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The seasonal cycle significantly alters the spatial extent of land cover (LC); and restricts capturing 
LC dynamics using a single-date satellite image. This study proposes a new method for producing a 
Seasonally Integrated Land Cover (SILC) by combining seasonal LCs to capture these rotational land 
covers. Additionally, SILC has been used to detect land cover changes in Dhaka City between 2000 and 
2022. Results showed that SILC exchange occurred among every SILC over the study period, though 
some were negligible. The major drivers of SILC change in Dhaka City (2000–2022) were the significant 
expansion of built-up areas (77.80 to 143.75 sq km) and the significant reduction of seasonal wetland 
vegetation (91.12 to 6.62 sq km). Unplanned urban expansion in and around the city center increased 
the spatial extent of permanent built-up areas by converting seasonal built-up (16.33 sq km), dry-land 
vegetation (12.26 sq km), bare land (8.87 sq km), wetland vegetation (7.72 sq km) and permanent 
(8.03 sq km) and mixed (5.12 sq km) vegetation. Additionally, large areas of seasonal wetland (28.29 
sq km) and dry-land vegetation (16.17 sq km) were converted into permanent vegetation due to 
anthropogenic activities, basically landfilling, shifting its distribution to the peripheral areas, especially 
in the east. This change also decreased seasonal variation in LCs over time. The SILC maps provide 
critical insights for Dhaka’s urban planning, supporting flood mitigation, green space conservation, 
wetland restoration, and infrastructure planning. Also helps in regulating urban growth, flood 
mitigation, and enhance climate resilience through targeted land-use policies.
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Land cover (LC) mapping and change detection are crucial in geospatial and remote sensing applications due to 
their significant role in various scientific research1 such as environmental monitoring and modeling2,3, climate 
studies4, resource management5, sustainable urban development, and urban planning6,7. Additionally, accurate 
LC maps and LC change detection provide valuable insights into land use dynamics driven by both natural 
and anthropogenic processes, often with decision-making and policy implications8,9. Globally, land cover (LC) 
changes driven by rapid urbanization pose serious threats to global cities by increasing health hazards, air 
pollution, acid rain, urban heat island effects, and urban flooding10. Moreover, LC changes are affecting natural 
biological processes, urban ecology and environment, and natural habitat, ultimately threatening the sustainable 
development of urban areas11–14. In developing countries, urban expansion is discrete which affects the proper 
implementation of plans and policy, no exception is Dhaka15. As a result, the requirement for a more accurate 
LC is of significant importance.

Land Cover (LC) classification and change detection is widely carried out using Geographic Information 
Systems (GIS) and remote sensing across the world. Traditional methods rely on single-date imagery, which 
fails to capture seasonally altered LC classes16,17. Because, some land covers (LCs), influenced by both natural 
and anthropogenic processes, exhibit inter-seasonal changes, especially in tropical areas18,19, returning to their 
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original state after completing their phenological cycles20–22. For example, in Dhaka, wetlands expand in rainy 
and post-monsoon seasons and shrink in winter and summer and sometimes in dry seasons used for agriculture. 
Agricultural lands altered into cultivated (vegetation) in winter and fallow states (bare) in summer, whereas 
low-lying agricultural lands transformed into wetlands (water bodies) during monsoon (Fig. 1). Moreover, areas 
covered by built-up, vegetation and bare land also fluctuate according to the seasons over the year18,19. The 
schematic diagram (Fig. 1) shows the seasonal rotational pattern of the LC in Dhaka City during different seasons. 
Single date LC classification, overlooking seasonal rotations, often leads to overestimation or underestimation of 
certain classes, which is evident in previous studies of Dhaka City23–26. Despite its importance, limited research 
has addressed these seasonal variations comprehensively, as studies have primarily focused on fixed LC types.

Globally, to reduce the seasonality effect emphasis has been given to pre-classification techniques such as 
spectral mixing of satellite images27,28, selecting the best season for LC mapping for selected land features17, 
comparing the LC maps of different seasons to select the best season29, extraction of seasonal features from 
different season from time series satellite data and superimposing them to get the accurate LC map30, selection 
of image acquisition timing by temporal optimization of image acquisition16, spectral-mixing/adding values 
from annual time series satellite data31, eliminating spurious changes in LC change map aroused due to seasonal 
effect in LC classification32, and combining the raw images of different seasons/months33. Multi-temporal image 

Fig. 1.  Pattern of seasonal rotational land covers in Dhaka City. Figure a-c shows that some lands become 
flooded during the pre-monsoon season, become bare during the winter season and are covered by well-grown 
vegetation during the summer season. Figure d-f shows that some vegetation becomes dry during the winter 
season and becomes fully bare during the summer season. Additionally, some built-up areas are covered by 
healthy vegetation during post-monsoon which becomes dry during winter as the vegetation becomes dry and 
marked as built-up areas in summer as the leaves fall completely from the tree.
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classification slightly improves the accuracy of LC maps due to the high similarity in the seasonal changes 
of the LC classes33. But, still now delineating the best-classified image replicating the real landscape remains 
undeveloped. However, limited effort has been given to seasonally altering LCs across the world as well as in 
Dhaka.

Previously land cover of Dhaka city was classified into built-up areas, vegetation, bare land, and water 
bodies25,34,35 and some researchers added other types of land use and land cover along with these four types 
such as agricultural land26,36,37, agriculture and wetland38,39, lowland24, dense vegetation and sparse vegetation25. 
However, seasonality significantly affects land cover areas in the classified maps because the same areas may 
transform into vegetation/agriculture and bare land across seasons. This seasonal variability also affects 
vegetation in urban parks and playgrounds19,38. Due to the higher heterogeneity of land cover in the urban area, 
it is very difficult to demarcate varieties of LC which affects decision-making, land use policy and environmental 
degradation assessment which leads to unsustainable development of the city15,38. However, in Dhaka, limited 
effort has been made to address the impact of seasonality in LC classification or to categorize seasonally altered 
LCs. Most studies focus on classifying LC for individual seasons and analyzing seasonal variations in land cover 
extent rather than integrating seasonal dynamics into a comprehensive classification approach18.

Considering the issues, the current research proposes a conceptually and methodologically novel method 
to capture seasonally altered LC classes through the development of a Seasonally Integrated Land Cover (SILC) 
classification system. This study hypothesizes that preparing SILC maps by integrating seasonal LC maps will 
provide a more accurate and realistic representation of land cover dynamics compared to single-date LC maps, 
improving urban planning and climate resilience strategies. To prepare SILC maps for Dhaka city, four basic 
LC types of built-up area, vegetation, bare land, and water body, which are extensively studied and widely 
accepted25,34,35, were used to identify and reclassify the seasonally altered LCs.

A unique rule-based spatial reclassification logic was applied, where seasonal LC classes were combined 
into eleven final SILC categories (e.g., seasonal wetland vegetation, mixed urban, seasonal dry-land vegetation, 
permanent water, permanent built-up, permanent vegetation, permanent bare land, seasonal built-up, seasonal 
bare land) (full defintion in Table  5), based on their temporal behaviour, environmental and geographical 
characteristics and contextual relevance in an urban monsoon climate. The LC maps of three seasons, namely 
post-monsoon, winter and summer, were integrated for each target year (2000, 2010, and 2022) to prepare SILC 
maps. Change detection was performed using these SILC maps to understand the spatio-temporal transformation 
of land cover in Dhaka over a 22-year period. The study prioritized long-term temporal consistency over spatial 
resolution to capture multidecadal land cover changes in Dhaka, making Landsat the most appropriate data 
source.

This research goes beyond conventional single-season or spectral-composite approaches by capturing intra-
annual land cover dynamics and reclassifying them into temporally stable or seasonally transitional categories. 
The proposed SILC framework offers a replicable method that can be applied to other seasonally dynamic urban 
areas, particularly in tropical monsoon regions, for better environmental management, hazard assessment, and 
land use planning. The specific objectives of the research are:

•	 To prepare LC for three seasons of post-monsoon, winter and summer of the years 2000, 2010 and 2022.
•	 To prepare the Seasonally Integrated LC (SILC) by combining the LC of the three seasons of a given year by 

considering the seasonally rotational LCs.
•	 To assess the SILC change between 2000 and 2022 in Dhaka City.

Compared to single-date LC maps, this type of SILC map will be more useful for urban planning and policy-
making towards a sustainable and climate-resilient city.

Results
Inter-seasonal pattern of four basic LCs from 2000 to 2022
The seasonal land cover (LC) analysis from 2000 to 2022 exhibited distinct spatial variations within each year 
due to seasonal impact, especially in vegetation cover, water bodies and bare land (Fig. 2.a-i). Seasonal changes 
in land cover (LC) were more evident in the early years (Fig. 2.a, 2.b and 2.c); however, they declined over time 
due to urban expansion and related development activities (Fig. 2.g, h and i), which permanently converted 
some seasonally dynamic LCs (Fig. 4.a, 2.b and 2.c). In 2000, a large extent of water bodies on the east and 
west sides of the city during the post-monsoon season transformed into vegetation cover during the winter and 
summer seasons (Fig. 2.a, 2.b and 2.c). Additionally, some vegetation cover in the northern part of the city was 
converted into bare land from winter to summer (Fig. 2.a, 2.b and 2.c). In 2010, most of these seasonal changes 
occurred in the eastern and the northwestern parts of the city (Fig. 2.d, 2.e and 2.f). In 2022, the magnitude 
of seasonal fluctuations significantly declined, except for minor changes in the southeastern part of the city 
(Fig. 2.g, 2.h and 2.i).

This decrease in seasonal transitions in LCs over time was driven by unplanned development activities in 
areas with seasonally altering LCs. For Example, some seasonal vegetation has been permanently replaced by 
bare land or built-up areas (Table S 2), reducing seasonal variability in LCs, especially in built-up areas (Table 2 
and Table S 2). However, in the later years (2010 and 2022), post-monsoon vegetation cover in core urban areas 
was altered into impervious surfaces (built-up areas or bare land) during winter and summer (Fig. 2.d to 2.i). 
This change might be attributed to the excessive urban island effect, which affects the spectral reflectance of 
vegetation during dry seasons. Though vegetation cover is reduced in the city hub, due to some agricultural 
activity in the peripheral area of the city, the total area of vegetation cover remains almost unchanged during 
post-monsoon and summer (Fig. 3 and Table S 1). These seasonal alterations of LC had been overlooked in a 
single-date LC map but it is now largely evident in the current research. The effect of seasonality is also evident in 
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Fig. 2.  LC of (a) post-monsoon, (b) winter, and (c) summer of the year 2000, (d) post-monsoon, (e) winter, 
and (f) summer of the year 2010 and (g) post-monsoon, (h) winter, and (i) summer of the year 2022. Maps 
were generated using QGIS 3.26.1 (QGIS Development Team, https://qgis.org) and ArcGIS 10.5 (Esri, ​h​t​t​p​s​:​/​/​w​w​
w​.​e​s​r​i​.​c​o​m​​​​​​)​.​​​​​
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the long-term change of the LC classes (Fig. 3). Over time water bodies and vegetation largely decreased whereas 
built-up areas and bare land significantly increased (Fig. 3).

SILC changes from 2000 to 2022
These seasonal fluctuations of the LC classes (Fig. 2.a-i) are engaged to produce the SILC map of a single year 
(Fig. 4.a-c). From the combination of the three season’s map, the dynamic SILC map revealed the information on 
the seasonally fluctuating LC classes. The combined map showed eleven SILC classes in the three studied years 
(Table 1; Fig. 3 and the definition of SILC in Table 6).

Between the years 2000 and 2022, permanent built up, and permanent vegetation have largely increased 
and permanent bare land and mixed urban slightly increased (Table 1). On the other hand, seasonal wetland 
vegetation (Fig.  4.a-c), once which was also been cultivated during the dry seasons, significantly decreased 
followed by seasonal bare land, mixed vegetation and seasonal dry-land vegetation (Table 1).

The total built-up area expanded from 77.80 sq km in 2000 to 143.75 sq km in 2022 (Table 1), reflecting 
rapid urbanization and development activity and increased population pressure (Fig. 4). Seasonal vegetation 
pattern (Fig. 4), which fluctuated significantly in 2000 (Fig. 2.a-c), has become more static in 2022 (Fig. 2.g-i), 
with a sharp reduction in seasonal wetland vegetation (from 30.28 to 2.20%) and an increase in permanent 
built-up areas (from 16.92 to 36.88%) (Table 1). This change is driven by the rise in human activity and urban 
heterogeneity, resulted in the increase of mixed urban, bare land and built-up areas. Such as filled-up areas with 
sand for housing purposes classified as wetland during post-monsoon, vegetation during winter and built up 
during summer, slightly increasing seasonal fluctuation in LCs, particularly mixed SILCs. Moreover, a decrease 
in seasonal built-up and an increase in mixed urban areas indicate the reduction of vegetation cover around and 
in between urban areas, such as reduction of parks and building-front gardens, which is illustrated in the middle 
part of the classified images (Fig. 4.a-c). Additionally, rapid urbanization has also resulted in the infilling of large 
water bodies, especially wetlands, for infrastructure development. The seasonal wetland vegetation decreased 
from 91.12 sq km in 2000 to just 6.62 sq km in 2022 (Table 1), contributing to a more homogenized land cover 
composition in recent years. However, government interventions, such as the restoration of Hatirjheel40 and the 
conversion of some seasonal water bodies and wetland vegetation in the northern part of the city which is also 
evident in Ahmed & Ahmed (2012)41, have contributed to a slight increase in permanent water bodies in certain 
areas (Fig. 2.a-i and 4.a-c). The permanent bare land, increased from 7.84 sq km in 2000 to 22.00 sq km in 2010, 
before decreasing to 13.48 sq km in 2022 (Table 1). Whereas, seasonal bare land followed a decreasing trend, 
declining from 23.14 sq km in 2000 to 14.06 sq km in 2010 and further to 9.39 sq km in 2022 (Table 1).

Seasonal dynamics and urban expansion
The spatial distribution of seasonal LC changes demonstrates the role of urban expansion in modifying natural 
land cover. In 2000, transformations of seasonal vegetation and wetlands were concentrated on the periphery 
of Dhaka (Fig. 2.a-c). However, by 2010 and 2022, these changes had transferred towards the urban core areas, 
driven by the conversion of green spaces into impervious surfaces (Fig. 2.d-i). This inter-seasonal pattern is also 
reflected in the SILCs, where most of the seasonal SILC such as seasonal built-up, seasonal dry-land vegetations 
and seasonal bare land largely converted into permanent type SILC such as permanent built-up (Fig. 4.a-c and 
Fig. 5). This pattern is also evident in the north part of the city (Fig. 4.a-c and Fig. 5). This pattern of SILC change 

Fig. 3.  Trend of LC in Dhaka from 2000 to 2022.
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Fig. 4.  SILC of the year (a) 2000, b) 2010 and (c) 2022. Note: These figures illustrate the actual scenario of 
LC in a single year by integrating the dynamic LCs that have an inter-seasonal changing nature in Dhaka city. 
Maps were generated using QGIS 3.26.1 (QGIS Development Team, https://qgis.org) and ArcGIS 10.5 (Esri, 
https://www.esri.com).
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aligns with the rapid population growth and infrastructure development of Dhaka city. During the study time 
(2000 to 2022), although a minor change was evident in all SILCs, however, significant land exchanges occurred 
between seasonal vegetation, bare land, and built-up types (Fig. 5a and b and Table S 2–4). For example, between 
2000 and 2010, 21.95 km² of seasonal wetland vegetation was converted into permanent vegetation, whereas, 
13.56 km² of seasonal built-up was converted into permanent built-up areas (Table S 2). From 2010 to 2022, this 
trend continued, with an additional 11.38 km² of seasonal built-up converting into permanent built-up areas 
(Table S 3). These findings indicate a significant increase in permanent urban structures, reducing seasonal land 
cover variability in Dhaka.

Drivers of SILC change in Dhaka City
Drivers of SILC change were assessed by employing change detection techniques. Table S 2, 3 and 4 shows the 
SILC exchange scenarios and their loss and gain according to each feature type of the years 2000–2010, 2010–
2022 and 2000–2022, respectively. The SILC change scenario shows that SILC exchange has occurred in almost 
all the types but some changes are negligible. The conversion of seasonal wetland vegetation and other vegetation 
and bare land to permanent vegetation was the major driver of SILC change in Dhaka. Drivers of permanent 
SILC classes are under consideration in this research.

Table S 2 shows that between 2000 and 2010, a significant amount of seasonal wetland vegetation converted 
into permanent vegetation (21.95 sq km) followed by permanent bare land (15.99), seasonal dry-land vegetation 
(11.91 sq km) and permanent water body (8.26 sq km). Permanent vegetation largely increased by seasonal 
dry-land vegetation (22.16 sq km), seasonal wetland vegetation (21.95 sq km), and seasonal bare land (8.84 sq 
km) and decreased by seasonal dry-land vegetation (5.80 sq km), permanent built-up (2.64 sq km) and seasonal 
built up (1.55 sq km) (Table S 2). Most of the LC classes significantly contributed to permanent built-ups such 
as seasonal built-up (13.56 sq km), seasonal dry-land vegetation (4.87 sq km), seasonal bare land (4.83 sq km), 
mixed vegetation (3.09 sq km), permanent vegetation (2.64 sq km), permanent bare land (1.92), mixed urban 
(1.75 sq km) and seasonal wetland vegetation (1.74 sq km) (Table S 2).

Table S 3shows that between 2010 and 2022, a large amount of seasonal wetland vegetation converted into 
other LC classes and a higher amount converted into permanent vegetation (5.60 sq km) followed by seasonal 
dry-land vegetation (4.92 sq km) and permanent water body (3.55 sq km). Another significant increment 
occurred in permanent built-up areas where a significant amount of seasonal built-up (11.38 sq km) converted 
into permanent built-up followed by permanent vegetation (8.24 sq km), seasonal dry-land vegetation (7.17 sq 
km), seasonal bare land (4.10 sq km), permanent bare land (3.53 sq km), mixed urban (2.27 sq km), and mixed 
vegetation (2.09 sq km) (Table S 3). A higher amount of seasonal dry-land vegetation (11.72 sq km) converted 
into permanent vegetation. Some permanent vegetation converted into seasonal dry-land vegetation (6.04 sq 
km) and permanent vegetation (4.25 sq km) (Table S 3).

Table S 4 shows that between 2000 and 2022, a significant amount of seasonal wetland vegetation (84.51 sq 
km) was converted into other LCs and a significant amount of other LC classes (60.05 sq km) was converted into 
permanent built-up areas. Besides seasonal wetland vegetation (28.29 sq km), the seasonal dry-land vegetation 
(16.17 sq km) and seasonal bare land (5.52 sq km) largely contributed to the increment of permanent vegetation. 
On the other hand, a large amount of permanent vegetation was converted into permanent built-up (8.03 sq 
km), seasonal dry-land vegetation (4.06 sq km) and seasonal built-up (2.75 sq km) (Table S 4). The conversion 
of permanent vegetation cover shifted its spatial distribution to the peripheral areas of the city, especially on the 
east side, where seasonal wetland and dry-land vegetation were dominant during 2000 (Figs. 4 and 5). In the 
last two decades, SILC change largely occurred due to an increment of permanent built-up areas, followed by 
permanent vegetation, permanent bare land and mixed urban and a decrement of seasonal wetland vegetation, 
followed by seasonal bare land, mixed vegetation, and seasonal dry-land vegetation. Whereas, major derives are 
the increase in permanent built-up areas and the decrease in seasonal wetland vegetation (Table S 4). The spatial 
distribution is largely affected by the alteration of seasonal wetland vegetation to permanent vegetation along 
with unplanned urban growth (Figs. 4 and 5).

LULC

Area (Km2) Area (percentage) Difference (percentage)

2000 2010 2022 2000 2010 2022 2000–2010 2010–2022 2000–2022

Permanent Water body 9.32 15.07 12.09 3.10 5.01 4.02 1.91 −0.99 0.92

Seasonal Wetland Vegetation 91.12 24.49 6.62 30.28 8.14 2.20 −22.14 −5.94 −28.08

Mixed Water 0.89 0.13 0.04 0.29 0.04 0.01 −0.25 −0.03 −0.28

Seasonal Bare land 23.14 14.06 9.39 7.69 4.67 3.12 −3.02 −1.55 −4.57

Seasonal Dry-land Vegetation 43.13 37.49 39.00 14.33 12.46 12.96 −1.87 0.50 −1.37

Mixed Vegetation 10.92 5.66 3.26 3.63 1.88 1.08 −1.75 −0.80 −2.55

Permanent Vegetation 33.31 80.26 73.01 11.07 26.67 24.26 15.60 −2.41 13.19

Seasonal Built-up 23.65 18.23 20.94 7.86 6.06 6.96 −1.80 0.90 −0.90

Mixed Urban 6.70 5.36 12.15 2.23 1.78 4.04 −0.44 2.26 1.81

Permanent Built-up 50.93 78.19 110.98 16.92 25.98 36.88 9.06 10.90 19.95

Permanent Bare land 7.84 22.00 13.48 2.61 7.31 4.48 4.71 −2.83 1.87

Table 1.  SILC change between 2000 and 2022 derived from combined map.
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Discussions
Impact of seasonality in LC variations
The findings of the research indicate distinct seasonal variations in LCs in Dhaka City (Table 1; Fig. 4) along 
with temporal variation (Table S 4 and Fig. 4). The unique geographical location, climate and dynamic weather 
pattern across seasons and the diverse ecosystems of Dhaka make it a thriving place for biodiversity offering 
diverse natural phenomena42. The distinct characteristics of deciduous trees in Dhaka6,43,44 contribute to the 
increase in the spatial extent of vegetation in growing seasons, especially in post-monsoon, and decrease in dry 
seasons, which is evident in the recent year (2022) in current research (Figs. 2 and 4). However, an increase in 
vegetation during dry seasons was evident in 2000 and 2010. Because, the lowland around Dhaka is extensively 
used for agricultural activity or covered by dense grasses mainly by catkin (a flowering spike of trees such as 
willow and hazel) during dry seasons whereas, during the rainy season, these areas remain underwater39,40,45. 

Fig. 5.  LC change map between year 2000 and 2022, (a) exchange of seasonal wetland vegetation and (b) 
exchange of permanent built up areas. Maps were generated using QGIS 3.26.1 (QGIS Development Team, 
https://qgis.org) and ArcGIS 10.5 (Esri, https://www.esri.com).
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Moreover, the permanent and seasonal wetlands and landfill sites in the southern and northern parts of Dhaka 
city6, show seasonal variations, remaining underwater in post-monsoon, being covered by vegetation during 
winter, and becoming barren during summer (Fig. 3); contributing in seasonal change in LCs. Additionally, the 
increase in roadside trees and rooftop gardening40, significantly affects the seasonal vegetation cover, making 
complexity in demarcating the built-up and vegetation cover and increasing the mixed urban areas in recent 
times (Figs. 2 and 4). In the current research, most of the seasonal variation has been evident in the wetland areas 
and vegetation covers whereas built infrastructure has shown comparatively minor variation (Table 1; Figs. 2 
and 4).

Socio-economic factors responsible for SILC change
In the last few decades, a large amount of LC exchange has occurred in and around Dhaka City due to the 
significant modification of the land surface driven by unplanned urban growth. A significant landfilling was 
conducted in and around Dhaka city for commercial and residential housing purposes which ultimately affected 
wetlands in diverse aspects6,22,46–50. Sometimes wetlands are left for a few years after being filled. They are then 
overgrown with grass or plants or used for agricultural purposes so that it is identified as permanent vegetation 
or bare land for the next few years. This type of change largely contributed to an increase in seasonal dry-
land vegetation and permanent vegetation driven by seasonal wetland vegetation (Fig.  5). From Fig.  4, it is 
evident that from 2000 to 2010 wetlands significantly altered into vegetation or bare land due to landfilling 
and this trend is also followed in the next decade between 2010 and 2022. During this time, the filled areas 
were gradually being converted into built-up on all sides (Fig. 5). Moreover, the addition of Dhanmandi Lake51 
and some other artificial lakes and ponds in some newly developed residential areas slightly contributed to 
seasonal water bodies or wetland or dry land vegetation (Figure S1–4)15,40,52–54. Sum slums of the city were also 
destroyed and relocated for residential and housing purposes which temporarily contributed to a slight increase 
in greener or bare areas (Figure S 1 and 2). Additionally, Uttara and Gulshan model towns, and Badda Demra, 
Kurmitola, Bashundhara Baridhara and Pallabi housing areas have contributed in addition to some seasonal 
dry-land vegetation seasonal built-up and mixed urban areas (Fig. 4)15,40,53. According to Parvin et al. (2018)55, 
there is 9.2 sq km of single-cropped area, 94.5 sq km of double-cropped area and 5.7 sq km of triple-cropped area 
in Dhaka Sadar Upazila. This cropping is practised in the wetlands and low-lying areas of Dhaka which become 
arable during dry seasons. This significantly alters the seasonal land cover pattern across the city which is also 
evident in the current research.

Adopted policy changing SILC in Dhaka City
Besides increasing seasonal variation, government and private initiatives (policy, projects and plans) have 
increased greener spaces in Dhaka City in the last few decades although the amount is minor. Dhaka city 
corporations have undertaken beautification projects to plant trees in different parts of DMP56. Several trees 
have been planted in road divides or alongside the roads slightly converting bare land and built-up areas into 
vegetation which is evident in the captured satellite images57,58 and in the classified maps of current research 
(Fig. 2). Dhaka South City Corporation made 217.38 km of footway into an urban forest structure by planting 
different street tree species59, which have converted some built-up areas into vegetation and bare land over the 
study time evident in the classified maps (Fig. 2). According to Nawar (2022)40, between 1989 and 2020 Dhaka 
City gained 20.71 sq km of green space due to several government and private initiatives like the Dhaka city 
beautification project, roadside tree plantation project, and rooftop gardening. These roadside trees and rooftop 
gardening40 have a significant impact on seasonal variation in vegetation cover44 and long-term vegetation 
gain40,59 which is evident in the current research (Figs. 2, 4 and 5). In 2014, 170 acres of land have been added 
by removing 2,000 structures from the Korail slum in Dhaka city60. This area has been converted into green 
space from built-up areas as this is under the planning of development60. This has converted some barren land 
and built-up areas into vegetation cover across the city (Table 1; Fig. 4), which was also evident in the previous 
research conducted on Dhaka City and Dhaka district18,25,41,56. Re-excavation of Hatir Jheel (Figure S 7 and 9) 
and Begunbari Canal has increased the water detention capacity of Dhaka from 1.4 sq km to 2.20 sq km61, which 
ultimately increased the areas of permanent water bodies in the classified maps (Figs. 3 and 4). Some barren 
areas around Hatirjheel and Dhanmandi Lake have been converted into green spaces due to the beautification 
projects. Additionally, the conversion of built-up and bare land to other types of LC was also evident. Several tree 
plantation projects undertaken by city corporations and the activities of developer companies in housing areas 
have contributed to a slight increment in vegetation cover in the city; although limited discussion was found for 
these types of change as these are minor56.

Comparison of LC and SILC with previous research
Previous studies reported a significant seasonal variation in vegetation covers, low-lying areas, wetlands and 
water bodies identified from satellite image analysis and LC mapping41,45, changing the spatial extent of classified 
areas of LCs in different seasons of a single year18,25,41,45,56. These types of changes are also evident in the current 
research (Table 1; Fig. 2). Mia et al. (2017)62 identified a few seasonal vegetated lands in Dhaka city studying 
the images of the pre-monsoon period which supports the findings of the current research. The conversion of 
wetlands and seasonal fluctuation of the LC in the east and west sides of Dhaka city found in the current research 
aligns with the findings of Dewan & Yamaguchi (2009a & 2009b)6,46 Imran et al. (2021)24 and Moniruzzaman et 
al. (2020)38; although classification scheme and the acquired date of analyzed satellite images are different. Such 
as Dewan & Yamaguchi (2009a & 2009b)6,46 and Moniruzzaman et al. (2020)38 used satellite data for the winter 
season and Imran et al. (2021)24 used the summer season. Dewan & Yamaguchi (2009a)6 found that between 
1992 and 2003 cultivated land (6.7%) has been increased in Dhaka city. This type of change is also evident in 
the current research, such as the shift of agricultural land to the filled wetland mostly on the east side of the 
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city (Figs. 4 and 5). Ahmed (2011)45 and Ahmed & Ahmed (2012)41 analysed the LC change between 1989 and 
2009 and identified slight decreases in built-up areas (around 2% of the total area) to other types of LC although 
a significant increase in built-up areas has occurred within the studied time45. Kafy et al. (2021c)56 prepared 
LULC using rapid eye images between the years 2012 and 2018 where the rejuvenation of Hatirjheel Lake and 
Dhanmandi Lake was evident which increased some permanent water bodies in Dhaka City.

The conversion of barren areas into vegetation cover, especially around Hatirjheel and Dhanmandi was also 
evident in Kay et al. (2021a & c)25,56. Sresto et al. (2022)18 assessed the seasonal LC of Dhaka and measured 
the summer-winter variation of LC of Dhaka district where LC exchange among every class was evident. A 
significant conversion of built-up areas to agricultural land, bare land, vegetation, and water bodies has been 
documented both within a single year and over the long term18. However, the current research identified only a 
minor conversion of built-up areas to other LC categories.

Application of SILC in urban sustainability, climate resilience, and policy planning
The proposed method, generated data, results and findings of the current research have some robust applications 
in the urban sustainability, climate resilience, and policy planning of Dhaka city. The integration of the seasonal 
LC map, termed as SILC, provides a baseline dataset of three consecutive years 2000, 2010 and 2022, which 
depicts the existing and previous state SILC of Dhaka City. The change detection from SILC helps to identify 
the ecologically vulnerable zones along with urban growth patterns with rapid development (Fig. 2.a-c and 5.a 
and 5.b). Moreover, the SILC provides information about the transformation of different land use zones of the 
city over time. This information is the foundation for effective urban planning, infrastructure development, and 
environmental conservation planning and policy formulation of the city.

Areas with permanent built-up have minimal green open spaces with minor trees, located in the city centre 
(Figs.  4 and 5), resulting in higher health hazards, and extreme urban heat island effects63 and are highly 
vulnerable to heat waves and flooding in future due to climate change64,65. According to Fig. 5, these areas are 
expanding in the peripheral areas in recent times. Additionally, increased population, traffic and waste in these 
areas (Fig. 4) further degrade the scenario. Moreover, heavy drainage congestion and urban flooding are already 
evident in those areas of Dhaka City61,66,67, which will degrade in future due to climate change-driven extreme 
temperature and rainfall61,64,65. Therefore strong regulatory policy should be implemented to increase drainage, 
waste management and traffic control to increase the coping capacity and climate resilience of the city68,69. In and 
around permanent built-up areas, increasing tree plantation around the house, rooftop gardening, increasing 
artificial reservoirs and re-excavation of cannel will contribute to reducing extreme heat during summer and 
will increase the climate resilience of the city. Additionally, immediate conservation planning should be taken in 
mixed urban and seasonal urban areas, because of their potential to reduce heat compared to permanent built-
up areas63,70–72.

Special focus should be given to rejuvenating drainage to reduce urban flooding in these particular 
areas10,37,73–75. Re-excavated water bodies, such as Hatir Jheel and Begunbari Canal, should be monitored on a 
regular basis40,61. This type of re-excavation should be conducted in the areas of seasonal water bodies, seasonal 
bare lands, and seasonal dry-land vegetation to increase the discharge and water retention capacity of Dhaka 
city (Figs. 2 and 5) which will increase climate resilience during extreme rainfall and temperature events. The 
areas converting into urban or bare land should be monitored and proper development planning should be 
implemented for sustainable horizontal and vertical development of the city. The areas covered by seasonal 
vegetation or seasonal bare land should be used to increase green spaces and drainage to reduce the risk of urban 
heat island effect63,71 and urban flooding73,74. It is also seen that a large amount of wetland vegetation has been 
transformed into other types of SILC such as vegetation and bare land, especially in the northern and southern 
parts of the city. Policy can be taken to convert them again to water bodies. In the areas of permanent vegetation, 
tree plantation should be increased even if possible by adding mud from other areas. The natural biological and 
ecological processes have been significantly affected and the ecological habitats have been lost on the east and 
west sides of the city due to SILC alteration driven by anthropogenic processes (Fig. 5). Moreover, built-up areas 
are expanding on all sides by converting all types of LCs (Fig. 5.b). This urban expansion should be strongly 
regulated and sometimes stopped to protect the different types of vegetation and water bodies. Besides, during 
building construction extra space should be kept to plant at least some small trees. The housing which is under 
construction now should be under strong policies and regulations to keep adequate open green space and parks 
to mitigate future risk71. In Table 2, some specific recommendations and solutions have been given incorporating 
the prepared LC maps for Dhaka City.

Conclusion
The findings of the research demonstrated the significance of using seasonal LCs to address the challenges 
and limitations of single-date satellite images in accurately representing LC dynamics. By integrating LCs of 
three seasons of a single year, the study developed improved Seasonal Integrated Land Cover (SILC) maps for 
2000, 2010 and 2022, providing a more reliable representation of Dhaka City’s dynamic urban landscape. The 
LC change detection derived from LC maps indicated that due to rapid urbanization, all types of vegetation 
cover and water bodies are converting into built-up and bare lands at an alarming rate. Besides, due to the 
complex land use patterns, heterogeneity increased in Dhaka city affecting the spectral signature of the satellite 
image creating complexity in demarcating LC classes. These insights are crucial for guiding sustainable urban 
planning, climate resilience and policy-making by identifying ecologically vulnerable zones and monitoring 
urban expansion trends.

The study has direct policy implications for urban planners. The SILC-based approach can support zoning 
regulations, infrastructure development, climate resilience, and flood risk and urban heat island mitigation by 
distinguishing between permanent and seasonal land covers. Urban planners can use these findings and the 
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prepared SILC maps to enhance green space preservation, improve drainage systems, and implement targeted 
conservation efforts in mixed and seasonal urban areas to strengthen climate resilience and urban sustainability.

However, some limitations of the research methods must be acknowledged. The classification accuracy 
largely depends on the quality of single-date seasonal maps, and the study relies on medium-resolution satellite 
images (Landsat 5 and 8 OLI), which may not capture fine-scale land cover details like the sentinel image. 
Additionally, the spectral indices were not used in this research, which has been used in some research to reduce 
classification uncertainties. Spectral similarities between land cover types, particularly during dry seasons, may 
create bias in classification accuracy. For example, bare land and built-up areas may exhibit similar spectral 
reflectance, leading to misclassification. Additionally, seasonal variations in vegetation cover could influence 
classification results, as some vegetation types may appear differently depending on moisture levels, thermal 
effect and phenological cycles.

The current research utilized four basic LC classes; incorporating a greater variety could enhance the reliability 
and applicability of LC maps. However, this may also introduce complexities in explaining and managing SILC 
during practical applications. The LC classes largely depend on the geographical context, vegetation type, and 
rainfall pattern of the study area, as a result, different locations may increase or decrease final LC classes. As 
a result, in-depth knowledge about the study area will be required during replication of the method. Future 
research should explore higher-resolution satellite imagery (e.g., Sentinel-2, commercial satellite data) and 
advanced machine-learning techniques for improved classification accuracy. Expanding the classification to 
include more detailed LC categories could be tested whether they enhance the practical applicability.

Materials and methods
Study area
Dhaka is the capital of Bangladesh, located between 23° 40′ N to 23° 54′ N latitude and 90° 20′ E to 90° 28′ 
E east longitude (Fig.  6). The administrative unit of the Dhaka Metropolitan (DMP) area is considered for 
the research24,33,35,76. It is one of the fastest-growing megacities and densely populated areas in the world. The 
population of Dhaka was 14.4 million in 2011 and it is continuously growing. To meet the needs of the ever-
growing population several development activities largely increased which led to the conversion of natural 
landscapes into built infrastructure76. A number of small to large parks and playgrounds in the city core allow 
diverse vegetation patterns along the built infrastructure77. Besides, several small water bodies (ponds, lakes 
and river channels) located in the city core increased the diversity in the land cover pattern. Due to excessive 
population pressure vegetation and water bodies are under threat of conversion into built-up areas or bare 
land25,34. High urbanized areas of the city are located in the central and southern parts of the city24.

On the east and north-west side, some marshlands and agricultural lands are located24 which vary following 
the seasonal climatic pattern. The expanded roads in the city increased the area’s complex impervious surfaces 
subsequently increasing the urban heat island effect and leading to an unhealthy environment in the city78,79. 
The location in the sub-tropical monsoon climate affects the land cover of Dhaka city due to the presence of 
seasonally varying vegetation patterns, expansion or shrinking of water bodies, alteration of water bodies by 
water-born vegetation, and alteration of low or fellow lands into agricultural lands25,39. As a result, the land cover 
(LC) of Dhaka City needs to be studied by considering the seasonal LCs rather than studying single-date LC.

Methodological flow
The acquired satellite images were pre-processed and supervised image classification of random forest was 
applied to classify the LC of each month of every year. The accuracy of each of the classified images was tested 
by preparing a confusion matrix. LC of three seasons of each year was combined into a single map using overlay 
technique and again these are re-classified according to the seasonal rotational pattern of LC classes. A change 
detection technique was applied to measure the change of LC in two successive years. The LC change matrix 

SILC Type Policy recommendation/solution

Permanent built-up

• Improve drainage infrastructure and clear occupied cannels.
• Ensure proper waste management with adequate dustbins based on population density.
• Control traffic to increase the coping capacity of the city and reduce air pollution in the densely populated areas.
• Clear the garbage and silt from the canals and ensure interlinkages with the main river.
• Clear roadside drains to increase water flow to reduce waterlogging.
• Introduce permeable pavements in dense urban areas.

Wetland vegetation
• Halt the conversion into other land cover types.
• Regularly monitor wetland areas using LC maps.
• Develop policies to restore wetlands and reconvert degraded areas into water bodies.

Mixed urban and seasonal urban areas • Implement immediate conservation planning.

Permanent and seasonal water bodies • Take immediate steps for re-excavation.
• Regularly monitor restored areas, like Hatir Jheel and Begunbari Canal.

Seasonal water bodies, seasonal bare lands, seasonal dry-land 
vegetation

• Re-excavate these areas to increase Dhaka city’s discharge and infiltration capacity.
• Increase groundwater recharge potential.

Seasonal bare lands, seasonal dry-land vegetation • Implement biopore infiltration holes, a technique used in Indonesia, can be applied in these areas, to reduce the 
risk of urban flooding and drainage congestion.

Seasonal vegetation and seasonal bare land • Expand green spaces and drainage systems to mitigate urban heat island effects and urban flooding even in the 
future climate change.

Table 2.  Strategies and recommendations for sustainable development policy of Dhaka City based on SILC.
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was prepared to assess and visualize the LC changes and their drivers in Dhaka city. The broad steps followed in 
the research, from preparing actual LC from seasonal LC to measuring LC change, are shown in the flow chart 
below (Fig. 7).

Data and data source
Landsat 5 TM and Landsat 8 OLI satellite images were collected from the USGS server. The selection of Landsat 
images over higher-resolution datasets like Sentinel-2 was driven by the requirement for consistent temporal 
coverage over the long study period (2000, 2010, and 2022). Although the Sentinel-2 image offers higher spatial 
resolution, its historical record starts from 2015, making it less suitable for long-term LC change analysis. The 
spatial resolution of the Landsat 5 TM and 8 OLI images is 30 m, suitable for capturing broad LC changes in 
an urban setting along with maintaining temporal consistency for change detection. The selection also aligns 
with key urban planning milestones in Dhaka, such as the Dhaka Metropolitan Development Plan (1995–2015) 
(RAJUK 1995)80 and the Revised Structure Plan (2016–2035) (RAJUK 2015)81, which allow assessment of land 
cover change across planning cycles. Cloud-free images (0.2% < cloud) were collected for three seasons of post-
monsoon, winter and summer seasons for all the study years. The image acquisition dates are shown in Table 3.

The seasonal images were selected based on the meteorological seasons of Bangladesh. In Bangladesh, the 
post-monsoon season includes October and November, winter spans from December to February, and summer 
extends from March to May18–22,43,82,83.

Fig. 6.  Location of the study area. The figure in the right panel shows the administrative boundary of the 
Dhaka Metropolitan (DMP) which has been mentioned as Dhaka City in the manuscript.
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Image pre-processing
Radiometric calibration and atmospheric correction
Radiometric calibration and atmospheric correction of the satellite images have been conducted using the DOS-
1 Atmospheric Correction method in the Semi-Automatic Classification Plugin (SCP) of QGIS software84. 
DOS-1 method showed higher performance over the darker surfaces of water and artificial turf and sand cover 
compared to other models in Landsat images, even for spectral signature analysis and spatial profile of vegetation 
index, where ground-based samples were used for validation85–88. Researchers also found minor differences in 
the performance of 6 S, DOS1, FLAASH, and ACOLITE models showed negligible variation84,89. As a result, 
DOS-1 has been frequently used by researchers to compare the results of time series satellite images88,90,91. In 
this research DOS-1 method of SCP Plugin of QGIS 3.26.1 software has been used. The atmospheric correction 
process of DOS-1 in QGIS involves the following steps:

Seasons 2000 (Landsat 5 TM) 2010 (Landsat 5 TM) 2022 (Landsat 8 OLI)

Post-monsoon 28/10/1998 2010/11/30 2021/11/28

Winter 19/01/2000 2011/01/01 2022/1/07

Summer 21/03/1999 2011/04/07 2022/03/20

Table 3.  Image acquisition date.

 

Fig. 7.  Methodological flow of the research.
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1. Radiometric Calibration (DN to Radiance): In this step digital numbers (DNs) are converted to at-sensor 
radiance (Lsensor) using the following Eq. (1):

	 Lsensor = Grescale ∗ DN + Lbias� (1)

Where, Lsesnor= Radiance at the sensor (in W/m2/sr/µm), ​Grescale = Rescaling gain factor, DN = Digital number 
from the satellite image, Lbias = Minimum radiance (bias) or radiance offset.

2. Estimation of Atmospheric Path Radiance (Haze Radiance): After performing radiometric calibration 
atmospheric path radiance is calculated, that accounts for the scattering of sunlight in the atmosphere. In DOS-1 
method, the darkest pixels in the satellite image (such as water bodies or shadows) are identified as objects with 
near-zero reflectance. These near zero pixels are used to account the haze radiance in the satellite image. The 
haze radiance, Lhaze in the Eq. 2, is measured based on the minimum radiance value observed in each band of 
the satellite image:

	 Lhaze = Lmin−� (2)

It is assumed that Lhaze value represents the atmospheric contribution into the image, which further subtracted 
from the sensor radiance.

3. Dark Object Subtraction (DOS-1): Atmospheric Correction: Once the haze radiance has been estimated, 
the Dark Object Subtraction (DOS-1) formula (equation-3 is employed to correct for atmospheric path radiance.

	 Lcorrected = Lsesnor − Lhaze� (3)

Where, Lcorrected = Radiance after subtracting the atmospheric path radiance, Lsensor = Radiance at the sensor 
(from the DN to radiance conversion), Lhaze = Atmospheric path radiance (haze radiance) estimated from dark 
objects.

4. Conversion of Corrected Radiance to Surface Reflectance: ​Finally, equation-4 has been used to convert 
the corrected radiance values to surface reflectance.

	
ρ = π ∗ Lcorrected ∗ d2

Esun ∗ cos (θ s)
� (4)

Where, ρ = Surface reflectance (dimensionless), Lcorrected = Corrected radiance (after DOS-1), d = Earth-Sun 
distance (in astronomical units), Esun​ = Exoatmospheric solar irradiance for the specific wavelength (can be 
found in metadata), θs = Solar zenith angle, which can be calculated as:

	 θ s = 90◦ − Solar Elevation Angle� (5)

The position of the sun in the sky at the time of image capture is taken into account by the solar zenith angle, 
which has significant impact on the amount of radiation that reaches the Earth’s surface.

Land cover classification technique
The LC was classified using the machine learning algorithm of Random Forest which is very popular and is widely 
accepted by practitioners in the field of LC classification15,92–95. Random Forest is an ensemble machine-learning 
algorithm that uses a number of decision trees to enhance the accuracy and robustness of the classification by 
minimizing overfitting and increasing generalization. As a result, the RF algorithm is very effective for land 
cover (LC) mapping as it can handle high-dimensional datasets, reduce overfitting, and provide estimates of 
variable relevance. In QGIS, the RF classifier is implemented in the Semi-Automatic Classification Plugin (SCP), 
which automates feature selection, training, and classification. The algorithm executes by randomly selecting 
subsets of training samples and creating several decision trees based on this. Each tree individually classifies 
the data, and the final classification is chosen by a majority vote among the trees. The RF classifier follows this 
general equation:

	 y = mode (f1 (x) , f2 (x) , f3 (x) . . . . . . . . . fn (x))� (6)

Where, y = predicted class label, fi(x) = the classification result from the ith decision tree, n = total number of 
decision trees. The final output is determined by the majority class (mode) across all trees.

Four main LC categories namely Water, Vegetation, Built-up, and Bare Land were selected for classifying 
Landsat images of each season (Table 4). Training samples for LCs were carefully selected through detailed visual 
analysis. True-color and various false-color composite images were tested to ensure accurate selection of the 
sample. Additionally, some locations were cross-validated using ground truth data collected from field surveys 
and Google Earth imagery. Coordinates of stable landmarks such as the Sangshad Bhaban, Baldha Garden, 
Bangladesh National Zoo, Ramna Park, Hatirjheel Lake, Dhanmondi Lake, and parts of Old Dhaka were used for 
both image classification and classified map validation. These locations were selected because of their consistent 
land cover characteristics since 2000. Their coordinates were used to verify classified outputs across all years, and 
especially for 2022, these areas were cross-checked with actual ground conditions. To understand the seasonal 
pattern of land cover, geographical context was considered during classification and validation. In addition, 
high-resolution imagery from Google Earth Pro was used as a supplementary source to visually validate selected 
areas of the classified maps across different seasons and years.
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The quantitative accuracy of the classified maps was assessed using a confusion matrix by calculating standard 
classification metrics, including User Accuracy (UA), Producer Accuracy (PA), Overall Accuracy (OA), and the 
Kappa Coefficient (Kc)96. User Accuracy (UA) (Eq. 7) refers to the proportion of correctly classified samples for a 
given class relative to the total number of samples classified in that class, indicating commission error. Producer 
Accuracy (PA) (Eq. 8) represents the proportion of reference (ground truth) samples that are correctly classified, 
reflecting omission error. Overall Accuracy (OA) (Eq. 9) denotes the ratio of correctly classified samples across 
all classes to the total number of reference samples. The Kappa Coefficient (Kc) (Eq. 10) measures the agreement 
between the classified map and the reference data while accounting for the possibility of agreement occurring by 
chance, thus providing a more robust assessment of classification performance.

	
UA = xii

xi+
� (7)

	
P A = xii

x+i
� (8)

	
OA =

∑ k

i=1xii

N
� (9)

	
Kc =

N
∑ k

i=1xii −
∑ k

i=1xi+x+i

N2 −
∑ k

i=1Xi+X+i

� (10)

Where, xii = number of correctly classified samples for class i, xi+​ = total samples classified as class i (row total), 
x+i​ = total reference samples for class i (column total), N = total number of samples, k = total number of classes.

Seasonally integrated land cover (SILC)
The classification was conducted for each of the seasonal images of each year, and the three classified maps of 
each year were combined using the overlay method in ArcMap 10.5 software. The combined map derived from 
the overlay was reclassified according to the seasonal rotational pattern of the LC following the codes generated 
in the attribute field (Fig. 7). Besides, a manual search of each rotational LC was cross-checked from the false 
colour combination of the raw composite images. Ground truth data were incorporated using high-resolution 
imagery and field verification points where available.

During the reclassification, the SILC categories were defined based on urban environmental characteristics 
and seasonal changes in Dhaka (Table 5). The classification scheme included permanent and seasonal classes. 
If the code was 111 (Fig. 8), it is classified as permanent water body followed by 222 as permanent vegetation, 
333 as permanent built-up, and 444 as permanent bare land. When LC pixels change in subsequent seasons, the 
pixels are reclassified according to that change by considering the geographical context of the region. Such as 
112 = Seasonal Wetland Vegetation, 424 = Seasonal Bare land, 324 = Mixed Urban etc. The full reclassification of 
both codes and labels is supplied in Table S 5. The final SILC classification map consists of eleven standardized 
classes, defined as follows (Table 5):

Change detection analysis
To accurately analyze land cover (LC) transitions over successive periods (2000–2010, 2010–2022, and 2000–
2022), a pixel-by-pixel cross-tabulation change detection technique was employed (Islam et al. 2021). A change 
matrix was generated to quantify transitions between LC categories and identify their primary driving factors.

Accuracy assessment
LC of three seasons of post-monsoon, winter and summer are prepared for the year 2000, 2010 and 2022 (Fig. 2.a 
to 2.i). The accuracy of the maps is shown in Table 6. The accuracy of the classified maps is tested using user 
accuracy, producer accuracy, overall accuracy and kappa coefficient96–102. An error matrix for each of the maps 
is also prepared. The accuracy assessment has been done using the “Compute Confusion Matrix” tool of ArcMap 
10.5 software103,104. The overall accuracy and the Kappa coefficient of all the maps are above 0.95 indicating a 
very good accuracy of the classified maps98,99,102,105. The user accuracy and producer accuracy of all the seasonal 
maps also showed very good agreement. Considering the strong classification performance achieved using the 
original reflectance bands (OA > 0.95) and integration limitations in QGIS, spectral indices were intentionally 
excluded from the classification model.

LC Type Description False-color composites

Water Rivers, ponds, canals, wetlands. Dark blue to black in NIR-SWIR combinations.

Vegetation Forests, dense and scattered trees, grass, bushes, urban parks, roadside greenery, scattered 
agricultural lands. Bright green in NIR (band 4) and red (band 3) combinations.

Built-up Residential, commercial, and industrial areas, high-rise buildings, roads, and infrastructure. White to gray in NIR (band 4) and SWIR (band 5) combinations.

Bare Land Construction sites, vacant plots, land development areas, bare surfaces. Brown to light gray in NIR (band 4) and SWIR (band 5) 
combinations.

Table 4.  Classification criteria of LC.
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Fig. 8.  Pixel by Pixel-by-pixel overlay of the classified images of the seasons and their reclassification. This 
figure shows the reclassification process and mechanism to prepare the final LC map by using the seasonal 
LCs. Maps were generated using QGIS 3.26.1 (QGIS Development Team, https://qgis.org) and ArcGIS 10.5 (Esri, 
https://www.esri.com), then refined using Adobe Illustrator CS (version 11.0.0, Adobe, https://www.adobe.com).

 

SILC Class Definition

Permanent Water Body Areas are consistently classified as water in all three seasons of the year. These are perennial wetlands or water 
bodies, including rivers, lakes, ponds, and perennial wetlands with year-round water presence (e.g., code 111).

Seasonal Wetland Vegetation Wetland areas that exhibit seasonal vegetation growth, typically submerged or waterlogged during monsoon and 
vegetated during dry seasons (e.g., codes 112, 114, 124, 141).

Mixed Water Transitional zones that alter between water and other LC classes (bare land, vegetation, impervious surface) 
across seasons, often found along riverbanks, wetlands, or drainage channels (e.g., codes 123, 134, 421).

Seasonal Bare Land Areas classified as bare land in one or more seasons but not consistently, often representing fallow lands, 
construction sites, or exposed soil surfaces that change across the seasons (e.g., codes 133, 144, 424, 444).

Seasonal Dry-land Vegetation Areas covered by agricultural fields, grasslands, or dry open spaces that are green and vegetated only during part 
of the year (typically winter or post-monsoon), turning brown or bare during summer (e.g., codes 211, 221, 422).

Mixed Vegetation Areas that alter between different vegetation states across seasons, such as areas with partial tree cover, rooftop 
gardening, and deciduous trees along or over the impervious surfaces (e.g., codes 213, 231, 234, 243).

Permanent Vegetation Areas remain densely vegetated across the year, including forests, planted social forestation, urban parks, urban 
green spaces and perennial green cover (e.g., code 222).

Seasonal Built-up Urban or semi-urban areas that exhibit built-up characteristics during one or two seasons, potentially due to 
temporary structures, changing land use, or urban shadowing (e.g., codes 313, 331, 334, 433).

Mixed Urban Pixels that fluctuate between built-up and other classes (e.g., vegetation, bare land) across seasons. These are 
typically fringe or transforming zones undergoing rapid urbanisation (e.g., codes 321, 324, 341, 431).

Permanent Built-up Areas that are consistently classified as built-up in all three seasons, including dense urban settlements, 
commercial zones, roads, and infrastructure (e.g., code 333).

Permanent Bare Land Lands that remain bare and devoid of vegetation or built-up features throughout the year, often representing 
barren land, dry patches, or exposed soil (e.g., code 444).

Table 5.  Definition of SILC classes.
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Year Season Class value C_1 C_2 C_3 C_4 Total UA OA Kc

2000

PM

C_1 52 0 0 0 52 1

0.99 0.98

C_2 0 51 0 1 52 0.98

C_3 0 0 50 1 51 0.98

C_4 0 0 1 46 47 0.98

Total 52 51 51 48 202 0

PA 1 1 0.98 0.96 0

Winter

C_1 51 1 0 0 52 0.98

0.97 0.96

C_2 0 51 1 1 53 0.96

C_3 0 0 53 1 54 0.98

C_4 1 0 1 49 51 0.96

Total 52 52 55 51 210 0

PA 0.98 0.98 0.96 0.96 0

Summer

C_1 52 0 0 0 52 1

0.97 0.96

C_2 0 43 0 1 44 0.98

C_3 0 0 52 1 53 0.98

C_4 0 2 2 57 61 0.93

Total 52 45 54 59 210 0

PA 1 0.96 0.96 0.97 0

2010

PM

C_1 47 0 1 0 48 0.98

0.98 0.97

C_2 0 51 0 2 53 0.96

C_3 1 0 52 0 53 0.98

C_4 0 0 1 50 51 0.98

Total 48 51 54 52 205 0

PA 0.98 1 0.96 0.96 0

Winter

C_1 47 1 0 0 48 0.98

0.97 0.96

C_2 0 49 1 1 51 0.96

C_3 1 0 51 0 52 0.98

C_4 0 1 1 52 54 0.96

Total 48 51 53 53 205 0

PA 0.98 0.96 0.96 0.98 0

Summer

C_1 42 1 0 0 43 0.98

0.97 0.96

C_2 1 55 0 1 57 0.96

C_3 1 0 51 1 53 0.96

C_4 0 0 1 51 52 0.98

Total 44 56 52 53 205 0

PA 0.95 0.98 0.98 0.96 0

Continued
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Data availability
The open source satellite data was collected from USGS server (https://earthexplorer.usgs.gov/) and Google 
Earth Pro 7.3.6.10201 (Google LLC, https://earth.google.com). The reclassification codes are supplied in Table S 
5. The classified land cover maps will be made available upon reasonable request from the corresponding author 
[Md. Sharafat Chowdhury, email: sharafat.44@geography-juniv.edu.bd; sharafat.geography.juniv@gmail.com].
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