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Abstract: Temperature change can have profound impacts on livelihood activities and human well-
being. Specific factors such as land transitions and climate knowledge can influence temperature
variation and actions for adaptation. In addition to meteorological data, this study integrates land
surface temperature (LST) derived from satellite imagery and local temperature perceptions obtained
through interviews to advance a deeper understanding of spatial temperature and its impacts, which
is not often seen within climate studies. This study examines local temperature across three different
land types (rural mountains, rural agricultural lowlands, urban areas) in the Greater Angkor Region
of Cambodia to highlight important insights about temperature and climate resilience action. The
results revealed that changes in temperature were most pronounced in Phnom Kulen National Park
(rural mountain) and in the rural agricultural lowlands, where residents discussed direct impacts
and disruptions to their lives. Temperature, in both the LST results and through local perceptions,
demonstrated a strong correlation to ground features, where areas with low vegetation exhibited
high temperatures and areas with high vegetation observed low temperatures. While climate action
in the form of tree planting and forest conservation are major climate mitigation strategies being
undertaken in this region, social awareness and the ability to adapt to changes in temperature was
revealed to be uneven across the landscape, suggesting that local entities should mobilize around
gaining more education and training for all residents.
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1. Introduction

Changes in climate can have profound impacts on people and their environments.
Climate changes and, particularly, global warming, have largely been attributed to anthro-
pogenic factors [1,2]. According to the Intergovernmental Panel on Climate Change [2] (p. 4),
humans “have caused approximately 1.0 ◦C of global warming above pre-industrial lev-
els”, with future projections suggesting further increases. Risks associated with climate
changes are widely influenced by exposure and vulnerability, which vary across spa-
tial and temporal scales depending on factors such as land types, livelihoods, and re-
sources [1]. For example, rural-urban transitions, economic development, and landscape
conversions all factor into vulnerability and exposure to climate change [1,2]. While average
climate variation exhibits rising and less cool temperatures [3,4], extreme climate events,
such as severe heat, torrential rainfall, and drought, are occurring more frequently [5]. The
degree to which changes in social-ecological landscapes exacerbate temperature conditions
and impact human well-being still requires more investigation, especially in areas of the
lower-latitude countries, where vulnerabilities are the most pronounced [6–8]. Specifically,
lower-latitude countries bear the least responsibility for changes to climate, yet experience
the most severe impacts such as greater food insecurity and livelihood disruptions with the
lowest capacity to adapt [9,10].
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Research into climate change identifies patterns and approaches to limit the impact of
climate risks. Integrative methods that incorporate natural and human systems are partic-
ularly important as they increase understanding of the drivers and impacts that inform
decision making. According to the National Research Council [11], integrative approaches
for sustainability science are fundamental for knowledge and action, and researchers should
focus on integrating different branches of knowledge across multiple scalar dimensions
with diverse methods and designs. A social-ecological systems framework describes the
interconnections between humans and nature [12]. It is a coupled system that comprises
feedbacks and interactions between people and their environment, with the main concern
of trying to make systems more resilient. It considers long time scales and cross-scale
interactions, which provide important information for addressing climate change based on
scientific data and historical analysis [13]. The examining of these time scales (decades) can
offer key insights into how climate and environmental systems have changed over time [2].

The multiple dimensions of changing climate conditions are challenging for both
scholars and residents to understand. Often, changes develop through slow processes
that occur over long time periods where, for many, tangible evidence can vary quite
considerably [14]. The combination, therefore, of both quantitative and qualitative climate
data is essential for quantifying and understanding these changes. Quantitative climate data
includes figures and numbers, and attempts to quantify climate change, while qualitative
climate data comprises the experiences of climate change to understand its impacts.

Quantitative climate data are represented through various forms, including meteoro-
logical data and geospatial data. A common geospatial dataset, land surface temperature
(LST) data, derived from remote sensing images, describing how hot the Earth’s surface is,
has become an essential tool for measuring temperature over different land types [15,16].
Surface temperature maps are processed from the thermal infrared (TIR) bands. These
surface temperature maps can provide extensive information regarding spatial variations
in temperature, but more importantly, they can advance understanding of temperature
dynamics when linked to ground features such as vegetation [17,18]. Recent studies con-
necting LST with vegetation have emphasized the importance of examining the role of land
transitions and vegetation dynamics in influencing regional climate [19–22].

Qualitative climate data typically includes perceptions and experiences of climate
change garnered from residents. Perceptions of climate can differ for people depending on
socioeconomic background and services or resources available [14]. Perception data are
particularly important in areas where data from weather stations may be scarce and/or
difficult to acquire, and especially when data are needed for different land types. Percep-
tions, therefore, provide local knowledge and understanding in relation to how particular
environments and social-ecological systems function and ultimately change over time [23].

Climate resilience is the ability to prepare and manage for disruptions related to
climate change [24]. Managing resilience within a climate context is primarily grounded
in the notion that we live with uncertainty—things are constantly changing and adapting
to those changes is how we maintain and enhance resilience [25]. Resilience describes the
capacity of a system to face disturbances yet remain functioning [26,27]. Climate resilience
strategies aim to address both short-term and long-term climate concerns. They focus on
being able to adjust to changes, operationalize pathways for learning, and adapt to enhance
resilience [28]. Challenges in applying climate resilience, however, arise through uneven
processes of learning and access to knowledge as well as a lack of empirical data; this is
particularly salient when analysis limits or marginalizes the voices and opinions of local
people, which are particularly important for understanding the capacity for adaptation [29].

This study advances understandings of temperature change using an integrated
approach based on spatial temperature within a diverse landscape that includes, rural
mountains, rural agricultural lowlands, and urban areas. The main research questions
are: (1) How and why is temperature changing? (2) Are people able to adapt and enact
climate resilience strategies? (3) What recommendations are needed for improving climate
action? The study contributes to insights that elucidate the ways in which climate resilience



Remote Sens. 2022, 14, 701 3 of 17

action is experienced among different groups of people, which is important for developing
more tailored climate resilience strategies. It also provides an in-depth analysis of spatial
temperature using remote sensing and in situ data (meteorological and interviews) that is
not seen in many studies. In this paper, a spatial and temporal examination of temperature
in the Greater Angkor Region of Cambodia demonstrates the impacts and actions that
have occurred over the last 20 years. The methodology of this study combines multiple
datasets to portray temperature in the region. The analysis correlates temperature with
ground features and provides insights into livelihood impacts. A broader discussion on
climate resilience action, particularly in relation to awareness and adaptation, is provided
for future planning initiatives.

2. Materials and Methods
2.1. Climate Conditions

In Southeast Asia, over the last 50 years, climate change has intensified, with an in-
creasing number of hot days and more frequent drought and flooding events [4]. Significant
changes in climate represent threats to long term stability for many in this region, especially
for those involved in the agricultural sector and who live near the poverty line [9,10].
Climate change in Southeast Asia is a complex issue, as a large portion of greenhouse
gas emissions come from high emitter countries such as China and the United States [30].
In addition to this, countries in Southeast Asia must find a way to balance economic de-
velopment, which is largely driven by land changes including deforestation, agricultural
expansion, and urbanization that contribute to global warming, with sustainability [2].

Cambodia is a country that regularly experiences significant climate impacts, such as
floods and droughts [31]. Since the early 2000s, Cambodia has been involved in climate
action to help mitigate both acute and chronic climate events [32]. Cambodia’s Climate
Change Strategic Plan (2014–2023) identified a framework to develop Cambodia as a green,
climate resilient society with goals to reduce climate vulnerabilities, transition to green
approaches, and increase knowledge and engagement [33]. The long-term goal of the plan
is to extend successful climate actions and mainstream climate resilience and awareness
to sub-national levels [32,33]. However, despite multiple sources of funding (government,
external, and private sector), climate resilience remains costly, and many action plans
continue to be unfunded [32].

Located in northwestern Cambodia is the Greater Angkor Region (Figure 1), a di-
verse and transitional landscape that has experienced significant land changes. These
changes particularly focus on deforestation, agricultural expansion, and urbanization,
yet studies on climate and land interactions are very limited in range and time for this area.
Two recent studies, by Chim et al. [34,35], focus on the present and future climate con-
ditions at the World Heritage site of Angkor and the upper Siem Reap catchment area,
but most climate studies in this area focus on historical climate accounts, perhaps because
the past has many implications for the future [36,37]. In the 13th century C.E., a climatic
shift occurred consisting of intense rainfall and drought [38,39]. While this was a large-scale
change that resulted from amplified levels of volcanic activity and less solar energy [38],
the coupling of landscape changes similar to present-day land conditions, such as the
overuse of forested areas, agricultural expansion, rising population, and increase in urban
sprawl [38,40], makes this area a particularly compelling and underutilized study site for
researching temperature among different land types.

Research was conducted in a subset of the Greater Angkor Region, where the main
land types include mountains to the north (Phnom Kulen National Park (PKNP)), the urban
centre to the south (Siem Reap City), and rural agricultural lowlands throughout much of
the study site between the urban centre and the mountains [41,42]. The city of Siem Reap is
an urbanizing tourist hub that has undergone both population and geographical expansion
in addition to infrastructure development in recent years [43,44]. Approximately 40 km
north of Siem Reap City is Phnom Kulen National Park, a mountain measuring about
25 km × 15 km and rising 490 m above the lowlands [45,46]. The rural agricultural
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lowlands predominately feature rice cultivation and other crops that are planted throughout
the year [47].

Figure 1. (a) Regional context depicting the study area in Cambodia (b) An RGB Landsat image
highlighting important places and the location of the Siem Reap weather station.

This region features a seasonal monsoon climate influenced by monsoon winds [38,40,41,48].
Monsoon climates are denoted by wet and dry seasons, where the southwest monsoon
marks the beginning of the wet season, and the northeast monsoon signals the start of the
dry season [41,48]. Typically, the wet monsoon season starts in May until the end of October,
while the dry monsoon season starts in November and lasts until April [48]. Rainfall is quite
diverse throughout the region, with high rates towards the north (Kulen) and low rates
towards the south (Tonle Sap) [31,41,48]. Average annual precipitation typically ranges
between 1050 to 1800 mm but can vary from year to year [49]. On average, the area over the
Tonle Sap floodplain experiences the least amount of rainfall at approximately 1180 mm [48],
while central Angkor and the city of Siem Reap receives rainfall within a 1425–1475 mm
range with higher amounts in PKNP reaching approximately 1850 mm (34–35,48]. The
average temperature of the region is 28 ◦C [48], with minimum and maximum averages at
Siem Reap ranging between 24 ◦C to 34 ◦C [34,35].

2.2. Remote Sensing and Image Processing

The quantitative analysis relied on well-known sources. Landsat Collection 1 surface
reflectance tier 1 images from Google Earth Engine (GEE) were used for computing Land
Surface Temperature (LST). The images are atmospherically corrected by the United States
Geological Survey (USGS). The thermal bands are processed to brightness temperature
and resampled to 30 m resolution by the USGS. These images are from the dry season and
span over 20 years—7 January 1998, 21 January 2009, and 17 January 2019. The 1998 and
2009 images are from Landsat 5-TM, and the 2019 image is from Landsat 8-OLI/TIRS. To
obtain LST, the open-source GEE code developed by Ermida et al. [50] was used. The code
used the Statistical Mono-Window (SMW) algorithm and the same calibration process to
provide consistency between the different Landsat satellites. It also used additional datasets
important for deriving LST, including atmospheric data and surface emissivity data. For
Landsat 5-TM, thermal band 6 was used, and from Landsat 8-OLI/TIRS, thermal band
10 was used. To compute LST, the code loaded the Landsat collection with user-selected
date and region, emissivity data, and total column water vapour data. It then processed
normalized difference vegetation index converted to fractional vegetation cover, and bare
ground emissivity. The code merged these outputs to calculate TIR emissivity and finally
compute LST. Ermida et al. [50] conducted a validation analysis using in situ LST data
and derived overall accuracy of 0.5 K for Landsat 5-TM and 0.2 K for Landsat 8-OLI/TIRS.
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The final images were calculated in Kelvin and converted to Celsius in ArcGIS (Esri,
Redlands, California, USA) by subtracting 273.15.

NDVI is Normalized Difference Vegetation Index, a commonly used vegetation
greenness index calculated from Level 2 Landsat images that were downloaded from
https://earthexplorer.usgs.gov (accessed on 20 May 2020). Landsat Level 2 optical bands
are geometrically and atmospherically corrected; therefore, NDVI was directly calculated
from the relative bands in ArcGIS (Esri, Redlands, California, USA). Specifically, band 3
(red) and band 4 (near-infrared) from the 1998 and 2009 Landsat 5-TM and band 4 (red)
and band 5 (near-infrared) from the 2019 Landsat 8-OLI/TIRS were used to calculate NDVI
based on the equation—(NIR − Red)/(NIR + Red). NDVI values range between −1 to 1,
where NDVI values of <0.2 represent bare soil and impervious features, and NDVI values
of >0.5 represent full and densely vegetated areas [51]. NDVI was suitable for the purposes
of this study because the focus is more on the image of deforestation or vegetation removal
on temperature, and NDVI values > 0.6 are not further separated to identify the impact of
vegetation on temperature, and therefore the image of NDVI saturation issues is minimized.

2.3. Climate Data

Specific meteorological data for the Siem Reap weather station were obtained from
Cambodia’s Ministry of Water Resources and Meteorology and the Siem Reap Provincial
Department of Water Resources and Meteorology. The Siem Reap weather station is located
on the grounds of the provincial department and is close to Siem Reap City (see Figure 1b).
As a result of different land types exhibiting different climate dynamics in this region,
this station cannot provide precise temperature data for the whole region, but its data
represent temperature information in the city and its surrounding areas. Temperature
datasets provided measurements for each year between 1998 and 2019 inclusive. Tmax
(the maximum temperature) for 7 January 1998, 21 January 2009, and 17 January 2019,
were used as an in situ air temperature reference.

2.4. Ground Points and Regression Analysis

Ground points representing dominant landscape features were collected within the
study area. They are assigned into four categories: densely vegetated areas, sparsely
vegetated areas, seasonal agriculture, and impervious areas (urban). These points were
collected during fieldwork in 2019, validated and edited using google earth imagery. To
determine the corresponding landscape features for the years 1998 and 2009, the points
were compared against historic maps and google earth imagery. The number of sampling
points differed among years as a result of significant land transitions seen in the study area
(see Table 1).

Table 1. Ground points represented by different land types for 1998, 2009, and 2019.

1998 2009 2019

# of Points % of Points # of Points % of Points # of Points % of Points
Densely Vegetated Areas 60 40.8% 53 36.1% 43 29.3%
Sparsely Vegetated Areas 36 24.5% 25 17.0% 18 12.2%
Seasonal Agriculture 28 19.0% 33 22.4% 46 31.3%
Impervious Areas (Urban) 23 15.6% 36 24.5% 40 27.2%

The location of the ground points was used to extract the values from the NDVI and
LST maps for all three years. A simple linear regression model was established between
the NDVI (the independent variable) and the LST (the dependent variable) in each imaging
year to determine the relationship between vegetation and temperature. The coefficient of
determination (R2, range 0–1) can be used to examine how much change in the dependent
variable can be explained by the independent variable. The slope of the regression model
estimates an average rate of change in temperature (LST) as a function of the change in
vegetation (NDVI).

https://earthexplorer.usgs.gov
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2.5. Interviews and Analysis

Interviews with local people were conducted across the region in areas that were
representative of the three land types (rural mountains, rural agricultural lowlands, urban
areas) to collect information that can be described as perception data. Interviews took
place in 2019 during the dry season. Sixty-five interviews were conducted with individuals
ranging from residents, village leaders, commune chiefs, district governors, provincial
and national departments, local and foreign entrepreneurs, and NGOs. Interviews were
conducted through convenience and snowball sampling with most residents, while purpo-
sive sampling was used with key informants. Ethics approval to conduct interviews was
obtained from the University of Toronto Research Ethics Board, which detailed obtaining
full consent from respondents and providing anonymity to protect individual identities.
Approval to conduct research was also obtained from the Siem Reap Province and the
Ministry of Environment in Cambodia.

As PKNP has experienced significant natural forest cover loss in recent years, under-
standing perceptions from before and after the changes was particularly important for
this area. Interviews were conducted in four different rural areas and one urban area to
determine if climate perceptions were consistent or inconsistent across multiple locations.
The urban area is essentially limited to the city of Siem Reap. Here, interviews were mostly
conducted in the downtown area of the city. The main topics pertaining to this study
included questions about (1) overall temperature perceptions for the area, (2) if notable
changes fell outside of typical climate fluctuations, (3) what reasons were given for these
changes, if any and, (4) what actions need to be taken to mitigate climate risks. These
interviews function as a source of validation for the LST results, as residents in different
areas can provide perceptions of changes in temperature over time.

Interviews in Khmer were conducted with the help of a Cambodian research assistant
who asked questions and provided translations throughout the interview process. With
the permission of the respondents, interviews were audio-recorded and later transcribed.
Khmer interviews were transcribed to English using a second research assistant. Transcrip-
tions of interviews were analyzed in NVivo (QSR International, Melbourne, Australia) and
coded into themes that included climate, environmental change, climate-environmental
impacts, and knowledge and support. Interviews ranged between 30–90 mins depending
on the depth of information provided by respondents and if follow-up questions were
needed. Most respondents answered questions pertaining to the main topics of discussion,
with a small number of respondents providing minimal responses to climate-related ques-
tions depending on their knowledge and specialty (see Table 2).

Table 2. Responses to interview topics.

Interview Topics Detailed
Responses

Minimal
Responses

Climate 59 6
Environmental Change 51 14
Climate-Environment Impacts 51 14
Knowledge & Support 52 13

3. Results
3.1. LST and NDVI Maps

LST and NDVI maps derived from the three Landsat images are displayed in Figure 2.
LST data at the location of the Siem Reap station were 36.5 ◦C on 7 January 1998, 33.8 ◦C on
21 January 2009, and 35.2 ◦C on 17 January 2019. Maximum air temperatures observed
at the station were 32.8 ◦C on 7 January 1998, 31.7 ◦C on 21 January 2009, and 33.2 ◦C on
17 January 2019 [52,53]. The LST data are ~2 ◦C higher than the air temperature maxi-
mums in 2009 and 2019; however, it is 3.7 ◦C higher in 1998. The higher margin of error
for 1998 may be due to inaccuracies with the LST data or due to the use of old weather
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equipment used in 1998, as the weather station was updated in the 2000s as per a key
informant at the Ministry of Water Resources and Meteorology. As the Siem Reap weather
station is located near the city, these maximum temperatures can only reflect tempera-
tures close to and within the city. Much of the rural agricultural lowlands are estimated
to observe higher temperatures, with Phnom Kulen National Park (PKNP) observing
lower temperatures.

Figure 2. Results of land surface temperature (LST) and normalized difference vegetation index
(NDVI) depicting spatial temperature and vegetation variation from 1998–2019.

Each LST map (Figure 2) represents the land surface temperature of when the image
was taken. Temperatures in the LST maps between 23–27 ◦C (dark blue) and 27–30 ◦C
(light blue) indicate cool to warm temperatures, followed by hotter temperatures between
30–34 ◦C (light green) and 34–38 ◦C (peach), with temperatures of 38–40 ◦C (orange) and
above 40 ◦C (red) representing dramatically hotter temperatures. On 7 January 1998,
the coolest temperatures feature most prominently in areas within PKNP, while higher tem-
peratures are located throughout the rural agricultural lowlands (north, central,
and south), as well as in areas around Siem Reap city. As noted by both LST values
and air temperature, 21 January 2009, has milder temperatures throughout all three major
areas. The coolest temperatures are still predominately located within areas of PKNP, while
small areas with higher temperatures are located throughout areas of the rural agricultural
lowlands close to PKNP. On 17 January 2019, the coolest temperatures are located within
areas of PKNP, but to a much lesser degree, while the higher temperatures are located
throughout much of the rural agricultural lowlands.

NDVI is divided into six categories, ranging from −1 to 1, where low values of
0.2 or less represent no vegetation. Moderate values of 0.2–0.5 represent sparse vegetation,
and 0.5 and above represent dense vegetation. Like LST, NDVI represents vegetation
conditions on the imaging data; however, it is also an indication of the climate condition
for the particular season under study. In 1998, dense vegetation is observed in PKNP,
throughout some areas in the rural agricultural lowlands, at the Angkor Archaeological
Park (a few kilometers north of Siem Reap City), and in some areas around the city. Sparse
vegetation is also observed throughout much of the rural agricultural lowlands and in
the city. There are also areas of no vegetation (denuded dirt and concrete) scattered
throughout the landscape, including the city. In 2009, dense vegetation decreases in PKNP
throughout the rural agricultural lowlands and in the city as more sparse vegetation is
observed. There has also been an increase in no vegetation observed in the city. In 2019,
dense vegetation increases were observed in some areas in PKNP, with decreases in others.
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Several concentrated areas of dense vegetation growth in the rural agricultural lowlands,
as well as in some small areas around the city is observed. Areas with little or no vegetation
are also observed in the city.

Figure 3 displays three zoomed-in areas to show the relationships between LST and
NDVI data: (a) rural mountain (PKNP), (b) rural agricultural lowlands, and (c) urban (Siem
Reap City). Overall, areas with significant human intervention (agriculture, plantation
forests, urbanization), as seen in the NDVI maps, displayed higher temperatures in the
LST maps. In PKNP (Figure 3a), the zoomed-in NDVI showed more light green patches in
2009 and 2019 NDVI maps, suggesting the landscape has become fragmented on PKNP,
where large-scale deforestation and conversion from slash and burn farming to cashew
nut plantation have occurred over the years [54]. Despite the growth of plantation forests
(cashew nut trees) in some areas that showed a recovery of NDVI values from 2009 to 2019
(i.e., fewer light green patches in the 2019 NDVI map), the LST maps still noted a general
higher surface temperature in 2019.

Figure 3. Zoomed in areas to show detailed LST and NDVI data. (a) rural mountains, (b) rural
agricultural lowlands, and (c) urban area.

The decreasing NDVI values (from dominant dark green in 1998 to light green and
yellow in 2019) in the rural agricultural lowlands (Figure 3b) demonstrated that agricul-
tural expansion has proceeded at a high rate, where between 80–90% of people that live
in these areas are involved in agricultural production [55]. Correspondingly, in these
rural agricultural lowlands, the flat, cleared land produced high exposure to extreme heat,
as seen in the LST maps. Siem Reap City (Figure 3c) exhibited both expansions of impervi-
ous areas as well as some greening (i.e., high NDVI values), especially leading up to the
Angkor Archaeological Park and along the Siem Reap River (see Figure 4). Despite urban
expansion from 1998 to 2009, the LST did not display higher surface temperatures in 2009,
while similar surface temperature values in the city are exhibited in 1998 and 2019.
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Figure 4. (a) Greater Angkor Region depicting the extent of the Siem Reap River in the city and the
location of photograph 4b on the map (b) A photograph of the Siem Reap River in Siem Reap City.

LST-NDVI regressions were performed to quantitatively examine LST-NDVI relation-
ships (Figure 5). All three graphs displayed significantly strong relationships between
temperature (i.e., LST) and green vegetation (i.e., NDVI) in the study area, with NDVI
explaining 76.3% of spatial temperature in 1998, 65.9% in 2009, and 66.6% in 2019. The
slope of the regressions suggests that every 0.1 decrease in NDVI values leads to around
1.0 increase in temperature (i.e., 1.21 in 1998, 0.94 in 2009, and 0.98 in 2019). Spatially, tem-
peratures range from 26 ◦C to 41 ◦C in all three years, with areas showing higher vegetation
cover correspondingly having lower temperature values. The highest LST observed is in
seasonal agriculture at 40.6 ◦C in 2019, and the lowest temperature is in densely vegetated
areas at 26.6 ◦C in 2009. Specifically, densely vegetated areas exhibited the lowest mean
temperatures at 30.5 ◦C in 1998, 29.2 ◦C in 2009, and 31.2 ◦C in 2019. These corresponded
with NDVI values of 0.6 and above, which is representative of dense vegetation. Sparsely
vegetated areas observed slightly higher temperatures with mean temperatures of 34.8 ◦C
in 1998, 32.5 ◦C in 2009, and 34.9 ◦C in 2019, and a mean NDVI around 0.5. Seasonal
agricultural and impervious areas exhibited the highest temperatures and the lowest NDVI
values. Mean temperatures for seasonal agriculture are 36.0 ◦C in 1998, 34.1 ◦C in 2009,
and 36.8 ◦C in 2019, while impervious areas have mean temperatures of 36.0 ◦C in 1998,
33.7 ◦C in 2009, and 36.6 ◦C in 2019. Impervious areas with less vegetation observed a mean
NDVI of 0.2, and seasonal agriculture that occupies most of the study area had a mean
NDVI of around 0.3. Temporally, the graphs also indicated areas of high vegetation cover
are shifting, with a mean NDVI of 0.74 in 1998, decreasing to 0.68 in 2009, and increasing to
0.77 in 2019. Additional analysis for study years (1997, 2001, 2007, 2011, 2018, 2020) was
performed to validate these findings.
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Figure 5. LST-NDVI linear regressions. (a) 1998 linear regression, (b) 2009 linear regression, and (c)
2019 linear regression.

3.2. People and Temperature Dynamics

A word frequency query in NVivo (QSR International, Melbourne, Australia) revealed
that when talking about temperature, respondents most frequently spoke of water, forest,
hotter, change, people, climate, last, and rain. Secondary topics included decreased, season,
wind, farming, decline, environment, and problem. The overlap of temperature with
landscape variables is particularly significant, as it suggests that local perceptions of
temperature are linked with the environment and natural resources.

In the PKNP area, respondents identified notable change in temperature. They stated
that the temperature is hotter now than before. Some observed a change from around
2015–2016 while, for others, significant temperature changes have only been noticeable
from 2017–2018. While most respondents in PKNP identified hotter temperatures over
the years with 2019 being very hot, several respondents discussed more a fluctuation of
hotter temperatures, noting that hotter temperatures are evident in the last 5 years (2015–2019)
but the years for which they identified the hottest temperatures differ. Respondents ex-
plained that despite perceiving a rise in temperature, it is still cooler on PKNP than in the
lowlands, when they visit these areas. For example, one respondent stated that despite the
higher temperatures, he still preferred to live in PKNP because it remains cooler in com-
parison to other areas, while another respondent indicated when he is in Siem Reap City,
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the high temperatures drain his energy, but when he is in PKNP he feels energized by the
cooler temperatures.

I like to live here because it is easy to breathe, and the weather is good. I can sleep
very well at night, and I have energy when I get up in the morning. If I sleep at
the lower area, I have no energy. I don’t know how to live there.

People living in the rural agricultural lowlands responded similarly, where most
respondents commented on how much hotter it has been in recent years. The year 2019 is
identified as a very hot year in comparison to the previous year. One respondent stated that
it has been getting hotter over the years, and he singled out 2019 as a very hot year. Changes
in temperature are identified in the mid-to-late 2000s, where before 2008, the temperature is
perceived to be cooler, but in the last ten years, the temperature has undergone significant
notable changes. One respondent commented that with the current temperature, it is
very hard to live now. His livestock is dying, his crop yields are decreased, and there is
less rainfall.

The crop yield last year (2018) was better than this year (2019). The temperature
is much hotter, and the animals died because they don’t have enough water to
drink.

Another respondent stated that the temperature now is too hot, and he would prefer
to live in the previous situation where the temperature is milder.

Respondents in the city also observed hotter temperatures, noting that “it is hotter
than other years.” A key informant stated that the year 2019 was very hot, especially in the
city, but made more direct connections on the impacts of high temperatures to people in
rural areas. Similarity, in the city, respondents primarily noted hotter temperatures but did
not discuss major disruptions to daily life.

3.3. Climate-Land Interactions

Perceptions of local temperature changes are strongly associated with environmental
variables. Most respondents expressed the view that changes in temperature are a result of
landscape changes. In PKNP, the degraded ecosystem was discussed at length, where the
most prominent environmental variables identified were water and forests. Primary and
secondary forests being replaced with cashew nut plantations is the key reason respondents
provided for hotter temperatures and lower water levels. A study conducted by Trabucco
et al. [56] noted that plantation forests may have considerable impacts on water resources
and, an example from Sumatra, revealed that oil palm plantations displayed warmer
temperatures than forests [57]. A major point of contention among residents was the impact
these changes have had on farming, the main livelihood activity for people in PKNP.

It is because we lost the forests. The climate is changed, and the water is decreased
because of what has happened with the forests.

Although many of the areas where water spring points are located are now protected,
water concerns and hotter days were discussed by residents. Additionally, the conversion
of natural forests to cashew nut plantations was also noted as a problem for developing
PKNP for ecotourism, as tourists want to see nature, not plantations. For people in PKNP,
temperature changes may result from the sharp contrast of once having forests that shaded
and reduced the amount of heat reaching the ground to now having more direct contact
with high temperatures.

Respondents in the rural agricultural lowlands discussed water most often in relation
to temperature and associated changes in temperature with the loss of forests. Loss of forests
can have severe impacts on the evapotranspiration process and groundwater cycle [58].
According to the respondents, the temperature started to change when people began
clearing more land for farming. Respondents connected irregular rainfall patterns, dying
animals, and dried out crop yields from heat stress to high temperatures and low water
levels. In 2019, many farmers were advised to plant two times instead of three times
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and choose 3-month drought-tolerate crops instead of 6-month crops. For many families,
agricultural activities in general seem to be less in 2019 because of less water. Even in the
areas where access to stored reservoir water was available for farming, respondents noted
lower water levels in the canals.

This year we have less rain and less water in the canals meaning we have less
water to use for the rice farms.

In most cases, temperature changes were expressed in relation to farming, as sensi-
tivity to heat in agricultural lowlands is amplified by direct exposure in open agricultural
landscapes. Additionally, the difference in resource access and social services in these
landscapes is also important to consider.

Respondents in the city also expressed the view that temperatures are getting hotter,
and this may result from environmental changes, but speak about fewer direct impacts.
As Siem Reap is a small, urbanizing city, it does not yet feature the high proportion of
hard surfaces typically seen in other cities, such as tall skyscrapers and elaborate roadways.
Typically, cities do exhibit higher temperatures than surrounding areas, as conveyed by
Bounoua et al. [7] where several U.S. cities demonstrated this phenomenon, except for
Phoenix, where the city was greener than surrounding areas. Close proximity to the Tonle
Sap (the largest freshwater lake in Southeast Asia), may also help to regulate temperatures
in the city. For many, outdoor activities involved a fair degree of shade, indoor activi-
ties often used fans or air conditioning, and easy access to amenities typically described
a different relationship for urban residents with temperature compared to individuals that
are more directly exposed to the elements.

4. Discussion
4.1. Interpreting Spatial Temperature

The strong relationship between temperature and land expressed both in the remote
sensing results and the interview analysis revealed that land transitions to plantation
forests, agricultural land, and urban areas have contributed to temperature changes in this
area. This has raised concerns where degraded ecosystems and hotter temperatures have
led to disruptions in livelihood activities.

The LST-NDVI results, air temperature, and perception data showed some consistency
and inconsistency with the degree of correlation among the datasets. While LST data in
2019 are the highest, these temperatures are marginally higher than in 1998, with 2009 hav-
ing the lowest temperatures. 2019 having the highest temperatures does correspond to
perception data that identified hotter temperatures especially in the last 5–10 years. At the
Siem Reap Station, the LST data range from 33.9 ◦C to 36.5 ◦C with the highest temperature
in 1998 just marginally greater than in 2019, while the air temperature data ranges from
31.7 ◦C to 33.2 ◦C with the highest temperature in 2019. These temperatures exhibited
some fluctuation but did not show a consistent increase. A reduction of green vegetation
from 1998 to 2009 is clearly observed in NDVI data and noticed by respondents from the
interviews. Despite 2009 having an overall lower temperature than 1998 and 2019, areas
with less vegetation still observed higher temperatures. Greening (a recovery of high NDVI
values) are observed in the NDVI findings from 2009–2019 throughout the region. In PKNP,
despite greening, temperatures are overall higher. In the rural agricultural lowlands, areas
with greening exhibited lower temperatures, while areas with less vegetation observed
higher temperatures, and in the city, despite urban expansion and greening, temperatures
are similar to the 1998 values. Findings also indicated that a 0.1 reduction in NDVI leads
to an average 1.0 ºC increase in temperature for the study area. This is valuable for deci-
sion makers and planners because it provides clear evidence towards the importance of
naturally forested areas for temperature regulation.

4.2. Mobilizing Climate Resilience Action

There is a wide range of experiences surrounding climate action across the region.
Interviews with residents and key informants provided firsthand experience on how climate
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awareness manifested across the region and the capacity to which it operated, offering new
insights for future climate planning.

One of the main climate actions within the Greater Angkor Region is tree planting,
which is being done by both the public and private sectors. The Provincial Department
of Agriculture, Forestry & Fisheries (PDAFF) stated that to mitigate climate concerns,
they provide hundreds of thousands of tree saplings to schools for replanting every year.
An entrepreneur in the city explained that he and a few of his colleagues are trying to do
what they can for the environment. They set up a tree nursery where they grow thousands
of trees and when the trees are big enough, they will give them away to public places like
schools and hospitals to be transplanted. Additionally, designated areas for community-
protected forest areas and the expansion of these have become more critical for forest
conservation within this region.

Climate resilience action, however, has not manifested the same across the region for
everyone. In PKNP, more awareness, support, and engagement surround climate as the
Ministry of Environment and multiple NGOs play a large role. Generally, most residents
had a moderate degree of understanding towards changes in temperature, noting higher
temperatures, irregular rainfall patterns, and the capacity to explain impacts on their liveli-
hood activities. A key informant added that, particularly in this area, additional support for
raising awareness is needed, especially in terms of more sustainable agriculture practices
and more livelihood options. One resident noted that besides what the government is
doing, he is not clear on what else his village can do. As noted by residents in PKNP,
more training and education need to be provided on what people can do so climate action
is more proactive and less reactive (i.e., reducing harvests).

In the rural agricultural lowlands, climate resilience action is variable depending on
the support and engagement they receive from local government units and the inclusion
of NGOs working on climate related projects. For some, there is an awareness of changes
in temperature, especially with the support of NGOs that provide workshops and com-
munity outreach, but adaptation is a slow process. One respondent noted that changes in
temperature have made things very difficult for him, but he does not know what can be
done to mitigate the problems. Other respondents identified lower degrees of awareness,
stating they do not know much about climate change. They notice something is changing,
but they do not know how to adapt to it. Many were also unsure about what supports
are available to them. Several key informants urged for an increase in social awareness
through community engagement and social media announcements to help improve climate
resilience action. Informants at both national and provincial levels stated that not enough
money was available for full implementation and noted financial and technical supports
from NGOs are important. However, a key informant added that in terms of long-term
sustainability and adaptation, once projects are completed, they receive minimal support
and follow-up, which makes them hard to sustain.

Climate awareness in the city was moderate based on the key informants and residents
we spoke to. The Provincial Department of Agriculture, Forestry & Fisheries (PDAFF)
explained that it is difficult to designate and maintain community urban forest spaces.
The Strategic Program for Climate Resilience also noted that at the time Siem Reap City
was not a target project for them in terms of mainstreaming climate resilience. However,
the Global Green Growth Institute stated that additional projects focusing on secondary
cities such as Siem Reap were being developed.

4.3. Consistency and Limitations

This study showed a degree of consistency and inconsistency in relation to quantitative
and qualitative temperature analysis. Although continual temperature increase could not
be verified in this study, a strong relationship between temperature and ground features
was consistent among the LST and interview results. Limitations of this study were mainly
due to a lack of in situ climate data from additional weather stations in the area. Weather
stations and measurement system updates in the area posed a restriction to map or validate
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the temperature maps throughout the 20 years, as these data would improve accuracy in
measuring ground temperatures for PKNP and the rural agricultural lowlands. As no cloud
free Landsat images were available for the study years (1998, 2009, 2019) during the wet
season within the study site boundary, a seasonal comparison could not be performed for
this study. Future climate studies for this region would benefit from seasonal comparison
to denote seasonal change in temperature. This study, however, made every effort to use
different datasets (LST, meteorology, interviews) to accurately portray temperature in this
area with the chosen methods.

5. Conclusions

The findings of this research are important because they highlight temperature change
in this region, provide a deeper understanding of its impacts, and offer new insights into
how climate resilience action is occurring in different land types. The results indicated that
changes in temperature were most prominent in PKNP and the rural agricultural lowlands
where residents noted the highest degrees of concern for how temperature change is
impacting livelihood activities. The temperature was strongly related to ground features:
the high temperatures were in areas with little to no vegetation, while low temperatures
were observed in areas with dense vegetation. While tree planting and forest conservation
initiatives are already underway as climate resilience strategies, awareness, and the capacity
to adapt to temperature change remain uneven across the landscape, calling for stronger
engagement, education, and training.

The use of mixed methods, specifically remote sensing and interviews was beneficial
to this study because combined, it provided clear indication towards the areas where
temperature is most severe and the corresponding impacts on ecosystem and human
wellbeing, which is valuable for climate resilience planning. In using this approach,
the main research questions have been addressed in terms of how and why tempera-
ture is changing, if people are able to adapt and enact climate resilience strategies and what
recommendations are needed for improving climate action. First, as noted in the linear
regression, one of the main factors influencing temperature is the change in vegetation.
This was corroborated with the interview data, where most respondents connected tem-
perature with landscape features. Second, the ability to enact climate resilience strategies
was uneven across the landscape, depending on the level of engagement with authorities
and NGOs in the area. While awareness may be improving in some areas, action remains
slow and largely reactive. Third, recommendations provided by respondents called for
more engagement, training, and education on climate action to increase understanding and
awareness of changing temperature dynamics and prepare residents for the future.

The broader implications of this study demonstrate the applicably of integrated meth-
ods to demonstrate the urgent need to address changing climate dynamics. First, this study
highlighted the different realities that residents in different land types (rural and urban)
face in responding to climate change. Livelihood activities and geographic location were
two determinants within this study which are also applicable across the globe. Second,
this study demonstrated the connection between vegetation and temperature within the
study area, which has been reported in other studies, affirming the importance of natural
forests and the need to increase efforts to maintain and protect them. Third, the study
emphasized challenges with climate resilience action and awareness within the study area,
which is applicable to many areas across the world, where not enough resources, funding,
and education are available.
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