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Abstract 

REGIONAL AND GLOBAL IMPLICATIONS OF LAND-USE 

CHANGE AND CLIMATE CHANGE 

by 

HEIDI LADA STAUFFER 

This dissertation has two main components. The first is a longterm regional climate 

modeling study of the effects of different types of land use changes on Southeast 

Asian climate under present-day climate conditions and under future projected 

climate conditions at the end of the 21st Century. The focus of the second component 

is to estimate daily heat index for projected extreme temperatures at the end of the 

21st Century and projecting the number of people affected by those heat conditions. 

The first component of this study uses a high-resolution regional climate model 

centered on the Southeast Asian region to compare two land use change scenarios 

under modern climate and future projected climate conditions. Results from 

experiments under modern climate conditions indicate that changes in regional 

climate including widespread surface cooling, increased precipitation, and increased 

latent heat flux are primarily due to deforestation. As expected from other studies, 

future climate projections indicate increasing surface temperature and total 

!viii



precipitation. However, the combination of increasing global temperatures and 

irrigation appears to increase latent heat flux and evapotranspiration, leading to 

decrease in the surface temperature nearly the same magnitude, increasing both 

specific humidity and relative humidity. The increasing relative humidity causes low 

clouds to form, and the net surface solar absorbed flux decreases in response, which 

further cools the surface. These results imply that deforestation and irrigation have 

differing complex regional climate responses and the presence of irrigation could 

mask future surface temperature increases, at least in the short term and reinforce the 

importance of incorporating land use changes, particularly irrigation, into any studies 

of future regional climate. 

The second component of this study uses global daily maximum heat indices derived 

from future climate future climate simulations for 2098 and projected population 

density to estimate how many people will be affected by rising temperatures. Our 

results show that over 4 billion people annually will experience prolonged periods of 

Danger heat index conditions, under which heat exhaustion and heat stroke are likely. 

In addition, a majority of people subjected to prolonged high heat stress conditions 

are located in tropical developing nations, such as those in south and Southeast Asia, 

where population density is high and large numbers of people work outdoors. Many 

countries in these regions lack the resources to mitigate the impact of heat stress on 

the large numbers of people likely to experience heat-related illness and death.  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Chapter 1 
Introduction  

Both observational and modeling studies have demonstrated strong links between 

land use changes and climate, and anthropogenic land cover change has now been 

recognized to have climatic consequences at the local, regional, and global scales. At 

present, more than 40% of the Earth's ice-free land surface, about 54 million km2, has 

been modified by human activities in the form of deforestation, urban and suburban 

expansion, and introduction of irrigation and expansion of agricultural areas (Leff et 

al., 2004). Regional and local alterations of the climate, such as shifts in precipitation 

and temperature, resulting particularly from deforestation and conversion of natural 

vegetation to agricultural lands, have been documented in many parts of the world 

(Mahmood et al., 2008; Bonan, 2008).  

 

Global climate model (GCM) climate projections using extreme climate scenarios 

characterized by unmitigated greenhouse gas (GHG) emissions results in an 

approximately 5oC increase in the global maximum surface temperature by 2100 

(IPCC, 2013). Recent studies have assessed potential effects of increasing surface 

temperatures, but few have focused on the interaction between land use change and 

regional climate change and how many people might be affected by high surface 

temperatures, especially at the end of the 21st Century. 
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The purpose of this dissertation is 1) to assess the regional climate effect of land use 

changes, specifically deforestation and irrigation, under both present day and future 

projected climate conditions in Southeast Asia, and 2) to estimate how many people 

will be affected by dangerous levels of heat stress based on projected global surface 

temperature increases under the most extreme Representative Concentration Pathway 

8.5 (RCP 8.5) IPCC climate scenario (van Vuuren et al., 2011). 

The first part of this dissertation uses the International Center for Theoretical Physics 

(ICTP) Regional Climate Model (RCM), RegCM version 4.3 (RegCM4.3, Elguindi et 

al., 2013) focuses on the interactions between land use change and regional climate 

under present day and future projected climate conditions. The land use changes of 

particular interest in Southeast Asia are deforestation and irrigation. The second part 

of the dissertation involves using model output of global projected surface 

temperature from the Hadley Center model, HadGEM2-ES (Collins et al., 2011) 

driven by the most extreme IPCC future climate scenario RCP 8.5 (van Vuuren et al., 

2011) and projected global population density (Gaffin et al., 2004) to assess the 

number of people affected by heat stress by the end of the 21st Century. 

The chapters in this dissertation are organized as separate papers, with introduction, 

literature review, methods, results, discussion, and conclusions for each. Chapter 2 
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focuses on the effects of deforestation on present-day regional climate in Southeast 

Asia using ICTP RegCM4.3. Chapter 3 also uses RegCM4.3, but explores the 

interaction between irrigation and projected regional climate for Southeast Asia for 

the most extreme future climate scenario, RCP 8.5 at the end of the 21st Century. 

Chapter 4 shifts to a global perspective of the affects of RCP 8.5 extreme future 

climate scenario by assessing the effect of rising surface temperatures on heat-related 

health of human populations. Chapter 5 summarizes the results of all three research 

chapters.  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Chapter 2  
Modeled Effects of Land Use Change on the 
Regional Climate of Southeast Asia 

2.1. Introduction 
The Southeast (SE) Asian region has long been subject to human modification of the 

landscape, but in recent decades, population growth and accelerated deforestation 

have increased the scale and rate of land use changes. Regional and local alterations 

of the climate resulting from land use changes have been documented in many parts 

of the world (Mahmood et al. 2008; Bonan, 2008a). In particular, modeling studies of 

tropical forests in the Amazon region reveal that deforestation results in a warmer, 

drier climate (Bonan, 2008b). Three recent regional modeling studies of tropical Asia, 

one focusing on the Indian Subcontinent, one focusing on South and Southeast Asia 

(only Indochina), and one focusing on Indochina only, all showed similar results to 

the modeling studies of the Amazon region (Mawalagedara and Oglesby, 2012; 

Douglas et al. 2009; Sen et al., 2004). In this study, we examine the effects of past 

land use changes (up to year 2000) on the regional climate of Southeast Asia, 

focusing primarily on Indochina and the Indonesian Archipelago (Fig 2.1). 

Achard et al. (2002) reported that Southeast Asia experienced the highest rate of 

deforestation of all humid tropical forests between 1990 and 1997. Forest cover in  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Figure 2.1. A) Modern Land Cover (excluding urban/suburban) USGS GLCC 5-
Minute Modern Land Cover version 2 (Loveland et al. 2000). B) Potential Natural 
Vegetation Land Cover, 5-minute resolution (Ramankutty and Foley, 1999).



insular Southeast Asia (which includes the Philippines and the Indonesian 

Archipelago) decreased by 10,000 km2 per year between 2000 and 2010, resulting in 

a total loss of 10% for that decade (Miettinen et al. 2011). Areas of Borneo and 

Sumatra experienced the highest rate of deforestation, greater than 5% annual forest 

loss (Miettinen et al. 2011). Based on population growth and other forest pressures, 

forest cover in the region is estimated to decrease by an additional 180,000 km2 

between 2010 and 2020 (FAO 2011).  

Deforestation in tropical regions is most often the result of agricultural expansion 

(Gibbs et al., 2010). In Southeast Asia during the 1980s and 1990s, almost 60% of 

new agricultural lands were gained from deforestation of intact forest, and with 

increasing global demands for agricultural products, the world's remaining humid 

tropical forests, are vulnerable to future agricultural expansion (Gibbs et al., 2010). 

Southeast Asia has a long history of agriculture, primarily rice, as well as wheat, 

millet, and sorghum, but in the last few decades, much of the agricultural land use has 

been in the form of tree plantations, notably oil palm (Gibbs et al., 2010). Between 

1980 and 2000, tree plantations in Southeast Asia expanded 64,000 km2 to a total of 

174,000 km2, with oil palm plantations accounting for 80% of that expansion (Gibbs 

et al., 2010).  
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2.1.1 Southeast Asian Climate 

Southeast Asian regional climate is dominated by two monsoon seasons associated 

with the Asian-Australian Monsoon system separated by the transitional Maritime 

Continent Monsoon" (Webster, 2006). The model domain for this project is 

influenced primarily by the Asian Summer monsoon during the northern hemisphere 

summer and the Maritime Continent Monsoon during the northern hemisphere winter. 

The Maritime Continent Monsoon begins around Indochina starting approximately in 

July and migrates southwest across the Malay Peninsula and Borneo October and 

November, and most of the Indonesian Archipelago by February (Webster, 2006). In 

this study, we define the wet monsoon season as November to March corresponding 

to the period of highest rainfall and the timing of the Maritime Continent Monsoon in 

Borneo and the dry monsoon season as May to September, which corresponds to the 

lowest rainfall in Borneo (Webster, 2006). Average seasonal land surface 

temperatures for Southeast Asia range from 23.8oC to 33.6oC in the wet season, and 

26oC to 32.6oC in the dry season for the entire domain. Total annual precipitation 

averages over 3000 mm over the land areas in the domain (Chuan, 2005). Continental 

SE Asia is characterized by greater seasonality, while insular SE Asia experiences a 

more equable climate (Chuan 2005). 
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1.2 Previous Studies 
Both observational and modeling studies have shown that deforestation of forests at 

any latitude can have effects on the local and regional climate. Some studies indicate 

that large-scale deforestation in tropical and temperate regions can have effects 

beyond the regional scale (Mei and Wang, 2010; Strack et al. 2008; Bonan, 2008a). In 

SE Asia, conversion of natural land cover to agriculture has caused significant 

regional and possibly global climate effects (Mawalagedara and Oglesby, 2012; 

Zhang and Gao, 2009; Douglas et al. 2009; Sen et al., 2004).  

2.2.1 Observational studies 
Studies using observational or reanalysis data in South and Southeast Asia have 

shown significant climate effects from both deforestation and agriculture. Lee et al. 

(2009) investigated the effect of irrigation and changes in land cover on the observed 

weakening of the early Indian Summer Monsoon (approximately June through July). 

They concluded that increased irrigation during the months immediately preceding 

(March through May) led to cooler surface temperatures on the Indian Subcontinent. 

This occurs due to increased latent heat flux from increased soil moisture and 

evapotranspiration, consequently reducing the land-sea thermal contrast and 

weakening the monsoon circulation. 
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Niyogi et al. (2010) used gridded daily rainfall and satellite land surface data to 

determine the effects of agriculture and other land use changes on regional climate in 

South Asia. Using statistical analyses, they concluded that land use changes between 

1951 and 2003 may be partly responsible for the observed decline in rainfall during 

the Indian Summer Monsoon. A dominant forcing of the Indian Monsoon is the 

seasonal heating of the Indian subcontinent, causing a seasonal low-pressure anomaly 

in the northwest. This seasonal low-pressure anomaly influences the intensity and 

distribution of rainfall over the north-northwest part of India. Lee et al (2009) 

conclude that because agricultural intensification can change the radiative balance, 

the agricultural changes in northwest India could be disrupting the formation of the 

seasonal low-pressure anomaly, which in turn affects the rainfall in northwestern 

India. 

Studies using observations focusing on effects of land use changes in Southeast Asia 

tend to be more local in scope. Kanae et al. (2001) used observational station data and 

reanalysis data for Thailand and part of the Malay Peninsula as well as regional 

climate model (RCM) runs to investigate the effects of deforestation in Indochina on 

precipitation. The results from analyses of the monthly observational data from 1951 

to 1994 show a decline in precipitation during September, a relative decrease of 30% 

over the 40-year time span, and a large increase in precipitation during July and 

August of between 100-200 mm/month, in the northeastern part of Thailand, a 56% 

!9



increase for that area (Kanae et al., 2001). The RCM simulations successfully 

reproduce the sign of the September and July-August precipitation observations, but 

underestimate the magnitude. Kanae et al. (2001) suggest that because deforestation 

in the model results in a decrease in roughness length, evapotranspiration and 

precipitation also decrease, implying a possible mechanism for the observed decline 

in precipitation in September. The effect is more pronounced in September because 

the westerlies of the Asian monsoon typically weaken at that time. In July-August, 

however, the westerlies of the Asian monsoon system are strong and the effect is 

negated (Kanae et al., 2001). 

Sarkar et al. (2007) analyzed data from the GPCP from 1981 to 2000 to determine the 

effect of vegetation change on rainfall in Southeast Asia. Their results show that 

rainfall and vegetation are strongly coupled over the Indonesian Archipelago and that 

the effects of vegetation change persist for 2 to 2.5 years beyond the initial change. In 

addition, June-July-August rainfall is strongly correlated to the presence of crops 

during March-April-May, but they do not offer an explanation (Sarkar et al., 2007). 

2.1.2 Modeling studies 
A majority of modeling studies of tropical land use-climate interactions have 

employed general circulation models (GCMs) for both regional and global studies. 

Takata et al. (2009) used an atmospheric GCM to estimate changes in the Asian 

!10



summer monsoon due to preindustrial cultivation of lands between the 1700s and 

1850. Their results show that expansion of agricultural lands, primarily in India and 

southern China, is correlated with decreases in precipitation over China and India and 

a weakening of the Asian summer monsoon (Takata et al. 2009). Ice core evidence 

from the Himalayas also show decreases in precipitation during this time (Takata et 

al. 2009). Puma and Cook (2010) employed an atmospheric GCM to examine global 

climate changes in the 20th century due to global increases in irrigated lands. Their 

results show significant cooling during June through August in areas of extensive 

irrigated agriculture, primarily concentrated in East Asia in the early part of the 

century (Puma and Cook 2010). Towards the latter part of the century, irrigated 

agriculture expanded in areas of Asia, Europe, and North America, leading to 

significant warming during December through February over parts of North America 

and Asia, primarily due to increasing humidity of the regions leading to increasing 

downward longwave fluxes (Puma and Cook 2010). 

Several recent studies have used RCMs to assess land cover change feedbacks to 

regional climates in South and Southeast Asia. A recent modeling study for India by 

Douglas et al. (2009) assessed the sensitivity of Indian monsoon precipitation to 

changes in land cover. The simulations concentrated on a single rain event, a five-day 

period from July 16 to 20, 2002. They used three land cover scenarios: pre-

agricultural, rain-fed agriculture and irrigated agriculture, focusing specifically on 
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changes in surface energy fluxes (Douglas et al. 2009). Their results indicate that in 

areas of irrigated agriculture, latent heat flux increases by up to 100 W/m2 due to the 

increased evapotranspiration from the increased soil moisture from irrigation. In 

roughly those same areas of irrigated agriculture, the decrease in sensible heat flux is 

of equivalent magnitude. Notably, in northeast India, where moist tropical forest (as 

opposed to other types of natural vegetation) converted to non-irrigated agriculture, 

the latent heat flux decreases and the sensible heat flux increases by over 100 W/m2, 

because of change in roughness length resulting from deforestation which decreases 

evapotranspiration, and consequently latent heat flux. (Douglas et al. 2009).  

Three RCM studies of Southeast Asia focus specifically on the Indochina area (Sen et 

al., 2004; Takashi et al., 2009; Mawalagedara and Oglesby, 2012). Sen et al. (2004) 

used RegCM3, an earlier version of the regional model employed in this study and 

focused only on 5 days in April 1998 in the Indochina region. Under a hypothetical 

deforestation scenario, land surface temperature increased, while lower atmosphere 

wind speed and water vapor mixing ratio increased and decreased, respectively. In 

addition, their results show that local rainfall tended to increase on the downwind side 

and decrease on the upwind side and suggest weakening of monsoonal flow over east 

China, near the Tibetan Plateau.  
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Takahashi et al. (2009) conducted simulations for Indochina to determine a possible 

explanation for the observed 21% decrease in September rainfall between 1951 and 

1994. They were able to successfully simulate the observed rainfall decrease, 

including magnitude, using present day land cover and not taking into account recent 

deforestation (Takahashi et al., 2009). Because they did not alter the land cover, their 

results indicate a larger scale circulation source for the decreased precipitation, which 

they suggest may be due to the weakening of westward propagating tropical cyclone 

activity over the Indochina region apparent in their simulations (Takahashi et al., 

2009). 

Mawalagedara and Oglesby (2012) investigate the effects of deforestation on South 

Asia, Sri Lanka, and Indochina. They conducted three model runs for three individual 

years, 1988, 1991 and 1993, representing a strong, weak and average monsoon year 

with respect to South Asia, and included a hypothetical complete deforestation land 

cover scenario. They analyzed their results using summer (JJA) seasonal averages and 

annual averages. Their JJA results for Indochina are similar to those of Sen et al. 

(2004) in that the deforestation scenario showed increased land surface temperature 

due to decreased evapotranspiration, and decreased precipitation over land. The ocean 

areas in the Indochina region did not show any trends for either temperature or 

precipitation (Mawalagedara and Oglesby, 2012). 
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2.2 Models and Data 
2.2.1 Models 

This study uses a recent version of the International Center for Theoretical Physics 

(ICTP) regional climate model RegCM4.1.1 (Elguindi et al. 2011). RegCM4.1.1 is 

derived from the NCAR-Pennsylvania State MM5 mesoscale model and shares the 

same hydrostatic dynamical core. RegCM4.1.1 is a three-dimensional, sigma-

coordinate, primitive equation RCM with components for atmosphere, radiation, 

planetary boundary layer, convective precipitation, large-scale precipitation, and 

pressure gradient, land surface, lake, and tracer models (Elguindi et al. 2011). Tests of 

three convective precipitation schemes in RegCM4.1.1 for the Southeast Asia domain 

showed that the Grell scheme (Grell, 1993) with the Fritsch and Chappell closure 

(Fritsch and Chappell, 1980) was closest in agreement with the University of East 

Anglia Climate Research Unit reanalysis data set for land surface precipitation 

(Hulme 1992, 1994; Hulme et al. 1998). Therefore, this scheme was chosen for this 

study. 

Land surface physics, and moisture and energy fluxes within RegCM4.1.1 are defined 

using the Biosphere Atmosphere Transfer System land surface model version 1e 

(BATS1e; Dickinson et al. 1993). BATS1e uses 21 land cover categories derived from 

the high resolution U.S. Geological Survey Global Land Cover Characterization 

(USGS GLCC) dataset (Loveland et al. 2000), representative of natural vegetation (a 
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combination of plant types and biomes), agriculture, ice cover, desert, tundra, water, 

and combinations of those categories (Fig. 2.1). Urban and suburban land cover types 

are not represented in the USGS GLCC dataset. Instead, these areas are replaced by 

either agricultural or natural vegetation land cover. 

Three soil layers are represented in each land grid cell. The surface soil layer 

comprises the top 10 cm. The root soil layer is immediately below and varies between 

1 to 2 m thickness, depending on soil type. Below this is a 3-m thick soil layer. Soil 

layers are based on soil classifications derived from the Food and Agriculture 

Organization of the United Nations' Soil Map of the World (Dickinson et al. 1993). 

The land surface fluxes of heat and moisture are determined by a combination of the 

land cover and soil type. (Dickinson et al. 1993). For vegetated land cover, sensible 

and latent heat fluxes are calculated using LAI and SAI, root transpiration, stomatal 

resistance, whether the foliage is wet or dry, and heat fluxes from the soil (Dickinson 

et al. 1993). Soil moisture and soil water movement are prognostically determined. 

Soil hydrology calculations take into account precipitation, snowmelt, canopy foliage 

drip, evapotranspiration, surface runoff, infiltration below the root zone, and transfer 

of water between soil layers (Elguindi et al. 2011). 

In addition to the modern land cover, a second land cover, "potential natural 

vegetation", is used in this study. This represents the theoretical vegetation cover in 
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the absence of humans under modern climate (Fig. 2.1B; Ramankutty and Foley 

1999). The spatial resolution of this data set is 5', or approximately 9 km at the 

equator. The SE Asia portion of the database is remapped to the BATS1e land surface 

model land cover categories, with one landcover type per grid cell. 

2.2.2 Experimental Design 

In this study, two simulations are conducted in the Southeast Asia region using 

RegCM4.1.1 at a horizontal resolution of 30 km for the period from 1982 to 2010. 

Both simulations utilize the same boundary conditions derived from the global 

climate reanalysis data set from the National Center for Environmental Prediction 

(NCEP) at 2.5° X 2.5° resolution over the same period (Kanamitsu et al. 2002). 

Within the domain, the two simulations also share atmospheric greenhouse gas 

concentrations and sea surface temperatures (SST). Their initial conditions are 

identical except for land cover. 

Two simulations are conducted, the first employing natural potential vegetation as 

land cover and designated NAT, and the second employing modern land cover and 

designated MOD (Table 2.1). Following a 3-year spin-up, model output from the 25-

year period from 1985 to 2010 is analyzed. Analysis of the results was conducted 

using difference plots where NAT simulation output was subtracted from that of the 

MOD simulation. We used these simulations to study the impact of the conversion of 
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natural vegetation to anthropogenic land cover types through agriculture and 

deforestation on regional climate. To study the effects of deforestation, we focused on 

the specific areas of Borneo and Sumatra, and to examine the effects of intensive 

agriculture, we concentrated on Indochina and the Malay Peninsula. We did not 

address effects of anthropogenic land use changes for other Indonesian islands, the 

Philippines, or northern Australia due to the fact that those areas tend to be smaller 

than the grid cell size of 30 km2.  

To determine climate response to specific land use changes, areas of specific land use 

changes where the land cover changed from potential natural vegetation to one of 

anthropogenic land use were identified as shown in Table 2.2. Land use changes 

occurring in greater than 300 grid cells, approximately 15% of total number of land 

grid cells in the model domain, were used in the analysis (Table 2.2). 

For each of the land cover types studied, we focused on specific parameterizations 

that differentiate areas of forest/field mosaic, crop, irrigated crop, grass, and the types 

of forest (Table 2.3). The forest land cover type parameterizations, especially the 

deciduous broadleaf tree, the majority of the region studied, differ markedly from the 

anthropogenic land cover types (Table 2.3). In particular, in light sensitivity factor,  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Name Domain Land Cover Time frame Years Analyzed

MOD Southeast 
Asia

Modern/ no urban 
(Loveland et al. 2000)

1982-2010 1985-2010

NAT Southeast 
Asia

Potential natural vegetation 
(Ramankutty and Foley 
1999)

1982-2010 1985-2010

Table 2.1. Simulations conducted for this study.

Land Use Change Code Description Number of Grid 
Cells in Domain

FA Forest to small scale agriculture 301

FC Forest to crop 333

FIC Forest to irrigated crop 564

LAND SAME No change in landcover type 2114

Table 2.2. Land use change types used in this study.



parameterizations for soil texture type, and for soil albedo, all of which are factors in 

determining surface temperatures (Table 2.3, Dickinson et al. 1993). 

Box and whisker plots for each variable difference were plotted by land cover change 

type to illustrate the simulated climate response to specific land cover change types. 

Box and whisker plots show the difference in mean for each variable by land cover 

scenario, 25% and 75% quartiles, to compare both difference and variability. 

2.3. Results and Analysis 
Analyses were conducted for surface conditions including 2-meter (surface) 

temperature, total precipitation, precipitation minus evaporation, soil moisture, runoff, 

latent heat flux, and net surface solar absorbed flux. We also analyze wind speed and 

direction and atmospheric moisture content averaged over the lower atmosphere, 

defined in all cases as 1000 hPa to 850 hPa. All results are compared to the results for 

the NAT scenario, to determine change between the MOD and NAT scenarios. 

Relative responses by sub-region and season are summarized in Table 2.4. Analyses 

for selected surface variables were also conducted to determine simulated climate 

response to specific land cover changes and are presented as box plots. Each box plot 

shows the median of the data, the upper and lower quartiles of 75% and 25% (box 

range) and the minimum and maximum values (“tails”). 
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Table 2.3. Land cover types & some parameterizations in BATS1e Land Surface 
Model (from Dickinson et al. 1993)



 

!21

Table 2.4. Relative responses of deforested areas (DEF) and irrigated crops (IRR) 
for selected variables as a result of land-use change. Size of arrows denotes relative 
not absolute changes in magnitude. 



2.3.1 Surface Temperature 

The simulations predict that modern land use has resulted in overall cooling over land 

during both wet and dry seasons (Fig. 2.2). Over the 25-year analysis period, surface 

temperature (defined as the temperature of the lowest 2 m of the atmosphere) is 

cooler over land in the MOD scenario for both the wet and dry seasons, especially 

near the equator. For both monsoon seasons, much of Borneo as well parts of Sumatra 

show the MOD scenario exhibit surface temperatures that are as much as 3oC cooler. 

With the exception of high elevations in Papua New Guinea, the lowest surface 

temperatures in the domain in the MOD scenario are found on these two islands. 

Most of Indochina shows a smaller difference (up to 2oC) between the MOD and 

NAT scenarios for either monsoon season.  

These cooler areas are generally associated with areas of anthropogenic land use 

change, especially in western and southern Borneo, and southern Sumatra, which 

correspond to deforestation and some agriculture. This decrease in temperature in the 

MOD scenario for areas of deforestation contrasts with the two previous regional 

climate modeling studies in Southeast Asia, specifically Indochina, which indicate 

surface warming as a result of deforestation, (Mawalagedara and Oglesby, 2012; Sen 

et al., 2004). In this study, areas of intensive agriculture and irrigated crops in parts of 

Thailand, Vietnam, Laos, and Cambodia, do not appear to show a definite trend,  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Figure 2.2. Difference plots for mean 2-meter air temperature. A). Modern land 
cover minus potential natural vegetation land cover, for November to March 
1985/86 through 2009/10. B). Modern land cover minus potential natural vegetation 
land cover, for May to September 1985 through 2009.

oC

A B



while the results from the previous two regional climate modeling studies show 

surface warming in that region (Mawalagedara and Oglesby, 2012; Sen et al., 2004). 

Statistical analyses indicate that shifts in the land cover from forest to irrigated crop 

(FIC) overall showed a different surface temperature response than any other land 

cover change including areas of no land cover change for both seasons (Fig. 2.3A). In 

particular, the FIC change results in an slight increase in mean surface temperature in 

the MOD land cover scenario, while the other land cover changes, including no 

change in land cover, showed a decrease overall. FA, FC and no land cover change, 

all show slight cooling during the MOD scenario for both seasons with medians 

between -0.1 and -0.4oC, similar 25% and 75% quartiles, and very similar minimum 

and maximum temperatures (Fig. 2.3A). FIC shows slight warming in the MOD 

during both seasons, with medians ranging from 0.3oC in the wet season to 0.18oC in 

the dry season (Fig. 2.3A). Oher statistics for FIC appear consistent between seasons. 

2.3.2 Surface Moisture Fluxes 

Both monsoon seasons show increases in total precipitation over much of the domain 

for the MOD scenario, in some places as much or more than 9 mm/day (Fig. 2.4). The 

increase in total precipitation for the entire domain in the MOD scenario for the wet 

season is about 30% over the maximum precipitation during the same season for the 

NAT scenario. Areas of deforestation (Borneo and Sumatra) in the MOD scenario  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Figure 2.3. Differences for A) surface temperature B) total precipitation C) 
precipitation minus evaporation, D) latent heat flux E) relative humidity and F) net 
surface solar absorbed radiation for the different land use change types. Left hand 
side of plot is November to March and right hand side is May to September.
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Figure 2.4. Difference plots for mean total precipitation A). Modern land cover 
minus potential natural vegetation land cover, for November to March 1985/86 
through 2009/10. B). Modern land cover minus potential natural vegetation land 
cover, for May to September 1985 through 2009.

mm/
day

A B



during the wet season exhibit up to 7 mm/day more precipitation compared to the 

NAT scenario for the same season, an increase of up to 32%. Areas of intensive 

agriculture during the wet season show increases in total precipitation of 3 mm/day in 

the MOD scenario, an increase of 10% over the NAT scenario. The dry season shows 

more total precipitation overall during the MOD scenario primarily concentrated in 

areas of intensive agriculture (Indochina), but the increase in total precipitation in the 

MOD scenario for the entire domain is 22%. 

For specific land cover changes, the wet season shows an increase in total 

precipitation in the MOD scenario for all land cover changes except FA and FIC, 

which shows little or no change between land cover scenarios (Fig. 2.3B). In addition, 

FIC in the wet season exhibits a narrower range of variability than the other land 

cover changes, in the 25% and 75% quartiles, as well as the minimum and maximum 

total precipitation.  

The areas of no land cover change and changes from forest to crop show the largest 

increases. The dry season changes are generally smaller for all land cover change 

types than the wet season except FIC which shows the largest increase in total 

precipitation, a median value of 1.4 mm/day, up to 1 mm/day more than any other 

land cover change type (Fig. 2.3B). 
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Precipitation minus evaporation (P-E) results show that wet season is wetter by 56% 

in the MOD scenario than the NAT scenario for Borneo and Sumatra, as well as the 

entire domain, with the dry season showing a smaller increase of 19% compared to 

the NAT scenario (Fig. 2.5). In addition, the Indochina region, especially appears to 

show an increase of 17% during the MOD scenario for only the dry season, while 

showing little or no change during the wet season. 

Changes in P-E for specific land cover changes reflect the overall spatial results with 

the exception of FIC changes (Fig 2.3C). For the wet season, areas of FC and no land 

cover change show increases in P-E in the MOD scenario. FA and FIC land cover 

types show little or no change. For the dry season, while the other land cover changes 

show little or no change between land cover scenarios, FIC shows an increase in P-E 

of up to 1.2 mm/day. 

The soil moisture from the top soil layer results (Fig. 2.6) indicate a somewhat wetter 

wet season in the MOD scenario for most of the domain, where in the MOD scenario 

soil moisture increases by up to 40% over the NAT scenario for Borneo. During the 

dry season, the soils for both Indochina and Borneo show about a 30% increase in the 

MOD scenario. 
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Figure 2.5. Difference plots for precipitation minus evaporation A). Modern land 
cover minus potential natural vegetation land cover, for November to March 
1985/86 through 2009/10. B). Modern land cover minus potential natural vegetation 
land cover, for May to September 1985 through 2009.
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Figure 2. 6. Difference plots for soil moisture, top layer A). Modern land cover 
minus potential natural vegetation land cover, for November to March 1985/86 
through 2009/10. B). Modern land cover minus potential natural vegetation land 
cover, for May to September 1985 through 2009.

kg/kg

A B



In BATS1e, prescribed parameters show that irrigated crop roots tend to be in deeper 

in the soil while grasses and forest roots tend to be shallower. The two effective soil 

layers have the same top interface with the air but each goes progressively deeper. 

Thus the top layer is a measure of soil moisture down to whatever depth the land 

cover type specifies, and the deeper layer is a cumulative measure of soil moisture 

from the surface down to whatever depth the land cover type specifies for the deeper 

soil layer. Soil moisture varies based on land cover type and soil texture as a function 

of combined precipitation, evaporation, and runoff (Dickinson et al. 1993). Soil 

texture parameterizations include porosity and saturated hydraulic conductivity as 

shown in Table 2.3. 

For specific land use change types, the soil moisture results (not shown) are far less 

useful because the soil moisture is constrained by the parameterizations assigned to 

the particular land use type. Thus, for irrigated crop, the soil is assumed to be 

saturated and while some of the parameterizations are very different from forest, the 

overall result appears similar due to the saturation and the difference is at or near 

zero. It is also possible that the land surface model, with only 3 soil layers, is not 

sophisticated enough to handle the soil moisture for saturated soils. 

Runoff results (not shown) for the wet season show increases in the MOD scenario 

for Borneo, about 25%. While less uniform for Indochina, overall maximum increases 
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in runoff during the MOD scenario are about 80%. The dry season shows very little 

increase in runoff in the MOD scenario for Borneo, about 10%, and 20% for 

Indochina. The results for both seasons also appear to be primarily influenced by the 

different timing of the arrival of the monsoon in Indochina compared to areas along 

the equator. During the wet season (NH winter) for areas along the equator, 

specifically Borneo, the runoff increases in the MOD, while decreasing in Indochina, 

where the monsoon has yet to arrive. In the dry season (NH summer), for Borneo and 

adjacent areas the runoff increases for Indochina, as the arrival of the monsoon occurs 

during that time frame. This pattern is also reflected in the precipitation results. Land 

use change results (not shown) show the same dependence on timing of the monsoon 

in different areas. 

Surface relative humidity results show overall increases up to 10% for areas along the 

equator both seasons in the MOD scenario (Fig. 2.7). For both seasons, the Indochina 

region shows overall decreases in relative humidity of above 5% in some areas in the 

MOD scenario. The land use changes for areas along the equator are primarily 

deforestation and clearing of grassland for crops and small scale agriculture, whereas 

the Indochina region generally represents a shift from forest to irrigated agriculture. 

Relative humidity difference results in R for both seasons at the surface corroborate 

the results shown in the difference plots in that they show decreases for FIC while all 

other specific land use change types, including no land use change, show slight  
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Figure 2.7. Difference plots for surface relative humidity A). Modern land cover 
minus potential natural vegetation land cover, for November to March 1985/86 
through 2009/10. B). Modern land cover minus potential natural vegetation land 
cover, for May to September 1985 through 2009.
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increases (Fig. 2.3D). FIC also shows a narrower range than any of the other land 

cover change types for both seasons, with very consistent results between wet and dry 

seasons. 

2.3.3 Energy Fluxes 

The model simulations predict changes in sensible and latent heat fluxes for both 

monsoon seasons under the MOD scenario. Sensible heat flux (not shown) decreased 

by as much as 60 W/m2 in both seasons in the MOD scenario while latent heat flux 

increased by as much as 80 W/m2, approximately a 55% increase during the wet 

season, and a 60% increase during the dry season compared to the NAT scenario (Fig. 

2.8). Areas of deforestation (Borneo) show a 40% increase in latent heat flux in the 

MOD scenario in the wet season and a 35% increase in the dry season. Areas of 

agriculture (Indochina) show a 40% increase in latent heat flux in the MOD scenario 

for both seasons. 

Latent heat flux represents the heat released to the atmosphere from the Earth’s 

surface through evaporation of water and sensible heat flux is the process where heat 

energy is transferred from the surface to the atmosphere by conduction and 

convection. Increase in latent heat flux and corresponding decrease in sensible heat 

flux is consistent with the results for irrigated crops in the study of the Indian 

Subcontinent by Douglas et al. (2009). According to Douglas et al. (2009), these  
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Figure 2.8. Difference plots showing latent heat flux A). Modern land cover minus 
potential natural vegetation land cover, for November to March 1985/86 through 
2009/10. B). Modern land cover minus potential natural vegetation land cover, for 
May to September 1985 through 2009.
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changes in latent heat and sensible heat fluxes resulted in a decrease in surface 

temperature and imply increased rates of evapotranspiration, greater convective 

available potential energy, which in turn effect the moisture available for precipitation 

(Douglas et al. 2009). In this study, however, increases in latent heat flux are most 

pronounced in areas of intensive deforestation, specifically Borneo and Sumatra, 

while the areas of irrigated crops (Indochina) show minimal or no increases. It is 

possible that deforestation of the MOD scenario increases exposure of areas of 

unforested lands to solar radiation and that, coupled with the increase in soil moisture 

increases the evaporation (and latent heat flux). The muted response of the Indochina 

area may be due to the irrigated agriculture and the saturated nature of the soils. 

In terms of specific land cover changes, for the wet season, FIC shows very small 

increases of latent heat flux, while all other land cover types reflect the larger 

increases noted for most of the entire domain (Fig 2.3E). For the dry season, latent 

heat flux over areas of FIC change increases slightly in the MOD scenario, similar to 

the other land cover change areas. On the other hand, while FIC latent heat flux 

changes seem to reflect the overall trend of the domain, changes in sensible heat flux 

between the two land cover scenarios are near zero for FIC, while other land cover 

changes reflect the decreases in the MOD scenario apparent in the entire domain 

analyses, and equivalent to the increases in latent heat flux. As with the other 
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variables, latent heat flux for FIC areas shows a smaller variability in both the “box 

range” and the minimum and maximum values. 

Net surface absorbed flux is a measure of the incident energy absorbed at the surface 

and is determined in RegCM4.3 by cloud conditions and the surface albedo 

parameterization (Dickinson et al. 1993). Changes in FSW for the entire domain show 

overall increases in the MOD scenario for the wet season of up to 50 W/m2 for areas 

along the equator, including parts Sumatra and Borneo where deforestation 

dominates. Indochina, where irrigated agriculture is the dominant MOD land cover 

type, smaller increases of up to 30 W/m2 are evident in the MOD scenario (Fig 2.9). 

During the dry season, increases in the MOD of net solar absorbed flux up to 50 W/

m2 are evident in Indochina, where irrigated agriculture is the primary land cover in 

the MOD scenario. Sumatra and Borneo, as well as the Malay Peninsula, all show 

areas of increased FSW in the MOD scenario up to 30 W/m2. 

Analyses of changes in FSW for specific land cover changes indicate similar 

increases for all land cover change types for the MOD scenario during the wet season 

(Fig. 2.3F). During the dry season, changes in net solar absorbed flux in areas of FIC 

show increases in the MOD scenario of up to 15 W/m2 over the increases of other 

land cover change types (Fig. 2.3F). In addition, the difference between minimum and  
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Figure 2.9. Difference plots showing net surface solar absorbed flux A). Modern 
land cover minus potential natural vegetation land cover, for November to March 
1985/86 through 2009/10. B). Modern land cover minus potential natural vegetation 
land cover, for May to September 1985 through 2009.
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maximum net solar absorbed flux is the greatest for FIC during the wet season as 

compared to all other land cover change types. 

2.3.4 Lower Atmosphere Analyses 

Lower atmosphere winds, atmospheric moisture content, and cloud fractional cover 

are also exhibit changes under modern land use. Analyses were conducted on the 

lower three levels of the atmosphere, 1000 hPa, representing the surface, 925 hPa and 

850 hPa to determine if the increase in overall moisture in the domain might be 

sourced from outside the domain. Water vapor mixing ratio is a measure of the mass 

of moisture in a given air parcel. Cloud fractional cover is the fraction of the grid cell 

covered by clouds. 

While water vapor mixing ratio vertically averaged for lower atmospheric levels 850 

hPa down to 1000 hPa show increases in the MOD scenario up to 1.5 g/kg, these 

results are not large enough increases in atmospheric moisture content to account for 

the increased precipitation (not shown). In addition, the combined wind patterns and 

water vapor mixing ratio in the lower atmosphere show that moisture originating from 

outside the domain accounts for a only few percent of the total change in 

precipitation. 
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Cloud fractional cover averaged over the lower atmosphere shows that for the MOD 

scenario, cloud fraction increases over areas of deforestation such as Borneo and 

Sumatra compared to the NAT scenario during both seasons (Fig. 2.10). 

2.3.5 Statistical Analyses of Land Use Changes 

To determine significant difference between the two land cover scenarios, Welch’s t-

tests were conducted in R for 2-meter temperature, total precipitation, P-E, and latent 

heat flux for difference in results for specific land cover changes between the two 

model run scenarios (Table 2.5). Welch’s t-test was used because the distribution of 

the results is close to normal. The t-tests were conducted to determine significant 

difference between difference results land same (no land use change), and FA, FC, 

and FIC. The p-values in Table 2.5 show that for both seasons and all variables, 

differences as a result of shifts from forest to irrigated croplands, FIC, are significant 

when compared to results from no land cover change. 

2.4. Discussion 
Results for this 25-year analysis of land use feedbacks to climate in Southeast Asia 

indicate that changes in land use can lead to definite relative climate effects on the 

regional climate. The results of this study indicate an exceedingly complex 

relationship between land use change and regional climate in Southeast Asia and 

more modeling and observational studies of the region are needed at many spatial  
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Figure 2.10. Difference plots showing cloud fractional cover A). Modern land cover 
minus potential natural vegetation land cover, for November to March 1985/86 
through 2009/10. B). Modern land cover minus potential natural vegetation land 
cover, for May to September 1985 through 2009.
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Table 2.5. Results of significance tests showing p-values for selected variables and 
specific land use change types.



scales. In addition, Indochina and irrigated croplands in particular appear have 

differing responses to land use changes than most of the rest of the domain, implying 

that investigations of land use change and climate change in the region would benefit 

the varying responses of the different subregions and land use change types within 

Southeast Asia should be taken into account. 

This study represents the first long-term study of land use change interactions with 

regional climate for Southeast Asia as a whole and the results have a number of 

implications: 1) Long-term effects of land use changes on regional climates over 

decadal time scales are markedly different from short-term effects over months or a 

few years 2) Long-term deforestation effects on regional climate include increased 

evapotranspiration, which lowers surface temperature and shifting moisture 

partitioning resulting in more moisture as precipitation and more seasonal extremes in 

moisture 3) Land-use change from natural forest to irrigated croplands results in a 

response opposite to and less coherent to that of deforestation. 

For this study we defined the monsoon seasons based on northern Borneo, where the 

wet season is November through March and the dry season is May through 

September. The maximum precipitation during the Maritime Continent Monsoon 

migrates from Indochina in August and September, to the Malay Peninsula and 

Borneo in October, November, and December (Webster, 2006) and because of this, 
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the precipitation reflected by the Indochina region is lowest during the Borneo wet 

season, and highest during the Borneo dry season. The higher total domain 

precipitation during the Borneo dry season could be partly due to the difference in 

timing of maximum precipitation for the two regions (Borneo and Indochina). In 

addition, irrigated agriculture in the Indochina region could be allowing for higher 

evaporation rates and recycling of moisture in the immediate area, thereby leading to 

higher rates of evaporation and higher regional precipitation in August and 

September, when the air temperature is warmer during the Northern Hemisphere 

Summer. 

Of the RCM studies for Southeast Asia, all exclusively focusing on Indochina, Sen et 

al. (2004) and Mawalagedara and Oglesby (2012) address temperature changes as a 

result of deforestation and both report increases in surface temperature, directly 

contrasting with the results for this study. The Sen et al. (2004) results for the areas of 

intensive agriculture in Indochina indicate decreasing precipitation due to 

deforestation during the one dry season included in their study. The Mawalagedara 

and Oglesby (2012) results show an annual decrease in precipitation of 53% for 

Indochina, and that precipitation increases over ocean areas while decreasing over 

land. Sen et al. (2004) also found that rainfall decreased specifically upwind of the 

deforested areas and increased significantly downwind. In this study, areas of 

intensive agriculture and irrigated cropland in Indochina show decreases in 
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evapotranspiration, during the wet season, while the dry season shows increases in the 

modern land cover scenario. Analyses of specific land cover changes in this study 

indicate that areas of irrigated crop, the primary land cover type in the MOD scenario 

in Indochina, show slight warming and smaller increase in evapotranspiration in the 

MOD scenario. Our results for areas of deforestation, specifically Sumatra and 

Borneo, indicate wetter wet seasons and drier dry seasons in the MOD scenario. 

Areas of FIC land cover change type, primarily Indochina, are comparatively drier in 

the wet season with only a slight increase in precipitation in the dry season. Wet 

season results of comparative decreases in precipitation for FIC and Indochina are 

consistent with previous RCM studies. Our results suggest that deforestation may lead 

to increased evaporation and latent heat flux, which may be due to increased exposure 

of unforested lands to incoming solar radiation, and resulting in increased cloudiness 

in the lower atmosphere, reducing surface temperature, increasing surface relative 

humidity, and increasing precipitation (Fig. 2.11). 

In some areas of the Indian subcontinent, Douglas et al. (2009) did find temperature 

decreases of more than 2oC as a result of irrigation. Our results of warming in 

Indochina during both seasons, while not agreeing with Douglas et al (2009) is 

consistent with previous studies of the Indochina region, Sen et al. (2004) and 

Mawalagedara and Oglesby (2012). The difference in responses between irrigated 

agriculture on the Indian subcontinent and in Indochina could be due to differing  

!45



!46

Precipitation

Latent 
Heat Flux Relative 

Humidity & 
clouds

Surface 
Temperature

Deforestation

Figure 2.11. Schematic showing inferred connection between increased 
deforestation and latent heat flux, decreased surface temperature, and increased 
precipitation.



climate regimes, indicating that it may not be an appropriate to compare the two 

regions. The disagreement between the precipitation results in this study and the two 

previous regional modeling studies in the region may be due to the longer time frame 

(25 years) and the fact that our study focused on all of Southeast Asia. 

Results from runoff and soil moisture also indicate that seasonal extremes in moisture 

may result from changes in land use in the region. For Borneo and Sumatra, sites of 

extensive deforestation, both runoff and soil moisture results show areas of increased 

moisture during the wet season for the MOD scenario and areas of decreased 

moisture during the dry season, consistent with P-E. Results for Indochina, 

specifically FIC indicate that soil moisture for the MOD scenario is reduced during 

the wet season and slightly increased during the dry season, but runoff results show 

small areas of increased and decreased runoff during both seasons for the MOD 

scenario, but no clear trend for either season. This indicates that runoff is highly 

dependent on local soil and hydrology. 

Our result of cooling for areas of deforestation could be primarily a model response to 

the albedo change without additional moisture from irrigation, as deforested areas are 

lighter than forested areas. This inference is supported by the increased net surface 

solar absorbed flux for areas of irrigated crop during the dry season, while other land 

cover changes show little or no difference between land cover scenarios. Vegetation 
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and soil albedo parameterizations for irrigated crop are slightly lower (by 0.02) than 

those of non-irrigated crops, but both are still lower than forest land cover by up to 

0.2 (Dickinson et al., 1993). In addition, increases in cloud fractional cover for 

deforested areas, but not irrigated crop, could contribute to the cooling effect. We 

propose the following idea to explain the processes which may be leading to 

decreased surface temperature: increased deforestation results in decreasing albedo, 

which results in increasing exposure to solar radiation, increasing evapotranspiration/

latent heat flux, which reduces surface temperature, increasing surface relative 

humidity and cloud cover, increasing precipitation, which in turn increases 

evapotranspiration and latent heat flux (Fig. 2.11) 

Our analyses of the lower atmosphere for both water vapor mixing ratio and wind 

vectors do not indicate that moisture sufficient to account for increases in overall 

domain moisture are originating from outside the domain. The differences in the wind 

velocities between the MOD and NAT scenarios for each season are 0.5 m/s or less, 

and the water vapor mixing ratio results show that the areas of the largest increases in 

water vapor mixing ratio in the MOD scenario for both seasons are over land areas 

distributed across the domain, suggesting that moisture is being recycled within the 

domain. 
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2.5. Conclusions 

Increases in evapotranspiration and latent heat flux appear to result in lower surface 

temperature for deforested areas during both seasons, increasing relative humidity 

and precipitation. This implies local recycling of moisture tied to increased 

evaporation from areas of deforestation. Our results for irrigated crop lands are not as 

coherent as those for deforestation. However, for surface temperature and surface 

relative humidity they are both clear and show the opposite response compared to 

deforested areas. During both seasons, while surface temperature decreases 

deforested areas, it increases for irrigated crops, while the opposite is true for surface 

relative humidity. However, both areas show increases in latent heat flux and 

evapotranspiration for both seasons. This implies that while increases in 

evapotranspiration appear to be driving the response of areas of deforestation, the 

response of irrigated crops is less clear and may require additional studies. 

While this study only employed one RCM, the results indicate some important effects 

of land use change on regional Southeast Asian climate that could prove significant 

under present and future climate change conditions. First, the apparent widespread 

cooling effect due to increased evaporation in areas of deforestation, specifically, 

during both monsoon seasons may be masking the warming due to global climate 

change because the projected magnitude of temperature change due to global climate 
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change appears to be similar (IPCC 2014). Overall, the effects land use changes on 

Southeast Asian regional climate, and in particular, the effects of specific land use 

changes, must be taken into account in any assessment of regional climate changes at 

the surface as well as changes in the hydrologic cycle.  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Chapter 3 
Effects of Irrigated Agriculture on Future Southeast 
Asian Climate  

3.1. Introduction 

While many future climate projections for the next century have been made for the 

global scale, regional projections are still lacking. In particular, regional future 

climate projections are needed for developing nations and other areas of the world 

where human populations are especially dense. Southeast Asia is one such region 

where human populations are increasing rapidly and humans are continuously 

modifying the landscape. This study aims to analyze the combined effects on regional 

climate of future projected climate change based on the Intergovernmental Panel on 

Climate Change (IPCC) future scenario RCP 8.5 (Christiansen et al., 2013) and land 

use change in Southeast Asia, particularly irrigated agriculture. 

Previous studies of anthropogenic land cover changes have shown varied but 

unequivocal feedbacks to local and regional climate (Bonan, 2008a). Most studies of 

land cover changes in Southeast Asia focus on deforestation, particularly in the 

context of land-atmosphere interactions. The emphasis on deforestation is primarily 
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because of the increased rates of forest loss since 2000 (Miettinen et al. 2010) and 

additional projected loss of approximately 180,000 km2 by 2020 (FAO 2011). 

Previous regional climate modeling studies in South and Southeast Asia (Douglas et 

al. 2009, Tuinenburg et al., 2014, this study, Chapter 2) have shown that expansion of 

agricultural lands, specifically irrigated crops, also affect the regional climate and 

surface hydrology. A recent ensemble modeling study of South Asian agriculture in 

the Ganges Basin involving three regional climate models and one global model 

indicates that irrigation increases evaporation and local moisture recycling within the 

basin (Tuinenburg et al., 2014). In addition, precipitation decreased within the basin 

due to decreased atmospheric moisture convergence but atmospheric convergence 

north of the basin led to increased precipitation (Tuinenburg et al., 2014). In their 

regional modeling study of South Asian agricultural effects on climate, Douglas et al. 

(2009) found that surface temperatures decreased and evaporation and latent heat flux 

increased in areas of irrigated crop, with a corresponding statistically significant 

decrease in sensible heat flux. 

Results from a regional climate model study of Southeast Asia (this study, Chapter 2) 

also show increased evaporation and latent heat flux for areas of irrigated crop, and 

that other statistically significant changes in surface hydrology and energy fluxes 

occur in areas of irrigated crop. 
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3.1.1 Future Projected Southeast Asian Climate 

The most recent Climate Model Intercomparison Project, CMIP5, includes long term 

future global climate model (GCM) ensemble runs for the RCP 8.5 scenario for years 

2005 through 2100 (Taylor et al. 2012, Stouffer et al. 2011). The RCP 8.5 scenario is 

characterized by increasing greenhouse emissions over time, a CO2 concentration of 

1370 ppm, radiative forcing of 8.5 W/m2, and 4.9oC of warming by 2100 (Christensen 

et al., 2013). Globally, in addition to overall warming by up to 5oC, extreme 

minimum daily temperatures are more pronounced than daily maximum temperatures 

(Sillmann et al. 2013) and although the models disagree widely on precipitation based 

indices, extreme precipitation generally increases faster than total precipitation on wet 

days (Sillmann et al. 2013). 

Recent analyses of the CMIP5 ensemble results for the RCP8.5 scenario include some 

projected climate conditions for Asia (Diffenbaugh and Giorgi, 2012, Sillmann et al. 

2013, Li et al. 2015). Specifically for Southeast Asia, Sillmann et al. (2013) note that 

under the RCP8.5 scenario for the CMIP5 model ensemble results, maximum surface 

temperatures increase by up to 5oC greater than the exceedance rate for warm nights 

under the RCP8.5 scenario for the CMIP5 (Sillmann et al. 2013). Exceedance rate is a 

measure of number of exceedances of a threshold value of 90% of the maximum 
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nighttime temperature for the period (Sillmann et al. 2013, Zhang et al. 2005). 

Diffenbaugh and Giorgi (2012) compare CMIP5 GCM model ensemble output for 

2080-2099 with the historical baseline of 1986-2005 for northern hemisphere winter 

(December-January-February) and northern hemisphere summer (June-July-August), 

under both RCP4.5 and RCP8.5 scenarios. Results for Southeast Asia under RCP8.5 

conditions indicate warming of up to 4oC for both seasons (Diffenbaugh and Giorgi, 

2012). Precipitation for the region shows increases of 20-30% in the winter and 

15-25% in the summer by the end of the 21st Century (Diffenbaugh and Giorgi, 

2012). 

Recent analyses of changes to the monsoons under future climate conditions using 

statistically downscaled CMIP5 output indicate that the Asian Summer Monsoon 

heaviest hourly precipitation increases by 21% by the end of the 21st Century (Endo 

and Kitoh, 2016), in agreement with Diffenbaugh and Giorgi (2012). A study by Li et 

al. (2015) found that future projected changes to the Asian Summer Monsoon are 

dominated by changes in thermodynamic atmospheric circulation, due to projected 

increased temperatures from greenhouse gas (GHG) forcing. In addition, increases in 

atmospheric moisture due to projected warming results in overall increased total 

monsoon rainfall for the entire region (Christensen et al., 2013). Projected 

precipitation results from CMIP5 vary widely between models, however, and 
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discrepancies in the magnitudes of extreme 20-year precipitation events exceed 50% 

in the tropical regions (Kharin et al., 2013). 

3.2. Models and Data 
3.2.1 Models 

For this study we used the International Center for Theoretical Physics (ICTP) 

regional climate model RegCM4.3 (Elguindi et al. 2013). RegCM4.3 shares the same 

hydrostatic dynamical core as the NCAR-Pennsylvania State MM5 mesoscale model. 

RegCM4.3 is a three-dimensional, sigma-coordinate, primitive equation RCM with 

components for atmosphere, radiation, planetary boundary layer, convective 

precipitation, large-scale precipitation, and pressure gradient, land surface, lake, and 

tracer models (Elguindi et al. 2013). Based on results from previous work (this study, 

Chapter 2), this study also uses the Grell scheme (Grell, 1993) with the Fritsch and 

Chappell closure (Fritsch and Chappell, 1980). 

For land surface physics within RegCM4.3, this study uses the Biosphere Atmosphere 

Transfer System land surface model version 1e (BATS1e; Dickinson et al. 1993), in 

part, to compare to previous work by the authors (this study, Chapter 2). In BATS1e, 

the 21 land cover categories are derived from the high resolution U.S. Geological 

Survey Global Land Cover Characterization (USGS GLCC) dataset (Loveland et al. 

2000), representative of natural vegetation (a combination of plant types and biomes), 

!55



agriculture, ice cover, desert, tundra, water, and combinations of those categories 

(Fig. 3.1). Urban and suburban land cover types are not represented in the USGS 

GLCC dataset available for BATS1e. Instead, these areas are either agricultural or 

natural vegetation land cover. 

Each land grid cell is represented by three soil layers. The surface soil layer 

comprises the top 10 cm. The root soil layer is immediately below and varies between 

1 to 2 m thickness, depending on soil type. Below this is a 3-m thick soil layer. Soil 

layers are based on soil classifications derived from the Food and Agriculture 

Organization of the United Nations' Soil Map of the World (Dickinson et al. 1993). 

The land surface fluxes of heat and moisture are determined by a combination of the 

land cover and soil type. (Dickinson et al. 1993). For vegetated land cover, sensible 

and latent heat fluxes are calculated using LAI and SAI, root transpiration, stomatal 

resistance, whether the foliage is wet or dry, and heat fluxes from the soil (Dickinson 

et al. 1993). Soil moisture and soil water movement are prognostically determined. 

Soil hydrology calculations take into account precipitation, snowmelt, canopy foliage 

drip, evapotranspiration, surface runoff, infiltration below the root zone, and transfer 

of water between soil layers (Elguindi et al. 2013). 

Because the land use changes are static representing modern 20th Century land use in 

the region without incorporating urban or suburban areas, the results of the study  
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Forest to small 
scale agriculture

Forest to  
irrigated crop

Grass: 
No Change

Forest: 
No Change

IND

BOR

Figure 3.1. Modern land cover (top, Loveland et al. 2000) and potential natural 
vegetation (bottom, Ramankutty and Foley, 1999). Legend shows land use 
change types used in the study.



represent a hypothetical scenario for future climate conditions are imposed upon 

modern land use (Loveland et al., 2000) and hypothetical potential natural vegetation 

(Ramankutty and Foley, 1999)."Potential natural vegetation” represents the 

theoretical vegetation cover in the absence of humans under modern climate (Fig. 3.1; 

Ramankutty and Foley 1999). Land use changes are "static", i.e. the land cover 

changes between (a) the hypothetical potential natural vegetation (Ramankutty and 

Foley, 1999), that turns out to be predominantly forest in our domain and (b) 20th 

century land cover albeit without urban and suburban areas. In this formulation, 

future land cover does not dynamically respond to climate change and hence the 

designation "static" land-use change. The spatial resolution of this data set is 5', or 

approximately 9 km at the equator. The SE Asia portion of the database is remapped 

to the BATS1e land surface model land cover categories, with one landcover type per 

grid cell. 

In this region, the maximum precipitation falls during November to March in Borneo 

and Sumatra, and in the Indochina region between May and September (Table 3.1, 

Webster, 2006) and because of this, the precipitation in the Indochina region is lowest 

during the Borneo wet season, and highest during the Borneo dry season. 
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Table 3.1. Experiments conducted for this study, and definitions of difference 
analyses and monsoon seasons. The analysis periods are 25 years from 1985 to 
2010 and 2074 to 2099.

Name Driving Data Land Cover Years Analyzed

MOD-P NCEP NNRP2 Reanalysis 
(Kanamitsu et al. 2002)

Modern/ no urban for 1999 
(Loveland et al. 2000)

1985-2010

MOD-F HadGEM2-ES RCP8.5 
future climate scenario 
(Jones et al., 2011, Collins 
et al., 2011)

Modern/ no urban for 1999 
(Loveland et al. 2000)

2074-2099

NAT-F HadGEM2-ES RCP8.5 
future climate scenario 
(Jones et al., 2011, Collins 
et al., 2011)

Potential natural vegetation 
[year] (Ramankutty and 
Foley 1999)

2074-2099

Name Difference Monsoon Seasons Primary 
Rainfall 
Locaiton

Climate 
Signal

MOD-F minus MOD-P November to March: 
Approximately Northern 
Hemisphere Winter

Borneo, Sumatra

Land-Use 
Signal

MOD-F minus NAT-F May to September: 
Approximately Northern 
Hemisphere Summer

Indochina

Future 
Natural Veg 
Signal

Climate Signal minus 
Land-Use Signal



3.2.2 Experimental Design 

In this study, three simulations are conducted in the Southeast Asia region using 

RegCM4.3 at a horizontal resolution of 30 km (Table 3.1). One simulation represents 

present day climate for the period between 1981 and 2010. The boundary conditions 

for this simulation are derived from the National Center for Environmental Prediction 

(NCEP) at a resolution of 2.5° by 2.5°(Kanamitsu et al. 2002). The other two 

simulations are conducted for the period 2071 and 2099. The boundary conditions for 

these simulations derive from the Coupled Model Intercomparison Project 5 (CMIP5) 

Hadley Center Earth system model (Jones et al., 2011, Collins et al., 2011) output for 

the IPCC Representative Concentration Pathway (RCP) 8.5 (van Vuuren et al. 2011). 

Within the domain these two future simulations share atmospheric greenhouse gas 

concentrations and sea surface temperatures. The simulation for the period between 

1981 and 2010 and one of the future simulations employ modern land cover without 

urban or suburban areas, designated MOD (Table 3.1). The modern land cover is 

derived from MODIS data from 1999 (Loveland et al. 2000). The second future 

climate simulation employs potential natural vegetation as land cover, designated 

NAT, which represent natural vegetation under modern climate conditions without 

human presence (Ramankutty and Foley, 1999).  
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The experiment is designed in this manner to assess the change in climate for 

Southeast Asia 1) from 1985-2010 to 2074-2099 for land cover fixed at 1999 

conditions (Fig. 3.1) for 2074 to 2099 as a result of changing land cover from 

potential natural vegetation to 1999 conditions (Fig. 3.1). Table 3.1 describes the 

simulations used in this study. We use these simulations to study the importance of 

changes in land cover relative to changes in global climate on Southeast Asian 

climate. 

3.3. Results and Analysis 
Changes in regional climate due to future projected climate were compared to 

changes in climate due to in land use, in particular the shift from forest to irrigated 

crop (hereafter termed FIC), under future climate conditions. Analyses of the results 

assess how much of the future climate signal might be due to the shift from forest to 

irrigated crop and how much is due to projected global climate change. 

To determine the changes of climate change alone, the results from the simulation 

with modern land cover under present day climate is subtracted from the simulation 

with modern land cover under future projected climate, designated the climate signal. 

To determine the changes due land cover changes under future climate conditions, the 

simulation with potential natural vegetation under future climate is subtracted from 
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the simulation with modern land cover under future climate, designated the land use 

signal. We also compare the land use signal for the entire domain to the climate signal 

for the entire domain. In addition, the climate signal is compared to the land use 

signal just for areas of FIC, to determine which forcing, if any, dominates for a 

particular variable. The following surface variables are analyzed in this study: 2-

meter (surface) temperature, total precipitation, precipitation minus evaporation, 

surface relative humidity, latent heat flux, and net surface solar absorbed flux (FSW). 

In addition, the following atmospheric boundary layer variables are analyzed in this 

study: wind speed and direction, atmospheric moisture content, and relative humidity 

are averaged over the lower atmosphere, defined in all cases as 1000 hPa to 850 hPa. 

Areas of specific land use changes where the land cover changed from potential 

natural vegetation to one of anthropogenic land use, occurring in > 210 grid cells, or 8 

% of total number of land grid cells in the model domain were designated with the 

codes shown in Table 3.2 and used in the analyses. 

3.3.1 Surface Temperature 

The difference between the future projected climate simulation and the present day 

climate simulation show the expected result of increased surface temperatures. The 

RCP8.5 scenario in Southeast Asia projects surface temperature increases in both 
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Land Use Change Code Description

FA Forest to small scale agriculture

FIC Forest to irrigated crop

SAME No change in landcover type

Table 3.2. Land use change types used in this study.



seasons of up to 5oC for all areas of the domain (Fig 3.2). This is an expected result 

because analysis of CMIP5 projections for the RCP8.5 scenario show warming in  

Southeast Asia and global temperature increases of similar magnitude (Sillmann et al. 

2013, Diffenbaugh and Giorgi, 2012). 

In contrast, our simulations predict that modern land use in continental Southeast Asia 

dampens the climate change effect, that is, the land surface is cooler with modern 

land use conditions than with potential natural vegetation by as much as 5oC during 

both seasons, but more widespread during November to March (Fig.3. 2). 

When broken down by specific land cover changes, analysis shows that the FIC land 

cover change results in statistically-significant surface cooling. All other land use 

changes show no statistically significant change in surface temperature. When 

compared to the climate signal for the entire domain, surface cooling due to FIC for 

both seasons is of nearly the same magnitude as surface warming due to projected 

global climate change (Fig 3.3A). The result that FIC regions exhibit significant 

change, while all other land use changes do not, recurs for all other variables analyzed 

in this study. As a result, we will focus much of the analysis on the Indochina region 

(Fig. 3.1), which is where FIC changes are a large fraction of the landscape.  
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Figure 3.2. Two meter temperature differences in degrees C. See  Table 3.1 for 
difference scenario definitions.
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Figure 3.3. Land use signal differences for A) surface temperature B) total 
precipitation and C) precipitation minus evaporation for the different land use 
change types. Right column is shows the climate signal compared to the land use 
signal for FIC.

A

B

C



3.3.2 Surface Hydrology 

Both monsoon seasons show increases in total precipitation but the highest increases 

are in Borneo and Java during November to March under the future climate scenario, 

and continental southeast Asia during May to September (Fig. 3.4). Total precipitation 

changes during Nov to March are as large as 63%, and during May to Sept as large as 

25% for the entire domain (Fig. 3.4). Current trends of observations show increases in 

daily precipitation intensity by 0.21 mm/day per decade over Indonesia (Supari et al. 

2016). Studies of overall CMIP5 RCP8.5 model output, including HadGEM2-ES 

output, show increased precipitation in Southeast Asia (Endo and Kitoh, 2016, 

Diffenbaugh and Giorgi, 2012, Li et al. 2015). 

The results for total precipitation for the difference between the two differing land 

cover scenarios under future climate indicate a decrease of 1.4% for November to 

March. During May to September, the entire region experiences an increase of 9.6% 

under future climate conditions for the entire domain. The Indochina region does 

show an increase of up to 5 mm/day during May to September (Fig 3.4). This area of 

Southeast Asia is primarily irrigated agriculture and a previous study of this area 

using RegCM4.3 (this study, Chapter 2) also showed increased precipitation likely 

results from increases the moisture and local moisture recycling due to land use 

changes. 
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Figure 3.4. Total precipitation differences in Watts per square meter. See  Table 3.1 
for difference scenario definitions.



Statistical analyses corroborate that for areas of FIC land use change total 

precipitation increased by maximum of 40% during November to March and 53% 

during May to September (Fig 3.3B). Other areas remained virtually unchanged (Fig 

3.3B). For November to March, land use change signal for FIC alone and the climate 

signal for FIC for November to March show essentially no difference (Fig. 3.3B). For 

May to September, the maximum climate signal is greater by nearly 4 mm/day (Fig. 

3.3B). 

Mean precipitation minus evapotranspiration (P-E) results for the entire domain 

indicate that November to March shows a decrease of 12.9%, and May to September 

is drier by up to 115.6%. Areas of irrigated crop in the region are wetter during 

November to March by up to 103% (5 mm/day) over the maximum P-E for MOD-P, 

the present day climate conditions scenario (Fig. 3.5). During May to September, 

maximum P-E in these same areas of irrigated crops is greater than 70% over the 

maximum P-E for the MOD-P scenario. In comparison to potential natural vegetation, 

these same irrigated areas are drier during May to September by nearly 150% (Fig. 

3.5). Overall, the change in P-E for these irrigated crop areas as a result of climate 

change exceeds the change in P-E due to land use change by more than 78% during 

November to March and by over 140% during May to September (Fig. 3.5). 
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Figure 3.5. Precipitation minus evaporation differences in W/m2. See  Table 3.1 for 
difference scenario definitions.



The P-E results for land use changes under future climate conditions show that during 

November to March, show a very much wetter wet season (>300%) during November 

to March and a drier dry season (89%). The areas of irrigated crop (primarily 

Indochina) are drier by as much 150% greater than areas of potential natural 

vegetation (Fig. 3.5). May to September results are less coherent for some parts of 

Indochina, but some areas are drier by as much as 150%, as well as parts of 

Peninsular Malaysia and Java (Fig. 3.5). The rest of the domain shows essentially no 

trend. This suggests that under warmer temperatures projected for future climate 

conditions, the presence of irrigated crops increases surface moisture and local 

moisture recycling during both seasons which results in precipitation exceeding 

evapotranspiration in those areas. Overall, the P-E due to global projected climate 

change greatly exceeds the P-E for land use changes alone in areas of irrigated crop in 

particular, as much as 500% during November to March and over 250% during May 

to September (Fig. 3.5). 

Results for specific land use changes show mean wet season P-E decreases for areas 

of FIC by as much as 2.5 mm/day and dry season P-E decreases by 0.5 mm/day (Fig. 

3.3C). While the climate signal for FIC for November to March is essentially zero, 

i.e. no wetter or drier than current climate conditions, the land use signal for FIC is an 

average of 2.5 mm/day drier (Fig. 3.3C). During May to September, the land use 
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signal for FIC averages 0.5 mm/day drier, the climate signal for FIC is 1.0 mm/day 

wetter (Fig. 3.3C). 

3.3.3 Energy Fluxes 

Latent heat flux results show increases under future climate conditions as much as 

25% in November to March, and 7.5% in May to September for land areas in the 

entire domain (Fig. 3.6). During November to March, the highest increases are mostly 

in Borneo and during May to September, the highest increases are mostly in the 

continental Southeast Asia region (Fig. 3.6). LH flux results for the MOD land cover 

scenario under future climate conditions showed increases of 35.5% for November to 

March and 15.5% for May to September for land areas within the domain. Increases 

are concentrated in Peninsular Malaysia, Java, and continental Southeast Asia (Fig. 

3.6). Those areas correspond to irrigated crop lands in the MOD land cover scenario. 

The statistical analyses show increases in LH flux only for FIC land cover changes 

for both seasons of over 80 W/m2, while the other land cover change types show little 

or no difference between land cover scenarios (Fig. 3.7A). Compared to the climate 

signal, the land use signal increases for maximum LH flux for areas of FIC is 250% 

or more for both seasons (Fig. 3.7A). The climate signal for FIC areas for both 

seasons shows an average increase in LH flux between 10 and 15 W/m2, while the  
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Figure 3.6. Latent heat flux differences in W/m2. See  Table 3.1 for difference 
scenario definitions.
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A

B

C

Figure 3.7. Land use signal differences for A) latent heat flux B) net surface solar 
absorbed radiation and C) relative humidity for the different land use change types. 
Right column is shows the climate signal compared to the land use signal for FIC.



land use signal for FIC areas shows an average increase in LH flux between 40 and 

90 W/m2 (Fig. 3.7A). 

Net surface absorbed flux (FSW) is a measure of the incident energy absorbed at the 

surface and is determined in RegCM4.3 by cloud conditions and the surface albedo 

parameterization (Dickinson et al. 1993). FSW is one of the factors used to calculate 

surface temperature in the model (Dickinson et al. 1993) and analyzed for this study 

to determine how much influence FSW has on the surface temperatures.Under 

RCP8.5 future projected climate conditions, during November to March, FSW shows 

an overall 0.5% increase for land areas in the domain, and during May to September, 

a decrease of 1.3% (Fig. 3.8). In general, both season increases are between 10 and 30 

W/m2, and the areas of maximum increase are Indochina during November to March, 

and southern Borneo, Sumatra, and Java during May to September (Fig. 3.8). For 

both seasons, much of the Indochina area shows decreases of more than 50 W/m2 

(Fig. 3.8). 

During November to March, FSW decreases by 5.5 % for the modern land use 

scenario during November to March and 2.8% during May to September for land 

areas in the domain (Fig. 3.8). During both seasons, the Indochina area and part of the 

Malay Peninsula show maximum decrease, but May to September results are less 

coherent (Fig. 3.8). During May to September, while most of Indochina shows  
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Figure 3.8. Net surface solar absorbed flux differences in W/m2. See  Table 3.1 for 
difference scenario definitions.



decreases as much as 30 W/m2 or more, there are also increases up to 30 W/m2 on the 

east coast of Indochina, southern Borneo, western Java and western Sulawesi (Fig. 

3.8). 

In terms of specific land use changes, FIC for both seasons shows lower surface solar 

absorbed flux than any other land cover change type, as much as 89 W/m2 less in 

November to March and 65 W/m2 in May to September (Fig. 3.7B). Median ranges 

for both seasons for FIC also show lower FSW: 30 W/m2 in November to March and 

17.5 W/m2 in May to September. All other land cover change types have medians 

close to zero, with FA and FC at or above zero by 5 W/m2 and no land cover change 

within the same range below zero (Fig. 3.7B). For November to March the climate 

signal for FIC shows an average increase under future climate conditions of up to 5 

W/m2 and the land use signal shows an average decrease in FSW by as much as 30 

W/m2 (Fig. 3.7B). Both the climate signal and the land use signal for FIC during May 

to September shows an average decrease, as much as 10 W/m2 for the climate signal, 

and as much as 20 W/m2 for the land use signal (Fig. 3.7B).  

3.3.4 Lower Atmosphere Analyses 

Analyses water vapor mixing ratio (specific humidity) and relative humidity were 

conducted on the lower three levels of the atmosphere, 1000 hPa, representing the 

surface, 925 hPa and 850 hPa. In addition, both specific and relative humidity were 
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integrated over the entire lower atmospheric column from the surface to 850 hPa to 

assess lower atmospheric trends. 

For this study, we analyzed specific humidity (QV) and relative humidity (RH) in the 

lower atmosphere to assess how the vertical distribution of moisture varies with land 

cover type and under future projected climate conditions. QV is the ratio of the mass 

of water vapor to the total mass of the air parcel, expressed as kg/kg, and RH is the 

ratio of the partial pressure of water vapor to the equilibrium vapor pressure of water 

at a given temperature. RH depends on temperature and pressure such that more water 

vapor is required at higher temperatures to attain high relative humidity.  

Under future climate conditions, QV at the surface for both seasons show increases of 

23.6% for November to March and 23% for May to September for land areas in the 

domain (Fig. 3.9). For the two atmospheric layers above the surface, at 925 hPa and 

850 hPa, QV under future climate conditions shows during November to March, 

23.1% and 24.3%, respectively more water vapor than for present day climate (Fig. 

3.9). During May to September, QV at 925 hPa is 24.6%, comparable to November to 

March, and at 850 hPa is slightly higher at 28.3% under future climate conditions. 

In the modern land use scenario, during November to March QV is a maximum of 

10.4% more than the NAT-F land use scenario at the surface, 9.5% more at 925hPa,  
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Figure 3.9. Specific humidity in the three lower atmospheric levels, measured in 
kilogram of water per kilogram of air. See  Table 3.1 for difference scenario 
definitions.



and 3.4% more at 850 hPa, located in areas of irrigated crop, primarily in Indochina, 

but also the Malay Peninsula and Java (Fig. 3.9). The trend is similar during May to 

September, where QV is in the modern land use scenario is a maximum of 7.1% at the 

surface, 6.7% at 925 hPa, and 2.6% at 850 hPa greater than the NAT-F land use 

scenario (Fig. 3.9). Essentially, the land use signal shows increased QV at the surface 

for continental Southeast Asia, primarily FIC land use change type, but for both 

seasons, higher levels of the atmosphere show decreasing moisture until at 850 hPa 

the QV is slightly negative or at zero in both seasons for those areas of FIC, 

specifically Indochina and Java (Fig. 3.9). 

Surface relative humidity (RH) increases slightly under the future climate scenario 

during November to March by 1% (Fig. 3.10). During May to September, the relative 

humidity decreases by almost the same percentage (0.9%). RH at 925 hPa during 

November to March essentially shows no change under future climate conditions 

(0.011% increase) and a 1.2% increase at 850 hPa (Fig. 3.10), particularly in areas of 

FIC. There is a similar trend in RH for future climate conditions during May to 

September with a very slight increase of 0.3% at 925 hPa and a larger increase of 

2.7% at 850 hPa for areas of FIC, specifically (Fig. 3.10). 

In terms of land use change under future climate conditions, RH at the surface 

increases by 10% for modern land use areas, primarily in eastern Borneo and western  
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Figure 3.10. Relative humidity in the three lower atmospheric levels, measured in 
percent. See  Table 3.1 for difference scenario definitions.
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Sumatra during November to March and 7.1% increase during May to September for 

(Fig. 3.10). At 925 hPa, 9.5% in land areas south of the equator during November to 

March and 6.7% during May to September (Fig. 3.10). RH increases in the modern 

land use scenario by 3.4% at 850hPa, primarily concentrated in areas of irrigated crop 

with the exception of the western coast of Sumatra and western Borneo during 

November to March. During May to September, at 850hPa, RH increases 2.6% in the 

modern land use scenario primarily concentrated in Indochina, and decreases by as 

much as 16% in the modern land use scenario primarily for Borneo (Fig. 3.10). For 

both seasons, specifically for mostly areas of FIC, such as continental Southeast Asia, 

RH decreases away from the surface (Fig. 3.10). 

In general, lower atmosphere integrations of QV for November to March under future 

climate conditions essentially show no change over land areas, but very slight 

increases during May to September for Indochina, Sumatra, and the Malay Peninsula 

and very slight decreases over southern Borneo and ocean areas (not shown). QV 

shows slight increases over land and sea areas south of the equator, primarily during 

November to March and slight increases over land areas north of the equator and 

adjacent ocean during May to September (not shown). 

In terms of land use changes, lower atmosphere integrations of RH for both seasons 

show higher percentages over Indochina, especially, but also other areas of irrigated  
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crops including the Malay Peninsula and parts of Java (Fig. 3.10). However, 

November to March has slightly higher percentages of RH. Lower atmosphere 

integrations of QV show that the modern land use scenario, and irrigated crop areas in 

particular, have relatively higher concentrations of water vapor (not shown). 

QV results by specific land use changes show little or no difference between the land 

cover types and are not shown. The specific land cover change results for RH further 

corroborate the difference plots, namely that the areas of FIC consistently for all 

seasons, and through all 3 atmospheric levels exhibit high percentages of RH relative 

to the other land cover change types (Fig. 3.7C) In addition, the maximum RH for 

areas of FIC are over 100% more than that of the climate signal for the surface and 

925 hPa. At 850 hPa, November to March RH for FIC is 73.2% more than the climate 

signal and 91.6% more than the climate signal during November to March (Fig 3.7C).  

Lower atmospheric integrations of cloud fractional cover don’t change much for the 

climate signal, except less than 4% lower cloud cover over some FIC areas in 

Indochina November to March and less than 4% higher cloud cover for the same 

areas May to September (Fig. 3.11). The land use signal shows increases in cloud 

cover as much as 15% over Indochina in areas of FIC during both seasons (Fig. 3.11).  
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Figure 3.11. Lower atmosphere integrated cloud fractional cover differences. See  
Table 3.1 for difference scenario definitions.
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Cloud fractional cover for the land use signal for specific land use changes shows that 

areas of FIC have up to 5% more cloud cover on average than either FA or no land 

use change types for November to March (Fig. 3.12). For May to September, the 

cloud fractional cover is slightly less, up to an average of 3% more than the other land 

cover types (Fig. 3.12). In addition, the climate signal for November to March shows 

on average 1% less cloud cover in the future scenario, and while the land use signal 

for FIC only is on average more than 6% (Fig. 3.12), indicating again that the 

presence of irrigated crops leads to increased cloud formation in the lower 

atmosphere. 

3.3.6 Statistical Analyses of Land Use & Climate 
Changes 
We assess the significant difference between the two climate scenarios, present day 

climate and projected climate under the RCP8.5 scenario, and the two land cover 

scenarios under future climate conditions. Tests were done for the following 

variables: 2-meter temperature, total precipitation, sensible and latent heat fluxes, P-

E, surface relative humidity, and specific humidity deficit.  

We use the Kolmogorov-Smirnov (K-S) test because some of the data sets are not 

normally distributed and for those the t-test is not an option. The K-S test is a way to 

determine significant difference between two data sets without making any  

!85



 

!86

November to 
March

May to 
September

November to 
March

May to 
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Figure 3.12. Lower atmosphere integrated cloud fractional cover differences for 
the climate signal (MOD) and the land use signal (FIC). See  Table 3.1 for 
difference scenario definitions.



assumption of distribution of data. The KS tests are conducted to determine 

significant difference between difference results land same (no land use change) and 

FIC. All variables tested are significant with p-values less than 0.05. 

3.4. Discussion 
Future climate projections at the regional scale are useful for areas of the world where 

land use changes may be interacting with global climate change to affect regional 

climates but there are few actual regional studies where this is the focus. Unlike 

previous regional studies of Southeast Asia, our study incorporates future projected 

climate into analyses of the effects of specific land use changes. Previous research of 

land use changes in Southeast Asia (this study, Chapter 2) identify the shift from 

forest to irrigated crop (FIC) as one of the land use change types having a significant 

effect on regional climate. Our analyses of the same specific land use change types as 

designated in Chapter 2 of this study under future climate conditions in Southeast 

Asia also indicate that the regional climate effect of FIC land use change type may be 

for some variables nearly equivalent in magnitude to the global climate change signal. 

As expected, the results of our study show that under future projected climate 

conditions, the global climate signal seems to dominate Southeast Asian regional 

climate. However, the land use signal results, even though they are based on 

hypothetical land use changes from potential natural vegetation to present-day non-
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urban land use, indicate that changing the land cover under future climate conditions, 

particularly irrigated crops, could have significant effects on regional climate. 

The combination of increasing global temperatures and irrigation appears to have a 

specific coherent signal. Increasing surface temperatures and the presence of irrigated 

crops leads to increased latent heat flux and evapotranspiration, which leads to a 

decrease in the surface temperature, and an increase in the relative humidity. This 

increase in relative humidity causes low clouds to form, and the net surface solar 

absorbed flux decreases in response. This leads again to surface cooling which forms 

a small positive feedback loop which causes surface temperature decreases in areas of 

irrigated crop under future increased surface temperatures (Table 3.3, Fig. 3.13). 

Cloud fractional area results corroborate this hypothesis, showing increased 

cloudiness in the lower atmosphere by an average of 6% more for irrigated crops than 

other land use types (Fig. 3.12). 

Temperatures under RCP8.5 conditions are expected to increase over modern-day 

temperatures by up to 5oC (Sillmann et al. 2013, Diffenbaugh and Giorgi, 2013). As 

expected our results also show two meter temperature increases by a similar 

magnitude over modern-day temperatures across the entire domain, with a mean of 

about 3oC for November to March and 3.7oC for May to September (Fig. 3.2).  
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Table 3.3. Relative responses of BOR areas and IND areas for selected variables as 
a result of land-use change. See Figure 1 for locations of BOR and IND areas. Size 
of arrows denotes relative not absolute changes in magnitude. 
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Figure 3.13. Schematic showing the inferred connection increased global surface 
temperatures and the presence of irrigated crop leading to cooler surface 
temperatures in areas of irrigation.



Temperature results from the land use change analyses under projected climate 

conditions for both seasons show a cooling effect of nearly the same magnitude as 

warming from global climate change, specifically for areas of FIC (Fig. 3.2, Fig. 

3.3A). This cooling is attributed to increases in evapotranspiration due to increased 

global air temperatures and the increased availability of surface water (irrigation), 

corroborated by latent heat flux results (Fig. 3.6). The increased evapotranspiration 

increases the moisture in the atmosphere near the surface, raising the relative 

humidity and leading to the formation of clouds just above surface, which lowers the 

net surface solar absorbed flux at the surface (Table 3.3, Fig. 3.11). 

Studies of overall CMIP5 RCP8.5 model output, including HadGEM2-ES output, 

show increased precipitation in Southeast Asia (Endo and Kitoh, 2016, Diffenbaugh 

and Giorgi, 2012, Li et al. 2015). Our results show increased evapotranspiration from 

irrigated crops lead to a slight increase in precipitation limited to areas of FIC during 

May to September (Fig 3.3B, Fig. 3.4). Both seasons have a P-E of essentially zero 

for the climate signal, that is, no wetter or drier under future climate conditions 

compared to the modern (Fig. 3.5). The land-use signal for P-E is slightly negative for 

FIC and this is a result of the high rates of evapotranspiration and latent heat flux for 

irrigated lands (Fig. 3.3C, Fig. 3.5, Table 3.3, Fig. 3.11). 
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In addition, analyses of QV and RH in the lower atmospheric layers (surface, 925 

hPa, 850 hPa), indicate that both QV and RH decline away from the surface, further 

supporting the idea that this excess moisture precipitates out of the atmosphere close 

to the source, rather than being transported elsewhere (Figs. 3.9, 3.10, 3.11, 3.12). 

Areas of FIC show the same pattern of decreasing RH away from the surface, and the 

mean land use signal for RH is nearly 20% greater than the mean climate signal for 

November to March and nearly 10% greater for May to September (Fig. 3.7C). 

Decreases in net surface solar absorbed flux occur primarily in areas of FIC (Fig. 

3.7B, Fig. 3.8) and is likely due to the increased evaporation creating increased 

relative humidity which leads to the formation of clouds at the surface to absorb and 

reflect incoming solar radiation (Fig. 3.11). 

The climate signal essentially shows increasing surface temperature, increasing 

precipitation, increasing specific humidity, for which the net result is expected to be 

no change in relative humidity, which we show in our results (Table 3.3). These 

results agree with previous studies of CMIP5 RCP8.5 model output (Sillimann et al. 

2013, Diffenbaugh and Giorgi, 2012) as well as projections from the IPCC 

Assessment Report 5 (Christensen et al. 2013). 
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3.5 Conclusions 
Global temperatures are projected to increase over the next century but for irrigated 

areas in Southeast Asia, a combination of increased evaporation and increased cloud 

formation at the surface lead to statistically significant surface cooling nearly equal to 

the magnitude of projected warming. This effect suggests that continued changes in 

land use, including urbanization in Southeast Asia under future climate conditions, 

could have significant affects on the regional climate.  

Our results for regional climate effects due to land use changes were significant and 

in some cases nearly the same magnitude (though sometimes differing in sign) as the 

climate signal, implying that the presence of irrigation could mask future global 

surface temperature increases, at least in the short-term. Because of this, future 

changes to land cover, especially increases in surface water from irrigation, would 

likely have significant effects on future climate in the region and should be taken into 

account in any future regional climate modeling study.  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Chapter 4  
Effects of Projected Increasing Surface 
Temperatures on Global Human Populations Under 
an Extreme Future Climate Scenario 

4.1 Introduction 

Rising global temperatures over the last two decades have led to heat waves with 

significant human impact in various regions of the world. Global temperatures under 

the IPCC Representative Concentration Pathway 8.5 (RCP 8.5) climate scenario (van 

Vuuren et al. 2011) are projected to increase on average by 5oC by the end of the 21st 

Century (IPCC 2013). Most previous studies focus on the geographic distribution of 

temperature change without specific analysis on how many people might be affected 

based on where they live. Recent studies of CMIP5 RCP8.5 model output have 

identified warming for much of the land area of the world by at least 6oC (Sillmann et 

al. 2013, Diffenbaugh and Giorgi, 2012). Geographic distribution of population and 

population growth is not uniform and dependent on many socioeconomic factors. 

Because of this, population growth will be concentrated in certain geographic regions 

and the projected climate of those specific regions will strongly determine the 

numbers of people at risk for adverse health effects of extreme heat by the end of the 

21st Century.  
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Our study focuses on assessing how many people will be affected globally by 

projected increasing surface temperatures by the end of the 21st Century, using heat 

index as a metric. We calculate heat index from CMIP5 HadGEM2-ES RCP8.5 model 

output for daily maximum temperature and daily minimum relative humidity using 

the National Weather Service (NWS) heat index equations (Rothfusz, 1990). We use 

the NWS heat index as a way of determining affect on human health because it is 

robust in under most meteorological conditions (Andersen et al., 2013). We 

incorporate projected global human population (Riahi et al., 2007, Gaffin et al., 2004) 

to estimate the number of people affected by projected climate. 

4.1.2 Global temperature projections under RCP8.5 

A number of recent studies of global climate projections point to extreme heat as a 

primary consequence of increasing atmospheric greenhouse gases (Collins et al. 2013, 

Sillmann et al. 2013, Diffenbaugh and Giorgi 2012, Diffenbaugh and Scherer 2011). 

Results from the IPCC Assessment Report 5 indicate that global surface temperatures 

under the RCP8.5 scenario are likely to increase at least 2°C above global surface 

temperatures for the reference period of 1850-1900 (Collins et al. 2013). However, 

results of CMIP5 analyses of the RCP8.5 scenario by Sillmann et al. (2013) indicate 

that the multi-model median increase in maximum annual temperature is at least 5oC. 

Collins et al. (2013) notes that projected changes in temperature will not be uniform 
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and Diffenbaugh and Giorgi (2012) identified regions of the world where 

intensification of extremes experienced elsewhere in the world could occur. In 

addition recent studies focused specifically on regional projected temperature 

extremes in the United States to quantify health and societal effects for the region, 

including heat stress (Crimmins et al. 2016, Diffenbaugh and Ashfaq, 2010). Heat 

stress is an important component of rising temperatures and has human health and 

economic consequences. A recent study of CMIP5 ensemble results by Zhao et al.

(2015) concluded that heat stress is expected to reach unprecedented levels under the 

RCP 8.5 scenario.  

4.1.3 Effects of Extreme Heat on Humans 

The IPCC Assessment Report 5 Working Group II describes impacts of climate 

change and includes analysis of likely effects of extreme heat on human health 

(IPCC, 2014). While the connection between increasing heat and heat-related health 

risks is complex and not well understood, Honda et al. (2013) do infer a link between 

projected extreme heat and human health, particularly mortality. They estimate up to 

0.6% of deaths (approximately 1 million deaths per year) could be due to excess heat 

by the end of the century. For comparison, the World Health Organization estimates 

as of 2015, 1.25 million people die per year in road accidents (WHO, 2015). 
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Heat stress has long been known to affect human health and many metrics have been 

developed to quantify the effect of heat on the human body. Heat index is one such 

metric, and the one chosen for this study. While significant health effects occur when 

body temperatures exceeding 40oC (104oF), especially for those with underlying 

health conditions (Bouchama et al., 2007), specific implications for human health are 

not well documented and no single heat stress metric appears to be more effective 

than another (Buzan et al., 2015).  

Kjellstrom et al. (2009) use a common occupational heat-related metric, wet bulb 

globe temperature (WBGT) to develop the metric of “work capacity”: how much of a 

working hour someone can continue working and how much of that hour they must 

rest to keep their core body temperature below 38oC (100.4oF). While work capacity 

depends on climate conditions and type of work being performed, Kjellstrom et al. 

(2009) conclude that once WGBT exceeds 26 to 30oC (78.8 to 86oF), work capacity 

rapidly reduces and this has particular implications for tropical areas of high 

temperature and high humidity. 

A study by Sherwood and Huber (2010) also examined WBGT and their results 

suggest that projected maximum temperatures will exceed the heat stress tolerance of 

the human body. Currently, peak heat stress is defined by WBGT of 31°C (87.8oF) 

!97



and some future projections include WBGT exceeding 35°C or 95oF (Sherwood and 

Huber, 2010). While death from heat stress is primarily due to warm nights under 

current climate conditions, projected extreme heat during the day would definitely 

impact human life (Sherwood and Huber, 2010). Using model output from ensemble 

HadGEM model simulations under A1B IPCC scenario, for 2020 and 2050, Willett 

and Sherwood (2012) estimated WBGT for 15 regions. Their results show that even 

an additional 2°C of warming above present-day temperatures would be sufficient to 

raise the WBGT above the 35°C (95oF) threshold, similar to the results of Sherwood 

and Huber (2010).  

Along with other metrics, the NWS heat index is used as a tool to determine 

occupational heat stress (Fig.4.1). The NWS heat index equations of Rothfusz (1990) 

use temperature in Fahrenheit but the resulting heat index is unitless. More than half 

of occupational labor occurs outdoors, primarily in the construction and agriculture 

industries and health risks associated with heat stress increase with the intensity of 

physical activity and higher temperatures (Kjellstrom et al. 2009, Honda et al. 2013), 

but only a few studies exist that investigate the effects of future projected extreme 

heat on working populations. A recent study by Dunne et al. (2013) assesses this risk 

by using WBGT, Earth System Model (ESM2M) projections, and military and 

industrial guidelines for labor capacity, a measure of an individual’s ability to perform 

sustained labor under heat stress. They conclude that the higher the WBGT, and the  

!98



 

!99

Heat exhaustion likely. 
Heatstroke possible.

Caution Fatigue possible.

Heat stroke likely.

Extreme 
Caution

Danger

Extreme 
Danger

Heat exhaustion possible.

Figure 4.1. NOAA Heat Index Chart, showing heat index categories. For a complete 
description of heat index categories: www.weather.gov/ama/heatindex 

http://www.weather.gov/ama/heatindex
http://www.weather.gov/ama/heatindex


more intense the labor, the lower the ability of a worker to perform sustained labor 

under those conditions and the lower the temperature threshold for heat stress (Dunne 

et al., 2013). 

In this study, we use the NWS heat index and estimated global population projections 

to determine the number of people affected by heat index categories designated 

harmful to human health under working conditions. 

4.2 Methods and Data 

4.2.2 HadGEM2-ES RCP8.5 Data 

To calculate the NWS heat index, we used maximum daily temperature and minimum 

daily relative humidity for years 2000 and 2098 derived from model output from 

Hadley Center Earth system model (Jones et al., 2015, Collins et al., 2011) as part of 

the CMIP5 ensemble simulations for the most extreme IPCC climate scenario, RCP 

8.5 (van Vuuren et al. 2011). The heat index calculations for the year 2000 represent a 

baseline with which to compare the end century heat index calculations for the year 

2098. 
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4.2.3 Projected Population 

Projected global population used in this study is derived from gridded population 

density data for 2000 and modeled population density projections for 2100 based on 

the A2 SRES scenario (Riahi et al., 2007, Gaffin et al. 2004). The A2 scenario reflects 

moderately continuously increasing world population, culminating in 12 billion 

people by 2100 (Riahi et al., 2007). A revised A2 scenario is the basis for the RCP8.5 

scenario, which is based on high population growth, lower rates of technology 

development, and strong reliance on fossil fuel energy sources (van Vuuren et al., 

2011). We use the population density data for 2000 and 2100 in this study and the 

maximum populations for 2000 and 2100 are 6.2 billion and 12 billion, respectively 

(Riahi et al., 2007). 

4.2.4 Heat Index 

Our study focuses on the heat index calculated at the time of the maximum daily 

surface temperature. We assume that daily minimum surface relative humidity 

corresponds to this same time as the maximum surface temperature. Heat index 

increases with relative humidity, so if this assumption is not valid, then the heat index 

would be even higher. Thus, this is a conservative estimate of heat index. We use 

global model output of maximum daily surface temperature and minimum daily 
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relative humidity to calculate the heat index for both 2000 and 2098 based on the 

NWS heat index equations (Rothfusz, 1990). Generally, the daily surface temperature 

reaches a maximum when the relative humidity is at a minimum, so by using 

HadGEM2-ES model output for those daily values, we calculate the maximum heat 

index for any location. It is also important to note that the NWS heat index 

calculations are valid in the shade rather than direct sunlight, and thus, the results in 

this study represent a conservative estimate of extreme heat conditions under future 

climate. We use the NWS heat index chart showing four categories of human health 

impacts of heat index to determine the breaks between categories (Fig.4.1). For a 

complete description of heat index categories, please see www.weather.gov/ama/

heatindex. We combine these heat index calculations with population to determine 

how many people globally are affected by heat index values above 103, the “Danger” 

category and above 129, the “Extreme Danger” category as indicated by NWS (Fig. 

4.1). Heat index categories are based on the risk of human health effects. Health 

effects of the “Danger” category are likely heat exhaustion and possible heat stroke 

with continued physical activity and the “Extreme Danger” category is defined by 

likely heat stroke (Fig. 4.1). 
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4.3 Results and Analyses 

For the heat index data for 2000 and 2098, we calculated the number of days per 

month where the heat index is above 103, corresponding to the “Danger” heat index 

category and where the heat index is above 129, corresponding to the “Extreme 

Danger” heat index category. Along with population density data converted to 

population for 2000 and 2100, we determined how many people experienced how 

many days per month of heat index above 103, Danger, and 129, Extreme Danger, 

plotted separately. Because the majority of the world’s land mass and human 

population exist north of the equator, we use Northern Hemisphere seasons in this 

study, specifically the winter month of January and the summer month of June. 

Our heat index results indicate large increases in the number of people who will 

experience entire months where maximum heat index exceeds the Danger level every 

day. In 2000, a little more than 11 million people fell into this category, and only 

during June to August months (Figs. 4.2 and 4.3). By 2098, in contrast, it is predicted 

that during these same months, between 3.1 and 4.3 billion people will experience 

such conditions (Fig. 4.2). More than 1 billion people are predicted to experience 

these conditions for 8 out of the 12 months of the year (Figs. 4.2 and 4.3). In addition, 

for the year 2000, no one experiences heat indices of the Extreme Danger category,  
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Figure 4.2. Number of people experiencing heat index of 103 or greater for 30 days 
per month, plotted by month.
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Figure 4.3. Cumulative number of people experiencing daily heat index of A). 103 
or greater (“Danger”) for both June 2098 and 2000, and B). 129 or greater 
(“Extreme Danger”) for June 2098 only.

A

B



for any month of the year, but for June 2098, more than 450 million people 

experience 15 days of Extreme Danger heat index (Fig. 4.3B). 

As expected, the geographic region experiencing substantial Danger heat index 

exposure in 2098 shifts during the year (Figs. 4.4 and 4.5) and tropical regions appear 

to be most at risk for heat indices of Danger or above. Two tropical regions with high 

population density include the Indian Subcontinent and Southeast Asia, both of which  

experience extended periods under Danger heat index conditions. From April to June, 

all of the Indian Subcontinent experiences Danger heat index (Fig. 4.4 c-f) every day 

of the month, but starting in July the conditions cool, likely from monsoonal rains 

(Fig. 4.5). The future of the Indian Monsoon system is rather uncertain under 

projected climate change, but recent studies of CMIP5 model output have concluded 

that both the intensity of rainfall and the unpredictability of the monsoon will increase 

(Sabeerali et al., 2015, Menon et al., 2013), so it is plausible that projections of 

increasing monsoon intensity will aid in cooling the region, at least in years when the 

monsoon does not fail. In Southeast Asia, some parts of the region experience Danger 

heat indices throughout the entire year, with nearly all of the region subject to 

continuous Danger heat indices for the six months beginning in April and lasting 

through September (Figs 4.4 and 4.5). The future of the Australasian and East Asian 

Monsoon systems, both of which affect Southeast Asia, are also uncertain, but both 

previous work by this author (this work, Chapter 3) and recent work by Endo and  
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Figure 4.4. Maps showing spatial distribution of the number of days per month of 
daily heat index of 103 or greater (0 days is blue, 31 days is dark red). a-f: January 
through June 2098.
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Figure 4.5. Maps showing spatial distribution Maps showing spatial distribution of 
the number of days per month of daily heat index of 103 or greater (0 days is blue, 
31 days is dark red).. g-l: July through December 2098.



Kitoh (2014) indicate that increases in evaporation may lead to increasing rainfall, but 

unlike the Indian Monsoon, the cooling effect of the rainfall doesn’t seem to be as 

pronounced (Figs. 4.4 and 4.5). 

Other areas of high population density, such as eastern and southern China, 

experience these conditions for all of July and August, with populations in parts of 

eastern China subject to Danger heat index starting as early as June and extending 

into September (Figs. 4.4 and 4.5). Densely populated equatorial Africa, especially  

Nigeria and Cameroon, will be subjected to Danger heat index for nearly the entire 

year, starting as early as February for some parts and continuing through November 

(Figs. 4.4 and 4.5), with the majority of the region under such conditions during 

April, May, and June (Figs. 4.4 and 4.5). It is important to note that many countries in 

these densely populated tropical regions are developing nations and much of their 

occupational labor is performed outdoors. 

Elsewhere, people living in the United States east of the Rocky Mountains experience 

widespread Danger heat index for July and August, with populations in the southern 

part of the country, including the southeastern states and parts of the Mississippi 

Valley, experience these heat conditions starting in June (Fig. 4.4 f), and some parts of 

Texas as early in the summer as May (Fig. 4.4 e). 
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4.4 Discussion and Conclusions 

Our analyses of heat index for years 2000 and 2098, with respect to human 

populations, indicates increased risks associated with occupational heat stress with 

increasing surface temperatures by the end of the 21st Century. Results from Willett 

and Sherwood (2012) and Sherwood and Huber (2010) indicate that the highest heat-

related occupational risk WBGT temperature threshold of 35oC (95oF) could be 

exceeded by 2100 for several regions, including the Indian Subcontinent and 

Australia, consistent with our findings in this study. 

Health risks associated with heat indices above the threshold of 103 include heat 

exhaustion and heat stroke as heat indices increase. By the end of the 21st Century, 

tropical areas, specifically Southeast Asia, will likely be most affected by rising 

temperatures regardless of time of year. At the end of the 21st Century, some 

population living in Southeast Asia will likely experience 30 days per month of heat 

indices above the threshold every month of the year (Fig.4.2).  

In terms of occupational heat-related health risks, as many as 3 billion to over 4 

billion people could be unable to work as a result of heat stress or would be at high 

risk of heat-related illnesses if they are working in those heat conditions. Results from 
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Dunne et al. (2013) also concluded that the higher the WBGT, the lower the ability of 

a worker to perform sustained labor under those conditions. The more intense the 

labor, the lower the temperature threshold for heat stress, but when the WBGT 

exceeds 32oC (89.6oF), all types of labor are affected (Dunne et al., 2013). 

While heat-related death is linked to increasing nighttime temperatures, the health 

risks associated with rising daytime temperatures cannot be ignored. Particularly in 

tropical developing nations, where population density as well as Danger and Extreme 

Danger heat index conditions are projected to increase, and where much occupational 

labor is mainly in the outdoor occupations of construction and agriculture. Other 

concerns in areas of high population density are the compounding effects of urban 

heat islands. In a recent modeling study focused on North America, Oleson et al. 

(2015) concluded that in higher density urban areas, the heat stresses vary by urban 

density type and regional climate conditions, but are generally amplified under future 

climate conditions. 

Vector borne disease, a primary human health concern in tropical developing nations, 

are becoming more of a regional and global concern with increased warming. In 

particular, malaria and dengue fever, mosquito-borne diseases, and hantavirus caused 

hemorrhagic fever have a high likelihood of increasing as surface temperatures rise 

(Åström et al., 2012, Fang et al., 2010, Kelly- Hope et al., 2009). Where mosquitos 
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are common agricultural workers lacking adequate sun protection may also be more 

vulnerable to these mosquito-born diseases due to the favorable climatic conditions 

for mosquito breeding and biting (Bennett and McMichael, 2010). 

Finally, as heat index increases, evapotranspiration will likely also increase, but 

implications are beyond the scope of this study due to the high degree of uncertainty 

for future projections of precipitation and runoff. 

Our study indicates that as we approach the end of the 21st Century, approximately 

1/4 to 1/3 of projected world population, 3 to over 4 billion people, will see Danger 

heat index conditions for each of the summer months, with a large fraction of people 

experiencing such conditions for the entire period of June to August. The World 

Health Organization estimates that by 2050 over 250,000 additional deaths annually 

could be attributed to excess heat with no climate adaptation, and nearly half of those 

would occur in middle to low income countries in east, south, and Southeast Asia 

(Hales et al., 2015). Our results also show that densely populated developing 

countries, such as those in Asia will be most at risk not only from Danger heat index 

conditions but increasing periods of Extreme Danger heat index conditions under 

which heat stroke is likely. Our results imply that by the end of the 21st Century, 

billions of people, many of them living in already vulnerable areas, will be at 

increased risk of heat-related illness and death..  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Chapter 5  
Summary 

Under present-day and future climate, humans can influence regional climate through 

land use change. In Southeast Asia, under present day climate conditions, 

deforestation may have caused widespread regional cooling and increased 

precipitation as a result of increasing evapotranspiration. In contrast, as surface 

temperatures increase under future projected climate conditions, irrigation could also 

produce cooling as again evapotranspiration increases due to surface warming. In 

both of these cases, the magnitude of cooling is approximately 3oC, similar to IPCC 

(2013) mean projected warming under future climate conditions, and could mask 

warming locally in irrigated parts of Southeast Asia. 

By the end of the 21st Century, the maximum projected warming under the most 

extreme climate scenario, RCP 8.5, could approach 5oC and under those extreme 

surface temperature conditions, the number of people affected by heat-related 

illnesses is likely to dramatically increase. Approximately 4 billion people could be 

subject to extended periods (30 days in a row) of Danger heat index conditions, under 

which heat exhaustion is likely and heat stroke is possible if any substantial amount 

of outdoor activity occurs. An additional 450 million people could experience 
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Extreme Danger heat index conditions for up to 15 days per month, primarily during 

northern hemisphere summer. 

People in tropical developing nations with high population densities could be subject 

to extended periods of heat indices of Danger or higher for most of the northern 

hemisphere summer months. In particular, most of Southeast Asia experiences 

Danger heat index conditions for at least six months of the year, with some parts 

subject to prolonged periods of Danger heat indices throughout the entire year at the 

end of the 21st Century. 

Our results have important human health and socioeconomic implications for regional 

and global climate mitigation and adaptation. Deforestation and irrigation in 

Southeast Asia in particular may result in some cooling for the region, but prolonged 

Danger and Extreme danger heat index conditions towards the end of the century are 

likely to exceed the temperature decrease and lead to increasing heat related 

problems. 

Lower and middle income countries, such as those in Southeast Asia, do not have the 

resources to manage addtional populations affected by increasing heat stress. In 

addtion, the vector borne diseases and ever growing population densities in tropical 

regions only add to the burdens on countries with limited resources.  
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While this study relies on a single regional climate model and one set of climate 

model output for the most extreme IPCC scenario, our results emphasize the 

importance of incorporating land use changes and human effects of heat stress into 

any investigation into future impacts of global climate change. Finally, a crucial 

component of any study of the effects of climate change on human civilization is the 

incorporation of the human-health related consequences of any changes in climate. 
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