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Abstract: Hydrological droughts have become more severe due to the compounded effects
of climate change and anthropogenic activities. This study aims to assess how climate
change could impact hydrological droughts at the sub-basin scale for the Upper Part of
Dong Nai (UPDN) river basin. The study used the Soil and Water Assessment Tool
(SWAT) to simulate hydrological conditions based on climate change scenarios of
SSP2-4.5 and SSP5-8.5 from the CMIP6 projections for the future period of 2030s
(2021-2040) and 2050s (2041-2060). The streamflow drought index (SDI) was applied to
evaluate the drought severity and frequency. The findings indicate a clear increasing trend
in minimum (Tmin) and maximum temperatures (Tmax) relative to yearly rainfall. Under
the SSP2-4.5 scenario, yearly rainfall shows a slight increase. However, under the SSP5-8.5
scenario, annual rainfall has a slight increase in the West-Southwest and a decrease in the
East-Southeast regions. Rainfall trends show a decrease in the dry season and an increase in
the rainy season. The frequency and severity of hydrological droughts can vary between
sub-basins. Da Tam, Don Duong, Da Quyn, Da Dang, Dak Nong, Dong Nai 2, and Dak
R‘Keh are the sub-basins that have more extreme drought conditions compared to the rest of
the basins. These results emphasize the need for targeted drought management strategies in
the UPDN river basin to build resilience against future climate impacts.

Keywords: Climate change; Mapping hydrological drought; SWAT model; CMIP6; The
upper part of Dong Nai river basin; Drought management.

1. Introduction

Hydrological droughts, characterized by reduced water availability in rivers, lakes, and
reservoirs, pose significant challenges to water resource management. These droughts are not
merely the result of short-term weather anomalies but are often linked to broader climatic
patterns and long-term changes in rainfall and temperature [1, 2]. Climate change scenarios
suggest that many regions, including Southeast Asia, are likely to experience more severe
drought conditions due to shifts in precipitation patterns and rising temperatures [3]. In
addition, drought patterns are also driven by seasonal fluctuations in precipitation,
temperature, and other hydro-meteorological conditions [4]. Along with climate change,
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human-driven activities such as the construction and operation of reservoirs have
significantly altered flow patterns [5]. These modifications in flow impact drought conditions
by changing the timing and distribution of water availability, thereby exacerbating drought
severity and frequency [6, 7].

According to the IPCC, climate change has caused varying increases and decreases in
rainfall at high and low latitudes of the Earth [8], and these shifts in precipitation have altered
drought conditions. Global climate change scenarios for the future are often based on
estimates from General Circulation Models (GCMs). GCMs have relatively coarse
resolutions, most of which are around 100km or more [9]. Therefore, it is necessary to
suitable downscaling techniques to be able to forecast climate change at the local or regional
scale. Up to now, IPCC has six times of accessing and updating climate change scenarios and
the most recent was the sixth assessment report (AR6) [10]. Therein, the Coupled Model
Intercomparison Project Phase 6 (CMIP6) climate model benchmarking project was used to
support the IPCC’s ARG [11]. Compared to the fifth assessment report (AR5) known as
Representative Concentration Pathways (RCPs), the AR6 was built based on the Shared
Socio-economic Pathways (SSP) approach with 5 main scenarios including SSP1, SSP2,
SSP3, SSP4, and SSP5 with respectively name: (i) “Green growth”, (ii)
“Middle-of-the-road”, (iii) “Regional rivalry”, (iv) “Inequality” or “A road divided”, and (v)
“Fossil fuel-based development” [12]. These scenarios are crucial for understanding how
different climate futures might influence regional hydrological patterns. In the context of the
UPDN river basin, applying CMIP6 scenarios allows for a more precise prediction of
hydrological drought risks, offering insights into the spatial and temporal variability of
drought across sub-basins.

The upper part of Dong Nai (UPDN) river basin plays a crucial role in the ecological and
socio-economic sustainability for the whole Dong Nai river basin. It supports diverse
ecosystems, including protected forests and biodiversity hotspots like Cat Tien National
Park. The river’s natural flow sustains wetlands, fisheries, and agriculture, and maintains the
region’s ecological balance. Additionally, the UPDN river basin is essential for water supply,
energy production, and agriculture. It provides water to millions of people, especially in
downstream areas such as Ho Chi Minh City. The basin also hosts major hydropower plants,
such as the Dong Nai hydropower system (2, 3, 4, 5), which supplies a significant portion of
the region’s energy needs. However, rapid urbanization, deforestation, and agricultural
activities have placed increasing pressure on water resources and ecosystems. These
challenges, combined with climate change, have made the basin more vulnerable to extreme
events such as droughts and floods, threatening both its ecological integrity and
socio-economic sustainability. Previous studies have primarily focused on basin-wide
assessments [13-16], often overlooking the drought impacts for sub-basin. Mapping
hydrological drought at the sub-basin scale is crucial for identifying areas most at risk and
implementing effective mitigation strategies. Therefore, understanding the impacts of
climate change on droughts, especially hydrological droughts following the spatial and
temporal aspects at the sub-basin scale, in the UPDN river basin is essential for effective
adaptation and mitigation strategies.

This study aims to map hydrological drought across the sub-basins of the UPDN river
basin under the CMIP6 climate scenarios SSP2-4.5 and SSP5-8. The comprehensive analysis
has been employed by integrating GIS, remote sensing (RS), and the Soil and Water
Assessment Tool (SWAT) model, which has been widely used for climate change impacts on
hydrology and droughts [4, 13, 14, 17, 18]. In addition, the frequency and intensity of
drought events has also analyzed following temporal and spatial distribution in the sub-basin
scale. The findings could offer valuable insights for regional water resource management,
particularly in planning for drought resilience and adaptation under the conditions of ongoing
climate change.
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2. Materials and Methods

2.1. Study area

The Dong Nai river basin, the longest inland river in southeastern Vietnam, extends over
586 km and encompasses a catchment area of approximately 36,530 kmz, spanning across ten
provinces and Ho Chi Minh City. This region is a significant economic hub, accounting for
approximately 48% of Vietnam's gross domestic product in 2022 [19]. The basin has over
200 irrigations and hydropower reservoirs, regulating nearly 6 billion cubic meters of water.
It also has a hydropower capacity of around 3,000 MW. The forest cover rate of the whole
basin is about 28%, but it is mainly located upstream in the provinces of the Central
Highlands. Hence, this study focuses on the UPDN basin, which spans an area of 11,036 kmz2,
with 70% situated in Lam Dong province compared to 30% of the rests of Dak Nong, Binh
Phuoc, Dong Nai, and Binh Thuan provinces [20]. The characteristics of the UPDN river
basin and its 18 sub-basins are detailed in Table 1 and Figure 1.

Table 1. Properties of the UPDN river basin’s sub-basins.

Main  Sub-basin mean Land use (the largest CHP RES evoL Area

No. ID Sub-basin IYRES

reservoir _ elevation (m) area % first) (MW)  (10*m*)  (km?)
1 DN1 DaNhim Da Nhim 1500 Forest, perennial agri. 1965 240 16500 729
2 DN2 DaTam TuyenLam 1321 Forest, annual agri. 1987 - 2785 227
3 DN3 Don Duong - 1141 Forest, annual agri. - - - 372
4 DN4 DaQuyn DaiNinh 978 Forest, annual agri. 2008 300 31977 562
5 DN5 Suoi Vang  Dankia 1550 Forest, perennial agri. 1998 4.6 90 314
6 DN6 DaDang DaDang 987 Foreszr'g‘ssus”'a' 2016 34 760 1283
7 DN7 Dong Nai 2 Dong Nai 2 907 Perennial crops, forest 2013 70 28100 332
8 DNB8 Dong Nai 3 Dong Nai 3 847 Forest, perennial agri. 2011 180 169010 495
9 DN9 Dong Nai 4 Dong Nai 4 714 Forest, perennial agri. 2012 340 33210 159
10DN10 Dak Nong Dak R’tih 757 Perennial crops, forest 2011 144 13710 1120
11 DN11Dong Nai 5 Dong Nai 5 637 Forest, perennial agri. 2014 150 10633 592
12 DN12 Dak R‘Keh  Dak Sin 567 Perennial crops, forest 2015 28 1609 321
13 DN13 Dong Nai 6 - 372 Forest, perennial agri. - - - 483
14DN14 CatTien - 285 Forest, perennial agri. - - - 773
15DN15 DaTeh Da Teh 414 Forest, perennial agri. 1990 - 2400 630
16 DN16 DaHuoai Dam B’ri 592 Forest, perennial agri. 2013 75 5630 909
17DN17 TalLai - Perennial crops, rice - - - 431
18 LN1 LaNga Dai Nga 140 Perennial crops, forest 2015 10 46 1304
All of the UPDN 11036

*CHP is the capacity of hydropower plants (MW); YRES is the year the reservoir became operational;
RES evoL is the quantity of water needed to raise the reservoir to the emergency spillway (10* m#); agri. is
agriculture).

The UPDN river basin is subdivided into 18 sub-basins across two tributaries including
the main tributary of the UPDN river basin and the sub-tributary La Nga river basin [21]. The
main tributary has 17 sub-basins (from DN1 to DN17) terminating at the Tri An reservoir.
The sub-tributary has just one sub-basin (LN1) ending at the Dami hydropower reservoir.
The basin's terrain ranges from the Lang Biang plateau (1,300-2,000 above sea level) in the
North, through the Di Linh plateau (700-1,000 m) in the center, to a transitional zone with
elevations of 200-500 m in the South-Southwest. The region experiences a tropical monsoon
climate varying with terrain elevation with a rainy season from May to November and a dry
season from December to April of the following year. The average annual rainfall was nearly
2500 mm. The average annual temperature was approximately 22°C. Total rainfall accounts
for approximately 87% in the rainy season compared to 13% in the dry season. The total flow
in the basin is about 18.5 billion cubic meters, and the rainy season accounts for
approximately 85% compared to only 15% in the dry season [22]. These distinct seasonal
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rainfall patterns play a critical role in the occurrence of hydrological droughts. During the dry
season, reduced precipitation and high evaporation rates can significantly lower river flows
and water levels in reservoirs, intensifying drought conditions. Conversely, during the rainy
season, heavy rainfall can lead to uneven water distribution, leaving some areas more prone
to flooding.
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Figure 1. Location of the study area and its sub-basins based on DEM.

2.2. Methodology
The methodological framework for this study is illustrated in Figure 2.
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Figure 2. Flowchart of the methodology used for mapping hydrological drought.
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2.2.1. Data collection and input preparation

a) Hydro-meteorology data collection

Daily rainfall and temperature data (Tmax, Tmin) in the past for the 30-year period
(1990-2020) serving as input for the SWAT model as well as for comparison and evaluation
purposes have been collected at 5 stations, including Da Lat (1509 m), Lien Khuong (1100
m), Bao Loc (800 m), Dak Nong (600 m), and Cat Tien (300 m) with corresponding altitudes
in the areas of about 1,500 m, 1,100 m, 800 m, 600 m and 250 m, as shown in Table 2. These
data have been gathered from local management agencies (Department of Natural Resources
and Environment of Lam Dong Province, Highland Regional Hydro-meteorological Center).
The distribution of these 5 monitoring stations is evenly dispersed across the basin with
different elevations, so they can cover the climatic conditions of the study region.
Information on the monitoring stations is shown in Table 1 and Figure 1.

Table 2. Descriptions of meteorological monitoring stations in the basin.

No Name of the.monltorlng Station altitude Height of zone Longitude L atitude
station (m) (m)

1 Da Lat station 1509 1500 108.45 11.95

2 Lien Khuong Station 939 1100 108.37 11.73

3 Bao Loc Station 840 800 107.82 11.54

4 Dak Nong Station 631 600 107.68 12.00

5 CatTien 250 300 107.36 11.59

b) Climate change scenarios in the future

Selecting appropriate General Circulation Models (GCMs) is crucial for enhancing
downscaled result accuracy and optimizing computational resources. Five GCMs available
in the CMIP6_ VN dataset, namely EC-Earth3-Veg, EC-Earth3, CanESM5,
HadGEM3-GC31-LL, and CNRM-CM6-1-HR, were chosen based on their suitability and
effectiveness for the region [23, 24]. These models were downscaled using the Bias
Corrected Spatial Disaggregation (BCSD) method, resulting in a spatial resolution of 10x10
km (~ 0.1°x0.1°) and daily temporal resolution [25, 26]. These climate data are available at:
http://remosat.usth.edu.vn/~thanhnd/Download/dat. GEMMES_WP1.

As mentioned above, the Shared Socioeconomic Pathways (SSP) approach in CMIP6 is
more up-to-date than the previous CMIP5’s Representative Concentration Pathways (RCPs),
offering better accuracy in rainfall and temperature projections [8, 11, 18, 25, 27]. The
SSP2-4.5 and SSP5-8.5 scenarios from CMIP6 represent “moderate” and “extreme”
emissions, respectively, and are recommended by the IPCC to quantify varying levels of
greenhouse gas emissions and associated socioeconomic factors [18]. Therefore, the study
utilizes climate change scenarios of SSP2-4.5 and SSP5-8.5 to project future hydrological
drought conditions for this study. Climate projections are analyzed in the future period of
2021-2060 for minimum temperature, maximum temperature and precipitation. Hydrologic
droughts are more deeply assessed periods of the 2030s (2021-2040) and the 2050s
(2041-2060). To facilitate localized analysis at specific monitoring stations and to input
prepare for SWAT model, datasets in “netCDF.NC” were converted to point data
(“Excel.xlIs”) by using ArcGIS’s “Multidimension Toolbox”.

c) Operation of reservoirs

Reservoirs play an important role in the region's water management, as depicted in
Figure 1 and detailed in Table 1. To evaluate the impact of reservoir operations on drought
conditions, key reservoir characteristics such as hydropower capacity, operational start year,
storage volume etc. were collected from the local Departments of Industry and Trade (DIT)
and Agriculture and Rural Development (DARP). Current and future operations are
established according to the inter-reservoir operation procedures for the Dong Nai river
basin, as stipulated in Decision No. 1895/QD-TTG [28]. Furthermore, the maintenance of
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minimum  environmental flows downstream of reservoirs follows Circular
64/2017/TT-BTNMT [29].

2.2.3. Setup SWAT model

a) SWAT model description

The Soil and Water Assessment Tool (SWAT) is a hydrological model founded on
physical principles, designed by Jeff Arnold for the USDA-ARS [30]. It partitions a
watershed into sub-watersheds and Hydrological Response Units (HRUS), linking them
through stream networks. SWAT operates in two phases: the land phase, which calculates
water, sediment, nutrient, and pesticide loads from each HRU, and the routing phase, which
tracks these quantities through the channel network to the watershed outlet. The model uses
the water balance equation:

t
S\Nt :SW0+Z(Rday_qurf _Ea_WSEEP_QQW) M
i=1

where SW¢ is the final soil water content; SWo is the initial soil water content on day i; t
is the time (days); Raay is the amount of precipitation on day i; Qsur is the amount of surface
runoff on day i (mm H0); Ea is the amount of evapotranspiration on day i; Wseep iS the
amount of water entering the vadose zone from the soil profile on day i; Qgw is the amount of
return flow on day I (all water units are in mm H20).

e Dataset

Essential datasets for the SWAT model include Digital Elevation Model (DEM), soil
and Land Use/Land Cover (LULC) maps, and weather data [30]. This study utilized a
12.5-meter resolution DEM that was downloaded from the NASA website:
https://urs.earthdata.nasa.gov/users/new. This website provides access to a broad range of
Earth observation data, including DEM, satellite imagery, and climate data. The LULC map
was inherited from 2020 classified Landsat OLI-TIRS images with seven categories WATR,
URML, AGRR, FRSE, FRST, PINE, and AGRC [20, 31]. Historical daily rainfall and
temperature data from 1990 to 2020 from five weather stations (Bao Loc, Da Lat, Lien
Khuong, Cat Tien, and Dak Nong) were used to input for the SWAT model. Monitoring flow
at Thanh Binh, Dai Nga, and Tai Lai gauges in the same period of 1990-2020 were used to
calibrate and validate the SWAT model. While missing solar radiation, wind speed, and
humidity data were auto-generated by SWAT [32]. Future climate projections were derived
from CMIP6 scenarios. Table 3 summarizes the datasets for the applied SWAT model.

Table 3. Input data used to simulate and evaluate the SWAT model.

Data Resolution Source
Digital Elevation Model 125m Downloaded from the NASA website:
(DEM) map ' https://urs.earthdata.nasa.gov/users/new
. Obtained from the local Department of Natural Resources and
Soil map 30m

Environment (DONRE)
Landsat OLI-TIRS images in 2020, downloaded from the

LuLC 30m website: http://earthexplorer.usug.gov

Weather Five stations Obtained f_rom 5 weather stations (Lien Khuong, Da Lat, Bao
Loc, Cat Tien and Dak Nong)

Streamflow Three stations  Derived from 3 gauges (Thanh Binh, Dai Nga, and Ta Lai)

e Model evaluation

The SWAT model could be evaluated by using several key indices such as the
coefficient of determination (R?), Nash-Sutcliffe efficiency (ENS), the Root Mean Square
Error (RMSE) and Percent Bias (PBIAS). In this study, Rz and ENS were specifically chosen
for evaluation due to their strong relevance in assessing model performance in hydrology.
The Rz provides a clear measure of the proportion of variance explained by the model, while
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ENS effectively captures the model's predictive accuracy in relation to observed data.
Together, these indices offer a comprehensive view of the model’s performance, essential for
validating its reliability in simulating hydrological processes. R? ranges from 0 to 1, with 1
indicating a perfect simulation. ENS ranges from -c to 1, with values above 0.5 considered
satisfactory; values from 0.5-0.65, 0.65-0.75, and 0.75-1.0 are acceptable, good, and very
good, respectively [33]. Streamflow data from 1990-2020 from Dai Nga, Thanh Binh, and Ta
Lai gauges were used for the model calibration and validation. Calibration used data from
1990-2000, and validation used data from 2001-2010. The SUFI-2 algorithm, a suitable
method implemented in SWAT-CUP 2012 and ArcGIS 10.2 [34], was used for these steps of
model calibration and validation. Notably, the missing meteorological data such as solar
radiation, wind speed, and humidity can impact model performance by introducing bias or
reducing the accuracy of simulations. However, the auto-generation method employed by
SWAT is appropriate as it uses established algorithms and relationships to estimate these
missing variables based on available data, thereby maintaining the integrity of the model
outputs.

2.2.2. Drought indices

The temporal variation in hydrological drought can differ across various time scales,
including short-term (1 or 3 months), medium-term (6 months), and long-term (12, 24, and
48 months) accumulation periods. The medium-term time scale of 6 months (SP16, SDI6) is
appropriate for portraying hydro-meteorological regimes and is suitable for monitoring
hydro-meteorological drought [35]. Thus, this study uses the streamflow drought index in a
6-month scale (SDI6) for assessing hydrological drought in the UPDN river basin due to its
effectiveness, as popularly applied by previous research [14, 17, 35]. Monthly streamflow
data in the future periods of the 2030s (2021-2040) and 2050s (2041-2060) were calculated
using the DrinC software, a tool widely adopted in drought research [36, 37], and freely
accessed at the website: (https://drought-software.com). Drought classifications are based on
SDI values as follows: Drought classifications are based on SDI values as follows: SDI1>2.0:
Extremely wet; 1.5 <SDI<2.0: Very wet; 1.0 <SDI < 1.5: Moderately wet; -1.0 <SDI < 1.0:
Normal; -1.5 < SDI < -1.0: Moderate drought, -2.0 < SDI < -1.5: Severe drought, SDI <-2.0:
Extreme drought [14, 38].

3. Results and discussions

3.1. Performance evaluation of the SWAT model

The SWAT model was calibrated and validated by using simulated and observed flows
from 1990-2000 and 2001-2010, respectively. The hydrological stations were selected based
on their geographic distribution, data availability, and representativeness of the UPDN river
basin. Thanh Binh and Dai Nga stations, located upstream, and Ta Lai, downstream, were
chosen to capture the natural flow patterns across different sections of the basin.
Additionally, the data from these stations during the selected periods of 1990-2000 for
calibration and 2001-2010 for validation were considered reliable and minimally impacted
by anthropogenic activities (hydropower operation). This ensured stable hydrological
conditions, allowing for accurate and robust model calibration and validation. The study used
the Sequential Uncertainty Fitting, version 2 (SUFI-2) method for model calibration and
verification, as it typically yields good results [34]. The SUFI-2 method efficiently narrows
parameter ranges with few iterations, making it ideal for complex models like SWAT [14,
18], where capturing variability and reducing uncertainty are crucial for accurate streamflow
predictions. The SWAT model's performance was assessed by using R? and ENS statistical
values, both of which exceeded 0.70 (Table 4). These values demonstrate the model's good
suitability based on criteria in previous studies [33, 39]. Therefore, it can be concluded that
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the SWAT model is appropriate for predicting streamflow in the UPDN river basin.
Accordingly, it can be reliably used to project the impacts of hydrological drought conditions
in the sub-basin scale for the study area in the future.

Table 4. The values of R? and NSI in the calibration and validation periods of the SWAT model.

Gauging station Calibration Validation

R? NSI R? NSI
Thanh Binh 0.810 0.757 0.811 0.809
Dai Nga 0.812 0.780 0.781 0.809
Ta Lai 0.731 0.712 0.771 0.759

3.2. Projected changes in minimum, maximum temperature, and precipitation

Figure 3 illustrates the yearly average trends of minimum temperature (Tmin), maximum
temperature (Tmax), and precipitation from 2021 to 2060. These trends are based on ensemble
means from five selected Global Climate Models (GCMs) under the SSP2-4.5 and SSP5-8.5
scenarios for five areas: Da Lat (DL), Lien Khuong (LK), Bao Loc (BL), Dak Nong (DN),
and Cat Tien (CT). The results show that Tmax and Tmin have similar increasing trends across
the entire UPDN river basin, with nearly parallel trend lines. Both SSP2-4.5 and SSP5-8.5
scenarios indicate a more pronounced increase in yearly mean Tmin and Tmax compared to
yearly precipitation. The temperature increases of the SSP5-8.5 scenario project higher from
0.5°C to 1.0°C compared to the SSP2-4.5 scenario across the UPDN river basin.

Under the SSP2-4.5 climate change scenario, the temperature increases in Da Lat, Lien
Khuong, Bao Loc, Dak Nong, and Cat Tien are approximately 0.80°C, 0.81°C, 0.82°C,
0.83°C, and 0.84°C for Tmax, and 0.75°C, 0.75°C, 0.76°C, 0.76°C, and 0.77°C for Tmin,
respectively. Figure 4 (al, a2) illustrates the spatial distribution of these temperature
increases. Under the SSP5-8.5 climate change scenario, both Tmin and Tmax show similar
increasing trends from 2021 to 2060 across all areas. The increases in Tmin at Da Lat, Lien
Khuong, Bao Loc, Dak Nong, and Cat Tien are approximately 1.21°C, 1.22°C, 1.24°C,
1.27°C, and 1.29°C. Meanwhile, the values for Tmax are 1.20°C, 1.23°C, 1.26°C, 1.28°C, and
1.32°C, respectively. The spatial distribution of temperature increase is less in the
East-Northeast regions compared to the South-Southwest regions, as Figure 4 (b1, b2).

Regarding rainfall factors, the SSP2-4.5 scenario graph and trend function in Figure 3
show no clear increasing or decreasing trend for yearly rainfall from 2021 to 2060. The
results show a distinct upward trend in both minimum (Tmin) and maximum (Tmax)
temperatures compared to vague and unclear fluctuation trends in annual rainfall. These
findings are also consistent with previous reports [2, 17, 18, 40, 41]. The average rainfall
across the UPDN river basin during this period is 2138 mm. Under the SSP5-8.5 scenario, the
average annual rainfall is 2096 mm, lower than the SSP2-4.5 scenario. Specifically, under the
SSP2-4.5 scenario, the rainfall in Da Lat, Lien Khuong, Bao Loc, Dak Nong, and Cat Tien is
approximately 1692 mm, 1688 mm, 2490 mm, 2462 mm, and 2359 mm respectively. Under
the SSP5-8.5 scenario, these values are 1633 mm, 1631 mm, 2447 mm, 2438 mm, and 2331
mm respectively. Similar to temperature factors, the spatial distribution of yearly rainfall
increase in East-Northeast regions is less pronounced than in South-Southwest regions under
the SSP2-4.5 scenario. Moreover, under the SSP5-8.5 scenario, Da Lat, Lien Khuong, and
Bao Loc show yearly rainfall decrease trends ranging from -6.73% to -1.23% per year.
Meanwhile, Dak Nong and Cat Tien regions show yearly rainfall increase trends ranging
from 1.53% to 7.03% per year, as shown in Figure 4 (b3). The relative stability of annual
rainfall under the SSP2-4.5 and SSP5-8.5 scenarios suggests that water availability may not
fluctuate drastically throughout the years, allowing for more consistent irrigation practices
and crop management strategies. However, the distribution of rainfall involves uncertainty
[25, 42], so stakeholders must remain vigilant in monitoring rainfall patterns to adapt to
potential shifts in climate conditions.



J. Hydro-Meteorol. 2024, 21, 57-75; doi:10.36335/VNJHM.2024(21).57-75 65
w— Pep (mm) Tmax (oC) — Tmin (0C) Tt
== Linear (Pcp (mm)) Linear ( Tmax (o)) Lincar ( Tmin (0C)) - = Pcp (mm) Tmax (oC) Trnin {0C) =
Lol
¥ oas 600 5 |¥ 15 6000 3
P y= ouz%nmsss& =z ¢ 30 ¥ = 0.0449% + 16. =1:-'?;‘| 3
g . I e 4800 E' % 25 4500 %
S ¥=0.0318x+ 25691 woo 2| B y= ouasax»,zssas;, 2000 &
E s \=|}'.'suex+|e192 g E 15 = 1282:+16591 i
= Az P El |F 10 - =
= 1500 = | = 1500 §
P |HIH|II|IﬂI|T TN =5 5 a3
= 0 == 0 0
S & 5o & ) S R S R N >
DL " & -i? S ‘9" & ‘9%'“3' g.;— ‘*?tassrz-m pL & ¢ & ,\p”ré".&”qsi"@"w@‘,g"w@ "h é‘%hbbl‘SsS]
= Pep (mm) Tmax (oC) ——Tmin {oC) w Pep (mm) Tmax {oC) — Tmin (oC)
== Linear (Pep (mm)) Linear {Pep (mm)) Lincar { Tmax (0C)) - == Lin¢ar (Pep (mm)) Lincar (Pep (mm)) Linear (Pep (mm)) -
Y o35 g ¥ g
z ;“ Y= 0.02950+ 18033 0z (g :z ¥=00488x+17.913 e 2
B e e - = - a7 s — - =
E e —— 4500 B 5 e 500 E
8 i; ¥ =omm+znu~ g . 3: TSI, 500 5
= o = 3000 =
£ l"~ ¥ = 0.4844x + 1680 gl |E 15 ¥ = -0.4644x + 1640.4 g
= B = Y B
§ s [ NI ﬂ 1 ]
- =
= =
& g & g
I T R I > N AT . B
LK wwm@m@w@@ssswﬁ« %muﬁ, LK @@@@@@é‘re F 8 FF Sossrsas
== Pcp (mm) Tmax (o) = Tmin (o) = Pep (mm) Tmax (o) = Tmin (oC)
== Linear (Pep (mm)) Linear {Pep (mm)) Linear { Tmax (oC)) - -= Lincar (Pep (mm)) Lincar (Pep (mm)) Lincar (Pcp (mm)) -
o ~
£ s y = 0.0295x+ 18.033 oo 52 s Y = 00481 + 20088, 6000 %
¢ [ p— S — et —————meSEEITEESLEREEmm——— ; o 0 I I — — =
E
E 25 ¥ = 4488+ 24005 500 = E 25 v =0.05x +20.334 | 500 =
= =
g m—:mrrr' o0 = &0 y=-1 uznu+z4?ou 3000 =
§ 15 gl (8 15 1 g
E 5 E R B
L g2 3
'\.‘ o 1‘.‘ S SO S DS S
B ¥ S EF S e'*@"@%ég'é?&d?}[nwz-‘m BL ¥ & & FFFS -\?N@‘-;‘?'-\?-\,@’L dsh‘sbPSSS]
= Pep (mm) Tmax (ol’) —Tmin {oC}) m— Pep (mim) Tmax (o) —— Tmin (oC)
== Linear (Pep (mm)) Linear {Pep (mm)) Linear { Tmax (oC})) - == Linear (Pep (mm)) Linear (Pep (mm})) Linear (Tmax (oC))
" "
Y 3 ¥ =0.0317x + 20033 w0 5 € s ¥ = 004881+ 2007 oo £
o 30 - M R e e m——— = E 10 BE—— - z
£ ¥ = 3.4896x +2394.7, 5005 a8 ¥ =3.1606x +2372.7 500 £
£ i g E
£ fg \_ﬂn‘iﬁx-h!l](ll')‘u w0 =B f: ¥ 00512029897, 3000 Z
. T g |8 g
E s = 5
2 o £ 2 5
h BoAR A N Gk ~ A \ A AN ] b A %
DN & & & 3 '\9“" A '\5? '\5? é} F '\.é? & 'ﬁa..‘iﬁl’za&s; DN FESFSFFES '\5? + '\5? @b SSP5-8.5)
= Pep (mm) Tmax (o) —Tmin (o) == Pcp (mm) Tmax (0C) — Tmin (o)
=-= Lin¢ar (Pep (mm)) —— Linear (Pep (mm)) —— Linear (Pep (mm)) - =-= Lincar (Pep (mm)) —— Linear (Pep (mm)) - Linear (Tmax (oC)) -
g 3 ¥=0.0304x+ 23247 G0 5 (2 35 ye00ne23062% e 6000 5
g3 = g a0 - =z
g ¥ = 0.0348x + 32,612 5 s B (2 s Y= 18033+ 22938 4500 E
E £ g
g ‘ l.s.!uzx+2124 w0 = | W v-Ul]Sl]‘}x+32ﬁ2l 3000 =
= 15 - g -~ 15 g
g “ ”I | “3 [: E "3
T s ] T 5 g
2 0 g2 o g
kAR R U] 5 S &SN 8
CT @' FEFIFFLES (nwz-m cT FEegFHs s -\9 § * -\‘5' -\‘5’ & ‘&:b.sarss‘]

Figure 3. Projected changes in yearly minimum temperature, maximum temperature, and
precipitation in the period of 2021-2060 in Da Lat (DL), Lien Khuong (LK), Bao Loc (BL), Dak
Nong (DN), Cat Tien (CT): (a) SSP2-45 scenario; (b) SSP5-8.5 scenario.

Because rainfall volumes and changes significantly impact drought conditions [1], this
study analyzed rainfall in more detail to assess its effect on drought in the basin. Average
monthly precipitation for 2021-2060 was examined in two periods: 2021-2040 (near future)
and 2041-2060 (mid-century), under SSP2-4.5 and SSP5-8.5 scenarios. This analysis
provides crucial information for developing short-term and long-term adaptation strategies.
Figure 5 shows changes in average monthly rainfall for the 2030s and 2050s under the
SSP2-4.5 scenario, compared to the 1990-2020 historical period. Monthly rainfall tends to
increase from mid-rainy season to the early dry season (August to December). Conversely,
monthly rainfall tends to decrease from the mid-dry season to the early rainy season
(February to May) for both SSP2-4.5 and SSP5-8.5 scenarios. These results are also similar
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to the previous study in Ca river, a basin located in North Central Vietnam with a climate
divided into four distinct seasons (autumn, winter, spring, and summer), the spring MAM
(March, April, May) precipitation in the future could be decreased, while the autumn
(September, October, November: SON) precipitation could be increased [41, 43]. Clearly,
the trend of increasing and decreasing rainfall in the study area has the distinctly dry-rainy
seasonal characteristics of the Central Highlands region.
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Figure 4. Spatial changes and trends in (1) annual minimum temperature average (Tmin, °C), (2)
annual maximum temperature average (Tmax, °C) and (3) annual precipitation (P%, mm) in the period
of 2021-2060 in the UPDN river basin: (a) SSP2-4.5 scenario; (b) SPP5-8.5 scenario.

Compared with the SSP2-4.5 scenario, the average monthly rainfall of the SSP5-8.5
scenario is more erratic and unpredictable. In the period 2022-2041, rainfall decreases in the
dry season months including January, February, April, May, June, and July. While rainfall
increases in the months of September, October, November and December. In the period
2041-2060, rainfall decreases in February, March, April, May, and June but increases in the
months of January, June, August, September, October, November, and December. Thus, the
SSP5-8.5 scenario can cause irregular monthly rainfall changes, no longer following the
seasonal pattern (dry season and rainy season) in the basin.

Generally, under the influence of climate change, the results show that in both SSP2-4.5
and SSP5-8.5 scenarios, rainfall tends to increase in the rainy season months and decrease in
the dry season months, especially in the last months of the dry season and the early rainy
season (from April to May). It can be predicted that climate change will cause droughts and
floods to become more and more unusual in the near future in the basin. Therefore, to
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effectively mitigate the risk of extreme drought events during the dry season, managers and
policymakers must implement proactive measures focused on prevention and preparedness.
Upgrading reservoirs and improving irrigation efficiency are essential for optimizing water
management and ensuring that agricultural and domestic needs are met during times of water
scarcity.
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Figure 5. Projected changes in monthly and yearly rainfall mean in Da Lat, Lien Khuong, Bao Loc,
Dak Nong, and Cat Tien in the period of 2021-2040 and 2041-2060: (a) SSP2-4.5 scenario; (b)
SSP5-8.5 scenario.

3.3. Projected changes in the hydrological droughts

3.3.1. Drought frequency analysis

The frequency of hydrological drought for 18 sub-basins ranked from the highest to the
lowest for the period 2021-2040 and 2041-2060 according to the SSP2-4.5 scenario is shown
by the bold values in the “Sum of D” column in Table 5. The spatial distribution of
hydrological drought (SDI6) for the two periods 2021-2040 and 2041-2060 for the two
scenarios SSP2-4.5 and SSP5-8.5 on the UPDN river basin is shown in Figure 6. In general,
in the basin, the normal condition (NC) is still the most common, accounting for over 67%
compared to the rest being drought (D) and wet condition (WC). At the same time, there is a
relatively equal balance between wet (WC) and drought (D) in the basin, which reflects the
current reality in the basin, which is local drought and flooding all appear in the basin.
Overall, UPDN river basin, wet condition (WC) is 10.5% vs. 11.0% of D over 2021-2040 and
16.5% of WC vs. 15.6% of D over 2041-2060 for the SSP2-4.5 scenario. These figures for
the SSP5-8.5 scenario are 14.6% of WC and 15.6% of D in 2021-2040 and 16.3% of WC and
14.7% of D in 2041-2060, respectively. Furthermore, for the SSP2-4.5 scenario, the period
2041-2060 has a higher frequency of drought than the period 2021-2040 (15.6% compared to
11.0%). At the same time, in the near future period 2021-2040, the SSP5-8.5 scenario has a
higher frequency of drought than SSP2-4.5 (15.6% compared to 11.0%). However, in the
period 2041-2060, the frequency of drought does not differ much between these two
scenarios with 15.6% of SSP2-4.5 compared to 14.7% of SSP5-8.5. This is also consistent
with the average monthly rainfall forecast for the period 2041-2060 of these two scenarios
shown in Figure 5.

At the sub-basin level, according to the SSP2-4.5 scenario, in the period 2021-2040, the
three sub-basins with the highest frequency of hydrological drought (SDI16) are respectively
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Dong Nai 4 (DN 9), Dong Nai 3 (DN 8) in Di Linh, Bao Lam districts of Lam Dong province
and Dak Nong (DN 10) in Dak Glong district, Gia Nghia city of Dak Nong province with
corresponding values of 13.6%, 13.2%, and 13.2%. During the period 2041-2060, the three
sub-basins Da Huoai (DN 16) in Da Huoai district, La Nga (LN 1) in Di Linh district, and
Don Duong (DN 3) in Don Duong district of Lam Dong province will have a high frequency
of occurrence. Hydrological drought (SDI6) is the highest with corresponding values of
18.75%, 17.9%, and 17.4%. However, the sub-basin with extreme drought (ED) status
belongs to DN2 (Da Tam) in Duc Trong district, DN6 (Da Dang) in Lam Ha district and DN
3 (Don Duong) in Don Duong district for the period 2021-2040 and DN 10 (Dak Nong), DN
12 (Dak R’Keh) of Dak Glong district, Gia Nghia city of Dak Nong province and DN 1 (Da
Nhim) in Don Duong district, as italic values shown in Table 5. Therefore, in the future, there
needs to be adaptive solutions for these areas where extreme drought (ED) occurs.

Table 5. Ranking from the highest to the lowest the frequency of hydrological drought according to
sub-basins under the SSP2-4.5 scenario.

The near future period of 2021 - 2040 Mid-century period of 2041 - 2060

No.

D wc Nc Prought(®) Sum Lo b wc Nc Drought(D) SUM o

MD sb Ep °fD MD Sb ED °fD

1 DNO 753 10.2 136 100 DN 16 64.7 13.2 18.7 100
2  DNB8 757 9.4 132 100 LN1 65.1 9.8 17.9 100
3 DN10 77.4 11.9 132 100 DN3 66.0 9.4 17.4 100
4 DN16 715 11.9 12.8 100 DN®6 66.4 10.2 16.2 100
5 DN2 79.1 10.6 12.8 100 DN7 66.4 9.8 16.2 100
6 DN6 757 6.0 128 100 DNB8 672 89 15.7 100
7  DN7 757 6.0 128 100 DNO9 67.7 85 15.7 100
8 DNI11 77.0 106 128 100 DN 10 677 98 15.7 100
9 LN1 728 11.9 123 100 DN 17 66.0 8.9 15.7 100
10 DN4 753 6.4 123 100 DN4 67.7 89 15.3 100
11  DN12 787 85 11.9 100 DN 12 677 94 15.3 100
12 DN13 796 9.4 106 100 DN1 715 8.1 14.9 100
13 DN 14 80.4 9.8 10.6 100 DN 11 68.1 6.4 14.9 100
14 DN15 80.4 9.4 10.6 100 DN5 702 85 145 100
15 DN17 80.4 10.2 10.6 100 DN 13 67.7 6.4 145 100
16 DN3 791 6.4 94 100 DN 14 67.7 6.4 145 100
17 DN1 851 5.1 60 100 DN 15 67.7 6.4 145 100
18 DNS5 92.8 0.4 04 100 DN?2 75.7 8.9 14.0 100

For the UPDN 784 8.6 11.0 100 67.8 8.8 15.6 100

(*) ID: identification; WC: wet condition; NC: normal condition; MD: moderate drought; SD: severe
drought; ED: extreme drought; D: drought condition.

Analysis of the SSP5-8.5 scenario reveals significant spatial and temporal variations in
hydrological drought frequency across the study area. For the period 2021-2040, Da Huoai
(DN 16), La Nga (LN 1), and Cat Tien (DN 14) are the highest frequency of hydrological
drought sub-basins, with respective values of 20.0%, 19.6%, and 17.9%. The period of
2041-2060 shows Ta Lai (DN 17), Da Huoai (DN 16), and La Nga (LN 1) are the highest
drought sub-basins with frequencies at 18.3%, 17.0%, and 17.0%, respectively. Notably, the
occurrence of extreme drought conditions does not necessarily correlate with overall drought
frequency. For the 2021-2040 period, extreme drought events are predominantly observed in
DN4 (Da Quyn), ND7 (Dong Nai 2), and DN6 (Da Dang). In contrast, the 2041-2060 period
sees a geographical shift in extreme drought occurrences, with ND10 (Dak Nong), ND4 (Da
Quyn), and DN3 (Don Duong) being the most severely affected. These findings, as illustrated
in Table 6, underscore the complex spatial dynamics of hydrological drought in the region
and highlight the importance of sub-basin scale analysis in drought management strategies.
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Table 6. Ranking from the highest to the lowest the frequency of hydrological drought according to
sub-basins under the SSP5-8.5 scenario.

The near future period of 2021 - 2040 Mid-century period of 2041 - 2060
No. Drought (D)  Sum Drought (D) Sum

ID WC NC MD SD ED ofD Total ID WC NC MD SD ED ofD Total

1 DN16 61.3 10.2 20.0 100 DN 17 64.3 14.0 18.3 100
2 LN1 63.8 115 19.6 100 DN 16 67.2 9.8 17.0 100
3 DN14 63.4 12.3 179 100 LN1 64.7 10.6 17.0 100
4 DN15 63.4 12.3 179 100 DN 15 67.7 11.9 16.2 100
5 DN13 63.8 10.2 179 100 DN 14 67.7 11.1 16.2 100
6 DNI12 67.2 9.8 17.4 100 DN 12 66.8 8.9 153 100
7 DN11 65.1 94 16.2 100 DN 10 67.2 94 153 100
8 DN17 66.4 11.5 16.2 100 DN 13 65.5 9.8 153 100
9 DN9 69.4 9.8 16.2 100 DN 11 66.0 10.2 149 100
10 DNS8 706 94 153 100 DN7 70.6 6.8 14.0 100
11 DN4 736 94 149 100 DN8 68.9 8.1 14.0 100
12 DN2 73.2 85 140 100 DN9 69.4 8.1 14.0 100
13 DN7 75.3 85 140 100 DN®6 719 64 13.6 100
14 DN6 75.3 1.7 136 100 DN1 72.3 6.0 132 100
15 DN3 745 6.8 13.2 100 DN4 72.3 6.0 132 100
16 DN1 745 1.7 13.2 100 DN3 72.3 5.5 12.8 100
17 DN5 779 6.8 119 100 DN2 73.2 55 123 100
18 DN10 77.0 8.1 10.6 100 DN5 73.2 55 123 100
For the UPDN 69.8 94 15.6 100 69.0 85 147 100

(*) ID: identification; WC: wet condition; NC: normal condition; MD: moderate drought; SD: severe
drought; ED: extreme drought; D: drought condition.

3.3.2. Spatial variability of drought

The spatial and temporal variability of drought conditions within the basin is influenced
by a complex interplay of factors, including climate change scenarios, precipitation patterns,
sub-basin distribution (upstream and downstream), and hydroelectric plant operations. Under
the SSP2-4.5 scenario, drought frequency exhibits a higher prevalence in the sub-basins
situated in the East-Northeast upstream region of the basin (Figure 6a). These areas, as
previously analyzed, receive comparatively less precipitation than the West-Southwest
region. Furthermore, hydroelectric projects within the basin exert a significant influence on
drought conditions, particularly in cases of extreme drought (ED). Two noteworthy
hydroelectric projects that divert water to external basins warrant particular attention: (1) Da
Nhim hydrologic plant with a capacity of 120MW transfers approximately 0.7 billion m3 of
water to the Cai river basin in Phan Rang province, situated between DN1 (Da Nhim) and
DN3 (Don Duong); and (2) Dai Ninh hydrologic plant with a capacity of 160MW diverts
approximately 1.3 billion m? of water to the Luy river basin in Binh Thuan province, located
between DN4 (Da Quyn) and DN6 (Da Dang). These projects have a substantial impact on
the hydrological drought conditions within the basin. Of particular note, the watersheds DN3
(Don Duong) and DN6 (Da Dang), which are situated downstream of these water-diverting
hydroelectric projects, exhibit a higher frequency of extreme drought (ED) conditions
compared to other sub-basins. Consequently, these two watersheds should be accorded
priority in drought prevention and mitigation efforts within Lam Dong province.

Analysis of the drought conditions under the SSP5-8.5 scenario reveals a higher
frequency of drought events in the downstream regions of the basin (DN 15, DN16, DN17)
compared to the upstream areas (Figure 6b). Paradoxically, wet conditions (WC) also exhibit
greater prevalence in the downstream regions. This dichotomy suggests that the SSP5-8.5
scenario introduces a higher degree of unpredictability in both drought and flood occurrences
relative to the SSP2-4.5 scenario. The total annual precipitation does not significantly differ
between the two scenarios however there are substantial variations in monthly rainfall
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patterns between dry and wet seasons. Consequently, the temporal and spatial distribution of
hydrological drought conditions varies markedly between the SSP2-4.5 and SSP5-8.5
scenarios, and therefore there will be a difference in the spatial distribution of drought in the
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Figure 6. The spatial frequency of hydrological drought according to sub-basins level in the period
of (1) 2021-2040 and (2) 2041-2060: (a) SSP2-45 scenarios; (b) SSP5-8.5 scenarios.

3.4. Changes in hydrological drought in future scenarios compared to the historical period

The results of calculating historical hydrological drought are based on monitoring data
from three hydrological stations in the basin, including Thanh Binh in the Da Dang sub-basin
(ND6), Dai Nga in the La Ngai sub-basin (LN1), and Ta Lai in the Ta Lai sub-basin (DN17).
Streamflow data spanning the 30-year period (1990-2020) were utilized to calculate SDI6 for
the Thanh Binh and Ta Lai stations. While streamflow data of the 24-year period
(1990-2014) were employed for the Dai Nga station, because the Dai Nga station has not
operated normally since 2014 due to the water diversion caused by the Dai Nga hydropower
plant. Overall, for both the historical and future periods, the NC (normal conditions) still
predominates, accounting for more than 63%, compared to the WC (wet conditions) and D
(drought) (Table 7). Additionally, the percentage of D and WC is nearly equal, reflecting the
climate characteristics of the UPDN basin, which has a five-month dry season (December to
April), followed by a seven-month rainy season (May to November). However, under the
influence of climate change, extreme drought (ED) is projected to occur more frequently in
the future. For example, at Thanh Binh, the ED occurrence was 1.6% during the historical
period 1990-2020, compared to 3.0% for the period 2041-2060 under the SSP2-4.5 scenario,
and 6.4% under the SSP5-8.5 scenario. At Ta Lai, ED accounts for 4.1% during 1990-2020,
rising to 11.5% under the SSP2-4.5 scenario and 14.0% under the SSP5-8.5 scenario for the
period 2041-2060, respectively.
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Table 7. Comparison of the frequency of hydrological drought historical observation to future
predictions at three Thanh Binh, Dai Nga, and Ta Lai gauges under the SSP2-4.5 and SSP5-8.5

scenarios.
. . Drought (D)
Scenarios Periods wC NC MD sD ED SumofD Total
Thanh Binh gauge
History 1990 - 2020 73.3 7.4 13.1 100
2021 - 2040 75.7 6.0 12.8 100
55P2-4.5 2041 - 2060 66.4 10.2 16.2 100
2021 - 2040 75.3 43 13.6 100
SSP5-8.5 2041 - 2060 71.9 2.6 13.6 100
Dai Nga gauge
History 1990 - 2020 76.8 5.0 10.4 100
2021 - 2040 72.8 11.9 12.3 100
SSP2-4.5 2041 - 2060 65.1 9.8 17.9 100
SSPE.8.5 2021 - 2040 63.8 1.7 19.6 100
' 2041-2060 188 | 64.7 0.0 17.0 100
Ta Lai gauge
History 1990 - 2020 73.3 7.4 14.2 100
2021 - 2040 66.0 8.9 15.7 100
SSP2-4.5 2041 - 2060 664 | 13 16.2 100
2021 - 2040 66.4 1.3 16.2 100
SSP5-8.5 2041 - 2060 643 00 18.3 100

(*) WC: wet condition; NC: normal condition; MD: moderate drought; SD: severe drought; ED:
extreme drought; D: drought condition.

In general, the observed spatial patterns in hydrological drought occurrence within the
UPDN river basin can be attributed to a combination of climatic, geographical, and
anthropogenic factors. The interplay of these factors results in complex spatial patterns of
drought occurrence within the UPDN river basin. The basin's topography has influenced
local climate patterns. The distribution of precipitation across the basin is uneven, with
certain areas receiving less rainfall than others. For example, the East-Northeast upstream
regions with high elevation often experience lower precipitation compared to the
West-Southwest areas, contributing to various drought frequency and severity. The presence
of hydroelectric plants and water diversion projects has impacted local hydrology. For
instance, the Da Nhim and Dai Ninh plants have diverted substantial water to other basins,
potentially leading to reduce water availability downstream, especially during dry periods.
Hydropower reservoirs upstream can significantly modify the natural flow regime by altering
the timing and magnitude of water release. These regulated flows, often designed to meet
energy demands, exacerbate drought and flood conditions in downstream sub-basins.

Based on these results, there is a relatively equal balance between wet and drought
conditions, reflecting the current reality in the basin, where localized droughts and flooding
events frequently occur. These changes in droughts can be reduced by upgrading reservoirs
and improving irrigation system efficiency. Moreover, agricultural practices need to adapt to
the changing rainfall patterns. Agricultural activities need to shift to more drought-resistant
crop varieties, adjust planting schedules, and implement soil moisture management
techniques to maintain productivity during drier periods. In addition, the drought mitigation
solutions should be prioritized for sub-basins that have high drought frequency and severity
such as Da Tam, Don Duong, Da Quyn, and Da Dang.

4. Conclusions

The findings suggest that climate change could lead to more significant increases in
temperature than changes in precipitation. In the future, increases in temperature and
precipitation are anticipated to vary spatially and temporally across the basin. The trend
shows greater temperature and precipitation increases in the West-Southwest than in the
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East-Southeast of the basin. Under the SSP2-4.5 scenario, annual rainfall slightly increases in
most areas of the basin for the period 2021-2060. However, the SSP5-8.5 scenario projects a
slight rainfall decrease in the East-Southeast region and a slight increase in the
West-Southwest. Additionally, rainfall tends to decrease in some months of the dry season
(February to May) and increase some months of the rainy season (August to December).
These changes in rainfall patterns contribute significantly to variations in drought frequency
and severity across the basin.

The frequency of drought occurrence varies between the upstream and downstream areas
of the basin, depending on climate change scenarios, rainfall distribution, and hydroelectric
project operations. According to the SSP2-4.5 scenario, drought frequency is more common
at sub-basins located in the upstream part belonging to the East-Northeast of the basin.
Conversely, the SSP5-8.5 scenario suggests that the downstream part of the basin (DN 15,
DN16, and DN17) experiences more frequent hydrological droughts than the upstream part.

The frequency and severity of droughts can vary between sub-basins. Da Tam (DN2),
Don Duong (DN3), Da Quyn (DN2), Da Dang (DN6), Dong Nai 2 (ND7), Dak Nong
(DN10), and Dak R’Keh (DN12) are the sub-basins having more frequent extreme drought
(ED) conditions compared to the rest of the basins. These sub-basins should be prioritized for
drought prevention in the coming years. The research results can provide valuable
information for policymakers in planning, management, and sustainable development of the
UPDN river basin. These findings highlight the need for targeted adaptive management
strategies, such as prioritizing water conservation and storage infrastructure in sub-basins
with higher drought frequency and severity, and adjusting hydroelectric project operations to
mitigate downstream drought risks.

The study has proposed the useful solution in integrate GIS, remote sensing (RS), and
the SWAT model to simulate and analyze the spatiotemporal dynamics of hydrological
droughts in the UPDN river basin. However, this study also has some limitations, such as the
lack of detailed reservoir operation data. The weather data input for the SWAT model,
derived from GCMs with a 10 km x 10 km resolution, can cause uncertainty. Thus, further
research should focus on integrating high-resolution climate data and exploring the impacts
of land-use changes and human activities on drought dynamics to provide a more
comprehensive understanding of future water resource challenges.
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