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Abstract: Rapid urban growth processes give rise to impervious surfaces and are regarded as the
primary cause of urban flooding or waterlogging in urban areas. The high rate of urbanization
has caused waterlogging and urban flooding in many parts of Dhaka city. Therefore, the study is
undertaken to quantify the changes in land use/land cover (LULC) and urban runoff extent based on
the Natural Resources Conservation Service (NRCS) Curve Number (CN) during 1978-2018. The
five-decadal LULC has been analyzed using three-generation Landsat time-series data considering
six different classes, namely agriculture, built-up, wetland, open land, green spaces, and water bodies
for the years 1978, 1988, 1998, 2007, and 2018. Significant changes in LULC for the study area from
1978-2018 are observed as 13.1%, 4.8%, and 7.8% reduction in agricultural land, green spaces, and
water bodies, respectively, and a 22.1% increase in the built-up area is estimated. Within Dhaka city,
14.6%, 16.0%, and 12.3% reduction in agricultural land, green spaces, and water bodies, respectively,
and a radical increase of 41.9% in built-up area are reckoned. The decadal runoff assessment has
been carried out using the NRCS-CN method, considering an extreme rainfall event of 341 mm/day
(13 September 2004). The catchment area under very high runoff category is observed as 159.5 km?
(1978) and 318.3 km? (2018), whereas, for Dhaka city, the setting is dynamic as the area under the
very high runoff category has increased from 74.24 km? (24.44%) to 174.23 km? (57.36%) in years
1978 and 2018, respectively, and, mostly, the very high runoff potential areas correspond to the dense
built-up surfaces.

Keywords: land use/land cover change; urban runoff; natural resources conservation service curve
number; Landsat time-series

1. Introduction

In recent decades, enormous urban expansion has given pace to massive land use/land
cover (LULC) changes, which significantly interrupts the territorial, regional, national,
and global environment along with its ecosystem [1-9]. This also has diverse impacts
on an urban settlement [7,10], urban hydrology and urban flood [11-13], arable land [14],
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deforestation, and its rapid transformation into a habitation, cropland, and others [1,15],
environmental degradation [16] including climate change at the local scale as well as glob-
ally [17,18]. The global urban population is estimated to nearly double by 2050 [19] with
an expected 1.8-2.4% increase by 2030, which may cost 80% global cropland deteriora-
tion in Africa and Asia [20]. Like other continents, Asia has also undergone rapid LULC
changes in the 21st century [21] and resulted in the land-use change of 6 million ha/year
at the expense of forest cover during 2000-2005 as compared to the year 1990-2000 [22].
Bangladesh is currently experiencing drastic urban growth in recent decades and ranked
as 4th within Asian countries with a rate of 4.8% during 2000-2011 [23]. Dhaka is the
3rd largest megacity of the world in 2020 as it was predicted by World Bank, 2007 and so
the city is expanding rapidly [24]. The resultant runoff inundates dense inner-city areas,
affecting a large number of urban dwellers living within the megacity, Dhaka. Thus, the
rampant urban sprawl and the consequent rise in rainfall-runoff [12,25-39], causes soil
degradation [40,41], loss of biodiversity [40,41], loss to agriculture activity, and tourism
industry [42], marked variation in biogeochemical and hydrological cycles [43-45], and a
gradual decline in ecosystem services [46]. It has been demonstrated that LULC changes
result in an unexpected impact on the global environment and runoff extent [12,29,47-51].

Rainfall-runoff modeling is a complex real-world phenomenon in the field of hy-
drologic engineering where LULC classes, soil types, water safeguarding, sedimentation
reduction, rainfall intensity, flood hazard zonation, and storm water runoff play the vital
role [52-54]. There are several hydrological models (e.g., variable infiltration capacity (VIC)
hydrological model, water flow and balance simulation model (WaSiM), soil and water
assessment tool (SWAT) hydrological model, hydrologic engineering center-hydrological
modeling system (HEC-HMS) model, MIKE URBAN, etc.) available to estimate direct
runoff potential from storm rainfall. Most of these models are data intensive, need calibra-
tion and have site specific applicability. In its initial phase, the physical laws are governed
on the designed conceptual models for simulating the dynamics of the chosen area [55,56].
These laws are represented by governing equations, which are solved mathematically
using a set of variables in space and time. The conceptual models have prerequisite sig-
nificant hydrological and meteorological data requirements. Most of the data required
are costly, time-intensive, and have challenging processes to collect, manage, and analyze
them [57]. Therefore, the preferred model should be simple, minimal data requirement,
static assumptions, and unpretentious [58]. The Natural Resource Conservation Service-
Curve Number (NRCS-CN) technique is globally used to derive direct runoff with respect
to rainfall event(s) for catchments across the globe [59-61]. The model’s characteristics
extend to land use, soil type, hydrological condition, and antecedent moisture condition
(AMC) and work efficiently for catchments of smaller dimensions [62,63]. The slope and
watershed area largely affect the storm water runoff generation [64-66]. In the present
century, it has become necessary to assess storm water runoff potential at various scale,
from basin to nation, nation to region, and region to global, to address future essentials
and sustainable development [12,67-70]. Thus, remote sensing augments the models” in-
put parameters by providing information for inaccessible areas and high spatio-temporal
variability [71-74]; and geographic information system (GIS) by providing high storage,
handling, data processing, analysis and manipulation capabilities which are strongly re-
quired for the hydrological model [56,75,76]. Moreover, archived remote sensing data
enable the opportunity for studying historical LULC dynamics.

The present study is undertaken to assess the decadal LULC change and storm water
runoff assessment in Dhaka city and surroundings during 1978-2018, which are derived by
the coupling of temporal remotely sensed Landsat time-series data, in-situ measurements,
and ancillary data using the NRCS-CN model in the geospatial platform.
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2. Materials and Methods
2.1. Study Area

Dhaka, the capital of the People’s Republic of Bangladesh, is the center of all devel-
opment activities of the country, the home to numerous state and diplomatic institutions.
The watershed area considered in this study encompasses Dhaka city and surroundings
and lies between 23°36'5”N to 23°55'49”N latitude and 90°8'36”E to 90°34'46”E longitude
(Figure 1a). The study area is spread over 846 km?, which is 0.57% of the entire geograph-
ical area of Bangladesh. The greater Dhaka city is surrounded by the Buriganga river
to the southwest; the Turag river to the northwest; the Balu river to the northeast, and
the Shitalakshya river to the south. The Dhaka district is bounded by Gazipur, Tangail,
Munshiganj, Rajbari, Narayanganj, and Manikganj districts [77]. Tropical vegetation and
moist soils characterize the land, which is flat and close to sea level. Topographically, the
catchment area is flat with surface elevation ranging from 1 m to 22 m, and, for Dhaka city,
it varies between 1 m to 14 m [78]. This leaves Dhaka city susceptible to flooding during
the monsoon seasons owing to heavy rainfall and cyclones. Dhaka is one of the most
densely populated megacities in the world, with a density of 68,561 people per km? [79].
The 400 years of urban growth scenario for Dhaka have been shown by Kabir and Parolin,
2012 (Figure 1b) [80].
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Figure 1. (a) study area location map; (b) 400 years of urban growth scenario of Dhaka city [80].
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The temporal Landsat images at a decadal time interval (1978, 1988, 1998, 2007, and
2018) covering the entire watershed were used along with the Shuttle Radar Topography
Mission (SRTM) 30 m digital elevation model (DEM) in the present study. The specifications
of the satellite data used are given in Table 1. In addition, a variety of other datasets are
used for demographic (population), rainfall analysis and soil map for hydrologic soil group
preparation (Table 2).

Table 1. Specifications of satellite data used.

. Date of Spatial Spectral
Satellite Sensor Acquisition Resolution Resolution Bands Used
Landsat 8 OLI 20.01.2018 30m 11 Bands B3, B4, B5, B6 & B7
Landsat 5 MSS 23.02.2007 30 m 7 Bands B2, B3, B4 & B5
™ 14.02.1998
19.02.1988
Landsat 2 MSS 03.02.1978 60 m 4 Bands B4, B5 & B6
SRTM SAR 11.02.2000 30 m - -
Table 2. Specifications of other data used.
Type of Data Source
Demographic data World Population Review
Rainfall data Bangladesh Meteorological Department
Soil map Soil Resources Development Institute, Bangladesh

SRTM 30 m spatial resolution DEM is used for the watershed delineation for the study
area using hydro-processing techniques with an area threshold of 3 km?. The methodology
flow chart (Figure 2) describes the entire workflow sequentially to the quantification of the
final runoff potential produced from the catchment.

RS Data Soil Map Rainfall
Landsat Time-series DEM HSG
Ground Hydrological P X
Truth ydrological Processing
h 4 l
LULC Mapping Catchment Delineation
AMC >
Accuracy Assessment
A4
" A

> NRCS-CN

v

Decadal Surface Runoff

Figure 2. Methodological flow chart.
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2.2. Land Use/Land Cover (LULC)

LULC plays a dominating role in direct runoff estimation and affects infiltration mecha-
nisms, hence considered as the fundamental input for the NRCS-CN method [51,60,63,81,82].
Landsat cloud-free time-series imagery were selected for preparing five decadal LULC
layers for the years 1978, 1988, 1998, 2007, and 2018 due to its long-term availability and
cost-effectiveness. All the images were obtained from the United States Geological Survey
website [83]. The acquisition dates of the collected data vary in-between late January to
late February because of seasonality, cloud, and fog-free data and finally to ensure data for
maximum closest dates. The supervised classification technique was used for LULC clas-
sification using the maximum likelihood classification algorithm. Contextual refinement
was carried out manually for each classified map. LULC classes have been categorized into
six different classes (Table 3) for the study area as follows: agriculture, built-up, wetland,
open land, green spaces, and water bodies [7,8,72,84,85].

Table 3. LULC and their corresponding CN values assigned [86-89].

CN Value According to HSG

Class Name Description A B P b
Agriculture Land used for agriculture, crop fields, paddy field, fallow lands, and 67 77 83 87
vegetable lands, fruits, and other cultivated lands
Built-Up All residential, commercial, and industrial areas, isolated and clustered 98 98 98 98
settlements, transportation, roads, services, mixed urban, and other urban
areas considered impervious in the present study
Wetland Permanent and seasonal wetlands, low-lying areas, marshy land, rills, 97 97 98 99
gully, and swamps
Open Land Barren land, bare and exposed soils, abandoned land, open space, landfill 77 86 91 93
sites, earth and sand in-fillings, brickfields, areas of active excavation,
uncultivated land, and construction sites
Green Spaces Deciduous forest, mixed forest land, palms, orchard, herbs, climbers, 55 72 81 86
gardens, inner-city recreational areas, parks and playgrounds, grassland
and vegetable, conifer, scrub, and others
Water Bodies River, permanent open water, lakes, ponds, and reservoirs 100 100 100 100
The accuracy assessment was performed on a GIS platform. Firstly, a total of 600
random points was generated for all six classes. Afterwards, with the help of training
samples, very high resolution Google images (using Google Earth Pro platform), and
various secondary sources, the ground truth points were finalized for each year from
1978-2018. Finally, the classification accuracies were assessed as 87.17, 89.07, 91.20, 86.67,
and 92.53 percent and kappa coefficients as 0.82, 0.84, 0.88, 0.82, and 0.89 for the years 1978,
1988, 1998, 2007, and 2018, respectively (Table 4).
Table 4. Accuracy assessment.
Year 1978 1988 1998 2007 2018
Class Name UA % PA % UA % PA % UA % PA % UA % PA % UA % PA %
Agriculture 85.35 92.41 92.23 95.19 91.79 96.09 87.42 89.10 90.83 94.29
Built-up 85.71 78.26 86.79 83.64 87.14 87.14 91.46 81.52 95.45 94.23
Wetland 66.67 83.33 72.73 88.89 91.89 97.14 84.21 88.89 89.47 87.18
Open land 84.62 64.71 94.74 81.82 100.00 80.00 81.82 84.38 100.00 100.00
Green spaces 90.65 86.61 85.00 80.95 90.74 89.91 81.48 86.27 88.52 90.00
Water bodies 95.00 90.48 89.29 83.33 100.00 75.00 88.89 100.00 100.00 84.62
OA % 87.17 89.07 91.20 86.67 92.53
Kappa 0.82 0.84 0.88 0.82 0.89

UA = User accuracy; PA = Producer accuracy; OA = Overall accuracy; Kappa = Kappa coefficient.
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2.3. Hydrologic Soil Group

Soil Resources Development Institute has recognized a total of 500 soil series in
Bangladesh and further reclassified into 21 general soil types. The different soil textures
present in the study area are peaty, loamy fine sand, sandy loam, clay loam, loam, mucky
clay, silt, and silty clay loam. However, most of the area are surrounded by clay and
loamy soil. The hydrologic soil group (HSG) is an essential input for the NRCS-CN model.
According to United States Department of Agriculture (2009) [88] and Musgrave (1955) [86],
soil reclassification has been done to produce the HSG layer considering soil characteristics
and their potential towards surface runoff (Table 5). It is seen that Dhaka city contains
all the four types of HSG classes, i.e., A, B, C, and D, where the soil type ‘D" denotes
high runoff potential, type ‘C” as high to moderate runoff potential soil group, type ‘B’
as moderate to low runoff potential and type ‘A’ as low runoff potential (Figure 3). The
study area is dominantly under HSG class ‘C’, followed by class ‘B’ and ‘D’. It is observed
that most of the urbanization has happened along the HSG class ‘D’ (Figure 3), which also
signifies high runoff potential. Cronshey (1986) has suggested a list of curve numbers that
can be assigned to different types of land uses with varying HSG classes [87].

Table 5. Hydrological Soil Group (HSG) characteristics [87,89].

HSG Characteristics

A Low runoff potential. Soils having high infiltration rates even when thoroughly wetted
and consisting chiefly of deep, well to excessively drained sands or gravels.

B Soils having moderate infiltration rates. e.g., shallow loess, sandy loam.

C Soils having slow infiltration rates. e.g., clay loams, shallow sandy loam.

D High runoff potential. Soils having slow infiltration rates, soils with a permanent high
water table, soils with a clay-pan or clay layer at or near the surface, and shallow soils
over nearly impervious material.
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Figure 3. Classified HSG soil map; e.g., various HSG type soils (A, B, C and D) represent the infiltra-
tion and runoff generations characteristics, HSG-A (sandy soils) having highest infiltration, thus least
runoff potential, whereas HSG-D (clay type) has the least infiltration and highest runoff potential.
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These LULC and HSG maps along with the look up table of CN-II (Table 3) [61,87-89]
values were used to derive the CN-II map (Figure 4). However, the selection of CN-II
values is based on the standard table; they can be subjective and usually calibrated when
we use them in an event based rainfall-runoff or a daily time scale hydrological model.
This study has not performed full scale hydrological or flood modeling, but has attempted
to estimate changes in runoff potential using CN-II based runoff values. The detailed
calibration of surface runoff can be taken as a separate study, where observed river flow
data can be used for calibration of CN values.

CN-Il Map

Bl ss- 0

[ ]701-80
[ ]so1-85
P 85.1-95
B o5 - 100
:] Dhaka city

Figure 4. CN-II map.
2.4. Antecedent Moisture Condition (AMC)

Antecedent moisture condition (AMC) refers to the moisture content present in the
soil at the beginning of the rainfall-runoff event under consideration [89]. It is well known
that AMC governs initial absorption and infiltration. The AMC of a particular watershed is
taken under consideration, so that the already present moisture content in the soil, which



Remote Sens. 2021, 13, 83

8 of 22

plays a significant role in generating runoff can be estimated. There are three levels of
AMC, as recognized by NRCS, as shown in Table 6 [89]. In the present study, the AMC-II
condition has been applied to estimate runoff extent.

Table 6. Antecedent Moisture Condition (AMC) conditions.

AMC Type Condition
AMC-I Soils are dry but not to wilting point. Satisfactory cultivation has taken place
AMC-II Average conditions
AMC-III Sufficient rainfall has occurred within the immediate past five days. Saturated

soil conditions prevail.

2.5. Overview of NRCS-CN

The NRCS-CN (Natural Resource Conservation Service-Curve Number) is a very
popular and widely used method of estimating rainfall excess from rainfall [90] and relies
on only one parameter, i.e., curve number (CN) [89]. The NRCS-CN model has been used
in this study to estimate the urban runoff potential using Landsat time-series (1978-2018)
data. The model presents a simplified procedure for estimating runoff potential in small
watersheds, which have been presented by using the CN method (Table 3), where the
CN values are assigned to various LULC classes. Thus, it has become very useful for
urban areas as the runoff potential is very high even in very small watersheds [63,91-95].
Therefore, after integrating all parameters, i.e., LULC, CNy; map, and rainfall, the runoff is
calculated for the entire watershed area as given in Equation (1):

P—1,)>2
Q= APl )
(P-1,+S)
Where Q is the runoff, P is rainfall, I, is the initial abstraction, and S = maximum
retention capacity as given in Equation (2):

25,400
S =

N, 25 and I, = 0.2S. )

Here, the rainfall P was taken from the maximum daily rainfall measured by the
Bangladesh Meteorological Department. Two different maximum rainfall events have been
used to quantify the surface runoff based on the observed rainfall data starting from year
1953. Therefore, until 1978, 326 mm/day was observed as a maximum daily rainfall event.
In addition, for the next two decades, it remained as the maximum rainfall; therefore,
326 mm/day rainfall was used as input also for the years 1988 and 1998. The next decade
onwards, 341 mm/day rainfall was observed in the year 2004, which was used as input for
the next two years, i.e., 2007 and 2018.

3. Results and Discussion
3.1. Rainfall Data Analysis

In the present study, daily rainfall data for 65 years (1953-2018) from the Bangladesh
Meteorological Department for Dhaka station have been used to analyze the rainfall trend.
It is found that maximum daily rainfall of 341 mm/day has occurred on 13 September 2004.
The annual maximum rainfall variation in a day (1953-2018) is shown in Figure 5, and it
should also be noted that, for the year 1974, the data were not available. The rainfall analysis
has been performed based on maximum daily rainfall of the past 65 year’s rainfall patterns
to know the return period of such high-intensity rain events so that the corresponding
flood hazard can be estimated. The climate change impact on flood frequency, magnitude,
and runoff variability has been assessed by a number of researchers. Mohammed et al.
observed that floods (extreme discharges) and hydrological droughts (low flows) will
become more frequent and severe in terms of incidence and extent in the coming days due
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to climate change [96]. Kirby et al. [97] also provided climate change has a greater impact
on runoff and evapotranspiration as compared to irrigation development.
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Figure 5. Annual daily maximum rainfall distribution in Dhaka during 1953-2018.

3.2. Decadal LULC Change Analysis

LULC changes have been investigated for the years 1978, 1988, 1998, 2007, and 2018,
using three-generation Landsat time-series data considering six different classes, namely
agriculture, built-up, wetland, open land, green spaces, and water bodies. The classified
LULC maps for corresponding years are shown in Figure 6. The change matrix among
inter-class and intra-class following the considered time-series has been performed.

2018

LULC types
Agriculture

B suit-up

F: Wetland

Open land
- Green Spaces
- Water bodies
D Dhaka city

Figure 6. Decadal land use/land cover maps (classified).
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Table 7 and Figure 7a illustrate the decadal LULC change analysis for the entire study
area for the chosen years. In addition, the LULC changes over the decades, i.e., 1978-2018,
1978-1988, 1988-1998, 1998-2007, and 2007-2018 have been performed. It has been found
that agricultural land has the largest share among all LULC classes, i.e., 41961.6 ha (49.57%)
and 30890.8 ha (36.51%) during the years 1978 and 2018, respectively. It has declined
at the rate of 13.1%, 6.6%, 4.3%, and 6.6% in the years 1978-2018, 1978-1988, 1998-2007,
and 2007-2018, respectively, whereas a sudden rise of 4.44% was observed in the year
1988-1998. Overall, 11,070.8 ha of agricultural land has diminished during the years
1978-2018. During the years 1978 to 2018, the built-up area has increased from 1458.36 ha
(1.7%) to 20,142.5 ha (23.8%), respectively; wetland has increased from 2686.68 ha (3.2%) to
5093.01 ha (6.0%), respectively due to possible paddy field (Aman-Boro rice cultivation
season) mixing with wetland pixels. A significant increasing trend for built-up areas is
noticed for the years 1988, 1998, 2007, and 2018 at the rate of 3.46%, 7.37%, 12.31%, and
23.8%, respectively, which is a clear indication of the impact of physical development,
rapid urbanization, industrialization boost-up, and rural-urban migration. In the case
of wetlands, an insignificant trend is observed for the years 1988, 1998, 2007, and 2018.
Similarly, the open land has insignificantly increased by 671.94 ha (0.08% of total area)
during the years 1978-2018. The green spaces have diminished by 4076.0 ha (4.8% of
the total area) due to urbanization in the megacity, Dhaka, with a population density of
68,561 per km?. Though the increase is observed only during 1978-1988 decade by 5.4%
and for the rest of the decades (1988-1998, 1998-2007, and 2007-2018), the decreasing
trend with 277.5 ha, 2707.3 ha, and 5615.8 ha, respectively, are noticed. During 1978-2018,
6628.1 ha (7.8%) of water bodies have diminished, wherein, during the decades (1978-1988,
1988-1998, and 1998-2007), the decline is at the rate of 2.1%, 7.7%, and 1.6%, respectively.
However, during the decade 2007-2018, it has increased at the rate of 3.6% due to various
initiatives undertaken by the Government to revitalize rivers.
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Table 7. Decadal LULC classes area (ha) and percentage (%) distribution along with the change matrix for the catchment area.

Year 1978 1988 1998 2007 2018 1978-2018 1978-1988 1988-1998 1998-2007 2007-2018

LULC ha % ha % ha % ha % ha % ha % ha % ha % ha % ha %
1 41,961.6 4959 36,358.7 4297 40,1179 4741 36,4613 43.09 30,890.8 36.51 —11,070.8 —13.1 —56029 —6.6 3759.2 44 —3656.6 —4.3 55705 —6.6
2 1458.36  1.72 2923.65 3.46 6238.8 7.37 10,4199 12.31 20,1425 23.81 18,684.1 22.1 1465.3 1.7 3315.2 3.9 4181.1 49 9722.6 115
3 2686.68  3.17 3558.6 4.21 349227 4.13 565794  6.69 5093.01 6.02 2406.3 2.8 871.9 1.0 —66.3 —-0.1  2165.7 2.6 -5649 —0.7
4 2767.68  3.27 3270.69 3.87 3068.55 3.63 443295 524 3439.62 4.07 671.9 0.8 503.0 0.6 —2021 —-0.2 13644 1.6 -9933 —-1.2
5 24,0239 28.39 28,5485 33.74 28,271 33.41 25563.7 3021 199479 2358 —4076.0 —4.8 45246 54 -2775 —-0.3 —-2707.3 —-32  —-56158 —6.6
6 11,727  13.86 9952.65 11.76 342414 4.05 2076.84 245 5098.95 6.03 —6628.1 —-7.8 —-17744 -2.1 —65285 —-77 13473 —-16 30221 3.6

1 = Agriculture; 2 = Built-up; 3 = Wetland; 4 = Open land; 5 = Green spaces; and 6 = Water bodies; ha = Area in hectare; and % = Percentage with respect to entire watershed/changed area percentage with respect
to 1978-2018; Positive value (+) = Increasing; and Negative value (—) = Decreasing.
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Figure 7. Relative LULC changes; (a) for entire catchment area; (b) for Dhaka city area during
1978-2018.

Decadal LULC Change Scenario of Dhaka City

Table 8 and Figure 7b show the LULC change scenario of Dhaka city with their areal
contribution and percentage with respect to the city, and inter-decadal change assessment.
During the period 1978-2018, the agricultural land has declined by 4300.5 ha (14.6%);
the recorded maximum extent of 11058.48 ha (37.6%) during 1978, whereas, for the years
1988, 1998, and 2007, the insignificant trend is observed with a massive reduction in the
year 2018. It is observed that the built-up area has followed an increasing trend over the
decades. During the year 1978, the areal extent of built-up was 1307.52 ha (4.4%), which
has increased by 7.9%, 16.8%, 27.9%, and 46.4% during the years 1988, 1987, 2007, and
2018, respectively. From the early 21st century, the built-up areal extent in Dhaka city
and surroundings has been triggered by the influence of urbanization, industrialization,
and development trend, which has resulted in an overall 41.9% (12345.5 ha) increase in
built-up area. The wetland and open land have demonstrated insignificant changes with
both increasing and decreasing trends during the period (1978-2018). During 1978-2018,
the vegetation/ green spaces and water bodies have shown significant changes in Dhaka
city, with their area declining by 4723.7 ha and 3635.7 ha (16% and 12.3%), respectively. In
the year 1978, both the classes shared 32.3% and 18.3%, which was the second and third
largest share, respectively, of the city area.
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Table 8. Decadal LULC classes area (ha) and percentage (%) distribution along with change matrix for the Dhaka city area.

Year 1978 1988 1998 2007 2018 1978-2018 1978-1988 1988-1998 1998-2007 2007-2018

LULC ha % ha % ha % ha % ha % ha % ha % ha % ha % ha %
1 11,058.5 37.6 11,1004 37.7 11,1974 38.0 9574.6 32.5 6758.0 23.0 —4300.5 —14.6 419 0.1 97.0 0.3 —-16229 5.5 —2816.55 —9.6
2 1307.5 44 2320.0 7.9 4953.2 16.8 8224.6 27.9 13,653.0 464 12,3455 419 1012.5 34 2633.2 8.9 3271.3 11.1 5428.44 18.4
3 630.0 2.1 670.3 2.3 674.6 2.3 453.3 1.5 1036.4 35 406.4 14 40.3 0.1 4.2 0.0 —2212 —-0.8 583.11 2.0
4 1529.3 5.2 1431.0 49 1486.6 5.1 2048.8 7.0 1433.6 49 —95.7 —-0.3 —98.3 -0.3 55.6 0.2 562.1 1.9 —615.15 2.1
5 9520.6 323 10481.1 35.6 10,098.5 34.3 7608.1 25.8 4796.8 16.3 —4723.7 —-16.0  960.6 33 —-3827 —-13 —24904 -85 281124 9.6
6 5393.5 18.3 3432.8 11.7 10254 35 1526.4 5.2 1757.8 6.0 —3635.7 —12.3 —1960.7 —6.7 —24074 -—-8.2 501.0 1.7 231.39 0.8

1 = Agriculture; 2 = Built-up; 3 = Wetland; 4 = Open land; 5 = Green spaces; and 6 = Water bodies; ha = Area in hectare; and % = Percentage with respect to Dhaka city area/changed area corresponding to
1978-2018; Positive value (+) = Increasing; and Negative value (—) = Decreasing.
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3.3. Decadal Runoff Assessment

The entire catchment is much larger as compared to the Dhaka city, which contains
natural flow from the upstream region and encompasses the city area. Thus, runoff potential
analysis has been performed for the entire catchment to identify the vulnerable section
of urban areas based on rainfall-runoff analysis and hydrological soil cover variability.
The NRCS Curve Number method has been used for estimating the runoff potential and
carried out for daily maximum rainfall observed as 341 mm/day on 13 September 2004, for
the hydrologic-soil-cover complex scenario of years 2007 and 2018; and 326 mm/day on 14
July 1956, for the years 1978, 1988, and 1998.

Figure 8 shows that the decadal storm water runoff-based inundation is relatively high in
most urbanized parts of the entire catchment. The runoff potential varies from 164 mm/day
to 341 mm/day and classified into five classes as follows: very high (315-341 mm/day),
high (275-315 mm/day), moderate (240275 mm/day), low (210-240 mm/day) and very low
(164-210 mm/day). Table 9 is showing the areal extent in square km and the percentage of
five distinct runoff classes for the entire catchment. The inundation area under the very low
runoff category is found to be varying between 0.2-1% of the total area during 1978-2018,
whereas the area under low category ranges between 0.4—4.6% with a sudden increase in
area by 40 km? and 37.6 km? in 1988 and 1998, respectively. Contrarily, the very high runoff
potential area has increased from 159.5 km? (18.3%) to 318.3 km? (36.5%) for the year 1978
and 2018, respectively. It is also observed that the inundated area has mostly occupied the
built-up surfaces. The area under the high runoff class has also increased throughout the
period except a sudden drop noticed in the year 1998. It is observed that the high runoff
potential area (km?) and mean runoff of the study area is increasing with respect to the
built-up area (%) (Figure 9). In addition, the mean runoff has increased from 277 to 301
mm/day during the year 1978 to 2018, and the built-up area has increased by 22.1% of the
total area during this period.

2018 =g

CN-Il Map J
Bl ss5- 0

[ 701-80

[ ]8o01-8s5

I 85.1-95

N s5.1 - 100
Dohakacny

Figure 8. Surface runoff computed using NRCS-CN method for the catchment area.
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Table 9. Decadal runoff classes with inundation area (km?) and percentage (%) respect to the
catchment area.

2018 2007 1998 1988 1978
Runoff km? % km? % km? % km? % km? %
VL 3.4 0.4 1.7 0.2 8.5 1.0 7.9 0.9 6.6 0.8
L 3.9 0.4 9.6 1.1 37.6 4.3 40.0 4.6 32.1 3.7

M 106.8 12.3 115.7 13.3 564.3 64.7 510.1 58.5 527.5 60.6
H 439.1 50.4 516.0 59.2 125.3 14.4 152.5 17.5 144.2 16.6
VH 318.3 36.5 228.6 26.2 135.9 15.6 161.1 18.5 159.5 18.3

VL = Very low; L = Low; M = Moderate; H = High; and VH = Very high; km? = Area in square

kilometer.
e 2
305.0 26.0
- 300.0 1.0
5 295.0 9
"':: S
= 200.0 16.0 S
= <
% 285.0 11.0 &
S 2800 =
= 60 2
275.0 A
270.0 1.0
1978 1988 1998 2007 2018
e===Mean runoff e====Built-up Area
- /

Figure 9. Relationship between built-up area and mean runoff during 1978-2018.

Decadal Runoff Scenario of Dhaka City

Table 10 shows that Dhaka city has experienced very high urban runoff over the
decades, mostly inundating the built-up areas as shown in Figure 10, covering 174.23 km?
area in the year 2018 (57.36% of total area), whereas area under very high runoff covered
74.24 km? area (3rd largest, with a share of 24.44% of total area) in the year 1978. In the
years 1998 and 2007, the area under the very high runoff category has increased rapidly
by 69.40 km? and 126.05 km?, with a share of 22.85% and 41.50%, respectively. Similarly,
the high runoff potential area covers 126.35 km? area (41.59%, second largest) in the year
2018, whereas the area under high runoff covered 113.96 km? area (37.52% of total area)
in the year 1978. The inundated area under the moderate runoff category is found to be
insignificant for the years 2018 and 2007. However, moderate runoff is found in the years
1998, 1988, and 1978 covering 45.54% area, i.e., second largest covering 39.70% and similarly
36.81% of the city, respectively. Low and very low runoff contributing area is recorded
insignificantly over the study period.
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Table 10. Decadal runoff classes for Dhaka city with inundation area (km?) and percentage (%) with
respect to the city area.

2018 2007 1998 1988

1978
Runoff km? % km? % km? %

ka % km2 %
VL 0.56 0.18 0.08 0.03 243 0.80 2.31 0.76 2.35 0.77
L 1.24 0.41 2.84 0.94 1.66 0.55 1.48 0.49 1.41 047
M 1.39 0.46 2.00 0.66 13834 4554 12060 39.70 111.81 36.81
H 126.35 4159 17279 56.88 9193  30.27 115.08 37.88 11396 37.52

VH 17423 5736 126.05 4150 6940 2285 6429 21.16 7424 2444

VL = Very low; L = Low; M = Moderate; H = High; and VH = Very high; km?2 = Area in square
kilometer.

LULC Runoff N
Bt 2018

LULC types

Agriculture

- Built-up

. Wetland

Open land

- Green Spaces
- Water bodies

A,

%3

Runoff (mm/day)

I 176.8-210 Very Low
[ ] 210.1-240 Low
[ ] 240.1 - 275 Moderate
[ 275.1- 315 High

Il 315.1- 341 Very High

Figure 10. Comparison of surface runoff with land use/land cover for Dhaka city.

3.4. Validation

The study has been undertaken for the quantification of urban runoff over five decades.
Dewan and Yamaguchi [78] have reported that flood inundation of the greater Dhaka
for the years 1988, 1998, and 2004 were 47.1%, 53%, and 43%, respectively. It is also
revealed that rapid LULC change plays a vital role in escalating the flood processes,
which also signifies the findings of the present study. Barua and Ast have also shown the
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monsoon flood inundation for the year 1998 [98]. Similarly, Sayed and Haruyama 2016 have
reported that 70% of the Greater Dhaka area is under moderate to very high flood hazard
zone [99]. Several national and international electronic media have also shown the on-street
historic flood scenario due to sudden and extreme rainfall events every year (Figure 11).
Furthermore, to understand the efficacy of the storm water drainage network for Dhaka
city, a study using a Storm Water Management Model (SWMM) can be undertaken.

!’

Only 3-hr rain floods most Dhaka streets

Figure 11. Ground scenario of Dhaka storm flood (a) The inundation occurred due to only 81 mm of
rains between 6:00-9:00 a.m., 1 June 2018 [100]; (b) Dhaka flood inundation, 21 March 2018 [101] (c)
Dhaka flood, 14 September 2007 [102]; (d) flooded Dhaka city [103], and (e) near Sonargaon hotel, 2
September 2015 [104].

4. Conclusions

The present study aimed to analyze the spatio-temporal variability of urban runoff
characteristics in parts of Dhaka city corresponding to extreme rainfall events in comparison
to decadal LULC changes from 1978-2018. It is observed that within catchment area during
1978-2018, 11,070.8 ha of agricultural land has diminished (13.1%); 18684.1 ha of built-up
area has increased (22.1%); 2406.3 ha of the wetland has increased (2.8%); 671.9 ha of open
land has increased (0.8%); 4076.0 ha of vegetation/ green spaces has diminished (4.8%),
and 6628.1 ha of water bodies has diminished (7.8%). On the other hand, the LULC change
scenario observed for the Dhaka city over the period 1978-2018 reveals that 4300.5 ha
of agricultural land has diminished (14.6%); 12,345.5 ha of built-up area has drastically
increased (41.9%); 406.4 ha of the wetland has increased (1.4%); 95.7 ha of open land
has decreased (0.3%); 4723.7 ha of vegetation/ green spaces has diminished (16.0%), and
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3635.7 ha of water bodies has diminished (12.3%), which is more alarming for the city to
tackle current urban storm water runoff.

As it is evident from the current analysis of rainfall, urban growth, and LULC change
of the last 40 years, the number of very high rainfall events have increased (one event of
daily rainfall >300 mm during 1953-2001; two events >300 mm rainfall from 2002-2018)
(Figure 5) as well as exponential urban and population growth. In the future, due to
increasing build up land use and the chance of occurring more high rainfall events, the
urban flooding is bound to increase.

The runoff assessment using NRCS-CN reveals the significant increase during the
above period and mostly in the urbanized areas. The very high and high runoff areas
have increased within catchment from 159.5 km? (18.3%) and 144.2 km? (16.6%) in the
year 1978, to 318.3 km? (36.5%) and 439.1 km? (50.4%) in the year 2018, respectively, which
is spread throughout the urban and peri-urban areas; and very low and low runoff area
reveal insignificant trend along with the significant contribution of moderate runoff area
i.e., 527 km? (60.6%), 510.1 km? (58.5%) and 564.3 km? (64.7%) for the year 1978, 1988,
and 1998, respectively. In Dhaka city, the scenario is found to be very alarming as very
high runoff has increased from 74.24 km? to 174.23 km? sharing 24.44% and 57.36% of
the city area for the year 1978 and 2018, respectively, which mainly coincide with dense
built-up surfaces; on the contrary, low and very low runoff area reveals an insignificant
trend sharing a very small area, similar to catchment area; the high runoff area is found
to be almost the same in years 1978 and 1988, whereas, from 1998 to 2018, the inundation
area has significantly increased from 91.93 km? to 126.35 km?, sharing 30.27%, 41.59%,
respectively; and moderate runoff area exhibited an increasing trend in the year 1978-1998
and an insignificant trend in the year 2007-2018.

Therefore, the study demonstrates the urban storm water runoff scenario in parts of
Dhaka city and its surrounding area based on the NRCS-CN model considering LULC
change analysis over the decades. One of the limitations of the present work is considering
a single urban built-up LULC class, which has resulted in very high CN value. This class
can be improved with level 3 or 4 urban LULC classes using high-resolution remote sensing
data, giving better control over CN values in this area. Therefore, it is recommended that
further studies can be undertaken with improved datasets such as high-resolution remote
sensing data and DEM, high temporal rainfall data (15 minutes’ interval rainfall data is
recommended). Additionally, the storm water modeling software, such as SWMM or MIKE
URBAN, and other modeling techniques can be used for comparison.
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