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In a rapidly urbanizing world, heavy air pollution and increasing surface temperature pose significant
threats to human health and lives, especially in densely populated cities. In this study, we took an
information theory perspective to investigate the causal relationship between diel land surface
temperature (LST) and transboundary air pollution (TAP) from 2003 to 2020 in the Bangkok
Metropolitan Region (BMR), which includes Bangkok Metropolis and its five adjacent provinces. We
found an overall increasing trend of LST over the study region, with the mean daytime LST rising
faster than nighttime LST. Evident seasonal variations showed high aerosol optical depth (AOD)
loadings during the dry period and low loadings at the beginning of the rainy season. Our study
revealed that TAP affected diel surface temperature in Bangkok Metropolis significantly. Causality
tests show that air pollutants of two adjacent provinces west of Bangkok, i.e., Nakhon Pathom

and Samut Sakhon, have a greater influence on the LST of Bangkok than other provinces. Also,

the bidirectional relationship indicates that air pollution has a greater impact on daytime LST than
nighttime LST. While LST has an insignificant influence on AOD during the daytime, it influences AOD
significantly at night. Our study offers a new approach to understanding the causal impact of TAP
and can help policymakers to identify the most relevant locations that cause pollution, leading to
appropriate planning and management.
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Against the backdrop of global warming, rising surface temperatures are now pervasive in the megacities of the
Global South and are closely associated with low air quality While both heat and air pollution exposure are
detrimental to human health, they become more severe when they act synergistically**. The scientific community
has started to investigate the interaction mechanisms of these two environmental problems in urban area®. For
example, Menon et al. reported that black carbon emissions exacerbated the urban heat islands (UHI) impact in
China and India, warming the urban atmosphere and altering the stability and vertical movement of the plan-
etary boundary layer®. Cao et al. found haze pollution to be a contributing factor to UHI that enhances night-
time surface UHI at 0.7+ 0.3 K (mean + 1 SE) for semi-arid cities across China’. Yang et al. found that in Beijing
PM, ; pollution affects UHI, leading to weakened UHI intensity in summer via aerosol-radiation interaction but
strengthened UHI intensity during winter via aerosol-planetary boundary layer interactions®. In recent years,
researchers have also investigated the spatial spillover linkages of air pollution in nearby areas of cities and have
reported the spatial consequences of air pollution®!’. For instance, Jiang et al. examined the spatial and temporal
patterns of air pollution in Beijing’s neighboring cities and used the Granger causality test to investigate how haze
pollution in and around Beijing affected nearby cities'!. Using a network framework, Zhang et al. analyzed the
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role of urbanization on the spillover of haze pollution in Cheng-Yu urban agglomerations in China'?. Li et al.
considered both urbanization and industrialization factors and their spillover effects on air pollutant emissions
in Huang-Huai-Hai region of China'®. A recent study by Nguyen et al. assessed the impact of pollution in Ho Chi
Minh City (HCMC) in Vietnam and found that Indonesian biomass burning and Chinese haze are responsible
for degrading HNMC’s air quality under certain meteorological conditions'. These studies, while providing
meaningful insights into the regional spillover effects of pollution, disregarded the impact of transboundary air
pollution on land surface temperature. Such an assessment of the contributions from local to distant sources can
help cities take effective measures to reduce pollution loads and improve the thermal environment.

Thailand has been experiencing elevated land surface temperature (LST) along with year-round high levels of
pollution originated from vehicular emissions, chemical and industrial activities, and traditional crop manage-
ment, especially in Bangkok- the largest urban agglomeration'>!¢. Due to poor air quality, it is estimated that
29,000 people died prematurely in Thailand in 2021'7. Air pollution also led to the loss of productivity of US
$5.0-$6.4 billion in 2015 — 1.4-1.6% of the country’s total GDP'>. Past studies have also reported the challenges
to local and central governments in reducing and preventing transboundary air pollution (TAP) in Thailand'®2".
Current studies highlight the nexus between air pollution and LST in Bangkok, albeit they are either confined
to local urban areas or have solely concentrated on urbanization-related issues?*?*. While the contribution of
transboundary transport of air pollutants exclusively originating from biomass burning (24-38%) and non-
biomass burning to total air pollution in Bangkok is substantial, no studies have quantitatively measured the
contributions of TAP in affecting LST'®*#?3. Clearly, there is a critical need for understanding the corresponding
mechanisms so that better planning and management can occur.

The main objective of this study is to use information theory to quantify the contribution of transboundary
air pollution to the change of LST, using BMR as a case (Fig. 1). We hypothesize that air pollutants in Bangkok
and its surrounding provinces contribute to the physical processes that drive LST in Bangkok and vice versa. We
take an information theory perspective to analyze the interdependent dynamics of LST and air pollutants. We
used transfer entropy (TE) of Information Theory in our causality analysis, as TE is a nonlinear generalization of
the Granger causality test, model free, and accounts for both linear and nonlinear causal effects. The application
of TE makes the attribution of a causal relationship between AOD and LST more reliable. The approach used in
our study thus offers an innovative way to understand the causal impact of TAP and identify the most relevant
locations that cause pollution and affect LST, leading to appropriate planning and management. This study can
also provide valuable findings to policymakers in formulating regionally differentiated pollution control poli-
cies for Bangkok. Additionally, our study underlines that the effective management of environmental problems,
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Figure 1. Study Area of Bangkok Metropolis Region (BMR), Thailand. Note: The map was generated by the
authors by using ArcGIS v 10.4. Administrative division boundaries used in the map were downloaded from the
Database of Global Administrative Areas (GADM) v 4.1 (https://gadm.org/data.html).

Scientific Reports |

(2024) 14:10955 | https://doi.org/10.1038/s41598-024-61720-0 nature portfolio


https://gadm.org/data.html

www.nature.com/scientificreports/

such as LST and air pollution, which requires coordination between different administrative units due to the
transboundary impacts revealed in this study.

Data and method

Study area

The Bangkok Metropolitan Region (BMR) covers Bangkok metropolis and five adjacent provinces, including
Pathum Thani, Nonthaburi, Nakhon Pathom, Samut Sakhon, and Samut Prakan (Fig. 1). As the largest urban
agglomeration in Thailand, BMR is inextricably intertwined in terms of transportation and economic growth?.
Covering an area of 7756 km?, BMR is home to over 10 million people, with population density varying from
approximately 700-19,500 people per km Most of the population is concentrated in the central city core along
the banks of the Chao Phraya River. The urban area has expanded rapidly, creating a massive urban built-up
area spreading from the city center to its surrounding provinces. In addition to pollution from traffic congestion,
industrial production substantially contributes to total air pollution, as factories in and around Bangkok account
for around 29% of the national total?>. However, the total amount of pollutants varies due to changes in wind and
weather patterns throughout the year. The study area has a tropical savanna climate under the Koppen climate
classification and is under the influence of Asian monsoon. With the daytime temperature over 30 °C for most
of the year, the area has three distinct seasons: a dry and hot season from February to May, a rainy season from
June to October, and a cool season of November to January with relatively lower temperature. The simultaneous
occurrences of rain and heat from June to October is typical of tropical monsoon regions. Nationally, pollut-
ant concentrations decrease during the rainy season, while high air pollution episodes occur throughout the
remaining seasons. Moreover, Bangkok suffers intense haze pollution from conventional management of crop
residuals, especially during the dry season, with pollution also coming from surrounding regions. Around 54%
of crop residues of rice and sugarcane are burned in the central region in Thailand annually®. Agricultural crop
burning practices contribute significantly to seasonal spikes in pollution levels not only in locations practice such
burning, such as Nakhon Pathom, but also in Bangkok where such burning is rarely practiced due to limited
agricultural land.

Data processing

We relied on remote sensing products from 2003 to 2020 to understand the process of TAP and LST interac-
tion. We obtained daytime and nighttime land surface temperature at a 1 km resolution by utilizing the seam-
less gap-filled and clear sky, high spatiotemporal Moderate Resolution Imaging Spectroradiometer (MODIS)
dataset?’. This dataset overcomes the limitations of missing values due to clouds, shadows, and other atmospheric
conditions. We converted per pixel LST from Kelvin to Celsius before aggregating to monthly minimum, mean
and maximum daytime and nighttime LST over the study region. We used MODIS Aerosol (MCD19A2) V6
product at 1 km spatial resolution for quantifying Aerosol Optical Depth (AOD) as an indicator of air pollu-
tion. This dataset was derived by using the Multi-angle Implementation of Atmospheric Correction (MAIAC)
algorithm, which is renowned for outperforming other available products***. Similar to LST data, we retrieved
AOD products for the BMR region from 2003 to 2020 and converted to monthly averages for further analysis.

We analyzed angstrom exponent (AE) and single scattering albedo (SSA) over the BMR region to understand
the aerosol composition. To measure AE, we utilized MODIS Deep Blue product for land (0.412-0.47 um) and
averaged at a monthly level for 2003-2020. This product has been particularly useful for bright surfaces, such
as desert and urban areas and is not available over oceans®. Ozone Monitoring Instrument (OMI) OMAERUV
v003 level-3 single scattering albedo data at 0.388 um were retrieved monthly from (https://giovanni.gsfc.nasa.
gov/giovanni/) for the period of 2004-2020*".

Land cover data at 30 m resolution was retrieved for 2000, 2010 and 2020 from GlobeLand30 product (http://
www.globallandcover.com/home_en.html?type=data). We masked out water pixels to calculate LST since the
high heat capacity of water could impact average diurnal LST. R software (version 4.0.2) was used for all analyses.
We relied on the “RTransferEntropy” package to quantify directional information transfer between the systems
and test whether they are statistically significant with p <0.05%.

Methods

Using BMR as a test site, we used transfer entropy to examine the causality between transboundary air pollu-
tion and LST (daytime and nighttime) during 2003-2020 and determined the directionality of the information
exchange between different neighboring regions considering only statistically significant information transfers
at p value < 0.05. Standard approaches like correlation coeflicients fail to provide any insights about causality and
are unable to infer which of the variables are driving the system. Commonly used metrics are unable to capture
the full range of model behavior (e.g., nonlinearities, feedback loops, and emergent behaviors)*>*.

Information theory: transfer entropy

We applied information theory (IT), particularly the measurement of transfer entropy®-*’, to quantify the con-
tribution of air pollution to the change in land surface temperature in Bangkok. Information theory can be
successfully employed to understand complex systems due to its advantage in interpreting causality®*-*°. It uses
a probabilistic method to quantify the amount of information and uncertainty of information encoded in a time
series. A key metric to quantify the information in IT is called entropy, which is a measure of the uncertainty
associated with a random variable. According to Shannon?, entropy H (x) is defined as the number of bits to
represent the amount of uncertainty (randomness) in a data source, and it can be expressed as
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H(x) = — Z [P(x) - logP(x)] 1)

i=1

for a discrete random variable x, with possible outcome xj,....... ,Xn, where P(x) is the probability distribution
associated with variable x. Similarly, the joint entropy of two discrete random variables x and y H (x, y) is simply
the entropy of their pairing:(x, y). This implies that if x and y are independent, then their joint entropy is the
sum of their individual entropies.

H(xy)==>_ > [P(xy) - log[P(x.y)]] 2)

The shared amount of information between x and y is called the mutual information (MI) MI (x, y) and can
be quantified as

P(x,y)
MI(x,y) = erx Zyey P(xy)- logm X

where MI indicates how much information we gain about x after knowing y, and vice versa. Given its symmetric
nature, MI can only provide the strength of association between two random variables; it is incapable of provid-
ing any information about the directionality of the couplings. In order to discern the directionality of couplings,
Schreiber proposed transfer entropy (TE) based on the concept of Conditional Mutual Information®. Transfer
entropy from a variable x to a variable y Ty, can be defined as

P(yes1lyf, x™)

Ty = P( . xMlo
ey = 3 POy yisxlog )

(4)

where y!, = (e yi—tpeeee.. Ve—nt1) and xf) = (X, X¢— 1o Xt—m+1) are the n and m orders of the Markov processes
x and y. Transfer entropy from a process X to another process Y can be explained by the amount of uncertainty
reduced in future values of Y by knowing the past values of X given the past values of Y. In this study TEoop—LsT
is the amount of information transfer from AOD of x city to LST of y city and can be interpreted by the amount
of uncertainty reduced in future values of LST of y city by knowing the past values of AOD in x city given past
values of LST of y city.

We computed pairwise TE between the variables at the monthly time scale using a 1-month lag time and
presented them as a chord diagram. To avoid statistical artifacts, we implemented a randomized shuftled sur-
rogate test and calculated the p-value. The study proceeded only when the value of information flux had a p
value smaller than 0.05%.

SSA and AAE

Atmospheric aerosols can alter the total amount and distribution of solar radiation through absorption and
scattering in the pollution layer and, therefore, contribute to climate change. The relationship between surface
temperature and radiative forcing is strongly modulated by the interaction with aerosols**>. SSA and AAE are
two key parameters in determining the influence of aerosols on the earth’s radiative balance®.

Variation of SSA links to the strength of AOD in absorbing solar radiation and is modified with changes
in aerosol content in the atmosphere. SSA values determine the cooling and warming outcome of the aerosol
effect based on their structural and compositional characteristics. While high SSA values signify more scatter-
ing aerosols or a decrease in absorbing aerosols, lower values are linked to more absorbing aerosols*. Another
parameter, AAE, a quantitative indicator of particle size, was analyzed to obtain information about the charac-
teristics of AOD.

Results

We found an increasing trend of LST over the study region, with the mean daytime LST rising faster than that of
nighttime LST. Evident seasonal variations showed high aerosol optical depth (AOD) loadings during the dry
period and low loadings at the beginning of the rainy season. Burning of crop residue, traffic congestion, and
industrial activities have been identified as significant sources of air pollution in BMR, as indicated by Single
Scattering Albedo (SSA) and Aerosol Angstrom Exponent (AAE). Our study revealed that TAP affected diel
surface temperature in Bangkok Metropolis significantly. Causality tests show that air pollutants of two adja-
cent provinces west of Bangkok, i.e., Nakhon Pathom and Samut Sakhon, have a greater capacity in influencing
the LST of Bangkok than other provinces. Also, the bidirectional relationship indicates that air pollution has a
greater impact on daytime LST than nighttime LST. While LST has an insignificant influence on AOD during
the daytime, it influences AOD significantly at night.

Spatial and temporal variations of the LST during daytime and nighttime

During the study period of 2003-2020, the mean daytime LST increased at a higher rate than the mean nighttime

LST around BMR (Fig. 2). The spatial-temporal trend was computed by a linear fit to observe how the average,

minimum and maximum nighttime LST and daytime LST changed over space for 18 years in and around BMR.
We found that from 2003 to 2020, ~ 63% of the area of BMR experienced a significant increase in mean day-

time LST, whereas ~60% had a significant increase in mean nighttime LST. Within BMR, the Bangkok metropolis

had ~ 66% and ~ 58% of its area experienced significant increases in mean daytime LST and mean nighttime
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Figure 2. The trending of diel land surface temperature (LST) over the years of 2003-2020 (a) minimum
daytime LST, (b) mean daytime LST (c) maximum daytime LST and (d) minimum nighttime LST, (e) mean
nighttime LST and (f) maximum nighttime LST. Note: Hatched regions indicate statistically significant (p <0.05)
trends (increase or decrease of the temperature). The analysis was conducted, and the maps were generated by
the authors by using R v 4.0.2 and ArcGIS v 10.4. Administrative division boundaries used in the maps were
downloaded from GADM v 4.1 (https://gadm.org/data.html).

LST, respectively. Similarly, significant increases in mean daytime LST and nighttime LST were found in ~ 95%
and ~55% of the area of Nonthaburi, respectively, and ~ 70% and ~ 61% of the area of Pathum Thani, respec-
tively. More areas of Nakhon Pathom province experienced a significant increase in mean nighttime LST (~70%
of the area) than in mean daytime LST (~65% of the area). Noticeably, the minimum daytime LST increased
significantly only in a small part of Nakhon Pathom (~ 6% of the area) and the northeastern part of Bangkok
metropolis (~5% of the area).

Nonthaburi Province had a significant linear warming trend with an annual increase in mean daytime LST
of 0.17 °C/y during the study period, well above that of other provinces in Bangkok metropolis (0.10 °C /y),
Pathum Thani (0.09 °C/y), Samut Sakhon (0.07 °C/y), Nakhon Pathom (0.06 °C/y), and Samut Prakan (0.06 °C
/y). In contrast, the annual increase in mean nighttime LST appeared similar for all provinces, with Nakhon
Pathom having a slightly higher annual increase (0.06 °C /y) than others (0.05 °C/y). It should be noted that the
minimum daytime LST in Nakhon Pathom increased at an annual rate of 0.08 °C/y, surpassing the annual change
rate of the mean (0.06 °C/y) and maximum (0.06 °C/y) daytime LST of BMR. A countertrend, though modest,
was identified in Bang Kachao Park - an urban forest park, experienced a cooling trend with an annual change
of mean daytime LST of —0.001 °C/y.

Aerosol loading (AOD) distribution

Intra-annually, the AOD loading showed significant seasonal differences (Table 1). The average AOD concentra-
tion was high during the dry season (February-May) and low in the cool (November-January) and rainy seasons
(June-October), except for Nakhon Pathom and Samut Sakhon, where the average AOD concentration was
much higher during the cool season. The average AOD concentration was particularly high during January and
February and low in July for all provinces (Fig. 3a-f). Over the 18 years, the average AOD values in February
in Bangkok, Nakhon Pathom, Nonthaburi, Pathum Thani, Samut Prakan, and Samut Sakhon were 0.68 £0.10,
0.70+0.03, 0.73£0.03, 0.77+0.003, 0.72+ 0.04 and 0.74 £ 0.01, respectively. The Maximum AOD values showed
a similar seasonal change to the average AOD values. It is worth noting that AOD loading started to decrease
in April for all provinces.

Causality between surface temperature and aerosol intensity

The Pearson correlation coefficient test was performed and presented as a heat map in Fig. 4 to demonstrate the
interdependencies between the time series of AOD for each province (Bangkok, Nonthaburi, Pathum Thani,
Samut Prakan, Samut Sakhon, and Nakhon Pathom are hereafter referred as Z-1, Z-2, Z-3, Z-4, Z-5, Z-6, respec-
tively) along with their association with the Bangkok LST time series. The correlation coefficients (r) between
each pair of AOD time series are positive and significant. However, the association of Bangkok LST for both
daytime and nighttime with other provinces’ AOD is mixed. Z-1 (nighttime LST) was negatively correlated with
AOD of Z-2 (r=-0.12, p>0.05), Z-5 (r=-0.35, p < 0.05), and Z-6 (r=—-0.19, p < 0.05) and positively with AOD
of Z-1 (r=0.05, p<0.05), Z-3 (r=0.07, p>0.05), and Z-4 (r=0.05, p>0.05). On the other hand, Z-1 (daytime
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Season | Province Average+SE | Dry Rainy Cool
Dry 0.519+0.06 1.000 - -
Rainy Bangkok Metropolis | 0.416 +0.048 | 0.000**** | 1.000 -
Cool 0.461£0.068 | 0.005** | 0.0272* | 1.000
Dry 0.508+0.064 | 1.000 - -
Rainy Nakhon Pathom 0.404+0.048 | 0.000*** 1.000 -
Cool 0.525+0.068 | 0.425 0.000%** | 1.000
Dry 0.545+0.058 | 1.000 - -
Rainy Nonthaburi 0.412+0.052 | 0.000*** | 1.000 -
Cool 0.510£0.072 | 0.0875 0.000%** | 1.000
Dry 0.557+0.063 | 1.000 - -
Rainy Pathum Thani 0.389+0.042 | 0.000*** | 1.000 -
Cool 0.459+0.063 | 0.000*** | 0.000** | 1.000
Dry 0.540£0.066 | 1.000 - -
Rainy Samut Prakan 0.468+0.035 | 0.000 *** | 1.000 -
Cool 0.507+0.067 | 0.0906 0.0506 1.000
Dry 0.526+0.076 | 1.000 - -
Rainy Samut Sakhon 0.438+0.053 | 0.000 *** | 1.000 -
Cool 0.613£0.078 | 0.000 *** | 0.000 *** | 1.000

Table 1. AOD loading in different seasons during 2003-2020 in BMR. ***P<0.001. Dry Seasons (Feb-May)

had high AOD concentrations, while cool (Nov-Jan) and rainy seasons (Jun-Oct) had low concentrations.

However, Nakhon Pathom and Samut Sakhon had higher concentrations during cool seasons.
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Figure 3. Intra-annual variation of AOD for 2003-2020 (a) Bangkok metropolis, (b) Nonthaburi (c) Pathum
Thani (d) Samut Prakan (e) Samut Sakhon and (f) Nakhon Pathom. Note: Magenta cross ‘X’ indicates mean

value and magenta solid line

‘> represents median value in the box.

LST) was positively correlated with AOD of Z-1 (r=0.23, p <0.05), Z-2 (r=0.14, p< 0.05), Z-3 (r=0.3, p < 0.05),

Z-4 (r=0.2, p<0.05), and Z6 (r=0.09, p>0.05) and negatively associated with Z-5 (r=-0.04, p>0.05).

Directional information flows among provinces, namely AOD of Z-1, Z-2, Z-3, Z-4, Z-5, and Z-6 to diurnal
LST of Z-1 and vice versa revealed a much higher proportion of the information transfer going to Z-1 daytime
LST with an emphasis on AOD from Z-6, Z-1, Z-4, Z-5, and Z-2 as contributing factors, respectively (Fig. 5a). The
information transfer to Z-1 nighttime LST was much smaller than to Z-1 daytime LST, and AOD from Z-5 and
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Figure 4. The heat map of the Pearson correlation coefficient of AOD loadings of each province and with LST
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Figure 5. Chord diagram showing statistically significant transfer entropy between LST and AOD during
2003-2020 (a) daytime (left) and (b) nighttime (right).

Z-6 act as contributing factors (Fig. 5b). In comparing the TE between other provinces, information transfer of
AOD from Z-6 was comparatively higher for both day and night LST in Z-1. One interesting difference in these
chord diagrams was the lack of information transferred to AOD in all provinces from Z-1 daytime LST, while
AQD of all provinces received information from Z-1 nighttime LST. The plausible explanation for this asymmet-
ric influence of AOD pollution on daytime LST and nighttime LST could be due to the fact that the relationship
between LST and radiative forcing is strongly modulated by the interaction with aerosols*"*2. It indicates that air
pollution has a greater impact on the land surface temperature during the day than at night.

Mechanism of single scattering albedo and aerosol angstrom exponent
Intra-annually, the average SSA experienced a decreasing trend of 0.0018/year (R*=0.78) over BMR during
2004-2020, suggesting that aerosols have become more absorbing (Fig. 6a). The inter-annual variation of AE
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Figure 6. (a) Inter-annual variation of Single Scattering Albedo (SSA) over BMR during 2004-2020 and (b)
intra-annual variation of Aerosol Angstrom Exponent (AAE) over BMR during 2003-2020. Note: Magenta cross
‘X’ indicates mean value whereas red line ‘-’ represents median value in the box.

for the years 2003-2020 ranged from 1.489 to 1.752 (Fig. 6b). The highest and lowest average AE values were
observed as 1.752+0.014 and 1.4961 +0.142 in February and November, respectively. High AE values indicate
the dominance of fine particles, whereas low AE values suggest that most aerosols are coarse particles resulting
from biomass burning during the dry season.

Discussion

LST patterns and information transfers between LST and AOD

The spatial variation of LST for both daytime and nighttime across BMR during 2003-2020 was reliably depicted
by the linear fit. We found some noteworthy changes in LST over BMR. While the minimum daytime temperature
(0.08 °C/y) rose at a higher rate than that of the mean (0.06 °C/y) and maximum daytime temperature in Nakhon
Pathom (0.06 °C/y), the minimum daytime LST increased significantly only in some part of Nakhon Pathom
(~ 6% of area) and the northeastern part of Bangkok metropolis (~ 5% of area). It should also be noted that in
areas primarily characterized by urban green and blue spaces, there was a declining trend in the mean daytime
LST (- 0.001 oCly), further confirming the contribution of urban green/blue space in mitigating the impact of
urban heat island*>*. The cooling trend is identified in the natural land surface environment near Bang Kachao
- a tropical urban forest park with an area of 20 km? located in the Chao Phraya lower floodplain. Also, some
places in BMR and vicinities warmed up faster during daytime than nighttime; this disproportionate warming
could be attributed to latent heat flux caused by differences in the water table and soil moisture*>*S. Our findings
on seasonal differences in AOD loadings over BMR may be mainly ascribed to meteorological conditions and
pollution sources. During the rainy season, the pollution concentration is lower due to the favorable atmospheric
dispersion conditions caused by monsoon winds and low air pressure. In contrast, during the dry and cool sea-
sons, high air pollution episodes are ubiquitous, likely driven by weaker winds and air pressure inversions near
the ground, as reported in previous studies’”.

While bidirectional information transfers exist between LST and AOD during nighttime and daytime, the
directionality of AOD towards daytime LST is significantly (p < 0.05) stronger than the perturbation caused by
daytime LST to AOD. In contrast, at night, LST— AOD is stronger than AOD — LST. This may be due to the
dynamic relationship between LST and AOD. From a climatic point of view, a change in tropospheric aerosol
concentrations results in strong heating or cooling effects*'. On one hand, high LST could encourage the upward
transport of aerosol particles, leading to transboundary pollution. On the other hand, while heating from land
surface temperature can carry pollutants to the top of the boundary layer through vertical advection, it is only
effective up to a certain altitude. Eventually, the concentration of pollution aloft will be so high that diffusion will
increase the concentration of pollutants near ground level. Additionally, we find that the air pollutants coincident
of Nakhon Pathom and Samut Sakhon have a greater capacity to influence the LST of Bangkok metropolis than
other neighboring provinces.

We confirm that aerosol absorption leads to a positive radiation balance anomaly, affecting radiative heating
of the aerosol layer***’. SSA, a parameter quantifying scatter/absorption of solar radiation by aerosols, had a
decreasing trend over BMR at a rate of 0.0018/year (R?=0.78), indicating aerosols comprising the column are

Scientific Reports |

(2024) 14:10955 | https://doi.org/10.1038/s41598-024-61720-0 nature portfolio



www.nature.com/scientificreports/

more absorbent and mainly attributed to the prevalence of black carbons from urban pollution that is emitted
from combustion sources and agricultural burning in and around the BMR. This result is consistent with a recent
study of Li et al. who found relatively low SSA values over Southeast Asia where biomass burning related black
carbon and organic carbon is intense*. For the months of January, February, and March, we observed AE of > 1.7,
indicating the dominance of fine-sized anthropogenic aerosols, which arise mostly from the combustion of fossil
fuels and biomass burning*$->. The two parameters of SSA and AAE together provide an understanding of the
sources and properties of aerosol loadings over BMR.

Urban and agricultural land use changes in Bangkok Metropolis and surroundings

Our findings on LST associated with urban and agricultural land use changes in recent decades in BMR and its
surrounding areas, as LST is primarily influenced by surface type, with different land cover compositions playing
significant roles®"*2. Urban expansion in our study region, facilitated significantly by the expansion of trans-
portation infrastructure, including the construction of highways and railways, extended beyond administrative
boundaries, encroaching into the surrounding agricultural areas. Urban built-up areas expansion is character-
ized by (1) mainly edge growth from existing main urban center of Bangkok, (2) spill-over the administrative
boundaries of provinces, particularly towards west and east, and (3) further expansion of center cities of all five
surrounding provinces (Fig. 7). This expansion has led to the development of functional units within different
districts, with the inner city (Bangkok) becoming increasingly institutional and commercial, while the sur-
rounding provinces urban expansion has been characterized by predominantly residential and industrial zones>
(Fig. 7). The rise in minimum daytime temperature in the inner city of Bangkok indicates a strong influence of
urban morphology in shaping LST patterns. This finding aligns well with previous research indicating that the
densely built-up areas influence the LST of Bangkok®***. Furthermore, the province of Nakhon Pathom, located
to the west of Bangkok, experiences severe air pollution attributed to a combination of vehicular emissions and
emissions from numerous coal-powered factories, exacerbated by urban topography characterized by high-rise
buildings impeding wind dispersion. Meanwhile, the modulation of land surface temperature is significantly
influenced by the onsite activities of agricultural fields throughout the year. Agricultural land still dominates
the surrounding provinces of Pathum Thani, Nonthaburi, Nakhon Pathom, Samut Sakhon, and Samut Prakan,
with aquaculture characterized the agricultural land gain of 2010-2020 in the coastal area of Samut Sakhon
and Bangkok metropolis (Fig. 7). The minimum daytime temperature is rising in rural zones in the western
part of the Nakhon Pathom, where rice crop fields dominate and play an important role in assuring BMR’s food
security. The agricultural lands, which were converted into bare soil after harvesting, often contain high organic
matter with high heat capacity, thus influencing the heating and cooling process of the land surface thermal
environment>*°%>7.,

Limitations and future studies

Our current study does have some limitations that should be addressed in the future. First, as our study area
focuses on five provinces that share common borders with Bangkok metropolis, we did not consider the influence
of the region beyond the study area. Nevertheless, other regions (e.g., central, north, and northeast) of Thailand,
as well neighboring countries, may have significant influences on the air quality of BMR. For example, previous

A 0 510 20km
L1 |

|:| Province Boundary

B Persistent Agricultural area from 2000 to 2020 Il Persistent Urban area from 2000 to 2020
B Agricultural Gain between 2000 and 2010 Il Urban Gain between 2000 and 2010
[ Agricultural Gain between 2010 and 2020 [ Urban Gain between 2010 and 2020

Figure 7. Urban and agriculture gains and persistence in Bangkok metropolis and five surrounding provinces
during 2000-2020. Note The maps were generated by the authors by using ArcGIS v 10.4 and administrative
division boundaries used in the maps were downloaded from GADM v 4.1 (https://gadm.org/data.html).

Scientific Reports|  (2024) 14:10955 | https://doi.org/10.1038/s41598-024-61720-0 nature portfolio


https://gadm.org/data.html

www.nature.com/scientificreports/

studies have reported that long-range transport of biomass burning emissions from neighboring countries, such
as Myanmar, Laos, and Vietnam affect the air quality of Thailand'*. Second, despite AOD serving as a reliable
indicator of air pollution, AOD has an inherent limitation as it exclusively focuses on particulate matter and
does not encompass gaseous pollutants such as ozone and nitrogen dioxide. Future studies should consider
incorporating other pollutants. Third, in addition to air pollutants, meteorological factors, such as temperature,
cloudiness, humidity, the frequency and intensity of precipitation, and wind patterns, together with geographic
features of landscapes, can individually and synergistically drive air quality®®. For example, lower LST due to
aerosols may have influenced the aerosol-planetary boundary layer (PBL) heights over Bangkok causing air
stagnation that makes pollutants difficult to disperse, as has been shown for Chiang Mai®. Furthermore, mega
cities in China have been found to have enhanced air pollution due to PBL interactions®. Nevertheless, we have
not considered these factors in our current study. In future studies, we should incorporate meteorological and
environmental factors toward understanding the causal relationship between land surface temperature and air
pollutants. In addition, regional climate models (e.g., Weather Research and Forecasting model coupled with
Chemistry (WRF-Chem)) could be utilized to better understand the spatial temporal distribution of pollutants
and impacts on regional meteorology during biomass burning or forest fire events®!. Fourth, our study spanned
the period from 2003 to 2020, with a monthly time interval, resulting in a total of 204 samples. In future studies,
we could improve the sample size to further elucidate the causal relationship between air pollution and land
surface temperature.

Conclusion

This study uses an information theory perspective to investigate the causal relationship between diel land sur-
face temperature (LST) and transboundary air pollution (TAP) from 2003 to 2020 in the Bangkok Metropolitan
Region (BMR), which includes Bangkok Metropolis and its five adjacent provinces. We found that the study
region had an overall increasing trend of LST, with the mean daytime LST rising faster than nighttime LST. While
the dry season had high aerosol optical depth (AOD) loadings, low loadings began as the rainy season started.
TAP affected diel surface temperature in Bangkok Metropolis significantly with causality tests indicating that air
pollutants of two adjacent provinces west of Bangkok, i.e., Nakhon Pathom and Samut Sakhon, have a greater
influence on the LST of Bangkok than other provinces. Air pollution has a greater impact on daytime LST than
nighttime LST. Furthermore, while LST has an insignificant influence on AOD during the daytime, it influences
AOD significantly at night. Our study offers a new approach to understanding the causal impact of TAP and can
help policymakers to identify the most relevant locations that cause pollution, leading to appropriate planning
and management.

Data availability

Data used in this study are collected from the following sources: Land cover data are from GlobeLand30 (http://
www.globallandcover.com/home_en.html?type=data); Angstrom exponent and single scattering albedo dataset
are from (https://giovanni.gsfc.nasa.gov/giovanni/); Aerosol Optical Depth data are from the MODIS Aerosol
product data Archive in Google Earth Engine (https://earthengine.google.com).

8 May 2024

References
1. Reddlift, M. & Sage, C. Global environmental change and global inequality: North/South perspectives. Int. Sociol. 13(4), 499-516
(1998).
2. Satterthwaite, D. Sustainable cities or cities that contribute to sustainable development?. Urban Stud. 34, 1667-1691 (1997).
3. Hales, S., Salmond, C., Town, G. L, Kjellstrom, T. & Woodward, A. Daily mortality in relation to weather and air pollution in
Christchurch, New Zealand. Aust. N. Z. J. Public Health 24, 89-91 (2000).
4. Meng, X. et al. Temperature modifies the acute effect of particulate air pollution on mortality in eight Chinese cities. Sci. Total
Environ. 435-436, 215-221 (2012).
5. Ulpiani, G. On the linkage between urban heat island and urban pollution island: Three-decade literature review towards a con-
ceptual framework. Sci. Total Environ. 751, 141727 (2021).
6. Menon, S., Hansen, J., Nazarenko, L. & Luo, Y. Climate effects of black carbon aerosols in China and India. Science (80-) 80(297),
2250-2253 (2002).
7. Cao, C. et al. Urban heat islands in China enhanced by haze pollution. Nat. Commun. 7, 1-7 (2016).
8. Yang, G. et al. PM2.5 influence on urban heat island (UHI) effect in Beijing and the possible mechanisms. J. Geophys. Res. Atmos.
126, 1-25 (2021).
9. Bikkina, S. et al. Air quality in megacity Delhi affected by countryside biomass burning. Nat. Sustain. 2, 200-205 (2019).
10. Singh, R. P. & Kaskaoutis, D. G. Crop residue burning: A threat to South Asian air quality. Eos (United States) 95, 333-334 (2014).
11. Jiang, L. & Bai, L. Spatio-temporal characteristics of urban air pollutions and their causal relationships: Evidence from Beijing and
its neighboring cities. Sci. Rep. 8, 1-12 (2018).
12. Zhang, D, Lu, Y. & Tian, Y. Spatial association effect of haze pollution in Cheng-Yu Urban agglomeration. Sci. Rep. 10, 1-10 (2020).
13. Li, M,, Li, C. & Zhang, M. Exploring the spatial spillover effects of industrialization and urbanization factors on pollutants emis-
sions in China’s Huang-Huai-Hai region. J. Clean. Prod. 195, 154-162 (2018).
14. Nguyen, L. S. P. et al. Trans-boundary air pollution in a Southeast Asian megacity: Case studies of the synoptic meteorological
mechanisms and impacts on air quality. Atmos. Pollut. Res. 13, 101366 (2022).
15. Jaee Nikam, A. D. & Nopsert, C. Air quality in Thailand Understanding the regulatory context. (2021).
16. Nathaniel, S. P. Environmental degradation in ASEAN: Assessing the criticality of natural resources abundance, economic growth
and human capital. Environ. Sci. Pollut. Res. 28, 21766-21778 (2021).
17. Farrow, A. & Newport, E. The Burden of Air Pollution in Thailand 2021 The Burden of Air Pollution in Thailand 2021. (2022).
18. Chen, Q. et al. Rapidly rising transboundary atmospheric pollution from industrial and urban sources in Southeast Asia and its
implications for regional sustainable development. Environ. Res. Lett. 15, 1040a5 (2020).

Scientific Reports |

(2024) 14:10955 | https://doi.org/10.1038/s41598-024-61720-0 nature portfolio


http://www.globallandcover.com/home_en.html?type=data
http://www.globallandcover.com/home_en.html?type=data
https://giovanni.gsfc.nasa.gov/giovanni/
https://earthengine.google.com

www.nature.com/scientificreports/

19. Chen, Q. & Taylor, D. Transboundary atmospheric pollution in Southeast Asia: Current methods, limitations and future develop-
ments. Crit. Rev. Environ. Sci. Technol. 48, 997-1029 (2018).

20. Kumar, I, Bandaru, V., Yampracha, S., Sun, L. & Fungtammasan, B. Limiting rice and sugarcane residue burning in Thailand:
Current status, challenges and strategies. J. Environ. Manag. 276, 111228 (2020).

21. Vadrevu, K., Ohara, T. & Justice, C. Land cover, land use changes and air pollution in Asia: A synthesis. Environ. Res. Lett. 12,
120201 (2017).

22. Khamchiangta, D. & Dhakal, S. Physical and non-physical factors driving urban heat island: Case of Bangkok Metropolitan
Administration. Thailand. ]. Environ. Manag. 248, 109285 (2019).

23. Keeratikasikorn, C. & Bonafoni, S. Urban heat island analysis over the land use zoning plan of Bangkok by means of Landsat 8
imagery. Remote Sens. 10, 440 (2018).

24. ChooChuay, C. et al. Impacts of PM2.5 sources on variations in particulate chemical compounds in ambient air of Bangkok
Thailand. Atmos. Pollut. Res. 11, 1657-1667 (2020).

25. Clean air blue paper. Thailand Clean Air Network: Causes of air pollution problem. (2020).

26. Zhang, B. N. & Kim Oanh, N. T. Photochemical smog pollution in the Bangkok Metropolitan Region of Thailand in relation to
O3 precursor concentrations and meteorological conditions. Atmos. Environ. 36, 4211-4222 (2002).

27. Li, X,, Zhou, Y., Asrar, G. R. & Zhu, Z. Creating a seamless 1 km resolution daily land surface temperature dataset for urban and
surrounding areas in the conterminous United States. Remote Sens. Environ. 206, 84-97 (2018).

28. Lyapustin, A., Wang, Y., Korkin, S. & Huang, D. MODIS collection 6 MAIAC algorithm. Atmos. Meas. Tech. 11, 5741-5765 (2018).

29. Liu, N. et al. Evaluation and comparison of multiangle implementation of the atmospheric correction algorithm, Dark Target, and
Deep Blue aerosol products over China. Atmos. Chem. Phys. 19, 8243-8268 (2019).

30. Hsu, N. C,, Tsay, S. C., King, M. D. & Herman, J. R. Aerosol properties over bright-reflecting source regions. IEEE Trans. Geosci.
Remote Sens. 42, 557-569 (2004).

31. Torres, O., Bhartia, P. K., Jethva, H. & Ahn, C. Impact of the ozone monitoring instrument row anomaly on the long-term record
of aerosol products. Atmos. Meas. Tech. 11, 2701-2715 (2018).

32. Dimpfl, T. & Peter, F. J. Using transfer entropy to measure information flows between financial markets. Stud. Nonlinear Dyn. Econ.
17, 85-102 (2013).

33. Budakoti, S., Chauhan, T., Murtugudde, R., Karmakar, S. & Ghosh, S. Feedback from vegetation to interannual variations of Indian
summer monsoon rainfall. Water Resour. Res. 57, 1-16 (2021).

34. Goodwell, A. E., Jiang, P.,, Ruddell, B. L. & Kumar, P. Debates—Does information theory provide a new paradigm for earth science?
Causality, interaction, and feedback. Water Resour. Res. 56, 1-12 (2020).

35. Bennett, A., Nijssen, B., Ou, G., Clark, M. & Nearing, G. Quantifying process connectivity with transfer entropy in hydrologic
models. Water Resour. Res. 55, 4613-4629 (2019).

36. Delgado-Bonal, A., Marshak, A., Yang, Y. & Holdaway, D. Analyzing changes in the complexity of climate in the last four decades
using MERRA-2 radiation data. Sci. Rep. 10, 1-8 (2020).

37. Palus, M. Coupling in complex systems as information transfer across time scales. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.
377(2160), 20190094. https://doi.org/10.1098/rsta.2019.0094 (2019).

38. Shannon, C. E. A mathematical theory of communication. Bell Syst. Tech. J. 27, 623-656 (1948).

39. Schreiber, T. Measuring information transfer. Phys. Rev. Lett. 85(2), 461-464 (2000).

40. Ruddell, B. L. & Kumar, P. Ecohydrologic process networks: 1 Identification. Water Resour. Res. 45, 1-23 (2009).

41. Ramachandran, S., Rupakheti, M. & Lawrence, M. G. Aerosol-induced atmospheric heating rate decreases over South and East
Asia as a result of changing content and composition. Sci. Rep. 10, 1-17 (2020).

42. Li, H. et al. Interaction between urban heat island and urban pollution island during summer in Berlin. Sci. Total Environ. 636,
818-828 (2018).

43. Pokhrel, R. P. et al. Parameterization of single-scattering albedo (SSA) and absorption Angstrom exponent (AAE) with EC/OC
for aerosol emissions from biomass burning. Atmos. Chem. Phys. 16, 9549-9561 (2016).

44. Li, J. et al. Scattering and absorbing aerosols in the climate system. Nat. Rev. Earth Environ. 3, 363-379 (2022).

45. Lei, F, Crow, W. T,, Holmes, T. R. H., Hain, C. & Anderson, M. C. Global investigation of soil moisture and latent heat flux coupling
strength. Water Resour. Res. 54, 8196-8215 (2018).

46. Small, E. E. & Kurg, S. A. Tight coupling between soil moisture and the surface radiation budget in semiarid environments: Impli-
cations for land-atmosphere interactions. Water Resour. Res. 39, 1-14 (2003).

47. Eck, T. E. et al. A seasonal trend of single scattering albedo in southern African biomass-burning particles: Implications for satel-
lite products and estimates of emissions for the world’s largest biomass-burning source. J. Geophys. Res. Atmos. 118, 6414-6432
(2013).

48. Holben, B. N. et al. An emerging ground-based aerosol climatology: Aerosol optical depth from AERONET. J. Geophys. Res. Atmos.
106, 12067-12097 (2001).

49. Schuster, G. L., Dubovik, O. & Holben, B. N. Angstrom exponent and bimodal aerosol size distributions. J. Geophys. Res. Atmos.
111, 1-14 (2006).

50. Deep, A. et al. Aerosols optical depth and Angstrom exponent over different regions in Garhwal Himalaya, India. Environ. Monitor.
Assess. https://doi.org/10.1007/s10661-021-09048-4 (2021).

51. Foley, J. A. et al. Global consequences of land use. Science (80-) 309, 570-574 (2005).

52. Tan, ], Yu, D, Li, Q, Tan, X. & Zhou, W. Spatial relationship between land-use/land-cover change and land surface temperature
in the Dongting Lake area China. Sci. Rep. 10, 1-9 (2020).

53. Nishiura, S. & Leeruttanawisut, K. Evolution of subcenter structure in Bangkok metropolitan development from 1988 to 2018.
Appl. Geogr. 145, 102715 (2022).

54. Adulkongkaew, T., Satapanajaru, T., Charoenhirunyingyos, S. & Singhirunnusorn, W. Effect of land cover composition and building
configuration on land surface temperature in an urban-sprawl city, case study in Bangkok Metropolitan Area Thailand. Heliyon
6, €04485 (2020).

55. Srivanit, M. & Kazunori, H. The influence of urban morphology indicators on summer diurnal range of urban climate in Bangkok
Metropolitan Area. Thailand. Int. ]. Civ. Environ. Eng. 11, 34-46 (2011).

56. Edmondson, J. L., Stott, I, Davies, Z. G., Gaston, K. J. & Leake, J. R. Soil surface temperatures reveal moderation of the urban heat
island effect by trees and shrubs. Sci. Rep. 6, 1-8 (2016).

57. Savva, Y., Szlavecz, K., Pouyat, R. V., Groffman, P. M. & Heisler, G. Effects of land use and vegetation cover on soil temperature in
an urban ecosystem. Soil Sci. Soc. Am. ]. 74, 469-480 (2010).

58. Intergovernmental Panel on Climate Change. Climate Change 2013 - The Physical Science Basis: Working Group I Contribution
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (Cambridge University Press, 2014). https://doi.
org/10.1017/CBO9781107415324.

59. Solanki, R., Macatangay, R., Sakulsupich, V., Sonkaew, T. & Mahapatra, P. S. Mixing layer height retrievals from MiniMPL meas-
urements in the Chiang Mai valley: Implications for particulate matter pollution. Front. Earth Sci. 7, 1-11 (2019).

60. Ding, A.J. et al. Enhanced haze pollution by black carbon in megacities in China. Geophys. Res. Lett. 43, 2873-2879 (2016).

61. Bran, S. H. et al. Surface PM2.5 mass concentrations during the dry season over northern Thailand: Sensitivity to model aerosol
chemical schemes and the effects on regional meteorology. Atmos. Res. 277, 106303 (2022).

Scientific Reports |  (2024) 14:10955 | https://doi.org/10.1038/s41598-024-61720-0 nature portfolio


https://doi.org/10.1098/rsta.2019.0094
https://doi.org/10.1007/s10661-021-09048-4
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1017/CBO9781107415324

www.nature.com/scientificreports/

Acknowledgements

We thank the funding support of Land Cover and Land Use Change (LCLUC) Program of NASA
(80NSSC20K0740 and 80NSSC23K0844). We thank all interviewees in Thailand who kindly accepted our meet-
ing request and shared with us their insights. We appreciate Kristine Blakeslee who provided editorial assistance
for improving the manuscript. None of the above agencies and individuals should be held responsible for the
findings and results presented in this paper as they are the sole responsibility of the authors.

Author contributions

T.S. designed and performed the research, PF and JPM supervised the research, T.S. collected and analyzed data,
PF organized field research, P.V. and R.M. assisted in field trips. P.E, JP.M., R.M., P.V,, and J.C. participated
in research design and the discussion of the results. T.S., PE, J.PM., RM., PV,, and J.C. wrote and edited the
manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:10955 | https://doi.org/10.1038/s41598-024-61720-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Land surface temperature and transboundary air pollution: a case of Bangkok Metropolitan Region
	Data and method
	Study area
	Data processing
	Methods
	Information theory: transfer entropy
	SSA and AAE


	Results
	Spatial and temporal variations of the LST during daytime and nighttime
	Aerosol loading (AOD) distribution
	Causality between surface temperature and aerosol intensity
	Mechanism of single scattering albedo and aerosol angstrom exponent

	Discussion
	LST patterns and information transfers between LST and AOD
	Urban and agricultural land use changes in Bangkok Metropolis and surroundings
	Limitations and future studies

	Conclusion
	References
	Acknowledgements


