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Agricultural land conversion due to urbanization, industrialization, and many other factors is one of the significant concerns
to food production. Therefore, analyzing the temporal and spatial variation of agricultural lands is an emerging topic in the
research world. However, an agrarian country like Sri Lanka was given weaker attention to the temporal and spatial variation
of the land use, including the agricultural lands. This study presents an extended analysis of temporal and spatial variation of
land use patterns in Sri Lanka, specifically looking at the agricultural land conversion and land surface temperature (LST)
change. Remote sensing techniques and geographic information system (GIS) were used for the presented work. The satellite
images from three Landsat’s were analyzed for 2000, 2010, and 2020 to identify the potential land use conversions. In addition,
LSTs were extracted for the same period. Significant and continuous increases can be seen in the agricultural lands from
33.94% (of total area) in 2000 to 43.2% in 2020. In contrast, the forest areas showcase a relative decrease from 38.51% to
33.82% (of total area) during the analyzed period. In addition, the rate of conversion from agriculture to settlements is higher
in the latter decade (2010-2020) compared to the earlier decade (2000-2010). Only general conclusions were drafted based on
the LSTs results as they were not extracted in the same months of the year due to high cloud cover. Therefore, the results and
conclusions of this study can be effectively used to improve the land use policies in Sri Lanka and lead to a sustainable land
use culture.

1. Introduction

Food production is mainly based on land agriculture.
Therefore, land use changes are vital in achieving today’s
and tomorrow’s food demand. In addition, all other es-
sential activities can be influenced by changes in land use.
On the other hand, the economic growth of a country is
directly subjected to land use [1]. Therefore, land use
patterns are fundamental and should be critically analyzed.
Land use and land cover change (LULCC) is a significant
influencer in all activities [2]. In addition, it is unavoidable
and unstoppable due to economic development and pop-
ulation growth [3].

Economic activities are often bound to changes in land
use. Chen et al. [4] presented the relationships between

economic developments and land use and land cover
change using satellite images. They have validated the
approach to Zhoushan City, China. In addition, economic
development policies and changes in land use were de-
tailed and discussed in Thailand by Tontisirin and
Anantsuksomsri [5]. They have clearly stated the chal-
lenges in urban administration and management in
Thailand’s agricultural culture. Similar studies can be seen
in the literature for different regions and countries based
on their importance [6-9].

Land use patterns and changes are highly dependent on
population growth. Human settlements have cleared more
forest covers. In addition, their need for food production has
increased the agricultural lands. On the other hand, some
agricultural lands are regionally converted to human
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FIGURE 1: Study area of the research and its topography.

settlements. Therefore, food production is under threat.
Usually, the highest agricultural land conversion rate can be
seen in developing countries [10].

Globally, countries such as China, Japan, and the USA
have identified the adverse impact of agricultural land
conversion. They have tried to implement new policies and
rules to protect agricultural lands from other uses [11].
Agricultural land conversion has rapidly happened in
China since 1980 due to high population, rapid economic
growth, and urbanization. However, the authorities have
identified a loss of more than two-thirds of cultivated areas
in China by 1995. The agricultural land conversion rate in
the Netherlands was 17ha per day from 1996 to 2000,
whereas it was 114 ha in Germany in 2006 [10]. Developing
countries such as China and Indonesia had an agricultural
land conversion rate of 802 ha in 2004 [3] and 514 ha per
day in 2000-2002 [12].

Additionally, agriculture has been impacted by climate
variables other than LULC. Temperature, humidity, pre-
cipitation, and day length significantly impact agricultural
and food production [13, 14]. For instance, over two-thirds
of land will be lost in Africa by 2025, while agricultural
productivity will decline from 21% to 9% by 2080.
According to Liliana [15] and Masipa [14], this will put
almost nine billion people at risk of food scarcity by 2050.
As a result, worldwide hunger will be a significant issue,
particularly in sub-Saharan Africa and South Asia, where

climate change will result in severe food shortages by 2080
[16-18].

Due to population growth and economic competitive-
ness, the world has seen rapid and unplanned urbanization,
resulting in a continual increase in temperature, affecting
agricultural and food production. Population growth has a
considerable effect on changes in LULC [19-21]. LULC
changes directly impact ecosystems and habitats, signifi-
cantly increasing land surface temperature (LST) and en-
hancing the effects of climate change [22-24]. The
relationship between LST and land use/land cover (LULC)
types is now well established [25]. The amount of surface
water and vegetation (forest lands) covered affects the
partitioning of sensible and latent heat fluxes and, therefore,
the LST response [26]. Therefore, to accomplish compre-
hensive urban development that is environmentally sus-
tainable in terms of agricultural yields and environmental
sustainability, it is necessary to analyze advances in LULC
and LST.

In the late 1970s, Sri Lanka implemented an open
economic strategy [27]. The country’s socioeconomic and
political activities have been drastically changed since then.
These policy changes have resulted in the introduction of
many multipurpose developments projects, such as river
basin development initiatives dated back to the 1980s,
transportation and highway development projects, and the
expansion of agriculture and existing urban centers
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FIGURE 2: Spatial variation of (a) annual rainfall and (b) annual mean temperature in Sri Lanka.

[28-30]. In addition, the country’s northern and eastern
parts were severely affected due to the war, which happened
for 30 years from 1980 to 2009. Not only these regions but
the whole country was under a more significant economic
recession due to this war. Therefore, Sri Lanka was one of
the lowest economic developing countries in the south
Asian region [31, 32]. However, the country caught up after
the war in 2009, and the LULC map has been drastically
changed.

Nevertheless, sound conclusions cannot be established
due to the absence of large-area LULC change studies for Sri
Lanka. In addition, temporal comparisons of LULC maps
were unavailable for Sri Lanka. Therefore, the quantification
of land use change is yet to be explored [33-35]. However,
Rathnayake et al. [36] presented notable research work on
land use land cover change in Sri Lanka using Landsat time
series maps from a forest model. However, the study was not
focused on agricultural land conversion. In addition, the
interactions of land surface temperatures (LST) were not
incorporated by Rathnayake et al. [36].

On the other hand, the integration of recent advances in
computer technology and the availability of freely acces-
sible open-source data like the United States Geological
Survey (USGS) Earth Explorer with remote sensing tech-
niques has become an ideal source for land use mapping
[37]. Therefore, capturing of consistent and temporally
varied satellite images at an appropriate spatial scale for
both natural and human-induced land use scenarios such as
deforestation, urbanization, and agriculture is highly
possible [38-41].

Therefore, this study provides a detailed analysis of
the LULC variation to identify the land use patterns and
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FIGURE 3: Landsat tiles arrangement of Sri Lanka.
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TaBLE 1: Dataset information on sensors and bands.

Year Satellite name Sensor ID Path/row Acquisition date Cloud cover (%)
142/053 28-10-2000 2
142/054 15-12-2000 7
142/055 15-12-2000 0
141/053 17-07-2000 8

2000 Landsat 7 ETM+ 141/054 06-09-2001 0
141/055 14-03-2001 4
141/056 14-03-2001 2
140/055 28-09-2000 0
140/056 28-09-2000 0
142/053 16-10-2010 1
142/054 25-07-2009 5
142/055 18-02-2010 0
141/053 03-06-2010 1

2010 Landsat 5 ™ 141/054 13-11-2011 3
141/055 04-11-2008 4
141/056 26-01-2010 2
140/055 09-06-2009 1
140/056 28-08-2009 1
142/053 07-07-2020 0.7
142/054 07-07-2020 2.1
142/055 07-07-2020 1.9
141/053 04-10-2020 5

2020 Landsat 8 OLI/TIRS 141/054 29-03-2021 0.4
141/055 13-07-2017 3
141/056 09-02-2021 2.7
140/055 03-03-2020 3.2
140/056 03-03-2020 0.6

its statistics in Sri Lanka over the last two decades (from
2000 to 2020). The freely available United States Geo-
logical Survey (USGS) Earth Explorer satellite images
were used in this study. In addition, LST analyses were
carried out in Sri Lanka to observe the variation over the
two decades.

2. Materials and Methods

2.1. Study Area. As stated in the introduction, Sri Lanka was
not explored for its agricultural land conversion in previous
research. Therefore, the “Pearl Island” in the Indian Ocean,
Sri Lanka (7.8731°N, 80.7718°E) was selected for this study
(Figure 1). Sri Lanka is an agrarian island with approxi-
mately 65, 525 km” and about 21.8 million people [42]. Due
to the country’s hilly topography and vast river flow net-
work, which spans most of the country, the country offers a
unique but diverse environment. The country can be gen-
erally categorized into three distinct regions based on to-
pography: the central highlands, plains, and coastal belts.
There are agricultural fields in every region. For example,
one of the most important export products, tea, can be found
in the central highlands. There are also vegetable lands that
produce carrots, cabbage, etc. Similarly, paddy fields,
cornfields, and other vegetable and seeds fields can be found
in plain and coastal areas. The elevation of the Central
Highlands varies from 432 to 2500 m, as shown in Figure 1.

The climate in Sri Lanka is categorized into four
seasons (first intermonsoon, southwest monsoon, second

TaBLE 2: Evaluation of LULC classification accuracy.

Years 2000 2010 2020
Overall accuracy (%) 85 87 90
Kappa coefficient (%) 81 84 88

TaBLe 3: ETM+ and TM band-specific thermal conversion
constants.

Constant 1- Constant
Sensor k, (watts/ (m? x sr x ym)) 2k
! “ (Kelvin)
Landsat 7
ETM+ 666.09 1282.71
Landsat 5 TM 607.76 1260.56

intermonsoon, and northeast monsoon) with two major
monsoonal seasons (southwest monsoon and northeast
monsoon). The southwest monsoon usually occurs from
May to September, whereas the northeast monsoon hap-
pens from December to February. The mean annual
rainfall varies from 900 mm to 5000 mm, maximizing it on
the western slopes of the central highlands. Figure 2(a),
extracted from The Department of Meteorology, Sri Lanka,
shows the spatial variation of rainfall. The temperate at-
mospheric variation over Sri Lanka is shown in
Figure 2(b). It showcases a variation of mean annual
temperatures from 27°C in the coastal belt to 16°C in the
central highlands [43].
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FiGure 4: Land use and land cover over the years. (a) For 2000. (b) For 2010. (c) For 2020.
TaBLE 4: Land use and land cover change statistics of Sri Lanka.
Area (Km?) Percentage (%)
LULC type
2000 2010 2020 2000 2010 2020
Agricultural 22570.65 25481.12 28728.90 33.94 38.327 43.207
Forest lands 25606.17 24216.66 22490.17 38.51 36.42] 33.82]
Bare lands 13677.18 11879.90 7930.15 20.57 17.87] 11.93]
Settlements 2157.91 2716.09 4868.51 3.25 4.087 7.327
Water bodies 1907.88 1576.76 1582.22 2.87 2.37 2.38

2.2. Landsat Data. Landsat images for Sri Lanka were ob-
tained from the United States Geological Survey (USGS)
Earth Explorer (https://earthexplorer.usgs.gov/). These
Landsat images are in the raster format with a 30 m x 30 m
resolution. Remote-sensed Landsat images from 2000 to
2020 were extracted with a ten-year interval (2000, 2010, and
2020) from Landsat 5 TM, 7 ETM+, and Landsat 8 OLI. The
Landsat 5 TM images were available from 1984 to 2012;
however, cloud-free Landsat 5 TM images were unavailable
for 2000. Therefore, Landsat 7 ETM+, available from 1999 to
2003, was used for 2000 analysis. 27 Landsat images were
used for the research, including nine Landsat tiles covering
Sri Lanka. These tiles are shown in Figure 3. These images
were either cloud-free or with less than 10% cloud cover.
However, few satellite images had higher cloud cover
(>10%). This issue may produce some errors for the actual
condition, which is a potential limitation of this study.
Therefore, the nearest years’ Landsat images (cloud-free or
cloud cover less than 10%) were taken in these cases. Thus,

the effect of cloud cover in the analysis was kept at a
minimum.

Table 1 provides a summary of the satellite images
extracted for this study. The images are shown against the
satellite name, acquisition date, and cloud cover.

23. Land Use and Land Cover Classification.
High-resolution satellite images from the Google Earth
simulator were used to classify the land use classes of the
study area. The classification was conducted for six land
use classes, including water bodies, forest lands, settle-
ments, bare lands, agriculture, and cloud cover, with a
nonparametric supervised classification method. Land use
classes are derived based on an effective land use classi-
fication system developed by the United States Geological
Survey (USGS). Additional information is available in
Anderson et al. [44]. ArcGIS 10.4.1 was incorporated for
this classification. According to Lillesand et al. [45]
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standards, training samples and pixels were assigned to
each land use class.

The supervised classification was applied to generate the
LULC map in 2000, 2010, and 2020 with high accuracy, as
given in Table 2. The goal of accuracy evaluation is to see how
successfully pixels were sampled and classified into proper
land cover groups. Furthermore, areas easily visible on
Landsat high-resolution images, Google Earth, and Google
Maps were prioritized in the accuracy evaluation pixel se-
lection process. A total of 300-pixel points were produced in
the classified image of the research region by following the
minimum sample size of 50 samples for each class [46].
KAPPA analysis is based on a discrete multivariate tech-
nique used to evaluate accuracy. It produces a Khat statistic,
a measure of accuracy [47]. The Khat is determined as
follows:

K = NYL X = 2ic (% x x)
N* - Yion (i X x;)

where N is the total number of observations in the matrix, »
is the number of rows and columns in the matrix, x;; is the
number of observations in row i and column i, x;, is the
marginal total of row i, and x,; is the marginal total of
column i.

> (1)

2.4. Retrieval of Land Surface Temperature

2.4.1. Retrieval of Land Surface Temperature from Landsat 5
and Landsat 7. Thematic Mapper (TM), thermal band
(band 6), and Enhanced Thematic Mapper Plus (ETM+)
thermal band (band 6) were used to retrieving the land
surface temperature. The digital numbers (DNs) of band six
were converted to spectral radiance (L,). The governing
equation is given in equation (1).
Lmax L

ﬁ X (Qcal - Qmin) + Lmin) (2)

where L, is the spectral radiance at the sensor’s aperture,
L. is the spectral radiance that is scaled to QCALMIN

max

L)LZ

(watts/(m? x st x yum)), L., is the spectral radiance that
is scaled to QCALMAX (watts/ (m? X sr x ym)), Q. is the
quantized calibrated pixel value in DN, Q.. is the
maximum quantized calibrated pixel value in DN, and
Qpin is the minimum quantized calibrated pixel value
in DN.

Then, the spectral radiance (L)) was converted to
at-satellite brightness temperature (T'(°C)) using equation
(2) [48].

T(°C) = —273.15, (3)

2
In((k,/Ly) + 1)
where k; and k, are the band-specific thermal conversion
constants, which can be obtainable from Table 3. It presents
k, and k, values for Landsat 7 and Landsat 5.

2.4.2. Retrieval of Land Surface Temperature from Landsat 8.
Operational Land Imager (OLI) and thermal infrared sensor
(TIRS) thermal band (band 10) were used to retrieve land
surface temperature from Landsat 8. The conversion of DN
values of Landsat datasets into absolute radiance values was
done using equation (3) [49].

LA = ML X Qcal + AL’ (4)

where L, is the spectral radiance (watts/(m? X sr X ym)),
M; is the radiance multiplicative scaling factor for the band,
A, is the radiance additive scaling factor for the band, and
Q,, is the level 1 pixel value in DN.

Then, the radiation luminance was converted into sat-
ellite brightness temperature in Celsius, T3 (°C), using the
following equation (4).

T (C) = ~273.15, (5)

2

((ki/13) + 1)
where k; =774.8853  (watts/(m? x sr x um)) and
k, =1321.0789 Kelvin. The brightness temperature was used
to calculate the emissivity corrected LST and shown in
equation (5) [50].
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FiGure 6: Land use and land cover change. (a) From 2000 to 2010. (b) From 2010 to 2020.

Tg

LST(°C) =

1+(Ax(Tg/p))n €

respectively. Various coefficients such as p=hxc/o

(6) (1.438 x 10~2 mK), 0 = Boltzmann constant (1.38 x 10~ J/K),

h=Planck’s constant (6.626x 10~*]Js), and c=velocity of

where, Tz and A are the Landsat 8 band 10 brightness tem-  light (2.998 x 10® m/s) are also used in equation (5). The land
perature and wavelength of emitted radiance (A=10.8 ym), surface emissivity (&) was estimated using equation (6) [51, 52].



e=mP, +n,
m = (g, — &) — (1 —¢)Fe,, (7)
n=¢, +(1-¢)Fe,
where ¢, and ¢, are the soil emissivity and vegetation

emissivity, respectively. P, in equation (6) is the vegetation
proportion and was derived using equations (7) and (8) [53].

NIR - red
NIR + red’

p _(_NDVI-NDVI,, :
" \NDVI,,, - NDVI ’

NDVI =
(8)

max min

where NDVT is the normalized difference vegetation index.

3. Results and Discussion

3.1. Land Use and Land Cover Changes in Sri Lanka. The
overall accuracy was consistently above 85%, while the
Kappa coeflicient was 80%. Therefore, the quality of the
developed maps is of higher accuracy.

Figure 4 shows the temporal variation of LULC of Sri
Lanka in 2000, 2010, and 2020, respectively. It shows the
reduction of bare lands in the country (especially towards
the eastern and northwestern sides of the country).
Therefore, these show a good indication of the land use
change over the years in Sri Lanka. In addition, the forest
lands in the northern part of Sri Lanka were significantly
reduced over the years. As stated in the introduction, the war
in these two regions’ north and eastern parts ended in 2009.
This could be a reason for the significant land uses in these
two regions. Nevertheless, land uses can be seen for the
whole country.

The land use and land change areas as numerical values
and percentages over the total areas are given in Table 4. The
arrows (T, |) in the table reflect the rise or drop in per-
centages. The agricultural lands took the highest proportion
of the country at 33.7% in 2000; however, a significant in-
crease can be seen from 2000 to 2010 and then from 2010 to
2020. This is verified by FAO United Nations [54]. This
showcases the food demand in the country due to population
growth (population in Sri Lanka—18.78 M in 2000, 20.26 M
in 2010, and 21.8 M in 2019). Therefore, a gradual increase in
inland areas for settlements can be identified, while drops
can be observed in forest and bare lands.

The land use and land change percentages are visually
shown in Figure 5. It clearly showcases the rises and drops
and the rates. Interestingly, the areas for water bodies remain
constant (roughly), which is a good sign in the context of
water availability.

3.2. Land Use and Land Cover Change Detection Statistics in
Sri Lanka. Land cover conversion for different land cover
categories is shown in Figure 6. The legend’s initial sectors
(the first five sectors—water bodies, forest lands, settlements,
bare lands, and agriculture) showcase the unchanged land
uses. However, the color codes present the changes from one
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TaBLE 5: Agricultural land cover conversion statistics of Sri Lanka.

. Area (Km?)
Conversion
2000-2010 2010-2020

Agriculture to settlements 485.13 1536.28
Agriculture to bare lands 4631.89 132212
Agriculture to forest lands 5220.31 7793.39
Agriculture to waterbodies 198.87 184.50
Bare lands to agriculture 6030.92 6401.28
Forest lands to agriculture 6492.78 6172.59
Water bodies to agriculture 317.35 148.61

land use to another in a decade. Figure 6(a) shows these
changes from 2000 to 2010, while Figure 6(b) shows them
from 2010 to 2020. Explicit land use conversions can be seen
from agriculture to settlements (red patches) in Figures 6(a)
and 6(b). In addition, significant transformations can be
seen from bare lands to agriculture (yellow patches) in both
decades.

These agricultural land use conversions are numerically
given in Table 5. Notable land use and land cover conver-
sions, as shown in Figure 6, are suggested here. Agriculture
to  settlement land  use  conversions  were
485.13-1536.28 km?, respectively, from 2000 to 2010 and
2010 to 2020. However, significant land use conversions can
be found from bare lands to agricultural lands and forest
lands to agricultural lands in both decades, and they are
around 6000 km”. Population growth and finishing the civil
war can be two possible reasons for these land use con-
versions. Land use conversions in water bodies could be due
to the construction of new reservoirs (like Moragahakanda
reservoir).

3.3. Land Usage Types and Land Surface Temperature.
Land surface temperatures for 2000, 2010, and 2020 are
graphically shown in Figure 7. These LSTs are not for the
same month of the year; therefore, comparing years is
impossible. Due to cloud cover, the LSTs could not obtain for
the same month in 2000, 2010, and 2020.

The land surface temperature analysis reveals that the
mean LSTs in settlement (29.93°C, 24.77°C, and 23.63°C)
and bare land (30.62°C, 26.75°C, and 26.68°C) areas are
higher than the areas with forest lands (26.46°C, 24.72°C,
and 21.89°C) and water bodies (25.02°C, 23.96°C, and
21.65°C) in 2000, 2010, and 2020, respectively. This ob-
servation is justifiable as forest lands and water bodies
would have reduced land surface temperatures. Therefore,
to have a more significant comparison of LSTs for the land
use and land cover conversion, much better satellite images
should be temporally obtained simultaneously. Neverthe-
less, the pattern can be assumed for the land use conver-
sions from the above-stated results. When there is a land
use change from forest lands to agricultural land, an in-
crease in LSTs can be expected. Therefore, these increased
LSTs can adversely impact the surroundings. Similarly,
conversion from agricultural land to a water body may
decrease LSTs. Thus, the ecological aspects may have to
consider.



Applied and Environmental Soil Science

(a)

(b)

Z 80°0'0"E 81°0'0"E 82°0'0"E Z 80°0'0"E 81°0'0"E 82°0'0"E Z 80°0'0"E 81°0'0"E 82°0'0"E
,g L 1 ! g 1 1 1 g 1 1 !
= "' 5 g
z : zZ z z z z
o 4 5 FS o Lo o4 Lo
& & e I & - &
=N a =) ) & =)
Z Z Z Z 7 Z
o 4 - 2 = L © o J L ©
& ° 2 S o x S
© ®© © o % %
z : Z z z z z
S i - o o J g L © o J L ©
& S e S 9o e > @ =)
&~ T o~ & i IS & S
z z z z z z
21 22 FS 2 5
° . . - 2 , , 138 , , 18
80°0'0"E 81°0'0"E 82°0'0"E 80°0'0"E 81°0'0"E 82°0'0"E 80°0'0"E 81°0'0"E 82°0'0"E
04,1508,300 16,600 24,900 33,200 04,1508,300 16,600 24,900 33,200 04,1508,300 16,600 24,900 33,200

Land Surface Temperature (°C) Land Surface Temperature (°C) Land Surface Temperature (°C)

B 7998 - 13.75 B 7.998 - 13.75 B 7.998 - 13.75

I 13.76 - 18.19 I 13.76 - 18.19 I 13.76 - 18.19

[ 18.2-22.62 I 18.2-22.62 [ 18.2-22.62

[ 22.63 -27.06 [ 22.63-27.06 [ 22.63-27.06

[ 27.07 -31.49 [ 27.07-31.49 [ 27.07 -31.49

[] 31.5-35093 [1 31.5-3593 [] 31.5-3593

[ 35.94-40.36 [ 35.94 - 40.36 [ 35.94 - 40.36

[ 40.37 - 44.8 I 40.37-44.8 [ 40.37 - 44.8

B 44.81-49.23 B 44.81-49.23 N 44.81-49.23

B 49.24 - 53.67 B 49.24 - 53.67 B 49.24 - 53.67

(©)

FiGure 7: Land surface temperatures (LST) over the years. (a) For 2000. (b) For 2010. (c) For 2020.

4. Conclusions

This study reveals the impact of land use and land cover
change (LULCC) and land surface temperature (LST) var-
iation for the past 20 years in Sri Lanka. The results showcase
the increase of agricultural lands up to 43.2% in 2020, which
is a positive sign for the food production and agricultural
economy perspective of Sri Lanka. However, with the in-
crement in agricultural land use and settlements, it is evident
that there is a reduction of forest lands in the country. This
can adversely impact the natural rainforests and other
forests, like the Sinharaja forest.

The change detection analysis of this study summarized
the areas converted during the past 20 years. Therefore, the
deforested areas can be easily identified. General conclusions
can be driven from the LST analysis as they were not in the
same months of the years. However, it can be clearly seen
that the LSTs are lowered for water bodies and forest areas,
while settlements have some higher LSTs. Therefore, some
projections can be drafted on land use conversions. Forest
areas are in the reducing passage, and consequently, it can be
expected to see higher LSTs. This can lead to many

environmental and ecological issues in Sri Lanka. Never-
theless, for sound conclusions on LSTs, a detailed and
comprehensive analysis may have to carry using better
satellite images (may be from nonfree satellites). With these
concluding remarks, this research can be well used to de-
velop new policies to protect the available land uses while
keeping the sustainable usage of land resources.

Data Availability

The data used to support this study are available from the
corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was carried out under Sri Lanka Institute of
Information Technology research grant (FGSR/RG/FE/
2021/11).



10

References

[1] J. Li, “Land sale venue and economic growth path: evidence
from China’s urban land market,” Habitat International,
vol. 41, pp. 307-313, 2014.

[2] S. H. M. Butchart, M. Walpole, B. Collen et al., “Global
biodiversity: indicators of recent declines,” Science, vol. 328,
no. 5982, pp. 1164-1168, 2010.

[3] R.Tan, V. Beckmann, L. van den Berg, and F. Qu, “Governing
farmland conversion: comparing China with The Netherlands
and Germany,” Land Use Policy, vol. 26, no. 4, pp. 961-974,
2009.

[4] C. Chen, X. He, Z. Liu, W. Sun, H. Dong, and Y. Chu,
“Analysis of regional economic development based on land
use and land cover change information derived from Landsat
imagery,” Scientific Reports, vol. 10, no. 1, pp. 12721-12816,
2020.

[5] N. Tontisirin and S. Anantsuksomsri, “Economic develop-
ment policies and land use changes in Thailand: from the
eastern seaboard to the eastern economic corridor,” Sus-
tainability, vol. 13, no. 11-6153, pp. 1-20, 2021.

[6] J. Chen, B.-M. Sun, D. Chen, X. Wu, L.-Z. Guo, and G. Wang,
“Land use changes and their effects on the value of ecosystem
services in the small sanjiang plain in China,” The Scientific
World Journal, vol. 2014, Article ID 752846, 7 pages, 2014.

[7] T. Hertel, “Economic perspectives on land use change and
leakage,” Environmental Research Letters, vol. 13, no. 7,
pp. 1-9, 2018.

[8] R. Hinz, T. Sulser, R. Huefner et al., “Agricultural develop-
ment and land use change in India: a scenario analysis of
trade-offs between UN sustainable development goals
(SDGs),” Earth’s Future, vol. 8, no. 2, pp. 1-19, 2020.

[9] H. Long, G. Heilig, X. Li, and M. Zhang, “Socioeconomic
development and land-use change: analysis of rural housing
land transition in the Transect of the Yangtse River, China,”
Land Use Policy, vol. 24, no. 1, pp. 141-153, 2007.

[10] H. Azadi, P. Ho, and L. Hasfiati, “Agricultural land conversion
drivers: a comparison between less developed, developing and
developed countries,” Land Degradation ¢ Development,
vol. 22, no. 6, pp. 596-604, 2011.

[11] E. Lichtenberg and C. Ding, “Assessing farmland protection
policy in China,” Land Use Policy, vol. 25, no. 1, pp. 59-68,
2008.

[12] F. Agus and D. Irawan, “Agricultural land conversion as a
threat to food security and environmental quality,” Jurnal
Litbang Pertanian, vol. 25, 2006.

[13] H. Brammer, “Bangladesh’s dynamic coastal regions and sea-
level rise,” Climate Risk Management, vol. 1, pp. 51-62, 2014.

[14] T.S. Masipa, “The impact of climate change on food security
in South Africa: current realities and challenges ahead,” Jamba
(Potchefstroom, South Africa), vol. 9, no. 1, p. 411, 2017.

[15] H. Liliana, The food gaps: The impacts of climate change on
food production: A 2020 perspective, Universal Ecological
Fund, Alexandria, VA, USA, 2005.

[16] R. E. Black, C. G. Victora, S. P. Walker et al., “Maternal and
child undernutrition and overweight in low-income and
middle-income countries,” The Lancet, vol. 382, no. 9890,
pp. 427-451, 2013.

[17] J. H. Kotir, “Climate change and variability in Sub-Saharan
Africa: a review of current and future trends and impacts on
agriculture and food security,” Environment, Development
and Sustainability, vol. 13, no. 3, pp. 587-605, 2011.

[18] J. Schmidhuber and F. N. Tubiello, “Global Food Security
under Climate Change,” in Proceedings of the National

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

Applied and Environmental Soil Science

Academy of Sciences of the United States of America,
Wasington, NY, USA, 2008.

A. Kafy, M. Islam, S. Sikdar et al., “Remote sensing-based
approach to identify the influence of land use/land cover
change on the urban thermal environment a case study in
Chattogram city, Bangladesh,” Re-Envisioning Remote Sensing
Applications, Perspectives from Developing Countries, 1st
edition, pp. 217-240, CRC Press, Boca Raton, FL, USA, 2021.
S. Pal and S. Ziaul, “Detection of land use and land cover
change and land surface temperature in English Bazar urban
centre,” The Egyptian Journal Of Remote Sensing And Space
Science, vol. 20, no. 1, pp. 125-145, 2017.

F. Yuan, K. Sawaya, B. Loeffelholz, and M. Bauer, “Land cover
classification and change analysis of the Twin Cities (Min-
nesota) Metropolitan Area by multitemporal Landsat remote
sensing,” Remote Sensing of Environment, vol. 98, pp. 317-
328, 2005.

A. Al Rakib, K. S. Akter, M. N. Rahman, S. Arpi, and
A.-A. Kafy, “Analyzing the pattern of land use land cover
change and its impact on land surface temperature: a remote
sensing approach in Mymensingh, Bangladesh,” in Proceed-
ings of thelst International Student Research Conference,
Dhaka , Bangladesh, 2020.

A.-A. Kafy, A.-A. Faisal, S. Sikdar et al., “Impact of LULC
changes on LST in Rajshahi District of Bangladesh: a remote
sensing approach,” J. Geogr. Stud, vol. 3, pp. 11-23, 2020.
A.-A. Kafy, M. S. Rahman, M. Islam et al., “Prediction of
seasonal urban thermal field variance index using machine
learning algorithms in Cumilla, Bangladesh,” Sustainable
Cities and Society, vol. 64, Article ID 102542, 2020.

Q. Weng, “Thermal infrared remote sensing for urban climate
and environmental studies: methods, applications, and
trends,” ISPRS Journal of Photogrammetry and Remote
Sensing, vol. 64, pp. 335-344, 2009.

X.-L. Chen, H.-M. Zhao, P.-X. Li, and Z.-Y. Yin, “Remote
sensing image-based analysis of the relationship between
urban heat island and land use/cover changes,” Remote
Sensing of Environment, vol. 104, no. 2, pp. 133-146, 2006.
P.-C. Athukorala and S. Jayasuriya, “Economic policy shifts in
Sri Lanka: the post-conflict development challenge,” Asian
Economic Papers, vol. 12, no. 2, pp. 1-28, 2013.

R. Nisstrom and E. Mattsson, “Country Report Sri Lanka,”
Focali Report, Gothenburg, Sweden, Land-Use change and
forestry at the National and Sub-national Level, 2011.

S. Subasinghe, R. C. Estoque, and Y. Murayama, “Spatio-
temporal analysis of urban growth using GIS and remote
sensing: a case study of the Colombo Metropolitan Area, Sri
Lanka,” ISPRS International Journal of Geo-Information,
vol. 5, no. 11, p. 197, 2016.

K. Suthakar and E. N. Bui, “Land use/cover changes in the
war-ravaged Jaffna Peninsula, Sri Lanka, 1984-early 2004,”
Singapore Journal of Tropical Geography, vol. 29, no. 2,
pp. 205-220, 2008.

P. Athukorala, E. Ginting, H. Hill, and U. Kumar, The Sri
Lankan Economy: Charting a new course, Asian Development
Bank, Mandaluyong, Philippines, 2017.

The World Bank, “World development indicators, GDP per
capita growth (annual%)—Sri Lanka,” 2021, https://data.
worldbank.org/indicator/NY.GDP.PCAP.KD.ZG?end=2017&
locations=LK&start=1960&%20view=chart&year_high_desc=false.
G. Hapugala, “Projecting land use transitions in the Gin
Catchment, Sri Lanka,” Research Journal of Environmental
and Earth Sciences, vol. 5, pp. 473-480, 2013.


https://data.worldbank.org/indicator/NY.GDP.PCAP.KD.ZG?end=2017& locations=LK&start=1960&%20view=chart&year_high_desc=false
https://data.worldbank.org/indicator/NY.GDP.PCAP.KD.ZG?end=2017& locations=LK&start=1960&%20view=chart&year_high_desc=false
https://data.worldbank.org/indicator/NY.GDP.PCAP.KD.ZG?end=2017& locations=LK&start=1960&%20view=chart&year_high_desc=false

Applied and Environmental Soil Science

[34] R. Mapa, D. Kumaragamage, W. Gunarathne, and
A. R Dassanayake, “Land use in Sri Lanka: past, present and
the future,” in Proceedings of the 17th World Congress of Social
Science (WCSS), Bangkok, Thailand, 2002.

[35] K. Perera and K. Tsuchiya, “Experiment for mapping land
cover and it’s change in southeastern Sri Lanka utilizing 250 m
resolution MODIS imageries,” Advances in Space Research,
vol. 43, no. 9, pp. 1349-1355, 2009.

[36] C.Rathnayake, S. Jones, and M. Soto-Berelov, “Mapping land
cover change over a 25-year period (1993-2018) in Sri Lanka
using Landsat time-series,” Land, vol. 9, no. 1-27, pp. 1-19,
2020.

[37] R. E. Kennedy, Z. Yang, and W. B. Cohen, “Detecting trends
in forest disturbance and recovery using yearly Landsat time
series: 1. LandTrendr-temporal segmentation algorithms,”
Remote Sensing of Environment, vol. 114, no. 12, pp. 2897-
2910, 2010.

[38] C. Gémez, J. C. White, and M. A. Wulder, “Optical remotely
sensed time series data for land cover classification: a review,”
ISPRS Journal of Photogrammetry and Remote Sensing,
vol. 116, pp. 55-72, 2016.

[39] R. E. Kennedy, Z. Yang, J. Braaten et al,, “Attribution of
disturbance change agent from Landsat time-series in support
of habitat monitoring in the Puget Sound region, USA,”
Remote Sensing of Environment, vol. 166, pp. 271-285, 2015.

[40] Y. Yang, P. D. Erskine, A. M. Lechner, D. Mulligan, S. Zhang,
and Z. Wang, “Detecting the dynamics of vegetation dis-
turbance and recovery in surface mining area via Landsat
imagery and LandTrendr algorithm,” Journal of Cleaner
Production, vol. 178, pp. 353-362, 2018.

[41] H. Yin, A. V. Prishchepov, T. Kuemmerle, B. Bleyhl,
J. Buchner, and V. C. Radeloff, “Mapping agricultural land
abandonment from spatial and temporal segmentation of
Landsat time series,” Remote Sensing of Environment, vol. 210,
pp. 12-24, 2018.

[42] Department of Census Statistics Sri Lanka, “Growth of
Population,” 2019,  http://www.statistics.gov.lk/Pocket%
20Book/chap02.pdf.

[43] Department of Meteriology Sri Lanka, “Climate of Sri Lanka,”
2021, http://www.meteo.gov.lk/index.php?option=com_
content&view=article&id=94&Itemid=310&lang=en&lang=en.

[44] United States Department of the Interior, A Land Use and
Land Cover Classification System for Use with Remote Sensor
Data-Geological Survey Professional Paper 964, pp. 1-28,
United States Government Printing Office, Washington, DC,
USA, US Government report, 1976.

[45] T. Lillesand, R. W. Kiefer, and J. Chipman, Remote Sensing
and image interpretation, John Wiley & Sons, Hoboken, New
Jersey, USA, 2015.

[46] C. Schmidt and A. McCullum, “Assessing the Accuracy of
Land Cover Classifications,” 2018, https://appliedsciences.
nasa.gov/sites/default/files/s1-final_0.pdf.

[47] S. S. Rwanga and J. M. Ndambuki, “Accuracy assessment of
land use/land cover classification using remote sensing and
GIS,” International Journal of Geosciences, vol. 8, no. 04,
p. 611, 2017.

[48] Landsat 7 Science Data Users Handbook, “Landsat 7 (L7) data
users  handbook,” 2019, https://prd-wret.s3.us-west-2.
amazonaws.com/assets/palladium/production/atoms/files/
LSDS-1927_L7_Data_Users_Handbook-v2.pdf.

[49] Landsat 8 Science Data Users Handbook, “Landsat 8 (L8) data
users  handbook,” 2019, https://prd-wret.s3.us-west-2.
amazonaws.com/assets/palladium/production/atoms/files/
LSDS-1574_L8_Data_Users_Handbook-v5.0.pdf.

11

[50] D. A. Artis and W. H. Carnahan, “Survey of emissivity
variability in thermography of urban areas,” Remote Sensing of
Environment, vol. 12, no. 4, pp. 313-329, 1982.

[51] J. A. Sobrino, J. C. Jiménez-Munoz, and L. Paolini, “Land
surface temperature retrieval from LANDSAT TM 5,” Remote
Sensing of Environment, vol. 90, no. 4, pp. 434-440, 2004.

[52] J. Sobrino, V. Caselles, and F. Becker, “Significance of the
remotely sensed thermal infrared measurements obtained
over a citrus orchard,” ISPRS Journal of Photogrammetry and
Remote Sensing, vol. 44, no. 6, pp. 343-354, 1990.

[53] T. N. Carlson and D. A. Ripley, “On the relation between
NDVI, fractional vegetation cover, and leaf area index,” Re-
mote Sensing of Environment, vol. 62, no. 3, pp. 241-252, 1997.

[54] Food and Agricultural Organization of the United Nations,
“Implementation of the Global Strategy in Sri Lanka,” 2021,
http://www.fao.org/asiapacific/perspectives/agricultural-
statistics/global-strategy/results-in-the-region/sri-lanka/en/.


http://www.statistics.gov.lk/Pocket%20Book/chap02.pdf
http://www.statistics.gov.lk/Pocket%20Book/chap02.pdf
http://www.meteo.gov.lk/index.php?option=com_content&view=article&id=94&Itemid=310&lang=en&lang=en
http://www.meteo.gov.lk/index.php?option=com_content&view=article&id=94&Itemid=310&lang=en&lang=en
https://appliedsciences.nasa.gov/sites/default/files/s1-final_0.pdf
https://appliedsciences.nasa.gov/sites/default/files/s1-final_0.pdf
https://prd-wret.s3.us-west-2.amazonaws.com/assets/palladium/production/atoms/files/LSDS-1927_L7_Data_Users_Handbook-v2.pdf
https://prd-wret.s3.us-west-2.amazonaws.com/assets/palladium/production/atoms/files/LSDS-1927_L7_Data_Users_Handbook-v2.pdf
https://prd-wret.s3.us-west-2.amazonaws.com/assets/palladium/production/atoms/files/LSDS-1927_L7_Data_Users_Handbook-v2.pdf
https://prd-wret.s3.us-west-2.amazonaws.com/assets/palladium/production/atoms/files/LSDS-1574_L8_Data_Users_Handbook-v5.0.pdf
https://prd-wret.s3.us-west-2.amazonaws.com/assets/palladium/production/atoms/files/LSDS-1574_L8_Data_Users_Handbook-v5.0.pdf
https://prd-wret.s3.us-west-2.amazonaws.com/assets/palladium/production/atoms/files/LSDS-1574_L8_Data_Users_Handbook-v5.0.pdf
http://www.fao.org/asiapacific/perspectives/agricultural-statistics/global-strategy/results-in-the-region/sri-lanka/en/
http://www.fao.org/asiapacific/perspectives/agricultural-statistics/global-strategy/results-in-the-region/sri-lanka/en/

