest that UHI intensity is the strongest in the summertime.  According to Tan and Li 

(2015) additional studies also determined summer to have the strongest UHI intensity, and 

that despite the continued presence of a UHI throughout the rest of the year, the UHI was 

more subtle during the spring and fall, and weakest in the winter.  Another study suggests 

that UHIs are strongest during the season that is the most dry and least windy at the specific 

urban area of interest (Doyle and Hawkins 2008).       

3.3.4 Small Cities 

 Intensity has been shown to vary by the size of the urban area, although few studies 

within the literature have investigated small cities.  A study conducted in Hungary, looked at 

the UHI intensity of four settlements ranging in population size from approximately 1,000-

30,000 outside the city of Debrecen (population 220,000), and found that even the smallest 

settlement developed a UHI (Szegedi et al. 2013).  Results of a study by Grathwohl et al. 

(2009) suggested that a UHI of 1.5ºF was present in a small rural community of 8,000 

residents.  Another study investigated the UHI of a small city in Pennsylvania with a 

population of 4,790.  An average UHI of 1.9°C was observed, along with a maximum UHI of 

10°C, demonstrating that even the smallest cities can produce a strong UHI intensity (Doyle 

and Hawkins 2008).  Meanwhile, UHI intensity has also been noted to be increasing for cities 

of all sizes over the past 50 years in China (Yang et al. 2013).  
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3.3.5 River Effects 

 It is well established that large water bodies, such as oceans and large lakes, have the 

ability to affect land temperatures.  Different rates of heating and cooling between land and 

water cause changes in thermal circulation.  This can lead to the formation of land and sea (or 

lake) breezes.  In addition, evaporation from water surfaces also provides cooling effects that 

can reduce surrounding temperatures (Ahrens 2007, Steeneveld et al. 2014).  In a study of 

Lake Superior, near shore temperatures were found to be 1-2°C cooler in the spring and 

summer, and 1°C warmer in the winter, compared with temperatures 5km inland.  While this 

study demonstrates seasonal effects of a water body on land temperatures, it was conducted 

in a largely forested area and has limited applicability to urban areas (Hinkel and Nelson 

2012).   

 Research is limited regarding how water bodies, especially rivers, can affect the 

microclimate of the surrounding urban areas (Hathway and Sharples 2012).  In Bilboa, Spain, 

a UCI is noted in the afternoon during the spring and summer due to sea breezes, although 

the UHI returns as the sea breeze wanes.   However, the effects of any breeze weakens the 

further it flows into the urban areas (Acero et al. 2013).  In Hiroshima City, Japan, the 

temperature above the Ota River was 5°C cooler than the city, and cooling from the river was 

noted to occur close to 300m away from a 270m wide river.  On a smaller scale, cooling from 

a 22m wide river in Sheffield, UK was recorded up to 30m from the river banks (Hathway 

and Sharples 2012).  Conversely, some of the warmest temperatures in the city of Portland, 

OR were located along the Willamette River in an industrial area (Hart & Sailor, 2009).   

 It appears that benefits of water body related cooling occurs more frequently when 

the city has streets or plazas open to the breeze (Hart and Sailor 2009), when rivers are wider, 
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and with lower building density (Murakawa et al. 1990).  When the city is closed off to the 

river, by connected buildings or homes, it can work to block breezes from entering the city 

(Hathway and Sharples 2012).   

 Additional support for river cooling effects were found by Sun et al. (2012), while 

studying wetlands in Beijing.  They found that reservoirs, lakes, and rivers had cooling 

effects on the land surrounding the water body.  They discovered cooling varied by the shape 

and location of the water body, however all water bodies demonstrated cooling of land 

surface temperatures at distances ranging from 400-2500m.  Zhang et al. (2011) examined 

how the “distance-to-water” correlated with urban temperatures.  They found that as 

distance-to-water increased, so did the daily maximum temperatures.  Furthermore, as 

distance-to-water increased, daily minimum temperatures decreased, suggesting that at night, 

water is warmer than the land and maintained higher temperatures closer to water (Zhang et 

al. 2011).   

3.3.6 Intra-urban Variability 

 Many long-term UHI studies only have up to a few meteorological stations which are 

often times located in the downtown district or at the local airport and do not give a full 

picture of the variability that lies within a city.  A study in Rotterdam, Netherlands using 14 

automatic weather stations found that maximum UHI intensity had a significant positive 

association with building surface and impervious surface fractions, and a significant negative 

association with green surface fraction (Van Hove et al. 2015).  Another study found that the 

city center station had a high UHI, while the low building density/high greenery residential 

neighborhood had the smallest UHI (Heusinkveld et al. 2014).  Intra-urban variability is an 

import consideration as cities are a heterogeneous mixture of built and open spaces. 
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3.4 Issues within UHI Communication 

 In today's study of UHIs, there is great potential for miscommunication.  The terms 

urban and rural are vague terms that can mean different things to different people (Stewart 

and Oke 2012).  Stewart and Oke (2012) propose the usage of seventeen 'local climate zones', 

which are detailed descriptions of types of rural and urban areas that can be used for clear 

communication regarding the urban/rural dichotomy.  Their goal is to have a simple, 

consistent classification system that is general enough to be adapted for use in most 

locations. 

 Stewart and Oke's classification system was produced in order to provide appropriate 

and consistent records of measurement sites and to supply a protocol for assessing 

the magnitude of a UHI within any chosen city.  Research review has indicated that 75% of 

literature on UHIs do not give appropriate metadata descriptions of the measurement site 

(Stewart and Oke 2012).   Collecting appropriate metadata allows the user of the research to 

have a clear picture of the methods used for the gathering and recording of the data. This 

includes full descriptions of the study site, equipment used, the network design, and 

operations.  This allows for appropriate comparison and interpretation of UHI research 

(Muller et al. 2013).   

 In addition to defining local climate zones, UHI terms must also be defined.  For 

example, the term 'surface temperature' has been used to indicate both the temperature of the 

ground surface and the air temperature at screen level (Oke 2006).  Standardization works to 

eliminate any confusions about terms and protocols and allows for the best possible 

comparison between UHIs (Stewart and Oke 2012).  
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CHAPTER 4: STUDY AREA 

 

This study was conducted in central Pennsylvania along the Susquehanna River in 

Dauphin and Cumberland Counties.  The urban area of interest is predominately the city of 

Harrisburg, with a small inclusion of Susquehanna Township, on the east shore of the river 

(Dauphin County), and the boroughs of Camp Hill, Lemoyne, Wormleysburg, and New 

Cumberland (Cumberland County) on the west shore.  These cities lie across from each other 

along the Susquehanna River (Figure 3).  While New Cumberland lies on the west shore 

slightly to the south of Harrisburg, it was included as opposed to Enola, which lies just north 

of the study area, to avoid potential interference from the Conodoguinet Creek.   

According to the 2010 U.S. census, this urban area has a total population of 96,345 

and covers a total of 76.93 square kilometers (Table 2).  Examination of a USGS topographic 

map (USGS) depicts that the general topography of the study area ranges from 300-500ft 

above mean sea level.   The mean yearly temperature of Harrisburg is 11.6°C, while mean 

seasonal temperatures are shown in Table 3 (PSU 2004). The climate of the study area is 

classified as Cfa (warm temperate, fully humid, hot summer) according to the Koppen-

Geiger climate classification system (Brugger 2012). This urban study area will be referred to 

as the Harrisburg area.  It consists of low, medium, and high urban density with scattered 

business, industry, shopping centers, and green spaces with land use classifications depicted 

in Figure 3b.                                                                                                                              
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Figure 3: a. Location of the study site within the state of Pennsylvania.  b. Zoomed in land use map of cities 

included within the Harrisburg study area. 
 

 

a. 

b. 
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Table 2:  Population and area data for the Harrisburg area study site.  Data Source: Census Bureau 2010. 

 
Population 
(# of people) 

Area       
(km2) 

Pop. Density 
(people/km2) 

Camp Hill 7,888 5.49 1,437 

Harrisburg 49,528 21.06 2,352 

Lemoyne 4,553 4.04 1,127 

New Cumberland 7,277 4.33 1,681 

Susquehanna 24,036 39.6 607 

Wormleysburg 3,063 2.41 1,271 

    

Total 96,345 76.93  

Average   1,252 

    

 
Table 3: Average temperature by season for the Harrisburg area from the Harrisburg International Airport.  Data 

Source: PSC 2004.  

Season Months Temp (°C) 

winter Dec-Feb -0.46 

spring Mar-May 10.85 

summer Jun-Aug 23.09 

fall Sep-Nov 12.87 

 

4.1 Urban Study Sites 

 This study consisted of a total of 19 urban study sites where temperature/humidity 

sensors were mounted for a total of one year.  Nine sensor stations were located on the east 

shore of the river, and 9 were located on the west shore of the river.  These stations were 

sited at varying distances from the river.  They encompassed different residential densities, as 

well as warehouse and business areas, so measurements would reflect the varying nature of 

the urban area (Figure 4).  In addition, one sensor was placed on City Island located within 

the Susquehanna River for a representation of the air temperature over the water.  Prior to 

sensor placement, field reconnaissance was conducted to find the best locations that would be 

resistant to equipment tampering.  In some cases, the most ideal locations were not a viable 
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option due to security issues or placement was denied.  The locations of the sensor stations 

are in Figure 4.   

 

 

Figure 4:  Location of urban stations (white markers) and the single rural reference station (black marker).  

 

4.2 Rural Reference Station 

 One rural reference station was located in Mechanicsburg, PA within Lower Allen 

Township, on the west side of the river just south of the study area (Figure 4).  Many studies 

have only used one rural location as a reference site (Acero et al. 2013, Papanastasiou and 

Kittas 2012, and Ginnaros et al. 2009).  Conversely, several studies have used more than one 

rural site (Hawkins and Braun 2012, Doyle and Hawkins 2008, and Hawkins et al. 2003), 

however, these studies were specifically investigating the choice of rural sites in UHI 

determination.  Since rural site investigation was beyond the scope of this research, only one 

rural reference site was used.  Hawkins and Braun (2012) looked at the choice of cornfield, 
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grass, or woods on the effect on UHI temperatures.  They found that the UHI was largest 

when using the cornfield as a reference site, and smallest when using the woods.  For this 

reason, a grassy rural area was selected as a middle ground reference site.   
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CHAPTER 5: METHODS 

 

5.1 Sensors 

All selected sites in this study had a HOBO Pro T/RH sensor (Figure 5a) mounted 

within a radiation shield (Figure 5b).  Radiation shields are recommended by the World 

Meteorological Organization (WMO) and are used to prevent invalid results due to sensor 

heating from direct and reflective solar radiation, as well as to protect the sensor from 

precipitation (WMO 2008).  Specifications for the HOBO Pro T/RH sensor can be found in 

Table 4.  These sensors monitored hourly temperature and humidity data from June 1st, 2014 

at 0:00 through May 31st, 2015 at 23:00.  Permission was obtained from either private home 

owners or business owners/managers for placement of all sensor stations.  All sensors were 

mounted within their radiation shields at standard screen height between 1-2 meters.  Fifteen 

sensors were mounted onto 1.5”diameter metal poles.  Three of the remaining sensors were 

mounted onto fences, and two onto preexisting structures due to convenience to property 

owners. In addition, the coordinates of each sensor station were measured using the 

Commander Compass Lite application for the iPhone, while the elevation of the sensors were 

measured using the Altimeter+ iPhone application (Table 5). 
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a.                                                                      b. 

Figure 5: a. HOBO Pro T/RH sensor. Source: Onset 2014. b. Radiation shield (Photo March 2014). 

 

 

Table 4:  HOBO Pro T/RH sensor specifications.  Data source: MicroDAQ 2013. 

Data Storage Capacity 42,000 Readings 

Sampling Rate 1 Second to 18 Hours 

Time Accuracy 1 min/month at 25°C (77°F) 

Temperature Measurement Range -40°C to 70°C (-40° to 158°F) 

Temperature Accuracy ±0.2°C over 0° to 50°C (0.36°F over 32°F to 122°F) 

Temperature Resolution 0.02°C at 25°C (0.04°F at 77°F) 

RH Measurement Range 0 to 100% RH 

RH Accuracy ±2.5% from 10 to 90% 

RH Resolution 0.03% RH 

Battery Life 3 Years dependent on sampling rate and environment 

Battery 1/2 AA 3.6 Volt Lithium Battery, User-Replaceable 

 

5.1.1 Sensor Calibration 

Prior to mounting the sensors, they were calibrated to assure that any temperature 

differences recorded were due to actual differences in temperature and not instrument error.  

This was done by placing all sensors in a single layer in a small opened box outside in the 

shade for 24 hours and then inside a basement for 24 hours.  Sensor specifications report an 

accuracy of ±0.2°C (Table 4), which could account for a range of 0.4°C in temperature 

among sensors.  During the first 24 hours outside, differences in temperatures were seen up 

to 1.08°C.  However during the second 24 hours inside, temperatures differences between 



                                                                                                                                                                                                                                        

   24 

 

sensors were seen at a maximum of 0.3°C.  While in an outdoor environment, air circulation 

may have vented areas of the box differently causing a larger than expected difference in 

temperatures between sensors.  While in an enclosed basement without significant airflow, 

temperature measurements proved accurate.  Due to these findings the sensors were deemed 

in good working order and acceptable to use for this research. 

5.1.2 Sensor Station Placement 

 Hathway and Sharples (2012) conducted a study along the River Don in Sheffield, 

UK to examine the effects of the river on the local UHI.  They placed sensors perpendicular 

to the river at regular distance intervals, at a total of four different locations.  In this study, it 

was decided not to choose preset distances from the river due to difficulty finding secure 

locations for the sensors for the entire length of the study.  Therefore, sensors were spread 

throughout the study area at varying distances from the river that encompassed the intra-

urban variability of the landscape.   

Stations distances from the Susquehanna River were determined using the 

measurement tool in ArcGIS 10.3 and can be seen in Table 5.  The coordinates of all stations 

were placed over a land cover raster file, which was obtained from the PASDA 

(Pennsylvania Spatial Data Access) website, and distance to the river was measured by a 

perpendicular line from the sensor location to the bank of the river.  Distances of the urban 

stations to the river ranged from 86m to 4742m.  In two prior studies, the distance that 

cooling effects were felt from the river approximated the river’s width (Hathway and 

Sharples 2012, Murakawa et al. 1990).  The river in the Harrisburg study area averages 

approximately 1225m wide along the course of the study area, as determined by four river 

width measurements taken using ArcGIS.  For this reason, 4742m was considered to be a 
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great enough distance from the river to assess for potential effects on temperature. The extra 

3500m range provided by the sensors will provide additional data, in the event that river 

effects may be occurring at distances greater than the prior assumption of the river width.  

This distance should give a wide range of measurements to investigate how far away from 

the river air temperatures effects may occur.  

5.2 Data Collection 

Visits to each station occurred approximately every three weeks to download data, 

and to assess that all sensors were working properly and had not been affected by tampering.  

During one visit, the sensor at station 18 was found to be on the ground.  All data were 

removed between the prior station check and the remounting of the sensor.  This was done 

since it was unknown at what point the sensor was disrupted, and was no longer at screen 

height for the appropriate measuring of air temperature for this study.  The data for station 18 

from 7/26/14 at 15:00 through 8/26/14 at 10:00 were removed from the analysis. 

In addition to the data collected from the sensor station, meteorological data were 

downloaded from the Pennsylvania State Climatologist website from the weather station 

located at Harrisburg International Airport in Middletown, Pa.  The data included average 

hourly temperature, relative humidity, dew point temperature, and wind direction.  Shapefiles 

and raster files used in the ArcGIS figures where downloaded from the PASDA website.   
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5.3 Sensor Station Classification 

All sensor station locations where classified according to Stewart and Oke's (2012) 

'local climate zones' (LCZs).  According to Stewart and Oke (2012), air from one LCZ can 

blend with air from an adjacent LCZ, therefore the minimum diameter of a LCZ should be 

400m so that incoming air has time to adjust to the temperature of the LCZ of interest.  

During classification, the general landscape for a radius of 200m from the sensor location 

was taken into consideration.  This classification was done with first-hand knowledge of the 

locations and with the assistance of Google Earth satellite view. Subclasses were used when 

the location descriptions could be best represented by two or more land cover types, as 

suggested by Stewart and Oke (2012).  Ideally, sensor locations would be placed within a 

single homogeneous LCZ (Stewart and Oke 2012) however, due to the small scale of the 

Harrisburg area and the limitations on sensor placement, subclasses were utilized for thirteen 

of the sensor placements.  Abbreviated descriptions of the LCZs as defined by Stewart and 

Oke (2012) can be seen in Table 6, while the classification of each station in this study can 

be seen in Table 5.  Only those LCZ classifications that were used in this study are depicted 

in Table 6, while the complete classification can be found in Stewart and Oke (2012). 

Ground surface characteristics (Table 5) were also recorded to provide information as 

to the surface immediately surrounding the sensor.  Ideally, sensors should be placed over a 

level surface, with exposure to both sun and wind, and at distance from building obstructions 

and tree cover (WMO 2008).  However, with limited options in a built environment this is a 

difficult task.  All attempts were made to place sensors over similar natural surfaces and to 

avoid asphalt and pavements so that temperatures were not directly affected by release of 

heat from manmade land cover.  Many of the sensors were mounted directly over grass, but 
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at the edge of a landscaping mulch line so that the sensor was above grass, meanwhile away 

from the path of the lawnmower for the convenience of property owners.  Six of the stations 

were within 2m of an obstruction such as fence, shed, or building which could potentially 

limit air circulation to the sensor.  Qualitative descriptions of the station characteristics have 

been included to provide clear information of the urban characteristics of the study area for 

comparisons with past and future UHI research. 

 

 

Table 5:  Descriptive characteristics for all 20 sensor stations.  *Indicates that station was within 2m of a solid 

obstruction. 

Station Latitude Longitude Elevation(ft) LCZ 
Distance to 

River(m) 
Ground Surface  
Characteristics 

East Shore 
    

  

1 40° 15' 34.03" 76° 53' 00.10" 370 24G 108 Mulch/vegetation/tree cover 

2 40° 15' 49.97" 76° 52' 44.53" 377 58 744 Grass 

3 40° 16' 24.91" 76° 53' 18.92" 347 6 658 Pavement/vegetation/tree cover 

4 40° 17' 04.43" 76° 53' 56.68" 344 6 369 Grass/mounted to shed* 

5 40° 17' 24.95" 76° 53' 32.98" 367 68 1142 Bare soil* 

6 40° 17' 39.15" 76° 54' 13.63" 347 9 188 Grass/mulch 

7 40° 16' 32.79" 76° 51' 39.08" 403 68 2784 Grass/mounted to fence* 

8 40° 15' 26.60" 76° 51' 39.49" 354 8B 1340 Grass/slope 

9 40° 18' 46.80" 76° 52' 22.09" 403 9 2277 Grass/mulch* 

West Shore 
    

  

10 40° 15' 08.31" 76° 53' 44.43" 318 69G 96 Grass* 

11 40° 14' 34.94" 76° 53' 33.42" 400 6 786 Grass  

12 40° 14' 09.64" 76° 53' 04.83" 416 9 851 Grass/ tree cover 

13 40° 13' 36.01" 76° 51' 49.63" 311 63 207 Grass/concrete* 

14 40° 14' 41.87" 76° 54' 17.14" 462 96 1272 Seasonal vegetation/mulch/slope 

15 40° 14' 41.50" 76° 54' 59.44" 511 9A 1991 Grass/mulch 

16 40° 14' 23.09" 76° 55' 29.68" 403 6 2841 Grass/mulch 

17 40° 15' 06.41" 76° 55' 12.08" 426 5E 1722 Mulch/grass 

18 40° 13' 58.26" 76° 56' 44.61" 400 8B 4742 Grass 

City Island 
    

  

19 40° 15' 18.05" 76° 53' 21.06" 328 9EG 86 Grass/bare soil/tree cover 

Rural 
    

  

20 40° 10' 08.34" 76° 57' 26.44" 452 BA 10660 Grass 
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Table 6: Descriptions for the subset of the 12 local climate zones (LCZs) that were present in this study.    

Source: Modified from Stewart and Oke 2012. 
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5.4 Analysis  

5.4.1 Descriptive Analysis 

 Initial data analysis included descriptive statistics of the temperature data.  The mean 

temperature for each hour between 0:00 and 23:00 was determined for each station and 

plotted in a time series.  A mean hourly temperature for all 19 urban stations was also plotted 

in bold.  This was done for the course of the entire year study period and for each individual 

season.  This task was done to obtain a general understanding of how the temperatures vary 

throughout the day.   

Further analysis involved determining the hourly magnitude of the UHI at all of the 

urban stations.  The equation used for determining the magnitude of the UHI is: 

UHI intensity = ΔTu-r                                                                                           (1) 

where (T) is the temperature and (u) is urban site and (r) is rural site (IAUC 2013). A rural 

reference site is highly important in the ability to determine the magnitude of a UHI (Souch 

and Grimmond 2006, Mirzaei and Haghighat 2010).  Without a rural comparison, there is no 

capability to establish that urban areas are warmer or cooler than rural areas (Souch and 

Grimmond 2006).  This equation was used to compute hourly UHI intensity by using the 

hourly rural temperature and the hourly urban temperatures from each station to allow for 

comparison between sites (Giannaros and Melas 2012).   

The intensity of the UHI was calculated for every hourly temperature reading for all 

19 urban study stations.  These values were used to determine the single maximum and 

minimum UHI intensities for each season and station.  These maximum and minimum values 

were placed in a table and ordered from most urban station to least urban station according to 

LCZ’s.  Level of urbanism was assigned based on major LCZ class first, and then by 
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subclasses.  Stations with the same LCZ were placed in order based upon firsthand 

knowledge of the study area.  Ordering by level of urbanism may allow for easier 

interpretation of temperature values and differences.   

The hourly UHI intensities for each station were then averaged together by hour and 

graphed for a 24-hour period for all seasons and the entire year.  Additionally, the mean 24-

hour UHI values for all urban stations were calculated for all seasons and overlaid on the 

graph in bold.  The 24-hour UHI intensity graphs were examined to determine at what time 

of day the greatest temperature difference can be seen, as well as whether a UCI was 

occurring at a specific time during the day.   

The time of day with the greatest temperature difference was similar for all sites and 

seasons and spanned several hours.  A range of hours from 22:00-05:00 was identified as the 

time period with the greatest temperature differences when taking into account the variation 

between seasons, and will be the UHI time frame used within this study.  Conversely, the 

time of day with the minimum temperature difference was also identified as 10:00-14:00.   It 

is at these times that several of the station average intensities dip into the negative values, 

indicating that the rural station is warmer than some of the urban stations.  It is for this reason 

that the time frame of 10:00-14:00 will be termed the UCI in further analysis.   

Scatter plots were also utilized to examine the mean seasonal temperature values for 

all urban stations and the rural station.  The mean seasonal temperature values were 

calculated using the average daily temperature of the UHI time frame of 22:00-05:00.  A total 

of five graphs were made; one for each season and the entire year.  The stations in these 

graphs were ordered from most to least urban.  These graphs will be used to determine if 

there are any general trends in temperature between more urban and less urban sensor 
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locations.  Mean daily UHI intensities were calculated for each station and were then 

averaged by season and the entire year.  These values were placed in a table for initial 

viewing of the mean UHI intensities and the differences between stations.   

5.4.2 Cartographic Analysis 

The average UHI intensities for the hours of 22:00 to 05:00, for all four seasons and 

the entire year, was then mapped for each urban station in the study area.  These maps were 

created using ArcGIS to provide a visual interpretation of temperature variations between 

stations and seasons.   Each urban sensor location was color coded with a marker ranging 

from smallest UHI (light yellow) to largest UHI (dark red).  The same color scale was used 

for all five maps so that overall variation could be seen between seasons.  The land use map 

used for these figures was converted to grayscale so that the different sensor colors would be 

more visible.  The darkest land use category is the most developed with increasingly lighter 

shades as development decreases.  The three types of forests were all converted to the same 

shade to identify general forest areas.  The same method was used for the croplands and 

wetland classifications.  A second set of maps was also made where UHI intensities were 

divided by quartiles with the 25% lowest values coded as light red, through to the top values 

which were coded as dark red.  This was done to further examine if the same stations were 

consistently the warmest or coldest throughout the study period.   

5.4.3 Significance Testing 

The mean daily temperatures for the UHI time frame were averaged together for each 

station by season.  These mean values were placed on a graph matrix, with all 20 stations 

listed across the columns, and again down the rows.  Stations were ordered from most urban 
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to least urban for both the columns and rows.  The equation used for matrix calculations was 

a modified equation by Stewart and Oke (2012) and is as follows: 

LCZ X Intensity = ΔTLCZ x – LCZ y     (2) 

 where (T) is the temperature and (LCZ x) is the row value and (LCZ y) is the column value.  

In using this equation, differences between all urban stations are calculated in addition to the 

differences between the urban and rural stations. A total of five matrices were created, one 

for each season and one for the entire year.  Every cell in each matrix contains a value of the 

difference in temperature, or rather UHI intensity, between each pair of stations. The cells 

were then colored light blue if the row station was colder than the column station and light 

red if the row station was colder than the column station.   

Appropriate assessment of the UHI requires it to be determined if the temperatures at 

the urban locations are significantly different than the temperatures at the rural location.  In 

order to determine this, a two-sample t test was conducted between each paired combination 

of stations using SPSS.  Therefore, not only can determination be made if the rural and urban 

sites are significantly different in temperature, but also which urban sites are significantly 

different from one another.  The t test was conducted using the daily mean temperatures from 

the UHI time frame of 22:00 to 5:00 for each season and for the entire year.  The testing was 

done with a significance level of 0.05. After completion of the testing, the stations that were 

significantly colder or significantly warmer were indicated by dark blue and dark red 

respectively. 
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5.4.4 Linear Regression Analysis 

 Simple linear regression was conducted by using the distance of the station from the 

river as the independent variable and the mean UHI intensity for each season as the 

dependent variable.  This was done to determine if there was a relationship between the 

distance from the river and air temperature.  A second linear regression was conducted in the 

same manner but used the mean UCI intensity values for each season in place of the UHI 

intensity values.  T tests were applied to the slope of the regression line to determine the 

significance of the b coefficient.  This same analysis was then conducted again on the UHI 

and UCI intensities without station 18 due to its potential nature as an outlier, which will be 

discussed further in the results. 

 Further investigation was done to assess potential effects of the river on temperature 

by comparing the stations to themselves under different weather conditions. Hourly 

temperature, relative humidity, dew point temperature, and wind direction data were 

downloaded from Harrisburg International Airport weather station.  The values for these 

variables were averaged during the UHI time frame of 22:00-05:00 for a daily value and used 

as baseline data for further analysis of potential river effects on temperature.  

Using mean daily temperature values from the airport data, the top ten percent 

warmest days for each season of the study period were identified, as well as the ten percent 

coldest days. The temperatures for each urban station were selected for these days.  The 

temperatures for the warmest days were averaged together by station, while the temperatures 

for the coldest days were averaged together as well.  The mean for the coldest days was then 

subtracted from the mean for the warmest days for each station.  The values for each station 

were then plotted on a scatter plot versus distance of the station from the river.  A linear 
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regression line equation and R2 value was added to the graph.  T tests were applied to the 

slope of regression line to determine the significance of the b coefficient.   

Similar analysis was conducted for dew point temperature (DT) and relative humidity 

(RH).  Using the airport data, the top ten percent of days with the highest DT for each season 

were identified along with the bottom ten percent of days with the lowest DT.  The 

temperatures for these dates were pulled from the collected station data.  The bottom ten 

percent were averaged together and then subtracted from the mean of the top ten percent for 

each station.  These values were graphed in a scatter plot versus distance of the station from 

the river with a regression line and R2 value applied.  Again, t tests were applied to the 

regression equation to determine the significance of the b coefficient.  The same 

methodology was used for analyzing RH.   

Average wind directions were calculated using the 22:00-05:00 data.  The averaging 

of wind directions was done by taking individual wind direction values and breaking them 

into vectors, averaging the individual vectors, and then average wind direction was 

recomputed based on average vectors.  Days with a mean wind direction of 0-105º and 180-

285º were identified.  Wind directions between 0-105º were considered to be upwind from 

the river for the east shore stations and downwind from the river for the west shore stations.  

Meanwhile, wind directions between 180-285º were considered to be upwind from the west 

shore stations and downwind from the east shore stations.  Temperatures for each urban 

study station where gathered for the days that average wind direction fell within the two 

identified wind direction ranges.   

Temperatures were averaged by station and season for the 0-105º wind direction days 

and then again for the 180-285º wind direction days. Then the mean temperature for the 
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upwind days were subtracted from the mean temperatures for the downwind days for the nine 

east shore stations.  The same was then done for the nine west shore stations.  The City Island 

station was not included since it cannot be classified as either upwind or downwind since it 

lies in the middle of the river.  The resulting temperatures differences were plotted against 

distance from the river on a scatterplot, and a regression line, R2 values, and t tests of the b 

coefficient were applied.   

5.5 Lapse Rate 

When analyzing the temperatures, it can be important to ascertain whether differences 

in temperatures may occur to some degree by differences in elevations between sites (Doyle 

and Hawkins 2008).  The elevation range in this study is 200ft or 61m, with a lowest 

elevation of 311ft to a maximum of 511ft (Table 5).  The rural station sits at 452ft above msl.  

Utilizing a dry adiabatic lapse rate of 9.8°C/1000m, there is a maximum 0.18ºC temperature 

difference between the rural station and the maximum elevation station, and a 0.42ºC temp 

difference between the rural station and the station with the lowest elevation.  Meanwhile, the 

moist adiabatic lapse rates is averaged at approximately 6ºC/1000m (Ahrens 2007).  

Therefore, when the air is saturated, the temperature difference would be just over half as 

much as when the air is unsaturated.  When taking into account changes in humidity and 

winds, the temperature difference arising from elevation would be minimal and does not 

warrant any further manipulation of the data. 
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CHAPTER 6: RESULTS 

 

6.1 Descriptive Analysis 

 Visual examination of the mean 24-hour temperature graphs (Figure 6) for each 

season indicate that each station follows similar daily temperature fluctuations.  Each season, 

and the entire year, appear to have a range of hours where the rural site is the coolest station 

and a UHI is occurring at all urban stations.  The hour ranges are 20:00-07:00 (summer), 

20:00-08:00 (fall), 19:00-09:00 (winter), 20:00-07:00 (spring) and 20:00-08:00 (year).  The 

largest maximum difference between the rural station and the next coolest station is 

approximately 1.8ºC in the summer (Figure 6a) while winter appears to have the smallest 

maximum difference of approximately 1ºC (Figure 6c).    

 Maximum UHI intensities are shown in Table 7.  Two stations shared the maximum 

intensities values.  The maximum single hour values for both summer and fall were found to 

have occurred at station 1, with values of 9.69ºC and 10.26ºC respectively.  While the 

maximum single hour value of 11.48ºC for winter and 12.21ºC for spring occurred at station 

17.  All of the maximum intensities for all seasons were found to fall within the hours when 

an UHI was determined to be occurring as depicted in Figure 7.  Of note in the fall, a single 

day, 10/27 accounted for the maximum intensity for 15 of the stations, while in the winter 

2/10 had the maximum intensity for 10 of the stations. 
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Figure 6:  Mean temperatures for all 20 sensor stations for every hour over a 24-hour period for a. summer, b. 

fall, c. winter, d. spring, and e. year.  Each solid gray lines represent one of the 19 urban stations while the 

dotted gray line represents the rural station.  The bold gray lines represents the mean 24-hour temperature for all 

19 urban stations. 
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Examination of daily weather maps (Weather Prediction Center 2015) for these two 

days did indicate that on both days, a high pressure system was located over the Harrisburg 

area.  High pressure is associated with dry weather. As the air above sinks, the air below 

flows to lower pressure areas.  The sinking air warms and any moisture in the air tends to 

evaporate ((National Weather Service 2010).  This produces conditions of clear skies and low 

wind speeds which can increase the intensity of a UHI.  These clear skies allow maximum 

amounts of solar radiation to heat the environment and urban structures (Memon et al. 2008).  

These high pressure systems may therefore be the cause of the majority of maximum UHI 

intensities occurring on a single day in the fall and spring. 

Minimum UHI intensities can be seen in Table 8.  These negative values indicate that 

urban stations were cooler than the rural stations at these times.  Again, the minimum 

intensities for each season were distributed between two stations.  Station 9 had minimum 

intensities for summer (-4.75 ºC), fall (-5.92 ºC) and spring (-6.46 ºC).  The minimum 

intensity for winter was found at station 16 with a value of -5.33 ºC.  In summer and spring, 

minimum intensities were predominately within the daytime values and outside of the UHI 

timeframes.  However, in winter and fall, over half of the minimum values were found to 

have occurred during the UHI timeframe.  Also in the fall, ten of the stations had the 

minimum intensities occur on the single date of 11/24, while in the winter, twelve stations 

had minimum intensities on 3/26.  

Investigation of surface weather maps (Weather Prediction Center 2015) indicate that 

a low pressure system with an incoming cold front, and precipitation was occurring on 11/24.  

In low pressure systems, rising air will cool and water will condense and precipitate 

(National Weather Service 2010).  Wind and evaporation of precipitation from this low 
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pressure system, in addition to the cold front, could be the reason the large number of stations 

had their minimum intensities on this day.  Weather maps for 3/26 do not show a strong high 

or low pressure system over the study area on this day, however some precipitation did 

occur.  Maps of the following day show a clear low pressure system.  Since the minimum 

temperatures occurred in the afternoon (15:00), the lower pressure system may have been 

beginning to move in and helped to create these minimum temperatures. 

 

 

Table 7: Temperatures, dates and hour for maximum urban heat island intensity for each station for every 

season, where Tdiff is the difference in temperature between the urban station and the rural reference station.  

Stations are ordered from most urban to least urban. 

 
 Summer Fall Winter Spring 

STA LCZ Tdiff(°C) Time Tdiff(°C) Time Tdiff(°C) Time Tdiff(°C) Time 

1 24G 9.69 6/1      00:00 10.26 10/27     0:00 9.16 2/1     01:00 10.56 5/23     22:00 

2 58 8.92 7/5      23:00 9.82 10/27     1:00 9.22 1/31    23:00 10.42 5/23     22:00 

17 5E 7.45 6/20      04:00 8.25 10/27     1:00 11.48 2/18     05:00 12.21 3/7     01:00 

13 63 7.52 8/28      23:00 8.12 10/27     0:00 7.10 1/29     04:00 8.05  5/15     01:00 

8 8B 7.15 8/14      22:00 9.70 10/27     1:00 6.75 2/1     01:00 8.99 4/18     22:00 

18 8B 7.79 6/7      22:00 7.10 10/27     0:00 7.34 2/21     00:00 9.07 3/7     06:00 

7 68 6.29 6/22      23:00 8.80 10/27     1:00 6.73 2/1     02:00 8.45 3/7     04:00 

5 68 7.46 7/5      22:00 9.79 10/27     1:00 8.97 2/1     00:00 9.29 3/7     01:00 

3 6 8.85 7/5      22:00 9.07 10/27     1:00 8.10 2/1     02:00 9.37 5/23     22:00 

11 6 7.27 7/24      23:00 7.42 10/27     1:00 6.17 1/29     04:00 8.84 4/15     06:00 

4 6 7.39 7/5      22:00 9.29 10/27     1:00 8.11 1/31     23:00 8.90 4/18     22:00 

16 6 5.74 8/29      00:00 5.92 9/19     2:00 5.05 2/18     07:00 7.93 4/15     06:00 

10 69G 7.84 7/24      23:00 7.69 9/19     2:00 6.49 2/1     01:00 9.15 4/15     06:00 

14 96 7.10 6/1      00:00 7.47 10/27     8:00 7.90 2/1     03:00 8.88 3/7     04:00 

19 9EG 7.93 6/1      00:00 9.52 10/27     0:00 6.72 2/1     01:00 8.82 4/29     00:00 

6 9 6.87 8/14      22:00 9.65 10/27     1:00 8.19 2/1     00:00 8.22 4/18     22:00 

12 9 7.13 7/25      00:00 6.66 9/19     2:00 5.71 2/18     07:00 9.08 4/15     06:00 

9 9 6.01 8/14      04:00 8.63 10/27     0:00 6.18 1/29     06:00 8.56 4/29     01:00 

15 9A 6.33 8/28      23:00 6.76 9/19     2:00 7.83 2/1     03:00 8.52 4/15     06:00 
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Table 8: Temperatures, dates and hour for minimum urban heat island intensity for each station for every 

season, where Tdiff is the difference in temperature between the urban station and the rural reference station. 

 
 Summer Fall Winter Spring 

STA LCZ Tdiff(°C) Time Tdiff(°C) Time Tdiff(°C) Time Tdiff(°C) Time 

1 24G -3.191 6/16      09:00 -4.387 11/24     4:00 -2.550 12/27    15:00 -5.167 3/26    15:00 

2 58 -2.151 7/23      17:00 -3.608 11/24     4:00 -2.316 12/1    14:00 -4.691 3/26    15:00 

17 5E -2.848 6/18      18:00 -4.534 11/24     4:00 -2.554 1/1    20:00 -5.500 3/26    15:00 

13 63 -3.445 6/13      18:00 -3.885 10/28    14:00 -3.603 12/28    13:00 -4.715 3/26    15:00 

8 8B -2.610 7/28      18:00 -4.207 11/5     4:00 -2.517 1/16    06:00 -3.532 3/17    04:00 

18 8B -1.943 7/13      21:00 -3.175 11/5     4:00 -2.060 12/28    13:00 -4.073 3/26    15:00 

7 68 -2.998 7/23      17:00 -5.689 10/28    21:00 -3.357 1/1    21:00 -4.856 4/11    05:00 

5 68 -4.299 7/23      17:00 -4.827 11/24     4:00 -2.144 12/28    12:00 -4.472 5/27    12:00 

3 6 -2.611 7/23      17:00 -4.217 11/24     4:00 -2.292 1/4    21:00 -3.930 3/26    15:00 

11 6 -1.631 7/28      18:00 -3.469 11/5     4:00 -4.393 1/16    06:00 -4.429 3/26    15:00 

4 6 -3.264 7/23      17:00 -5.662 11/24     4:00 -2.357 1/1    21:00 -4.121 3/17    09:00 

16 6 -2.529 7/11      18:00 -4.034 11/5     4:00 -5.334 1/16    07:00 -4.834 3/26    15:00 

10 69G -2.894 6/13      18:00 -5.293 11/24     4:00 -4.746 1/16    07:00 -5.453 3/26    15:00 

14 96 -2.290 6/15      19:00 -2.350 11/24     4:00 -2.494 1/4    21:00 -4.025 3/26    15:00 

19 9EG -3.853 6/16      10:00 -5.465 11/24     4:00 -4.672 1/16    06:00 -5.761 3/17    14:00 

6 9 -3.433 7/23      17:00 -5.785 11/24     4:00 -3.852 12/27    13:00 -5.943 5/27    12:00 

12 9 -3.110 6/13      18:00 -4.219 10/28    14:00 -4.578 1/16    06:00 -4.786 3/26    15:00 

9 9 -4.753 6/2      03:00 -5.922 11/5     4:00 -4.524 1/1    21:00 -6.455 4/16    01:00 

15 9A -3.019 7/11     18:00 -3.832 10/28   21:00 -3.446 1/16    06:00 -5.238 3/26    15:00 

 

 

 

The 24-hour temperature difference graphs continue to support that a UHI is 

occurring during the evening hours (Figure 7).  The greatest temperature differences are seen 

in the summer with a maximum single station difference of approximately 4.5ºC noted at 

23:00-0:00 (Figure 7a).  The second highest temperature differences were found in the fall 

with the greatest difference of just under 4ºC occurring also at 23:00-00:00 (Figure 7b).  

Spring had the third highest temperature differences with a maximum around 3.7ºC at 

midnight (Figure 7d), while winter had the smallest temperature differences, with the 

maximum difference in winter of 2.7ºC occurring between 23:00-00:00 (Figure 7c).  The 

hours where there is a sustained elevated UHI are from 21:00-6:00 (summer), 20:00-7:00 

(fall), 20:00-08:00 (winter), 21:00-6:00 (spring), and 21:00-06:00 (year).  Meanwhile the 
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smallest temperature differences were noted between 09:00-18:00 (summer), 10:00-18:00 

(fall), 10:00-18:00 (winter), 09:00-19:00 (spring), and 10:00-18:00 (year). These graphs led 

to the determination of 22:00-05:00 as the UHI study period and 10:00-14:00 as the UCI 

study period.  

 

      

     

 
Figure 7:  Mean 24-hour temperature differences between each urban station and the rural reference station for 

a.) summer, b.) fall, c.)winter, d.) spring, e.) year.  The bold black line is the average of the mean 24-hour 

temperature difference for all 19 urban stations. 

 

 

b. fall a. summer  
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The scatterplots in Figure 8 show that there does appear to be a trend between land 

use and temperature.  As land use progresses from more urban to less urban, the mean 

temperature trends downward for all seasons and the entire year.  However, a trend line 

cannot be applied to the data since the x-axis is not a distance, but rather discrete locations.  

In all seasons, the two most urban stations are the warmest and the rural station is the coldest. 

Winter appears to have the most clear and consistent downward trend between urban 

development and mean temperature.  However, the range of temperature variation from the 

warmest to the coldest station is only approximately 2.5ºC.  The overall fluctuations of 

temperatures is greatest in summer with a range of approximately 5.4ºC, yet the pattern of 

colder temperatures with decreasing urban development is still visible.  Temperature patterns 

are noted to be quite similar for the fall, spring, and entire year.   

 

 

 

 

 

 

 

 

 



                                                                                                                                                                                                                                        

   43 

 

 

 

 
Figure 8: Mean temperatures for a. summer, b. fall, c. winter, d. spring, and e. year for each sensor station.  

Stations are ordered from most urban to least urban. 
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Table 9 lists the mean UHI intensities for each station and for the entire year.  

Stations are ordered from most urban to least urban.  UHI intensity appears to be the 

strongest in the summer, with a range of 1.6ºC - 4.35ºC, and weakest in the winter with a 

range of 0.77ºC - 2.48ºC.  Fall is the second warmest season with a range of intensities from 

1.24ºC – 3.69ºC.  Spring is the third warmest season with an UHI intensity range of 1.09ºC – 

3.61ºC.  For all seasons, the strongest UHI intensity was found at station 1 and the lowest 

intensity was found at station 9.   

 

Table 9:  Mean UHI intensities by stations for the seasons and entire year. 

Station Summer Fall Winter Spring Year 

1 4.35 3.69 2.48 3.61 3.53 

2 4.00 3.29 2.34 3.41 3.26 

17 2.74 2.78 2.33 2.77 2.66 

13 2.96 2.27 1.57 2.38 2.30 

8 2.74 2.22 1.53 2.28 2.19 

18 3.62 2.31 1.55 2.41 2.47 

7 1.80 1.33 0.90 1.53 1.39 

5 3.19 2.69 1.82 2.70 2.60 

3 3.68 2.93 1.82 2.93 2.84 

11 2.81 2.07 1.33 2.25 2.12 

4 3.10 2.41 1.67 2.54 2.43 

16 1.94 1.38 0.94 1.51 1.44 

10 2.84 2.24 1.46 2.14 2.17 

14 2.61 2.07 1.37 2.24 2.08 

19 3.25 2.58 1.29 2.23 2.34 

6 2.88 2.35 1.61 2.34 2.30 

12 2.48 2.04 1.28 2.08 1.97 

9 1.60 1.24 0.77 1.09 1.18 

15 1.96 1.58 1.04 1.53 1.53 
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6.2 Cartographic Analysis 

 Figure 9 displays the study area land use map converted from color to grayscale for 

easier visual interpretation of the results.  This grayscale land use map was subsequently used 

to plot station temperature values for Figures 10 and 11.  Examination of Figure 10 indicates 

that the UHI intensities were strongest in the summer and weakest in the winter.  Stations 1 

and 2 stand out as the warmest for all seasons and for the year, with maximum UHI 

intensities of 4.35ºC (station 1) and 4.0ºC (station 2) in the summer.  The lowest UHI 

intensity of 0.77ºC can be found at station 9 in the winter.  In general, the stations closest to 

the river on the east shore appear to be warmer than the stations closest to the river on the 

west shore.  Stations 9, 7, 16, and 15, which are four of the stations that are furthest from the 

river, tend to have the weakest UHI intensity.  Station 18 is an exception, as it is the station 

furthest from the river, and is warmer than the four coldest stations for all four seasons. 

Station 18 is in an area of large low rise buildings with grass and scattered trees, but is also 

close to a major highway that could be suppling more anthropogenic heat, which may explain 

its strong UHI intensity.   

 Although the UHI intensity itself can change at a station from season to season as 

seen in Figure 10, the stations generally follow the same pattern of UHI intensities between 

seasons.  In Figure 11, the same stations are the warmest in all seasons, the coldest stations 

are the coldest in all seasons, and the stations in the middle ranges are the same between all 

stations.  There are however, a few small variations.  Station 13 is in a cooler category in fall 

and for the year.  In the summer station 17 is colder while station 18 is warmer compared to 

the other seasons, and station 19 is colder in both the winter and spring than it is in summer 

and fall. 
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Figure 9: Land use classifications converted from color to grayscale. 
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Figure 10:  UHI intensities for each urban station for a. summer, b. fall, c. winter, d. spring, e. year. 

 

a. summer b. fall 

c. winter d. spring 

e. year 
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Figure 11:  UHI intensities divided by quartiles for a. summer, b. fall, c. winter, d. spring, e. year.   

 

a. summer 
b. fall 

c. winter d. spring 

e. year 
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6.3 Significance Testing 

The matrices in Figure 12 provided information on which stations were consistently 

and/or significantly colder or warmer than the other stations.  These are meant to be read by 

reading across the rows, not down the columns.  Dark red cells indicate that the row station 

was significantly warmer than the column station as determined by the t-test (p<0.05).  Dark 

blue cells indicate the row station is significantly colder than the column station.  Light red 

and blue cells indicate that the row station was warmer or colder than the column station 

respectively, however they were not significantly different.  Summer (Figure 12a) was found 

to have the most statistically significant different temperatures between stations.  Station 1 

was consistently warmer than all other stations, while station 2 was warmer than every 

station except station 1.  Most of these warmer values were statistically significant. It should 

be noted that these two stations were the two most urban stations.  Station 3 also was the 

third warmest station.  Station 20, the rural station, was significantly colder than all other 

stations.  Station 9, the second least urban station, was colder than all stations except for the 

rural station, and was significantly colder than most of the other stations.  Stations 7, 15, and 

16 were stations that were generally colder than the other stations, and in most of the 

relationships were significantly colder.  

Fall (Figure 12b) had many fewer significant values.  Station 1 was again the warmest 

station and was significantly warmer than four urban stations and the rural station.  

Otherwise, stations 2, 17, 5, and 3 were generally the warmest stations, but with only one 

significantly warmer value found with station 2.  The rural station was colder than all other 

stations and was significantly colder than twelve of the urban stations.  Otherwise stations 7, 
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9, 15, 16 were generally the coldest stations but with only 5 significantly colder values 

between them.   

Winter had the least amount of statistically significant temperature differences 

(Figure 12c).  Station 1 remained the warmest station and was significantly warmer than one 

other urban station.  Otherwise, stations 2, 17, 3, and 5 were again the overall warmest 

stations.  The rural station remained the coldest station and was significantly colder than five 

of the urban stations.  Station 9 was the coldest urban station but was only significantly 

colder than one station.  After station 9, stations 7, 16, 15 were generally the coldest stations 

in winter. 

 Spring also had minimal significant differences in temperatures (Figure 12d).  Station 

1 remained the warmest, while station 9 remained the coldest with the only significant 

difference between urban stations was found to be in this pair.  Stations 2, 17, 3, and 5 were 

the warmest, while stations 7, 16, 9, and 15 were the coldest. The rural station was still colder 

than all stations and was significantly colder than nine urban stations.   

 Examination of the entire year (Figure 12e) showed slightly more significantly 

different temperatures than fall, winter, and spring.  Station 1 was still the warmest station 

and was significantly warmer than the rural station and one other urban station.  Otherwise, 

stations 2, 17, 5, 3 remained the warmest stations. Station 9 was again the coldest station and 

was significantly colder than one other urban station.  The rural station was significantly 

colder than sixteen urban stations.  Similar to the seasons, stations 7, 16, and 15 tended to be 

the coldest stations.  Despite the fact that only summer showed many significantly different 

temperatures, there are still general patterns seen where the same stations are consistently the 

coldest or warmest throughout the other season matrices.   
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 The same matrices in Figure 12, but with the UHI intensity values between each 

pairing included in the cells, can be found in Appendix A.   
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    a. summer                 b. fall 
 

    
   c. winter                  d. spring 
 

 
   e. year 
 

Figure 12: Differences between the a. summer, b. fall, c. winter, d. spring, and e. yearly mean UHI intensities for all pairs of 

stations. Stations are ordered from most to least urban. Light red cells indicate that the row station was warmer than the 

column station.  Light blue cells indicate the row station was colder than the column station.  Dark red cells indicate that the 

row station was significantly warmer than the column station as determined by the t test.  Dark blue cells indicate the row 

station is significantly warmer than the column station as determined by the t test.  
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6.4 Linear Regression Analysis 

 UHI intensity of the stations was examined in relationship to the distance the station 

was from the river.  Weak relationships exist between temperature and distance for all 

seasons (Figure 13a) with the strongest relationship in the fall.  Mean UHI temperatures 

decrease as the distance from the river increases.  The R2 values are 0.132 for summer, 0.246 

for fall, 0.142 for winter, and 0.193 for spring.  T-tests were run against the slope of the line 

(Table 10) for all seasons, which indicated that the results were only significant in the fall 

(p<0.05).  Therefore, about a quarter of the temperature difference for fall can be explained 

by the distance from the river, and for every 1000m increase in distance from the river, there 

is a decrease in temperature of 0.3 ºC. 

 Relationships between mean UHI intensity and the distance from the river was also 

examined for the UCI (Figure 13b).  There appeared to be relatively no relationship between 

temperature and distance for river as R2 values were all less than 0.1.  The R2 values were 

0.067 (summer), 0.022 (fall), 0.0003 (winter), 0.024 (spring).  T-tests for the b coefficients 

were not significant for any season (Table 10).   

 When viewing Figure 13a, station 18, which is the station at 4742m from the river, 

appears to be separated from the data due to its elevated temperature difference and its 

distance away from the next closest station at 2841m from the river.  In addition, while the 

other stations at the greatest distances from the river tended to run colder, station 18 was one 

of the warmest stations in summer and part of the upper middle 25% throughout the rest of 

the year (Figure 11).  Due to these facts, the possibility that Station 18 was an outlier in the 

data was considered.  However, upon review of the mean seasonal and yearly UHI intensities 

for each station (Table 9), it was determined that station 18 was not the warmest station for 
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any season.  Therefore, it could not be tested using the Dixon Q test for outliers and was not 

actually an outlier value.   

 Past research by Hathaway and Sharples (2012) and Murakawa et al. (1990) found 

that cooling from the river was found to occur at distances similar to the width of the river. 

The Susquehanna River is roughly 1225m wide at the study area, therefore station 18, at 

4742m from the river, was considered to be well past the distance where river effects could 

be determined.  For these reasons, the same regression analysis of the UHI and UCI 

intensities versus distance to the river were conducted without station 18 and can be seen in 

Figure 14.   

 With station 18 removed, the regression line analysis of the UHI timeframe showed 

much higher R2 values (Figure 14a).  The R2 values became 0.575 (summer), 0.4771 (fall), 

0.2804 (winter), 0.409 (spring).  This suggests a much stronger relationship between UHI 

intensity and distance from river than in the previous analysis.  T-tests indicate that the slope 

of the line for all seasons was significant (p<0.05).  So for every 1000m increase from the 

river temperatures will decrease by 0.6ºC in summer, 0.5ºC (fall), 0.3ºC (winter), and 0.5ºC 

(spring). 

 Meanwhile, reanalysis of the UCI without station 18 did not make any major changes 

to the results (Figure 14b). No noticeable relationships were noted in the initial UCI analysis, 

and with the reanalysis, the R2 values were even lower with the highest occurring in the 

spring of 0.06.  T-tests indicate no significance of the b coefficients.  
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Figure 13: Seasonal mean urban-rural temperature differences versus distance to the river for each urban station 

for a. the UHI timeframe of 22:00-05:00 and b. the UCI timeframe of 10:00-16:00.  Trend lines and R2 values 

have been applied to each season. 

 

b. UCI 
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Figure 14: Seasonal mean urban-rural temperature differences versus distance to the river for all urban stations 

except station 18 for a. the UHI timeframe of 22:00-05:00 and b. the UCI timeframe of 10:00-16:00.  Trend 

lines and R2 values have been applied to each season. 

 

  

b. UCI 
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Table 10:  T statistic and p-values for the slope of the linear regression analysis for the UHI and UCI with and 

without station 18. 

 
Season t Stat P-value 

UHI    

 
summer -1.611 0.126 

 
fall -2.355 0.031 

 
winter -1.677 0.112 

 
spring -2.019 0.06 

    UCI    

 
summer 1.102 0.286 

 
fall 0.623 0.542 

 
winter 0.071 0.944 

 
spring 0.646 0.527 

    

Without Station 18 

UHI     

 
summer -4.652 0.000 

 
fall -3.821 0.002 

 
winter -2.497 0.024 

 
spring -3.328 0.004 

    UCI   
  

 
summer 0.383 0.707 

 
fall 0.458 0.653 

 
winter 0.061 0.952 

 
spring 1.01 0.328 

 

 The graphs in Figure 15 represent the difference in the mean temperature for the ten 

percent coldest days subtracted from the ten percent warmest days (Figure 15a), the ten 

percent lowest relative humidity days subtracted from the ten percent highest humidity days 

(Figure 15b), and the ten percent lowest dew point temperature days subtracted from the ten 

percent lowest dew point temperature days (Figure 15c) in respect to the distance from the 

river.  There are very weak relationships for the days based on temperature for all seasons. It 

depicts that as distance from the river increases, the difference in temperatures between the 

warmest and coldest days increases for both summer (R2 = 0.2) and winter (R2 = 0.149).  
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During the spring and fall the difference in temperatures between the warmest and coldest 

days decreases as distance from the river increases with R2 values of 0.137 and 0.008 

respectively.  T tests against the slope of the regression equation reveal no significance as all 

p-values are greater than 0.05 (Table 11).  

 Analysis of relative humidity indicates that the difference in temperature between the 

days with the highest relative humidity and lowest relative humidity increases as distance 

from the river increases (Figure 15b).  The relationships in this analysis are moderate with R2 

values of 0.457 (summer), 0.425 (fall), 0.303 (winter), and 0.544 (spring).  T tests against the 

slope indicates that all b coefficients are significant (p <0.05) (Table 11).  The regression line 

equation indicates that for every increase of 1000m in distance from the river, temperature 

differences will increase 0.3 ºC (summer), 0.3 ºC (fall), 0.1 ºC (winter), and 0.2ºC (spring). 

 Examination of dew point temperatures suggest that the difference in temperatures on 

the days with the highest dew point temperatures and the days with the lowest dew point 

temperatures increases as distance from the river increases in the summer and winter, and 

decreases as distance from the river increases in fall and spring.  All relationships between 

dew point temperature and distance from river are generally weak with the strongest of the 

relationships seen in summer (R2 = 0.262) and in winter (R2 = 0.23).  There is relatively no 

relationship in fall (R2 = 0.007) and winter (R2 = 0.019).  Further analysis of the slope of the 

regression equation indicates that the b coefficient is significant only during the summer and 

winter (Table 11).  Therefore, the regression line equation indicates that for every 1000m 

increase in distance from the river temperature differences will increase by 0.3ºC in the 

summer and 0.1ºC in the winter. 
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         a. temperature     

                

 

 
       c. dew point 

 

Figure 15: Mean temperature differences between a. ten percent coldest days subtracted from the ten percent 

warmest days, b. ten percent lowest relative humidity days subtracted from the ten percent highest relative 

humidity days, and c. ten percent lowest dew point temperature days subtracted from the highest dew point 

temperature days. 

 

 

 

 

 

 

 

 

b. relative humidity 
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Table 11: T statistics and p-values for the slope of linear regression analysis for temperature, relative humidity 

(RH) and dew point temperature (DT).   

 
Season t Stat P-value 

Temp    

 
summer 2.064 0.055 

 
fall -0.369 0.717 

 
winter 1.725 0.103 

 
spring -1.644 0.119 

    RH    

 
summer 3.78 0.001 

 
fall 3.548 0.002 

 
winter 2.718 0.015 

 
spring 4.504 0.000 

    DT    

 
summer 2.454 0.025 

 
fall -0.354 0.728 

 
winter 2.255 0.038 

 
spring -0.583 0.567 

 

Review of wind direction analysis in Figure 16 suggest that the difference in 

temperatures on the east shore on days when the stations are upwind, subtracted from days 

when the stations are downwind, increases in the summer and fall, and decreases in the 

winter and spring.  R2 values are moderate during the fall (R2 = 0.663) and spring (R2 = 

0.508), weak in the winter (R2 = 0.3390) and relatively non-existent in the summer (R2 = 

0.018) and spring (R2 = 0.052).  The difference in temperature on days when the west shore 

stations are upwind versus downwind increases in the summer, winter, and spring and 

decreases in the fall.  Relationships are all weak, however it is strongest in the summer (R2 = 

0.324), followed by spring (R2 = 0.272), fall (R2 = 0.093), and winter (R2 = 0.085).   

Significance testing on the slope of the regression lines indicate that only wind 

direction during fall and spring on the east shore has a significant b coefficient (p<0.05) 
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(Table 12).  Therefore, for every 1000m increase in distance from the river, temperature 

differences increase 0.3°C during the fall on the east shore, and decrease 0.3°C during the 

spring on the east shore. 

 

 

 

 

Figure 16: Mean temperature differences of upwind days (wind direction 0-105º on east shore/ wind direction 

180-285º on west shore) subtracted from downwind days (wind direction 180-285º on east shore/ wind direction 

0-105º on west shore) for the east shore (ES) and west shore (WS) sensor stations for a. summer, b. fall, c. 

winter, and d. spring. 

 

 

 

 

 

 

 

 

 

 

 

a. summer b. fall 

c. winter d. spring 
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Table 12: T statistics and p-values for slope of linear regression analysis for wind direction. 

Season t Stat P-value 
summer ES 0.362 0.728 
summer WS 1.831 0.11 
   
fall ES 3.711 0.008 

fall WS -0.848 0.425 

   

winter ES -1.895 0.099 

winter WS 0.804 0.448 

   

spring ES -2.69 0.031 

spring WS 1.618 0.15 
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CHAPTER 7: DISCUSSION 

 

7.1 UHI Variation 

 Throughout the year study period, UHIs occurred at all stations during the nighttime 

and early morning hours in all seasons, with an average UHI occurring between 20:00 to 

07:00.  This supports the established research that UHIs are stronger at night than during the 

day (Souch and Grimmond 2006, Yang et. al 2013, Acero et al. 2013).  Acero et al. 2013, 

also discusses that maximum UHI intensity typically occurs 3-5 hours after sunset.  This was 

noted in this study as maximum UHI intensities occurred between 23:00-00:00 for all 

seasons (Figure 7).   

  Summer was found to be the season with the strongest UHI intensity, while winter 

had the weakest UHI intensity.  Mean 24-hour temperatures (Figure 6) show that the 

temperature difference between the rural station and the next coldest station was the largest 

during the summer with a difference of 1.8ºC and lowest during the winter of approximately 

0.8ºC.  It was also during the summer that both the maximum and minimum UHI intensities 

were the highest, while they were lowest in winter (Figure 7). Additionally, the mean UHI 

values in Table 9, and the map in Figure 10 indicates that the UHI intensities for the sensor 

stations were largest during the summer and weakest in the winter.  Summer also had the 

most number of significantly warmer and colder values within the matrix indicating it was 

the season with the largest differences between the coldest and warmest stations.   

Past research has shown conflicting reports on which season has the strongest UHI 

intensity.  Some research has indicated that winter has the strongest UHI (Souch and 

Grimmond 2006, Ivajnsic et al. 2014).  Meanwhile other research indicates UHI intensity is 
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strongest in the summer (Giannaros and Melas 2012, Tan and Li 2015).  Review of prior 

studies by Tan and Li (2015) revealed that the strongest UHI was found in the summer and 

the weakest UHI was found in winter, with fall and spring falling in between.  This same 

pattern was found to occur with the UHI in the Harrisburg area.  The second strongest UHI 

was found to be in fall but was followed very closely by spring.  The mean 24-hour 

temperature differences indicate that fall had the second highest UHI intensity, and the 

matrices indicate that during the fall there were several more significantly different values 

between the rural and urban stations. 

7.2 UHI Intensity  

 Stations that were more urban tended to be warmer and to have stronger UHI 

intensities than station locations that were less urban.  This is demonstrated through Figure 8 

where mean seasonal temperatures tend to decrease with decreasing urban development.  

This reinforces the need to use Stewart and Oke’s (2012) LCZs because urban temperatures 

can vary significantly between different levels of urban development.  

 The maximum single hour UHI intensity of 12.21ºC occurred at station 17 on 3/7/15 

at 01:00.  A maximum value at station 17 is not unexpected as it is the third most urban 

station, however, since summer has been shown to be the season with the strongest UHI, it is 

surprising that the maximum value occurred in the spring.  Nevertheless, not much can be 

inferred from this because it is a single value and it is unknown what variables could have 

affected the temperature at that one point in time at one station.  The value still remains 

important as it demonstrates that even a small urban area can produce a very strong UHI 

intensity.  This is comparable to the maximum UHI intensity of 10.0ºC that Doyle and 

Hawkins (2008) found in a small rural town in south-central Pennsylvania.  Spring also had 
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the largest UCI intensity of -6.46 at station 9 on 4/16/15 at 01:00. Station 9 also had 

maximum UCI intensities for summer and fall supporting that station 9 was the coldest urban 

station. 

 Table 9 depicts the mean UHI intensities for all stations and seasons organized from 

most to least urban.  Variations between stations and seasons are visible with summer UHI 

intensity ranging from 1.6ºC - 4.35ºC.  The weakest UHI intensities in winter still ranged 

from 0.77ºC – 2.48ºC.  The stations were also averaged together for a single UHI value for 

the seasons and the year.  Mean UHI intensity is 2.87ºC (summer), 2.29ºC (fall), 1.53ºC 

(winter), 2.31ºC (spring), and 2.25ºC (year).  While averaging the stations is an acceptable 

method to obtain one value for the study area, it is not a true average since sensors were all 

spaced differently and the LCZs at each station were of varying sizes.  Table 9 is also 

depicted graphically in Figures 10 and 11 so that the spatial orientations of the stations and 

their intensities can be seen.  Six of the warmest stations lie on the east shore of the river.  

This could be due to development since overall, the east shore is more densely developed 

than the west shore, which can be seen clearly in Figure 9.    

 The matrices further examine the relationships between the urban and rural stations, 

as well as the urban stations among themselves.  While prior analysis has shown evidence 

that a UHI is occurring within the Harrisburg area, the t test has allowed for a definitive 

ability to state that there is a UHI where urban temperatures are significantly warmer than 

rural temperatures.  During the summer, the rural station was significantly colder (p<0.05) 

than all 19 urban stations indicative of a true UHI.  In the fall, the rural station was 

significantly colder than 12 stations, while in the winter and spring it was significantly colder 
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than 5 and 9 stations respectively.  This supports that all seasons did have a significant UHI 

at some of the stations.   

7.3 Intra-urban Variability 

In the summer, roughly half of the sensors were significantly warmer or colder than 

each other.  This highly supports that there was a large amount of intra-urban variability 

within the Harrisburg area.  In the rest of the seasons, there are only a handful of significantly 

different stations.  This is expected since these seasons all had weaker UHI intensities than 

summer.  Regardless of significance, there is still a clear pattern of difference between 

stations that can be seen from season to season.  Station 1 is always the warmest while station 

9 is always the coldest.  After these top values, stations 2, 3, and 5 are the warmest for all 

seasons, while stations 7, 16, 15, and 12 are always the coldest.  Interestingly, station 18 is 

one of the warmest stations in the summer, but tends to be replaced by station 17 throughout 

the rest of the season as one of the warmest stations.  Similar patterns can be seen in Figure 

12, where the warmest, coldest, and in-between stations are always the same between 

seasons.     

 Stations 1, 2, 3, 5 are all in or around downtown Harrisburg on the east shore.  Station 

17 is on the west shore in an area of open mid-rise buildings with extensive areas of paved 

parking lots, and station 18 is in an area of large low rise buildings with grass and scattered 

trees, but is also close to a major highway that could be suppling more anthropogenic heat.  

All of these stations are in the top half of the stations leaning towards more urban.   All but 

one of the coldest stations is in the bottom half of the least urban stations.  Stations 9, 15, and 

12 are all sparsely built, while station 16 is in an area of open low-rise buildings.  Station 7 

leans towards a more urban LCZ due to its proximity to a large low-rise warehouse complex.  
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This station however was mounted in a backyard on a fence near a shed, so it may have been 

in the shade for longer periods of the day accounting for the colder temperature.   

 Gaffin et al. (2008) found intra-urban variations of approximately 2ºC in their study 

of New York City’s UHI.  This study of the Harrisburg area found that for the mean yearly 

UHI intensities, there was a comparable range of 2.36ºC among the 19 urban stations 

In a study conducted by mobile traverse, the neighborhood with low-density housing and 

extensive vegetation was the coolest urban location (Heusinkveld et al. 2014).  In this current 

study, the coldest station was station 9 which was the second least urban station in a 

residential neighborhood with low density housing and plenty of vegetation. 

7.3.1 Proximity to River 

 Previous research has mostly indicated cooling effects of water bodies on urban 

temperatures (Murakawa et al. 1991, Hathway and Sharples 2012).  However, Hathway and 

Sharples (2012) found that cooling near the river was only significant during the day with the 

highest cooling in the morning and lesser cooling at midday.  Hart and Sailor (2009) only 

examined the UHI of Portland during the day, but did find that some of the warmest regions 

of the city were along the Willamette River in areas with commercial and industrial land 

uses.  This suggests that any cooling provided by the river may be negated by the type of 

urban development.  In addition, during the nighttime, any cooling provided by evaporation 

from solar radiation will cease, reducing any effects the river may be having on the UHI. 

 Another study in Rotterdam, Netherlands found that during the day the urban station 

in the harbor was nearly as cool as the rural station, but at night the station in the harbor was 

warm, comparable to the station within the city center (Heusinkveld et al. 2014). Water has a 

high heat capacity and smaller diurnal temperature range than land (Steeneveld et al. 2014), 
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and at night, water cools more slowly than land, so water bodies may work to warm the 

urban area at this time (Heusinkveld et al. 2014).  Examination of the UHI regression model, 

indicates that the closer a station is to the water, the warmer the air temperature.  While the 

initial analysis showed weak relationships between UHI intensity and distance to the river 

(Figure 13), the reanalysis without station 18 (Figure 14) did indicate moderate relationships.  

These results do suggest that part of the reason the stations near the water are warmer is 

because the water is working to warm the air in the evenings.  Temperatures are decreasing 

from 0.3°C in winter to 0.6°C in summer, for every 1000m increase in distance from the 

river.  Approximately half of the variance in UHI intensity can be explained by the distance 

from the river.  However, intra-urban variability, and the fact that the most urban stations are 

close to the water may also be contributing to the warmer air temperatures. 

 It should also be noted that station 19 was the station closest to the water, located on 

an island within the river, and was not consistently one of the warmest stations. Examination 

of the mean UHI intensities indicate that station 19 was the 7th warmest station for the entire 

year.  However, it should be mentioned that this station is located in a primarily sparsely built 

location, with wooded areas as well as extensive areas of pavement.  This also seems to 

suggest that urban development is contributing to warmer temperatures near the river. 

 A regression model was also applied to the UCI time frame to examine if the stations 

closer to the river were cooler during the day.  Results do not indicate that the stations closer 

to the river are cooler than those further away.  This was unexpected because higher 

evaporation near water bodies can work to lower air temperatures (Sun and Chen 2012).  

Meanwhile, the stations closest to the river on the east shore tended to be the warmest 

stations.  This may have been due in part to the built nature of the city.  Research indicates 
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that open areas in a city had increased likelihood of being infiltrated by sea breezes (Hart and 

Sailor 2009).  However, in the downtown area of Harrisburg City, the first row of houses and 

buildings are mostly connected and facing the river.  That only leaves the streets as pathways 

for wind to flow into the downtown area. 

7.4 Meteorological Variables 

 Assessing how the air temperatures responded to different meteorological variables 

was a way to compare the stations to themselves instead of to each other and to remove the 

emphasis on the level of urban development.  During the winter and summer, the river may 

have provided a moderating effect on temperatures since the differences between the 

warmest and coldest temperatures were less the closer the station was to the river.  Since 

water heats and cools more slowly, during the months of more extreme temperatures, the 

river may have worked to keep temperatures higher.  The inverse occurred during fall and 

winter, but to a lesser degree, as slopes and R2 values were smaller. 

 Humidity also was shown to have a moderating effect on temperature the closer in 

proximity to the river a station was located for all seasons.  The closer to the river, the 

smaller the difference in temperature between the days with the highest and lowest relative 

humidity for all seasons. There is also smaller differences in temperature between days with 

highest and lowest dew point temperatures closer to the river for winter and spring, while 

generally no change is seen in temperature during spring and fall.  This may be because the 

closer to the river, the more moisture is in the air due to river water evaporation.  

 On the east shore, differences in temperatures on downwind days versus upwind days 

decreases as distance from the river increases in winter and spring, while in the summer and 

fall differences increase with river distance.  On the west shore, differences in temperatures 



                                                                                                                                                                                                                                        

   70 

 

on downwind days versus upwind days decrease as distance from the river increases during 

the fall, but increases during summer, winter, and spring.    

 It was anticipated that wind blowing downwind from the river would provide a 

cooling breeze.  Since upwind temperatures were subtracted from downwind temperatures, 

the negative values would indicate seasons where the downwind temperatures were cooler 

than upwind temperatures.  It appears that only during the spring and summer are 

temperature differences smaller with increasing proximity to the river, indicating that the 

downwind breeze may be providing cooling.  No clear conclusions about wind direction 

effects on temperature can be made due to the varying results between seasons and shores.   

 It should be noted that analysis of wind direction was limited due to the high number 

of days where average wind direction was 0-105º and relatively low number of days with 

wind direction of 180-285º.  One much higher or lower temperature on a 180-285º day was 

able to skew the mean temperatures for this wind direction.  The difference in mean 

temperatures in this analysis tended to mirror each other between the east and west shores for 

all seasons except the summer.  The skewed mean temperatures may have been the cause of 

this. Wind speed analysis was not able to be conducted since there were limited number of 

days where wind direction was between 185-285º to breakdown by wind speeds. 
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CHAPTER 8: CONCLUSION 

 

 This study examined the UHI of the Harrisburg area with a network of 19 urban 

temperature stations and one rural reference station.  An average UHI intensity for the study 

area for the year was 2.25ºC.  Summer was found to have the strongest UHI with mean 

intensities ranging from 1.6ºC - 4.35ºC between the stations.  Winter was found to have the 

weakest UHI with intensities ranging from 0.77ºC – 2.48ºC. 

 Relationships between mean UHI intensities and the distance to the river suggests that 

during the UHI time frame of 22:00-05:00 the river may be providing warming effects on air 

temperature at night.  No relationships appeared between UHI intensities and distance to 

river during the UCI time frame of 10:00-14:00, suggesting that the river may not be 

providing any significant cooling effects during the day either. 

 In general, the stations on the east shore tended to be warmer than those on the west 

shore, however the east shore stations tended to have more urban LCZ’s than the west shore 

which could have contributed to this finding.  Relative humidity and dew point temperatures 

appeared to have a moderating effect on temperatures as proximity to the river increased.  

Wind direction analysis was unclear to its effects on east and west shore temperatures.   

 The study of UHIs are important for understanding the related health, economical, 

and environmental issues.  Properly defining terms and methodology of UHI studies are 

essential so appropriate comparisons can be made, and for good communication between 

those involved with studying and mitigating UHI.  Multiple factors contribute to the 

development and intensity of UHIs, including both human generated and natural 
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factors.  Each city has different land and population sizes, structural features, geographical 

features, and climate, so it is difficult to determine its UHI without the proper assessment.  

Future research could examine air temperature and proximity to river during the hours 

outside the UHI and UCI timeframes investigated in this study.  In addition, research could 

also study the UHI for a longer period of time so that more days with wind directions 

averaging between 180-285º could be included to examine how winds upwind and downwind 

from the river affects the UHI of the Harrisburg area.   Stations set up in a grid like pattern 

equidistant to one another, while increasing in distance from the river, could also provide 

more information about the rivers effects on the UHI.  A thermal imagery based analysis 

could also be used to further examine the Harrisburg area UHI. 

 This research examined the Harrisburg area, which is a location that has no prior UHI 

assessment.  Results gathered from this study can be used to expand the literature on UHI 

intensities in smaller scale cities and in urban areas with proximity to rivers.  Results on 

intra-urban variability provides information to where it may be best to implement mitigation 

strategies within the Harrisburg area.  During periods of warm temperatures and/or heat 

waves, the nighttime hours are when people are able to get relief from the heat of the day 

(Wong et al. 2013).  If the river is keeping the air warmer in the evenings, it suggests that 

mitigations strategies such as green roofs or cool roofs should be applied to areas along the 

river to reduce the heat storage during the day. 
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APPENDIX A 

 
 STA 1 STA 2 STA 17 STA 13 STA 8 STA 18 STA 7 STA 5 STA 3 STA 11 STA 4 STA 16 STA 10 STA 14 STA 19 STA 6 STA 12 STA 9 STA 15 STA 20 

STA 1 0.00 0.35 1.61 1.39 1.61 0.73 2.55 1.16 0.67 1.54 1.25 2.41 1.51 1.74 1.10 1.47 1.87 2.75 2.39 4.35 

STA 2 -0.35 0.00 1.25 1.04 1.25 0.38 2.20 0.81 0.32 1.18 0.89 2.06 1.16 1.39 0.75 1.12 1.51 2.40 2.04 4.00 

STA 17 -1.61 -1.25 0.00 -0.21 0.00 -0.88 0.95 -0.45 -0.94 -0.07 -0.36 0.80 -0.10 0.14 -0.51 -0.14 0.26 1.15 0.79 2.74 

STA 13 -1.39 -1.04 0.21 0.00 0.21 -0.66 1.16 -0.24 -0.72 0.14 -0.15 1.02 0.11 0.35 -0.29 0.08 0.47 1.36 1.00 2.96 

STA 8 -1.61 -1.25 0.00 -0.21 0.00 -0.88 0.95 -0.45 -0.94 -0.07 -0.36 0.80 -0.10 0.14 -0.51 -0.14 0.26 1.15 0.79 2.74 

STA 18 -0.73 -0.38 0.88 0.66 0.88 0.00 1.83 0.43 -0.06 0.81 0.52 1.68 0.78 1.01 0.37 0.74 1.14 2.02 1.67 3.62 

STA 7 -2.55 -2.20 -0.95 -1.16 -0.95 -1.83 0.00 -1.40 -1.88 -1.02 -1.31 -0.14 -1.05 -0.81 -1.45 -1.09 -0.69 0.20 -0.16 1.80 

STA 5  -1.16 -0.81 0.45 0.24 0.45 -0.43 1.40 0.00 -0.49 0.38 0.09 1.25 0.35 0.58 -0.06 0.31 0.71 1.60 1.24 3.19 

STA 3 -0.67 -0.32 0.94 0.72 0.94 0.06 1.88 0.49 0.00 0.87 0.57 1.74 0.84 1.07 0.43 0.80 1.20 2.08 1.72 3.68 

STA 11 -1.54 -1.18 0.07 -0.14 0.07 -0.81 1.02 -0.38 -0.87 0.00 -0.29 0.87 -0.03 0.20 -0.44 -0.07 0.33 1.22 0.86 2.81 

STA 4 -1.25 -0.89 0.36 0.15 0.36 -0.52 1.31 -0.09 -0.57 0.29 0.00 1.17 0.26 0.50 -0.15 0.22 0.62 1.51 1.15 3.10 

STA 16 -2.41 -2.06 -0.80 -1.02 -0.80 -1.68 0.14 -1.25 -1.74 -0.87 -1.17 0.00 -0.90 -0.67 -1.31 -0.94 -0.55 0.34 -0.02 1.94 

STA 10 -1.51 -1.16 0.10 -0.11 0.10 -0.78 1.05 -0.35 -0.84 0.03 -0.26 0.90 0.00 0.23 -0.41 -0.04 0.36 1.25 0.89 2.84 

STA 14 -1.74 -1.39 -0.14 -0.35 -0.14 -1.01 0.81 -0.58 -1.07 -0.20 -0.50 0.67 -0.23 0.00 -0.64 -0.27 0.12 1.01 0.65 2.61 

STA 19 -1.10 -0.75 0.51 0.29 0.51 -0.37 1.45 0.06 -0.43 0.44 0.15 1.31 0.41 0.64 0.00 0.37 0.77 1.65 1.29 3.25 

STA 6 -1.47 -1.12 0.14 -0.08 0.14 -0.74 1.09 -0.31 -0.80 0.07 -0.22 0.94 0.04 0.27 -0.37 0.00 0.40 1.28 0.93 2.88 

STA 12 -1.87 -1.51 -0.26 -0.47 -0.26 -1.14 0.69 -0.71 -1.20 -0.33 -0.62 0.55 -0.36 -0.12 -0.77 -0.40 0.00 0.89 0.53 2.48 

STA 9 -2.75 -2.40 -1.15 -1.36 -1.15 -2.02 -0.20 -1.60 -2.08 -1.22 -1.51 -0.34 -1.25 -1.01 -1.65 -1.28 -0.89 0.00 -0.36 1.60 

STA 15 -2.39 -2.04 -0.79 -1.00 -0.79 -1.67 0.16 -1.24 -1.72 -0.86 -1.15 0.02 -0.89 -0.65 -1.29 -0.93 -0.53 0.36 0.00 1.96 

STA 20 -4.35 -4.00 -2.74 -2.96 -2.74 -3.62 -1.80 -3.19 -3.68 -2.81 -3.10 -1.94 -2.84 -2.61 -3.25 -2.88 -2.48 -1.60 -1.96 0.00 

 

Figure1: Cell values indicate the differences between the summer mean UHI temperatures for all pairs of stations.  Light red cells 

indicate that the row station was warmer than the column station.  Light blue cells indicate the row station was colder than the column 

station.  Dark red cells indicate that the row station was significantly warmer than the column station as determined by the t test.  Dark  

blue cells indicate the row station is significantly warmer than the column station as determined by the t test. 

 



                                                                                                                                                                                                                                        

   79 

 

 
STA   1 STA 2 STA 17 STA 13 STA 8 STA 18 STA 7 STA 5 STA 3 STA 11 STA 4 STA 16 STA 10 STA 14 STA 19 STA   6 STA 12 STA   9 STA 15 STA 20 

STA 1 0.00 0.40 0.91 1.41 1.47 1.38 2.36 1.00 0.76 1.62 1.28 2.31 1.45 1.61 1.11 1.34 1.65 2.44 2.11 3.69 

STA 2 -0.40 0.00 0.51 1.02 1.07 0.98 1.96 0.60 0.36 1.22 0.88 1.91 1.05 1.21 0.71 0.94 1.25 2.04 1.71 3.29 

STA 17 -0.91 -0.51 0.00 0.51 0.56 0.47 1.45 0.09 -0.15 0.71 0.37 1.40 0.54 0.71 0.20 0.43 0.74 1.54 1.20 2.78 

STA 13 -1.41 -1.02 -0.51 0.00 0.05 -0.04 0.95 -0.42 -0.65 0.21 -0.14 0.90 0.03 0.20 -0.30 -0.08 0.24 1.03 0.70 2.27 

STA 8 -1.47 -1.07 -0.56 -0.05 0.00 -0.09 0.89 -0.47 -0.71 0.15 -0.19 0.84 -0.02 0.14 -0.36 -0.13 0.18 0.97 0.64 2.22 

STA 18 -1.38 -0.98 -0.47 0.04 0.09 0.00 0.98 -0.38 -0.62 0.24 -0.10 0.93 0.07 0.23 -0.27 -0.04 0.27 1.06 0.73 2.31 

STA 7 -2.36 -1.96 -1.45 -0.95 -0.89 -0.98 0.00 -1.36 -1.60 -0.74 -1.09 -0.05 -0.92 -0.75 -1.25 -1.02 -0.71 0.08 -0.25 1.33 

STA 5  -1.00 -0.60 -0.09 0.42 0.47 0.38 1.36 0.00 -0.24 0.62 0.28 1.31 0.45 0.61 0.11 0.34 0.65 1.44 1.11 2.69 

STA 3 -0.76 -0.36 0.15 0.65 0.71 0.62 1.60 0.24 0.00 0.86 0.52 1.55 0.69 0.85 0.35 0.58 0.89 1.68 1.35 2.93 

STA 11 -1.62 -1.22 -0.71 -0.21 -0.15 -0.24 0.74 -0.62 -0.86 0.00 -0.35 0.69 -0.18 -0.01 -0.51 -0.28 0.03 0.82 0.49 2.07 

STA 4 -1.28 -0.88 -0.37 0.14 0.19 0.10 1.09 -0.28 -0.52 0.35 0.00 1.04 0.17 0.34 -0.16 0.06 0.37 1.17 0.83 2.41 

STA 16 -2.31 -1.91 -1.40 -0.90 -0.84 -0.93 0.05 -1.31 -1.55 -0.69 -1.04 0.00 -0.87 -0.70 -1.20 -0.97 -0.66 0.13 -0.20 1.38 

STA 10 -1.45 -1.05 -0.54 -0.03 0.02 -0.07 0.92 -0.45 -0.69 0.18 -0.17 0.87 0.00 0.17 -0.34 -0.11 0.20 1.00 0.66 2.24 

STA 14 -1.61 -1.21 -0.71 -0.20 -0.14 -0.23 0.75 -0.61 -0.85 0.01 -0.34 0.70 -0.17 0.00 -0.50 -0.27 0.04 0.83 0.50 2.07 

STA 19 -1.11 -0.71 -0.20 0.30 0.36 0.27 1.25 -0.11 -0.35 0.51 0.16 1.20 0.34 0.50 0.00 0.23 0.54 1.33 1.00 2.58 

STA 6 -1.34 -0.94 -0.43 0.08 0.13 0.04 1.02 -0.34 -0.58 0.28 -0.06 0.97 0.11 0.27 -0.23 0.00 0.31 1.10 0.77 2.35 

STA 12 -1.65 -1.25 -0.74 -0.24 -0.18 -0.27 0.71 -0.65 -0.89 -0.03 -0.37 0.66 -0.20 -0.04 -0.54 -0.31 0.00 0.79 0.46 2.04 

STA 9 -2.44 -2.04 -1.54 -1.03 -0.97 -1.06 -0.08 -1.44 -1.68 -0.82 -1.17 -0.13 -1.00 -0.83 -1.33 -1.10 -0.79 0.00 -0.33 1.24 

STA 15 -2.11 -1.71 -1.20 -0.70 -0.64 -0.73 0.25 -1.11 -1.35 -0.49 -0.83 0.20 -0.66 -0.50 -1.00 -0.77 -0.46 0.33 0.00 1.58 

STA 20 -3.69 -3.29 -2.78 -2.27 -2.22 -2.31 -1.33 -2.69 -2.93 -2.07 -2.41 -1.38 -2.24 -2.07 -2.58 -2.35 -2.04 -1.24 -1.58 0.00 

 

Figure 2: Differences between the fall mean UHI temperatures for all pairs of stations. Light red cells indicate that the row station was 

warmer than the column station.  Light blue cells indicate the row station was colder than the column station.  Dark red cells indicate 

that the row station was significantly warmer than the column station as determined by the t test.  Dark blue cells indicate the row 

station is significantly warmer than the column station as determined by the t test. 
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STA 1 STA   2 STA 17 STA 13 STA 8 STA 18 STA 7 STA 5 STA 3 STA 11 STA 4 STA 16 STA 10 STA 14 STA 19 STA 6 STA 12 STA  9 STA 15 STA 20 

STA 1 0.00 0.14 0.15 0.90 0.95 0.92 1.57 0.66 0.66 1.15 0.81 1.54 1.02 1.11 1.19 0.87 1.20 1.71 1.44 2.48 

STA 2 -0.14 0.00 0.02 0.77 0.81 0.79 1.44 0.53 0.53 1.01 0.67 1.40 0.89 0.97 1.06 0.73 1.06 1.58 1.30 2.34 

STA 17 -0.15 -0.02 0.00 0.75 0.80 0.77 1.42 0.51 0.51 1.00 0.66 1.39 0.87 0.96 1.04 0.72 1.05 1.56 1.29 2.33 

STA 13 -0.90 -0.77 -0.75 0.00 0.04 0.02 0.67 -0.24 -0.24 0.24 -0.09 0.63 0.12 0.20 0.29 -0.04 0.30 0.81 0.53 1.57 

STA 8 -0.95 -0.81 -0.80 -0.04 0.00 -0.02 0.63 -0.29 -0.29 0.20 -0.14 0.59 0.07 0.16 0.24 -0.08 0.25 0.76 0.49 1.53 

STA 18 -0.92 -0.79 -0.77 -0.02 0.02 0.00 0.65 -0.26 -0.26 0.22 -0.11 0.61 0.10 0.18 0.27 -0.06 0.28 0.79 0.51 1.55 

STA 7 -1.57 -1.44 -1.42 -0.67 -0.63 -0.65 0.00 -0.91 -0.91 -0.43 -0.77 -0.04 -0.55 -0.47 -0.38 -0.71 -0.38 0.14 -0.14 0.90 

STA 5  -0.66 -0.53 -0.51 0.24 0.29 0.26 0.91 0.00 0.00 0.48 0.15 0.87 0.36 0.44 0.53 0.20 0.54 1.05 0.78 1.82 

STA 3 -0.66 -0.53 -0.51 0.24 0.29 0.26 0.91 0.00 0.00 0.48 0.15 0.87 0.36 0.44 0.53 0.21 0.54 1.05 0.78 1.82 

STA 11 -1.15 -1.01 -1.00 -0.24 -0.20 -0.22 0.43 -0.48 -0.48 0.00 -0.34 0.39 -0.13 -0.04 0.05 -0.28 0.05 0.57 0.29 1.33 

STA 4 -0.81 -0.67 -0.66 0.09 0.14 0.11 0.77 -0.15 -0.15 0.34 0.00 0.73 0.21 0.30 0.38 0.06 0.39 0.90 0.63 1.67 

STA 16 -1.54 -1.40 -1.39 -0.63 -0.59 -0.61 0.04 -0.87 -0.87 -0.39 -0.73 0.00 -0.52 -0.43 -0.34 -0.67 -0.34 0.18 -0.10 0.94 

STA 10 -1.02 -0.89 -0.87 -0.12 -0.07 -0.10 0.55 -0.36 -0.36 0.13 -0.21 0.52 0.00 0.09 0.17 -0.15 0.18 0.69 0.42 1.46 

STA 14 -1.11 -0.97 -0.96 -0.20 -0.16 -0.18 0.47 -0.44 -0.44 0.04 -0.30 0.43 -0.09 0.00 0.09 -0.24 0.09 0.61 0.33 1.37 

STA 19 -1.19 -1.06 -1.04 -0.29 -0.24 -0.27 0.38 -0.53 -0.53 -0.05 -0.38 0.34 -0.17 -0.09 0.00 -0.33 0.01 0.52 0.25 1.28 

STA 6 -0.87 -0.73 -0.72 0.04 0.08 0.06 0.71 -0.20 -0.21 0.28 -0.06 0.67 0.15 0.24 0.33 0.00 0.33 0.84 0.57 1.61 

STA 12 -1.20 -1.06 -1.05 -0.30 -0.25 -0.28 0.38 -0.54 -0.54 -0.05 -0.39 0.34 -0.18 -0.09 -0.01 -0.33 0.00 0.51 0.24 1.28 

STA 9 -1.71 -1.58 -1.56 -0.81 -0.76 -0.79 -0.14 -1.05 -1.05 -0.57 -0.90 -0.18 -0.69 -0.61 -0.52 -0.84 -0.51 0.00 -0.27 0.77 

STA 15 -1.44 -1.30 -1.29 -0.53 -0.49 -0.51 0.14 -0.78 -0.78 -0.29 -0.63 0.10 -0.42 -0.33 -0.25 -0.57 -0.24 0.27 0.00 1.04 

STA 20 -2.48 -2.34 -2.33 -1.57 -1.53 -1.55 -0.90 -1.82 -1.82 -1.33 -1.67 -0.94 -1.46 -1.37 -1.28 -1.61 -1.28 -0.77 -1.04 0.00 

 

Figure 3: Differences between the winter mean UHI temperatures for all pairs of stations. Light red cells indicate that the row station 

was warmer than the column station.  Light blue cells indicate the row station was colder than the column station.  Dark red cells 

indicate that the row station was significantly warmer than the column station as determined by the t test.  Dark blue cells indicate the 

row station is significantly warmer than the column station as determined by the t test. 
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STA 1 STA 2 STA 17 STA 13 STA 8 STA 18 STA 7 STA 5 STA 3 STA 11 STA 4 STA 16 STA 10 STA 14 STA 19 STA 6 STA 12 STA 9 STA 15 STA 20 

STA 1 0.00 0.20 0.83 1.23 1.33 1.20 2.08 0.91 0.68 1.36 1.07 2.09 1.46 1.37 1.37 1.27 1.53 2.52 2.08 3.61 

STA 2 -0.20 0.00 0.64 1.03 1.13 1.00 1.88 0.71 0.48 1.16 0.87 1.89 1.26 1.17 1.17 1.07 1.33 2.32 1.88 3.41 

STA 17 -0.83 -0.64 0.00 0.40 0.50 0.37 1.24 0.07 -0.16 0.52 0.24 1.26 0.63 0.53 0.54 0.43 0.70 1.68 1.24 2.77 

STA 13 -1.23 -1.03 -0.40 0.00 0.10 -0.03 0.85 -0.32 -0.56 0.13 -0.16 0.86 0.23 0.14 0.14 0.03 0.30 1.28 0.85 2.38 

STA 8 -1.33 -1.13 -0.50 -0.10 0.00 -0.13 0.75 -0.42 -0.66 0.03 -0.26 0.76 0.13 0.04 0.04 -0.06 0.20 1.19 0.75 2.28 

STA 18 -1.20 -1.00 -0.37 0.03 0.13 0.00 0.88 -0.29 -0.53 0.16 -0.13 0.89 0.26 0.17 0.17 0.06 0.33 1.31 0.88 2.41 

STA 7 -2.08 -1.88 -1.24 -0.85 -0.75 -0.88 0.00 -1.17 -1.40 -0.72 -1.01 0.01 -0.62 -0.71 -0.71 -0.81 -0.55 0.44 0.00 1.53 

STA 5  -0.91 -0.71 -0.07 0.32 0.42 0.29 1.17 0.00 -0.23 0.45 0.16 1.19 0.56 0.46 0.46 0.36 0.62 1.61 1.17 2.70 

STA 3 -0.68 -0.48 0.16 0.56 0.66 0.53 1.40 0.23 0.00 0.68 0.40 1.42 0.79 0.69 0.70 0.59 0.86 1.84 1.40 2.93 

STA 11 -1.36 -1.16 -0.52 -0.13 -0.03 -0.16 0.72 -0.45 -0.68 0.00 -0.29 0.73 0.10 0.01 0.01 -0.09 0.17 1.16 0.72 2.25 

STA 4 -1.07 -0.87 -0.24 0.16 0.26 0.13 1.01 -0.16 -0.40 0.29 0.00 1.02 0.39 0.30 0.30 0.19 0.46 1.44 1.01 2.54 

STA 16 -2.09 -1.89 -1.26 -0.86 -0.76 -0.89 -0.01 -1.19 -1.42 -0.73 -1.02 0.00 -0.63 -0.73 -0.72 -0.83 -0.56 0.42 -0.01 1.51 

STA 10 -1.46 -1.26 -0.63 -0.23 -0.13 -0.26 0.62 -0.56 -0.79 -0.10 -0.39 0.63 0.00 -0.10 -0.09 -0.20 0.07 1.05 0.62 2.14 

STA 14 -1.37 -1.17 -0.53 -0.14 -0.04 -0.17 0.71 -0.46 -0.69 -0.01 -0.30 0.73 0.10 0.00 0.01 -0.10 0.16 1.15 0.71 2.24 

STA 19 -1.37 -1.17 -0.54 -0.14 -0.04 -0.17 0.71 -0.46 -0.70 -0.01 -0.30 0.72 0.09 -0.01 0.00 -0.11 0.16 1.14 0.71 2.23 

STA 6 -1.27 -1.07 -0.43 -0.03 0.06 -0.06 0.81 -0.36 -0.59 0.09 -0.19 0.83 0.20 0.10 0.11 0.00 0.27 1.25 0.81 2.34 

STA 12 -1.53 -1.33 -0.70 -0.30 -0.20 -0.33 0.55 -0.62 -0.86 -0.17 -0.46 0.56 -0.07 -0.16 -0.16 -0.27 0.00 0.98 0.55 2.07 

STA 9 -2.52 -2.32 -1.68 -1.28 -1.19 -1.31 -0.44 -1.61 -1.84 -1.16 -1.44 -0.42 -1.05 -1.15 -1.14 -1.25 -0.98 0.00 -0.44 1.09 

STA 15 -2.08 -1.88 -1.24 -0.85 -0.75 -0.88 0.00 -1.17 -1.40 -0.72 -1.01 0.01 -0.62 -0.71 -0.71 -0.81 -0.55 0.44 0.00 1.53 

STA 20 -3.61 -3.41 -2.77 -2.38 -2.28 -2.41 -1.53 -2.70 -2.93 -2.25 -2.54 -1.51 -2.14 -2.24 -2.23 -2.34 -2.07 -1.09 -1.53 0.00 

 

Figure 4: Differences between the spring mean UHI temperatures for all pairs of stations.  Light red cells indicate that the row station 

was warmer than the column station.  Light blue cells indicate the row station was colder than the column station.  Dark red cells 

indicate that the row station was significantly warmer than the column station as determined by the t test.  Dark blue cells indicate the 

row station is significantly warmer than the column station as determined by the t test. 
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STA 1 STA 2 STA 17 STA 13 STA 8 STA 18 STA 7 STA 5 STA 3 STA 11 STA 4 STA 16 STA 10 STA 14 STA 19 STA 6 STA 12 STA 9 STA 15 STA 20 

STA 1 0.00 0.27 0.88 1.24 1.34 1.09 2.14 0.93 0.69 1.42 1.10 2.09 1.36 1.46 1.19 1.24 1.56 2.36 2.01 3.53 

STA 2 -0.27 0.00 0.60 0.97 1.07 0.82 1.87 0.66 0.42 1.15 0.83 1.82 1.09 1.19 0.92 0.96 1.29 2.09 1.74 3.26 

STA 17 -0.88 -0.60 0.00 0.36 0.46 0.21 1.27 0.06 -0.18 0.54 0.23 1.21 0.48 0.58 0.32 0.36 0.69 1.48 1.13 2.66 

STA 13 -1.24 -0.97 -0.36 0.00 0.10 -0.15 0.91 -0.30 -0.54 0.18 -0.14 0.85 0.12 0.22 -0.04 0.00 0.33 1.12 0.77 2.30 

STA 8 -1.34 -1.07 -0.46 -0.10 0.00 -0.25 0.80 -0.41 -0.65 0.08 -0.24 0.75 0.02 0.12 -0.14 -0.10 0.22 1.02 0.67 2.19 

STA 18 -1.09 -0.82 -0.21 0.15 0.25 0.00 1.05 -0.16 -0.40 0.33 0.01 1.00 0.27 0.37 0.10 0.14 0.47 1.27 0.92 2.44 

STA 7 -2.14 -1.87 -1.27 -0.91 -0.80 -1.05 0.00 -1.21 -1.45 -0.73 -1.04 -0.05 -0.78 -0.69 -0.95 -0.91 -0.58 0.21 -0.14 1.39 

STA 5 -0.93 -0.66 -0.06 0.30 0.41 0.16 1.21 0.00 -0.24 0.48 0.17 1.16 0.43 0.53 0.26 0.30 0.63 1.43 1.08 2.60 

STA 3 -0.69 -0.42 0.18 0.54 0.65 0.40 1.45 0.24 0.00 0.72 0.41 1.40 0.67 0.77 0.50 0.54 0.87 1.67 1.32 2.84 

STA 11 -1.42 -1.15 -0.54 -0.18 -0.08 -0.33 0.73 -0.48 -0.72 0.00 -0.32 0.67 -0.06 0.04 -0.22 -0.18 0.15 0.94 0.59 2.12 

STA 4 -1.10 -0.83 -0.23 0.14 0.24 -0.01 1.04 -0.17 -0.41 0.32 0.00 0.99 0.26 0.36 0.09 0.13 0.46 1.26 0.91 2.43 

STA 16 -2.09 -1.82 -1.21 -0.85 -0.75 -1.00 0.05 -1.16 -1.40 -0.67 -0.99 0.00 -0.73 -0.63 -0.90 -0.85 -0.53 0.27 -0.08 1.44 

STA 10 -1.36 -1.09 -0.48 -0.12 -0.02 -0.27 0.78 -0.43 -0.67 0.06 -0.26 0.73 0.00 0.10 -0.17 -0.12 0.20 1.00 0.65 2.17 

STA 14 -1.46 -1.19 -0.58 -0.22 -0.12 -0.37 0.69 -0.53 -0.77 -0.04 -0.36 0.63 -0.10 0.00 -0.26 -0.22 0.11 0.90 0.55 2.08 

STA 19 -1.19 -0.92 -0.32 0.04 0.14 -0.10 0.95 -0.26 -0.50 0.22 -0.09 0.90 0.17 0.26 0.00 0.04 0.37 1.16 0.81 2.34 

STA 6 -1.24 -0.96 -0.36 0.00 0.10 -0.14 0.91 -0.30 -0.54 0.18 -0.13 0.85 0.12 0.22 -0.04 0.00 0.33 1.12 0.77 2.30 

STA 12 -1.56 -1.29 -0.69 -0.33 -0.22 -0.47 0.58 -0.63 -0.87 -0.15 -0.46 0.53 -0.20 -0.11 -0.37 -0.33 0.00 0.80 0.44 1.97 

STA 9 -2.36 -2.09 -1.48 -1.12 -1.02 -1.27 -0.21 -1.43 -1.67 -0.94 -1.26 -0.27 -1.00 -0.90 -1.16 -1.12 -0.80 0.00 -0.35 1.18 

STA 15 -2.01 -1.74 -1.13 -0.77 -0.67 -0.92 0.14 -1.08 -1.32 -0.59 -0.91 0.08 -0.65 -0.55 -0.81 -0.77 -0.44 0.35 0.00 1.53 

STA 20 -3.53 -3.26 -2.66 -2.30 -2.19 -2.44 -1.39 -2.60 -2.84 -2.12 -2.43 -1.44 -2.17 -2.08 -2.34 -2.30 -1.97 -1.18 -1.53 0.00 

 

Figure 5: Differences between the yearly mean UHI temperatures for all pairs of stations. Light red cells indicate that the row station 

was warmer than the column station.  Light blue cells indicate the row station was colder than the column station.  Dark red cells 

indicate that the row station was significantly warmer than the column station as determined by the t test.  Dark blue cells indicate the 

row station is significantly warmer than the column station as determined by the t test 

 


