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Abstract: In Bangladesh, rapid population growth and associated land-use changes are escalating
water scarcity issues, which will be further exacerbated under ongoing climate change. As such,
predicting the consequences of climate and land-use change on freshwater supplies is critical for
the sustainable management of water resources. In this study, a Soil and Water Assessment Tool
(SWAT) associated with a Land Cover Model (LCM) were used to simulate long-term stream flows
in the Halda Basin, Bangladesh, under baseline and future climate and land-use change scenarios.
In addition, the separate and combined impacts of both types of change on long-term streamflow
projections were assessed. Results indicate that by the 2060s, the maximum temperature of the
Halda Basin may rise by 1.6 ◦C in comparison to the baseline 1986–2005 period, while minimum
temperature will also increase, albeit at a lower rate than maximum temperature. Precipitation during
the dry season is expected to increase, although it may decline in the monsoon period. Simulations
show that these changes in climate are likely to increase future streamflow in the Halda catchment,
with monthly streamflow influenced mainly by the variability in precipitation. The LCM projected
decreases in grassland along with cultivated land at the expense of artificial areas. Combined, future
climate and land-use changes are projected to increase annual streamflow, with climate change
likely to be a greater driver of altered streamflow than land-use changes. Our results should guide
environmental management authorities in more sustainable and strategic water resource planning
under global climate change.

Keywords: Halda Basin; hydrology; climate change; land-use change; land cover change; SWAT model

1. Introduction

Water security is one of the most challenging environmental issues of the 21st cen-
tury [1,2], with global warming resulting in an intensification of the hydrological cycle [3],
altering the timing and allocation of freshwater resources [4]. Indeed, recent changes in
the balance between precipitation, runoff and evapotranspiration have been attributed to
anthropogenic climate change [5].

Developing countries are particularly vulnerable to the adverse effects of global
climate change, due to their lower capacity for adaptation and mitigation, high population
density and poverty [6]. This includes Bangladesh, one of the most densely populated
countries in the world. This country’s rapid population growth and economic development
have resulted in the excessive withdrawal of freshwater supplies, causing water scarcity
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issues [7]. This, in turn, has aggravated food shortages leading to adverse impacts on
human and ecosystem health [8]. Additionally, Bangladesh experiences strong climate
variability with alternate periods of floods or drought, which exacerbate water crises. As
such, more effective monitoring of freshwater dynamics and quality is vital for managing
river basins and reconciling water availability and demand (e.g., [9,10]).

Since hydrological conditions differ from place to place, the influence of climate change
on local hydrological processes will be expected to vary between neighboring regions even
under the same climate scenarios [5]. Hence, quantifying the impacts of climate change on
water resources and understanding links to climate variability and anthropogenic pressure
has emerged as a major area of research [11].

Water resource management and land-use changes are intrinsically linked. Water
resources are dependent on vegetation state and function, which is affected by environ-
mental change [12]. Approximately 40% of the earth’s land surface has been altered by
anthropogenic activities, substantially reducing the world’s natural vegetation cover by
clearing woody vegetation to expand cropland and pasture [13]. In addition, land-use
activities (such as farming, grazing, logging, tree planting and urbanization) alter the hy-
drological process, exerting impacts on the hydrological cycle by transforming water flow
pathways and, therefore, have the potential to affect water resource management [14,15].
Generally, runoff increases with the growth of built-up areas and decline of natural veg-
etation, whereas higher water demand and corresponding water withdrawal decrease
runoff [16–18].

The integration of the Soil and Water Assessment Tool (SWAT) with land-use simula-
tion models [19–21] provides an approach to assessing the impact of alternative land-use
and land cover (LULC) scenarios on hydrology [22]. Furthermore, SWAT has demonstrated
its capability in different parts of the world to assess the impacts of land-use changes
(e.g., [23,24]), climate change (e.g., [25,26]), or both simultaneously (e.g., [27–30]). However,
in Bangladesh, little work has been undertaken on using hydrological models to develop
management plans for river basins. Spanning almost 570 km2, the Halda Basin (Figure 1)
is one of the most important river basins in Chittagong, a major coastal hub in southeastern
Bangladesh, and a key source of drinking water for the surrounding region. The basin is
also an ecologically sensitive area that is the primary spawning ground for Indian major
carps [31]. However, the Halda Basin has undergone rapid deterioration of water quality
and aquatic life. During the last three decades, the southern region of this basin has ex-
perienced a significant increase in total precipitation, the total number of rain days, and
maximum daily temperature [32]. Additionally, the catchment hydrology of this region is
being impacted through different human interventions [33].

To date, no scientific study has been conducted to investigate the impact of global
climate change and territorial land-use change on long-term streamflow oscillations in
the Halda Basin, motivating us to perform this study. Thus, we applied the SWAT model
to simulate streamflow in the Halda Basin under land-use and climate change scenarios,
and assessed their separate and combined impacts on projections of future streamflow.
The results presented provide a useful platform for regional and national stakeholders
involved in water management to undertake sustainable planning for the use of freshwater
resources in this region.
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Figure 1. The Halda Basin, southeastern Bangladesh. The inset map shows the stream network of the Halda Basin.

2. Materials and Methods
2.1. Study Area Description

The Halda Basin originates in the Chittagong Hill Tracts (Figure 1), where several hilly
streams feed it along with 12 tributaries located in the downstream reaches. The Halda
River has experienced substantial alterations to its flow pattern due to the construction of a
rubber dam, rapid urbanization and industrialization, and increases in agriculture within
the basin [34]. Subsequently, its rate of water discharge has declined, particularly in the
dry season.

2.2. Data Sources and Methods

In this study, we projected future climate scenarios from two representative concen-
tration pathways (RCP 4.5 and 8.5) and five regional climate models (RCM) (Table S1).
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RCP 4.5 is an intermediate scenario where radiative forcing (RF) stabilizes at 4.5 W m−2 by
2100, and atmospheric CO2 concentration reaches 576 ppm (ensemble average) by 2080,
after which it stabilizes [35]. RCP 8.5 is a business-as-usual trajectory where RF reaches
8.5 Wm−2, and atmospheric CO2 concentration reaches 1231 ppm by 2100 [36].

A five-member ensemble of projected daily precipitation (prec) and daily maximum/
minimum temperature (tmax and tmin, respectively) data were collected from the Coordi-
nated Regional Climate Downscaling Experiment (CORDEX) South Asia domain database
(http://cccr.tropmet.res.in/home/ftp_data.jsp, accessed on 24 September 2016). CORDEX
is sponsored by the World Climate Research Program (WCRP) to produce an improved
generation of regional climate change projections. CORDEX contains high-resolution data
from 1971 to 2100, with a grid resolution of 0.5◦ latitude × 0.5◦ longitude. Although data
from 11 regional climate models (RCM) are included in CORDEX, we downloaded data for
only five RCMs for both RCPs to maximize data availability (Table S1).

2.3. Bias Correction of the RCM Outputs

Numerous bias correction methods have been developed for local climate studies [37]
to reduce uncertainty from different climate models [38,39]. These methods range from
simple scaling to more sophisticated approaches [40]. For this study, we used the delta
method for temperature [41] and quantile mapping (QM) [10,42,43] for precipitation. This
requires that the climate change signal (i.e., the delta or anomaly) is applied to the baseline
climate to simulate future time periods based on the use of a change factor [41]. In doing
so, daily variability is assumed to be of the same magnitude in the future and reference
periods. The advantage of the delta method is that it is relatively straightforward to apply
and can be applied to the full range of available non-stochastic variables (i.e., temperature).
However, it cannot be applied to non-normal distributions, i.e., daily precipitation, and
cannot account for changes in the length of dry and wet spells or extreme events [44].
To ensure realistic daily and inter-annual variability, we used QM to bias correct daily
precipitation [37].

2.4. Projection of Land Cover Change

We obtained landcover maps for the years 2000 and 2010 from the Global Landcover
Dataset (www.globeland30.org, accessed on 24 September 2016). The main land-use types
for the two time periods were: cultivated land, forest, grassland, water bodies, and artificial
surfaces. We used Clark Lab’s Land Change Modeler (LCM) of TerraSet (v 2016) to analyze
land-use changes between 2000 and 2010, and forecast future land-uses for the 2020s, 2040s
and 2060s. LCM consists of a transition potential sub-model (to assess drivers of land-use
changes over the baseline period) and a change prediction model (a multi-layer Perception
Markov Chain Model (MLP_ Markov)). Initially, each land cover category’s net gain and
loss across the two historical periods were assessed.

In LCM, the usual constraints that alter LULC include existing built-up areas, water
bodies, road networks, etc. Here, we considered slope, distance to roads and railways, and
population growth as potential drivers of any changes for the transition sub-model. Next,
the change prediction model forecasted the allocation of land cover for each of the future
periods. This approach is summarized in the flow chart in Figure 2.

2.5. Hydrological Modeling

In this study, the Soil and Water Assessment Tool (SWAT, [45]) was used to assess the
impact of climate and land-use changes on water resources across the Halda Basin.

The SWAT model was run at daily steps from 2006 to 2070 with RCP 4.5 and 8.5 sce-
narios of bias-corrected daily tmax, tmin and prec data for simulating future discharge. To
determine the relative importance of climate change, land-use change, and their combined
effect on streamflow, we generated two sets of simulations: a) climate change-only (CC)
and b) climate and land-use change (CC + LUC). We then calculated the ratio of streamflow

http://cccr.tropmet.res.in/home/ftp_data.jsp
www.globeland30.org
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from the CC simulation compared to the CC + LUC simulation to calculate the portion of
streamflow arising from land-use change only.
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Figure 2. Schematic diagram of the Land Change Model used to forecast future land-use across the
Halda Basin, Bangladesh, for the 2020s, 2040s and 2060s.

Linear regression between simulated streamflow and year was undertaken to deter-
mine whether there were trends in the simulated data [46]. A 95% cutoff for significance,
i.e., the probability of accepting the null hypothesis of no change is <0.05, was used in
this study.

3. Results and Discussion

We used an existing streamflow model that was previously developed and calibrated
for the Halda Basin [47]. On validation, the model was found to have a satisfactory
performance with a goodness of fit measure (R2) of 0.80 and NSE of 0.71 [47]. We ran the
calibrated SWAT model at daily steps from 2006 to 2070 with RCP 4.5 and 8.5 scenarios of
bias-corrected daily maximum/minimum temperature (tmax and tmin) and precipitation
(prec) data for simulating future discharge.

3.1. Future Temperature and Precipitation Changes

The change in mean daily tmax and tmin for the projected 2006–2070 period, relative to
the baseline 1986–2005 period, was calculated for all five RCM experiments under the RCP
4.5 and 8.5 scenarios (Figure S1). Monthly tmax is projected to increase across all months
under both RCPs. By the 2060s, tmax is projected to be on average 0.95 ◦C and 2.3 ◦C
warmer than the baseline period under RCP 4.5 and 8.5, respectively (Table 1). Although
the increase under RCP 4.5 is relatively consistent across all months, under the higher
emission pathway (RCP 8.5) winter temperature (December–February) is projected to
increase slightly faster. Tmin is also projected to increase across the 21st Century, although
at a lower rate than tmax. By the 2060s, tmin across the Halda Basin is likely to be 0.95 and
1.3 ◦C warmer than the baseline period for RCP4.5 and RCP 8.5, respectively (Table 1).
Rates of increase are relatively uniform across all months under both RCPs.
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Table 1. Inter-decadal variability in mean temperature changes (◦C) relative to the baseline 1986–2005,
for RCP 4.5 and RCP 8.5 scenarios. Results are based on the average of a five-member regional climate
model ensemble.

Decade Tmax
4.5

Tmin
4.5

Change
Tmax 4.5

Change
Tmin 4.5

Tmax
8.5

Tmin
8.5

Change
Tmax 8.5

Change
Tmin 8.5

Baseline
1986–2005 30.6 21.0 NA NA NA NA NA NA

2010–2019 31.0 22.0 0.4 0.9 30.7 22.1 0.1 1.1

2020–2029 32.0 22.0 1.4 1.0 31.1 22.2 0.5 1.1

2030–2039 32.1 22.0 1.5 0.9 31.5 22.2 0.9 1.2

2040–2049 31.5 22.0 0.9 0.9 31.7 22.3 1.1 1.2

2050–2059 31.7 22.0 1.0 0.9 32.3 22.3 1.6 1.3

2060–2069 31.6 22.0 1.0 0.9 32.9 22.3 2.3 1.3

The analysis of the decadal mean air temperature shows interdecadal variability
(Table 1). Under RCP 4.5, tmax is projected to increase most rapidly in the 2030s, to 1.5 ◦C
above the baseline, and then rises more slowly. By contrast, tmin is projected to continue to
rise steadily until at least the 2060s. Under RCP 8.5, both tmin and tmax are projected to
continue rising until at least the 2060s. Similar findings were also recently projected by [48],
who report that Southeast Asia will face an increase in temperature through to the late 21st
Century, which will cause frequent changes and shifts to monsoon precipitation.

Annual precipitation during the baseline period averaged 3225 mm p.a. (±609 mm).
Precipitation over the monsoon period (June–September) averaged 565 mm (±128 mm)
per month. In contrast, during winter (December–February), the driest part of the year,
total precipitation over the baseline period averaged 13 mm per month (±12 mm).

Averaged across the five RCMs, annual precipitation for both RCP scenarios is pro-
jected to decrease ~231 mm from the baseline (269 mm). However, there is some variability
in projections for the monsoon period (Figure 3). Future declines in precipitation were also
reported by [49], who used RCMs to produce high-resolution climate data for evaluating
climate effects in the Ganges-Brahmaputra-Meghna (GBM).
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By the 2060s, annual precipitation is projected to decline ~234 mm compared to the
baseline period (i.e., 13% decrease) (Table 2). Precipitation during the monsoon period
(June–September) is projected to be an average of 16% per month lower than the baseline
monsoon (565 mm), while the dry months are projected to experience an increase in precipi-
tation of ~108% (14 mm) relative to the baseline. These results are consistent with [50], who
reported projected increases in precipitation during the dry months (November–January)
by 2075, in Bangladesh’s Brahmaputra Basin. Similarly, [51] argued that dry months would
experience greater precipitation increases than the monsoon period. Our results also in-
dicate that while the quantity of annual precipitation may decline, the overall number
of wet days (i.e., >0.9 mm) is projected to increase (baseline = 133; 2060s, RCP 4.5 = 200,
RCP 8.5 = 286).

Table 2. Inter-decadal changes in monthly precipitation (mm) compared to the baseline period
1986–2005.

Statistic Baseline
1986–2005 2010–2019 2020–2029 2030–2039 2040–2049 2050–2059 2060–2069

Mean 268.7 235.5 226.8 227.0 234.2 237.8 234.2

Median 218.6 230.8 223.4 223.4 235.4 239.0 233.1

Maximum 719 256.3 258.6 255.3 252.1 251.9 245.1

Minimum 5.4 213.8 216.4 201.5 213.3 219.0 225.4

Std. Dev. 249.7 15.8 12.1 16.7 12.3 11.9 6.7

3.2. Impact of Climate Change on Streamflow

Annual, monthly, and seasonal streamflow were calculated for 2006–2070 under
both RCPs while retaining land-use conditions for the year 2000 (Figure 4). Averaged
annual streamflow across the Halda River Basin is projected to increase during the 21st
Century, compared to the baseline period 1986–2005 (562 m3/s). Simulated results for RCP
4.5 indicate that annual streamflow will continue to increase through to at least the 2060s
(i.e., ~674 m3/s). While RCP 8.5 simulates a major increase in annual streamflow by 2020
(i.e., from 562 m3/s to 673 m3/s), a decline is projected to occur at some point between
2020 and the 2040s and continue until the 2060s (643 m3/s).
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Considerable differences for monthly streamflow trends were found. By the 2060s,
the greatest increase in monthly streamflow is projected to occur in February (16 m3/s
for RCP 4.5 and 12 m3/s for RCP 8.5, representing 633% and 469% increase under these
scenarios, respectively (Figure 5), relative to the baseline of 2.2 m3/s). In contrast, July is
projected to experience the greatest decline, i.e., −21% (97 m3/s) and −24% (94 m3/s) for
RCP 4.5 and 8.5, respectively. On a seasonal basis, these represent an increase in streamflow
during the dry season of 134% and 110% for RCP 4.5 and 8.5, respectively, by 2060s. In
contrast, streamflow during the monsoon season is projected to decline by −8% (RCP 4.5)
to −13% (RCP 8.5). These results are in contrast to other hydrological studies for this region
(e.g., [52–54]), which could be because the resolution of the RCM is too coarse for a small
catchment and therefore, does not capture the behavior of land-atmosphere dynamics.
Other uncertainties could be associated with local-scale patterns in downscaling or bias in
modeled precipitation [55].

Ref. [56] also argued that future changes of hydrological variables are larger in the
dry season, very likely because small absolute changes during the dry season lead to large
proportional changes. These results of increasing streamflow in dry months are consistent
with simulations for the Brahmaputra River Basin reported by [49,57]. To summarize,
SWAT models indicate that, as a result of changes in precipitation, the Halda Basin is likely
to experience lower streamflow in the monsoon period, thus reducing flood potential and
risk in the wet season.

Imminent environmental change is anticipated to alter the global hydrological cycle,
resulting in changes to the regional distribution of freshwater supplies. However, regional
precipitation and temperature projections differ between models, making future water
resource projections highly uncertain. Climate scenarios for this study were derived from
five regionally downscaled RCMs and can show substantial variation in their precipitation
forecasts. As such, streamflow may also vary depending upon which future eventuates.
Correlations of streamflow and year based on data from individual RCMs can highlight
some of these between-model differences (Figure 5). Indeed, there are substantial dif-
ferences among some of these models, which could result in very different outcomes in
terms of streamflow, depending on which ‘future’ eventuates. For instance, CSSM (RCP
4.5) simulates a period of very little change in streamflow for the pre-monsoon season,
spanning almost 30 years, followed by an abrupt increase around the 2040s. In contrast,
IHEC (RCP 4.5) has substantial inter-annual variability up until around 2050, after which
there is considerably less variability in both the monsoon and pre-monsoon periods. IHEC
(RCP 8.5) has several years with anomalously high pre-monsoon streamflow.

3.3. Impact of Land-Use Changes

The Halda River Basin covers 569 km2. Across this area, the primary LULC categories
in the year 2000, were cultivated land (311 km2), followed by forest (176 km2), artificial
surfaces (64.5 km2), grassland (16.1 km2) and waterbodies (0.6 km2) (Table 3).

Table 3. Land-use change in Halda River Basin between 2000 and 2010, and the area projected for
each land-use category for the 2020s, 2040s and 2060s.

2000 2010 Change 2020s 2040s 2060s
Land Type (km2) (km2) (%) (km2) (km2) (km2)

Artificial surfaces * 64.5 106 64.2 136.4 175.3 197.6
Cultivated land 311.3 273.7 −12.1 242.9 203.9 181.5

Forest 175.6 174.1 −0.9 174.1 173.8 173.8
Grass 16.1 14.1 −12.8 14.6 15 15

Waterbody 0.6 0.4 −38.7 0.4 0.4 0.4
* Artificial surfaces include residential, commercial and industrial zones.
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During the period from 2000–2010, substantial changes in LULC took place across
the Halda Basin. Generally, the trend was the conversion of grassland to forest and of
grassland and cultivated land to settlement or artificial surfaces and forest (Figure 6). The
changes were mainly caused by government reforestation policy, which led to spatial shifts
in forests (with little overall increase in area) and decreases in grassland and cultivated
land. The key changes were mostly found in the transition of cultivated land and grassland
to artificial surfaces, which increased from 64.5 km2 in 2000 to 106.0 km2 in 2010.
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Using the LCM, we created a map of transitions. Different constants or time-dependent
drivers, such as slope, distance from road, railways, and population, were added as
the transition sub-model. Multi-layer Perception Markov Chain Model (MLP Markov)
was offset by gains elsewhere (via conversion of previously cultivated or built-up areas),
resulting in a net change of −0.03%. Cultivated land lost 15.20% to forests and artificial
surfaces and gained 4.04%, with a net change of −3.65%. We then used these changes to
project future land-use and land cover maps for the 2020s, 2040s and 2060s (Figure S2).

This model suggests that artificial surfaces will continue to expand at the expense
of other land cover categories. Due to urbanization and industrial development, the
percentage of artificial surfaces is projected to increase by 206% (from 64.5 km2 in 2000 to
197.6 km2 in the 2060s). In contrast, cultivated land is projected to decline by 42% (from
311.3 km2 in 2000, to 181.5 km2 in the 2060s) and water bodies by 35% (from 0.58 km2 in
2000, to 0.37 km2 in the 2060s) (Figure 6). Ref. [58] also reported a significant LULC change
over the period 1978–2017. According to their findings, economic development played a
key role in the decline of vegetation cover and water bodies in the Halda Basin at a rate of
35.10% and 85.47%, respectively, across the last 40 years.
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3.4. Combined Effects of Climate and Land-Use Change

Under RCP 4.5, streamflow is likely to decline by ~3% between the baseline 1986–2005
and 2005–2020, and then increase by ~14% over the period 2020–2040 and 2040–2060
(Table 4). Streamflow in the wet season is projected to decline across the three future time
periods, although dry season streamflow is projected to more than double. While similar
patterns are also projected for the wet and dry season under RCP 8.5, annual streamflow is
projected to be 13 and 16% above the baseline by the 2020s (633 m3/s) and 2060s (654 m3/s),
respectively.

Table 4. Simulated annual and seasonal changes in streamflow across the Halda River Basin for the future periods (2020s,
2040s and 2060s) under RCP 4.5 and 8.5 scenarios. Two simulations were run, one considering climate change only and a
second considering climate and projected land cover changes. Values for streamflow and the ratio are presented in m3/sec
and as medians of the five climate models. Here ± denotes standard deviation. Values for streamflow associated with
changes in land-use only were then calculated as the ratio of the CC to CC/LULC simulations.

Reference Streamflow
(m3/s) Baseline 2020s (4.5) 2040s (4.5) 2060s (4.5) 2020s (8.5) 2040s (8.5) 2060s (8.5)

Baseline
Annual 562 (±119)

Wet Season 400 (±17)
Dry Season 47 (±13)

Climate change
simulation

Annual 596 (±43) 620 (±38) 674 (±37) 673 (±50) 659 (±46) 643 (±45)
Wet Season 355 (±11) 349 (±10) 367 (±9) 365 (±11) 358 (±10) 349 (±9)
Dry Season 103 (±14) 101 (±14) 110 (±15) 105 (±14) 103 (±16) 98 (±16)

Climate &
Land-use change

simulation
Annual 544 (±21) 639 (±58) 641 (±59) 633 (±66) 647 (±58) 654 (±50)

Wet Season 360 (±10) 353 (±10) 360 (±9) 371 (±11) 356 (±9) 348 (±10)
Dry Season 103 (±14) 101 (±14) 105 (±16) 105 (±14) 103 (±16) 98 (±16)

Land-use
simulation Annual 1.1 0.97 1.05 1.06 1.02 0.98

Wet Season 0.99 0.99 1.01 0.98 1 1
Dry Season 1 1 1.04 1 1 1

By the 2060s, streamflow for the dry month of February is projected to increase by
600% (16 m3/s) and 452% (12 m3/s) under RCP 4.5 and 8.5, respectively, compared to the
baseline period. Streamflow for the entire dry season is projected to increase to 110 m3/s
under RCP 4.5 and 98 m3/s under RCP 8.5, relative to the baseline (47 m3/s). In contrast,
streamflow during the monsoon is projected to decline from the baseline of 400 m3/s to
367 or 349 m3/s under RCP 4.5 and 8.5, respectively.

Hence, the results suggest that there will be higher precipitation and streamflow
during the dry period, which may be beneficial to farmers. For example, an important crop
in this region is Boro Rice, known as a high water-demanding crop. Currently, during the
dry period from December–March, approximately 80 to 135 million m3 of water needs to
be withdrawn from the Halda Basin to cultivate Boro Rice and winter vegetation [34].

These results demonstrate that streamflow will likely increase in the long term under
both RCP scenarios under the combined impact of climate and land-use change. However,
in the near term (i.e., from the baseline period to the 2020s), streamflow is projected to
decline under RCP 4.5. This contrasts substantially with the considerable increase in
streamflow projected under RCP 8.5 for the 2020s, and illustrates that very different water
management actions may be required to reduce risks associated with this uncertainty.
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3.5. Changes in Streamflow Resulting from Land-Use Changes

To assess the change in streamflow from the impact of projected LULC only, the
proportional change in streamflow from the combined simulation compared to the climate
change only simulation was calculated. The results indicate that annual streamflow will
fluctuate across three time periods (the 2020s, 2040s and 2060s) (Table 4). Under RCP 4.5,
streamflow is projected to increase by 10% in the 2020s, decline slightly during the 2040s,
and again increase by 5% in the 2060s. Under RCP 8.5, it is projected to increase 6% for the
2020s then decline slightly for the latter two periods. Streamflow during both the wet and
dry seasons is projected to remain very similar to baseline levels. A possible driver of the
decline in streamflow may be the projected increase in forest cover in hydrologically sensi-
tive areas (e.g., steep slopes) due to; (i) targeted afforestation of grasslands (Figure 6), as
robust forest vegetation has higher evapotranspiration potential than croplands, grasslands
and/or barren land [59], and (ii) the decline in rainfall during the wet monsoon season.
While [27] reported that increases in streamflow might result from urban growth and larger
areas of impervious surfaces, our model projected reductions in streamflow even though
artificial surfaces increase. Potential explanations for these inconsistencies may be linked to
additional complex hydrogeological parameters that regulate flow throughout the shallow
and deep aquifers (e.g., [10]), but further studies are needed for elucidation.

Therefore, it is assumed that the changes in LULC (primarily artificial surfaces and
forest cover) will likely result in a slight decline in flow across both the wet and dry seasons
over the current decade. The simulated land-use change does not appear to substantially
impact river flow, indicating that a larger LULC change would need to occur for the impact
to be reflected in the flow amount.

4. Conclusions

The contribution of separate and combined impacts of climate and LULC changes
on streamflow in the Halda Basin were evaluated using the SWAT model associated with
the LCM model and two future scenarios using five RCM experiments. Multi-climate
model comparisons showed substantial interannual variation in long-term projections of
precipitation regimes. Despite projection uncertainties, this study indicates that the Halda
Basin is expected to become warmer in the future, with more precipitation during the dry
season but less in the wet monsoon period. Simulations also show that climate change is
likely to increase future streamflow in the Halda River. Monthly streamflow changes were
influenced mainly by the variability in precipitation. Simple LCMs projected decreases
in the area of grassland along with cultivated land at the expense of artificial surfaces.
Combined, future climate and land-use changes are projected to result in increases in
annual streamflow. Results also indicate that climate change is likely to be a greater driver
of changes in streamflow than land-use changes. However, there is considerable variation
between RCP 4.5 and 8.5 and across the time periods. In addition, much of the variation
is projected for the near future, indicating that adaptation plans will need to span very
different scenarios.

Understanding the changes in streamflow caused by separate and combined impacts
of future climate and land-use changes provides very useful information to all stakeholders
involved in examined territorial freshwater use and management. It can facilitate effective
decision-making with respect to the implementation of land and water resources planning
and management.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su132112067/s1, Figure S1: Mean monthly multi-model future temperature projection for
RCP4.5 and 8.5 scenarios, Figure S2: Future land use/landcover maps arranged from 2010 to 2060,
Table S1: List of Regional Climate Models (RCMs) and of their associated Global Climate Models
(GCMs) used in this study.

https://www.mdpi.com/article/10.3390/su132112067/s1
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