<]
TUDelft

Delft University of Technology

Model-Based Assessment of Preventive Drought Management Measures’ Effect on
Droughts Severity

Paez Trujillo, Ana; Corzo, Gerald A.; Maskey, Shreedhar; Solomatine, Dimitri

DOI
10.3390/w15081442

Publication date
2023

Document Version
Final published version

Published in
Water

Citation (APA)

Paez Trujillo, A., Corzo, G. A., Maskey, S., & Solomatine, D. (2023). Model-Based Assessment of
Preventive Drought Management Measures’ Effect on Droughts Severity. Water, 15(8), Article 1442.
https://doi.org/10.3390/w15081442

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.3390/w15081442
https://doi.org/10.3390/w15081442

* water

Article

Model-Based Assessment of Preventive Drought Management
Measures” Effect on Droughts Severity

Ana Paez-Trujillo "**(0, Gerald A. Corzo (¥, Shreedhar Maskey !

check for
updates

Citation: Paez-Trujillo, A.; Corzo,
G.A.; Maskey, S.; Solomatine, D.
Model-Based Assessment of
Preventive Drought Management
Measures’ Effect on Droughts
Severity. Water 2023, 15, 1442.
https://doi.org/10.3390/ w15081442

Academic Editors: Xixi Wang,

Juan Yin and Lizhu Hou

Received: 15 February 2023
Revised: 20 March 2023
Accepted: 1 April 2023
Published: 7 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Dimitri Solomatine 123

1 THE Delft Institute for Water Education, P.O. Box 3015, 2601 DA Delft, The Netherlands
Department of Water Management, Faculty of Civil Engineering and Geosciences,
Delft University of Technology, P.O. Box 5048, 2600 GA Delft, The Netherlands

3 RAS Water Problems Institute, 119333 Moscow, Russia

*  Correspondence: a.m.paeztrujillo@tudelft.nl; Tel.: +31-(0)1-5215-1715

Abstract: Preventive Drought Management Measures (PDMMs) aim to reduce the chance of droughts
and minimize drought-associated damages. Selecting PDMMs is not a trivial task, and it can be
asserted that actual contributions to drought alleviation still need to be adequately researched. This
study evaluates the effects of three potential PDMMSs, namely, rainwater harvesting ponds, forest
conservation, and check dams, on agricultural and hydrological drought severity. The Soil Water
Assessment Tool is used for hydrological modeling and representing PDMMs. The threshold level
method is applied to analyze droughts and evaluate the impact of PDMMs on drought severity.
Findings show that rainwater harvesting ponds applied on agricultural land reduce the severity
of agricultural droughts and hydrological droughts, particularly during the first months of the
drought events observed in the rainy season. Results also reveal that forest conservation contributes
to reducing the severity of hydrological droughts by up to 90%. Finally, check dams and ponds
in upstream subbasins considerably reduce agricultural and hydrological drought severity in the
areas where the structures are applied; however, they exacerbate drought severity downstream. The
analysis was developed in the Torola River Basin (El Salvador) for the period spanning 2004 to 2018.

Keywords: agricultural drought; hydrological drought; drought management measures;
rainwater harvesting; forest conservation; check dams

1. Introduction

Droughts trigger a range of pervasive effects on society, the environment, and the
economy. Drought-associated societal impacts include food insecurity and increased social
conflict [1]. In terms of environmental damage, droughts can lead to the overexploitation
of forests, riverbanks, and groundwater, as well as biodiversity loss [1,2]. For the economy,
it is estimated that droughts cause 84% of the agriculture sector’s total economic damage
and losses [3] and bring critical losses to multiple economic sectors [4].

Therefore, there is an urgent need to develop drought policies and management plans
to alleviate or minimize drought-associated damages. A key element of these policies and
plans are the Preventive Drought Management Measures (PDMMs), also known as the
Strategic Drought Management Measures or Drought Risk Reduction Measures [5,6]. These
measures aim to reduce social, environmental, and economic vulnerability to droughts [5,7],
and they are developed and applied before the drought occurs [8]. PDMMs can be classified
into two main categories: short-term actions and long-term actions. Both types consist of
technical and regulatory measures [7,9]. This study analyzes long-term technical measures.

A wide range of measures can be considered PDMMs. For instance, the United Nations
World Water Assessment Program includes rainwater harvesting (RWH), gully control
structures and terraces, and nonstructural interventions such as soil conservation practices
and forest conservation [10]. The Global Water Partnership Central and Eastern Europe [11]
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encourages the use of natural water retention measures (NWRM), such as floodplains and
wetlands restoration, to limit the adverse effects of droughts. Together with the previous
measures, the United Nations Convention to Combat Desertification [12] presented and
assessed 14 categories of drought-smart land management practices in four land-use types
(agriculture, grazing, forests and woodlands, mixed land use).

Despite the broad list of interventions applicable to drought management, the actual
contribution of PDMMs to drought mitigation or alleviation remains to be determined.
While some interventions have been widely applied to local initiatives, they are rarely part
of a structured drought management plan. As such, there is very little coordination to
guarantee their operation in the long term, and PDMM performance for drought mitigation
is hardly ever assessed. Consequently, local measures are not appropriately informed by
knowledge of a region’s drought likelihood and potential impacts on the hydrological
cycle [1,13].

Of equal importance is the lack of studies that examine the applicability and effec-
tiveness of PDMMs in alleviating drought. Assessment of these measures relies on their
applicability to increase infiltration and water availability, improving soil water-holding
capacity and preventing land degradation or desertification [10,12]. While these criteria
provide valuable insights into the applicability of these measures, they do not explicitly
appraise their effectiveness in alleviating drought’s characteristics (e.g., duration, spatial
extent, severity).

Therefore, the key question is: How should the contribution of PDMMs to drought
alleviation be assessed? To address this, the present study applies a modeling-based
approach to assess changes in agricultural and hydrological drought severity after applying
three potential PDMMs: RWH ponds on agricultural lands, forest conservation in forested
areas, and ponds and check dams in upstream subbasins.

2. Materials and Methods

This study used the soil and water assessment tool (SWAT) for hydrological modeling
and to represent the PDMMs. The threshold level method was used to assess the effects of
PDMMs on drought’s severity. Figure 1 presents the flowchart of the methodology applied.

/
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Figure 1. Flowchart of the methodology.
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2.1. Case of Study

The Torola River Basin is a transboundary basin between 88°22" W 88°16’ W and
13°50" N 13°53’ N latitude (Central America). The basin is located within the Central
America Dry Corridor, a drought-prone area threatened by erratic seasonal rainfall pat-
terns and increasing temperatures [14]. It has an area of 1575 km?, distributed between
Honduras (557 km?) and El Salvador (1018 km?). This study was conducted in the area
that corresponds to El Salvador.

The basin’s topography is characterized by steeply sloped mountains, with elevations
ranging from 100 m above sea level (masl) to 1450 masl. Sandy-loam soil is the most
common soil type in the basin. These soils tend to have low water-holding capacity. The
predominant land use is agriculture, particularly subsistence crops such as corn, beans, and
sorghum. Forest covers around 30% of the basin and is concentrated mainly in mountainous
areas above 1100 masl.

The basin has a tropical savanna climate. Temperatures range from 19 °C to 23 °C in the
mountainous areas and from 25 °C to 30 °C in lower-altitude regions. Annual rainfall varies
from 1900 to 2700 mm, and the mean annual evapotranspiration is 1000-1100 mm [15,16].
The annual rainfall pattern is characterized by a dry season from November to April,
followed by a rainy season from May to October. The intermediate period of decreased
precipitation from July to August is known as the “mid-summer drought” [17]. The
main rainfall events occur in May and September, with a 363 mm and 401 mm monthly
average, respectively.

The basin’s river system comprises the Torola River and its tributaries. At the Osicala
station (discharge gauge in Figure 2 the mean streamflow is 30 m?/s, and the minimum
discharge is 0.9 m3/s.
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Figure 2. (a) Basin topography; (b) basin land use.

2.2. Hydrological Modeling
2.2.1. Model Setup

SWAT with a QGIS 3 extension was used to develop the Torola watershed model.
SWAT was developed by the Agricultural Research Service of the United States Depart-
ment of Agriculture (ARS-USDA). It is a continuous-time, semidistributed, process-based
river-watershed-scale model designed to simulate the quality and quantity of surface and
groundwater and predict the environmental impacts of land use, land management, and
climate change [18]. The entire basin area up to the selected outlet point is divided into
subbasins. Each subbasin is further divided into a number of hydrological response units
(HRUs), which are land areas within the subbasin with common combinations of land
cover, soil type, and slope [19].
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The model was built for the period spanning 2004 to 2018. The Torola basin was
divided into 44 subbasins with a median area of 15 km?. Four slope classes were set for the
HRUs generation: gentle (0-10%), moderate (11-20%), steep (21-30%), and considerable
steep (>31). The following methods were used to model the major hydrological processes:
the soil conservation services-curve number (SCS-CN) was used to simulate surface runoff;
potential evapotranspiration was calculated using the Hargreaves method; and water was
routed through the channel network using the variable storage routing method. The details
and sources of the SWAT model input data are presented in Table 1.

Table 1. SWAT model input data.

Data Type Details Source
. . Ministry of Environment and
Digital elevation model 5x5m Natural Resources, El Salvador.
Soil map 300 x 300 m Digital Soil Map of the World [20].
Global land cover distribution, by
Land use map 300 x 300 m dominant land cover type

(FGGD) [21].

Ministry of Environment and
Natural Resources, El Salvador.
Ministry of Environment and
Natural Resources, El Salvador.

Rainfall and temperature,
daily data (2 stations)
Discharge, monthly data
(1 station)

Period 2004-2018 (15 years)

Period 2004-2018 (15 years)

2.2.2. Model Sensitivity Analysis and Calibration

This study used the SWAT-CUP software package with the Sequential Uncertainty
Fitting version 2 (SUFI-2) for model global sensitivity analysis, calibration, and validation.
In SUFI-2, parameter sensitivities are determined following a multiple regression approach,
which regresses the Latin hypercube generated parameters against the objective function
values [22]. The sensitivity analysis calculates the t-test and p-values of each parameter
to evaluate its relative sensitivity and significance to other parameters. A high t-test and
low p-value indicate that the parameter significantly affected the model output. The most
sensitive parameters are employed in the calibration process to optimize the objective
functions [19].

Monthly automatic calibration and validation were conducted to evaluate the model’s
performance in simulating streamflow. The model was calibrated from 2004 to 2010 and
validated from 2010 to 2018. In both cases, the first year was used as a warming-up period.
Thus, performance indicators were calculated for 2005 to 2010 (calibration) and 2011 to
2018 (validation).

The model was evaluated using the Nash—Sutcliffe Efficiency (NSE) and the percent
bias (PBIAS), Equations (1) and (2).

NSE = 1 L1 (0= P)” B’ )
r¥,(0;-0)’
N (O _p
pB1As = Zi=1(9i —Fi) X100 @)

le'\il Oi

where O; is the observed data, P; is the predicted data, O is the mean of the observed data,
and N is the number of observations during the simulation period.

The NSE represents a dimensionless indicator ranging from —oo to 1, with 1 repre-
senting the perfect match between the observed and simulated values [23]. The PBIAS
measures the average tendency of the simulated values to be larger or smaller than the
observed values. A low PBIAS magnitude indicates an accurate model simulation [23].
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2.2.3. Modeling PDMMs

Table 2 presents the evaluation criteria to identify suitable interventions for drought
management in the study area. Evaluation criteria included intervention requirements
for an adequate operation, compatibility with the basin’s land use, and availability of
parameters to model the intervention. Applying the criteria and comparing these require-
ments with the basin characteristics, RWH ponds in agricultural land, forest conservation
in forested areas, and check dams in upstream subbasins were selected to assess their
effectiveness for drought management. The last row of Table 2 shows measures allocation
(subbasins highlighted in grey).

Table 2. Evaluation criteria to identify interventions for drought management in study area.

Criteria RWH Ponds Forest Conservation Check Dams
Designed to trap a?‘d collect Forest conservation aims to Small barriers constructed
. runoff from a relatively small ..
Description maintain forest cover and across channels to obstruct

catchment area
(10-500 m?2) [24].

limit soil degradation [25].

flow [26].

Used frequently in arid or
mountainous environments

Annual rainfall 200-1000 mm [27]. NA. .
with ephemeral
hydrology [28].
Topography Steeply and mild slopes [29]. NA. Steep and mild slopes [30].
Soil type Sandy loam, sandy clay loam, NA. On areas with coarse soil

and sandy clays [29].

texture [28].

Land use compatibility

Applied in agricultural
land [31].

Land where forest is, or is
planned to become, the
dominant land use [25].

Where the slope is mild and
the area is sufficient to store
discharge and sediment [30].

Parameter(s) to model the
measure in SWAT

Pothole routine:
POT_FR? (0.3),
POT_VOLX b (20 cm),
[32].

CN2 € value of forested HRUs
was reduced from the
calibrated value to the
recommended value for forest
in good hydrological
conditions [33].

Ponds:

PND_FR 4 (0.3),
PND_PVOL® (5 x 10* m3),
PND_PSA f (1 ha) [34].

No. of PDMM applied

140 potholes were applied at

HRU level (140 HRUs met the

allocation criteria).

17 ponds were applied at the
subbasin level (17 subbasins
met the allocation criteria).

Measures allocation

Notes: 2 Fraction of the HRU area that drains into a pothole; > maximum volume of water stored in the pothole
(mm) over the entire HRU; € initial SCS runoff curve number for moisture condition II; ¢ fraction of subbasin area
that drains into ponds; ¢ volume of water stored in ponds when filled to the principal spillway (10* m3. H,0);
f surface area of ponds when filled to principal spillway (ha).

The first measure RWH ponds, traps, and collects runoff from a relatively small
catchment area (10-500 m?) [24]. The RWH ponds were modeled in the SWAT model
using the pothole routine. Potholes are water bodies located off the main channel, and
water flows to them from the subbasin [18]. The potholes were applied at the HRU level,
wherein the user indicated the fraction of flow from the upland HRUs that contributed to
the pothole HRU and the maximum water depth over the entire HRU [35]. The storage
capacity of that pothole was given by the area of each HRU multiplied by the maximum
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water depth. As there could be only one pothole in each HRU, for the present study the
sequence of the RWH pond’s storage capacity was aggregated into one pothole [32].

The second measure was conserving forested areas, which aims to maintain forest
cover and limit soil degradation to slow runoff and increase infiltration and groundwater
recharge. Such actions include forest regeneration, species diversity, and unevenly aged
stands [25]. In the SWAT model, the CN2 value of forested HRUs could be reduced from
the calibrated value to the recommended value for forested areas in good hydrological
conditions. In the present study, the CN2 value was modified according to the HRU’s
hydrologic soil group [33]

The final measure, check dams, are small barriers constructed across channels or
gullies to obstruct flow. These structures store floodwater and allow more time for water
percolation to recharge aquifers, among other purposes [26,36]. Check dams were simulated
in the SWAT model as ponds [37]. The SWAT model defined ponds as water bodies located
off the stream network that only receive loadings from the subbasin’s HRUs. Predicted
runoff from the HRUs was aggregated and routed into ponds, regardless of the pond’s
location in the subbasin [34]. The required inputs were the pond’s storage capacity and
surface area.

2.3. Applying the Threshold Level Method to Analyze the Effect of PDMMSs on Drought Severity

Drought severity was calculated separately for the baseline and PDMMs scenarios to
assess the PDMMs’ effectiveness in alleviating drought. The severity change was estimated
by comparing the severity in the baseline scenario to the severity in the PDMMs scenarios.

The threshold level method was applied to calculate drought severity. Per this method-
ology, a drought is a sequence of intervals (days, weeks, months) in which a variable of
interest (e.g., precipitation, soil moisture, or streamflow) remains below a set threshold (7).
Generally, the threshold lies between the distribution’s fifth and thirtieth percentiles [38-40].
Each drought event can be characterized by its duration, spatial extent, and severity, among
other characteristics [41]. In this study, simulated soil moisture represented agricultural
droughts, simulated streamflow represented hydrological droughts, and severity was the
characteristic of interest.

2.3.1. Setting the Thresholds to Identify Droughts

This study used the SWAT model outputs, namely, soil moisture and streamflow,
to calculate agricultural and hydrological drought thresholds, respectively. SWAT re-
sults obtained on the subbasin level allowed us to evaluate the drought severity at each
subbasin and assess the differential effect of the mitigation measures in upstream and
downstream subbasins.

The simulated soil moisture A;; at the subbasin i (1,2,...,N)and monthj(1,2,...,12)

in the baseline scenario was used to set the monthly threshold 4

i This corresponded to
the twentieth percentile of A;;. Similarly, the daily simulated streamflow H;; in the baseline
scenario was used to set the monthly threshold Ti? . It corresponded to the twentieth
percentile of Hj;.

Notably, the monthly threshold calculated in the baseline scenario was used to identify
droughts and calculate severity in the baseline and PDMM scenarios. This approach
allowed the researchers to set a threshold that represented the region’s drought status and
estimate changes in drought severity after applying the PDDM.

2.3.2. Identifying Drought Events and Calculating Drought Severity

The agricultural drought state was assumed to occur in a subbasin when the monthly
simulated soil moisture A;(f) remained below the set threshold (Al-(t) < ’L’l-?) . Similarly,
the hydrological drought state was assumed to occur in a subbasin when the monthly
simulated streamflow H;(t) fell below the set threshold (Hi(t) < Ti?l ) In both cases, a
drought state began when the variable of interest fell below the threshold (+ = 1) and
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continued until it exceeded the threshold again (t = T). To classify a drought state in
a subbasin (i) at time step (t) of a drought event, it had to be followed or preceded by
a month of drought conditions. Equations (3) and (4) indicate the procedure applied to
identify agricultural and hydrological drought conditions during the simulation period:

SA(H) = 1 lf Ai(t) < Tl? and (Ai(t— 1) < q‘]f‘ or Ai(t+1) < T{?) .
0if Ai(t) > Ti}a

51 () = { Lif Hi(t) <l and (Hi(t=1) < or Hi(t+1) < Tigfz W
Oif Hi(t) >

where 67 (t) and 67 (t) were binary variables indicating the droughts state per subbasin at
time (t); A;(t) and H;(t) represented the soil moisture and the streamflow in the subbasin
(i) at time step (t); and Ti’? and Ti’? were the set thresholds.

After identifying the drought state per subbasin, we summed the area of the subbasins
in drought condition at each time step. Then, the drought events during the period of
analysis were identified. A drought (agricultural or hydrological) event was assumed to
occur in the basin when at least 30% of the basin area was in a moderate drought category at
the same time step (in this study month). We opted for setting a spatial extension minimum
threshold, considering droughts usually extend regionally [42]. Setting a minimum spatial
threshold prevented a reduced number of subbasins experiencing water scarcity, or periods
of water shortage were considered drought events.

After identifying the drought events, Equations (5) and (6) were applied to calculate
their duration:

Aby =Y 6M1)At, (5)

HA =Y, 87 (1)At, ©)

where AA; was the duration of the agricultural drought k; HA; was the duration of the
hydrological drought k; T was the end of the drought event; and Af was the time step (t)
(in this study: 1 month).

The agricultural and hydrological drought severity at each subbasin were estimated
using Equations (7) and (8):

A : A

A _ Tij — Ai(t) if Ai(t) < Tij
S = {o if Ai(t) > T @)

H : H

Heo _ ) T — H;(t) if Hi(t) < T

where S (t) represents the deviation from the threshold TZ-? at the subbasin (i) at time step
(t) (in mm), and SH (t) represents the deviation from the threshold Té{ at the subbasin (i) at
time step (t) (in mm d—1).

2.3.3. Estimating Changes in Drought Severity

Equations (9) and (10) were used to estimate changes in drought severity after applying
the PDMMs:

AS{ (1) = (S (55— S (B ppaane ) /7 (D), x 100, ©)
ASH() = (85 = S (1) poant ) /SF (81 100 (10)

where AS/ () is the change in agricultural drought severity (%) in the subbasin (i) at time
step (t); ASH(t) is the change in hydrological drought severity (%) in the subbasin (i) at
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time step (¢); BL is the baseline scenario; and PDMM is the PDMM scenario. A positive
value indicates a decrease in drought severity compared to the baseline scenario, and a
negative value represents the worsening of drought severity.

3. Results and Discussion
3.1. Sensitivity Analysis and Model Calibration

Table 3 presents the top 10 most sensitive parameters from the model setup. These
parameters are used for model calibration and validation. The NSE is 0.73 for calibration
and 0.62 for validation, and the PBIAS is 6.7% for calibration and —7.6% for validation.
According to Moriasi et al. [23], the model performance is considered appropriate for

simulating streamflow.

Table 3. Sensitivity analysis rankings for streamflow model output.

Parameter ? Description in SWAT Range Default Value Calibrated Value
Depth from soil surface to . e b
r_ SOL_Z().sol bottom of layer (mm). 0-3500 Soil and layer specific 300-1000
r__SOL_BD().sol Moist bulk density (g/cm3). 0.9-2.5 Soil and layer specific 1.0-1.3°
Available water capacity of the . . b
r__ SOL_AWC().sol soil layer (mm H20/mm soil). 0-1 Soil and layer specific 0.1-0.2
r__SOL_K().sol (S;t;r/afsd hydraulic conductivity 0-2000 Soil and layer specific 8.0-45.0°
r_ CN2.mgt SCS runoff curve number. 35-98 Specific HRU 70-85b
v__RCHRG_DP.gw Deep aquifer percolation 0-1 0.05 0.02
fraction.
Threshold depth of water in the
v__GWQMN.gw shallow aquifer required for 0-5000 1000 4642
return flow to occur.
v_GW_DELAY.gw Groundwater delay (days). 0-500 31 4.0
r__ESCO.hru Soil evaporation 0-1 095 051
compensation factor.
v__CH_N2.rte Manning’s for the main channel. ~—0.01-0.3 0.014 0.10
Notes: @ v: parameter value is replaced by a value from the given range; r: parameter value is multiplied by
(1 + a given value), b range of calibrated values.

Figure 3 shows the model’s performance at Osicala station. Although peak discharges
are underestimated in specific years of the calibration and validation periods, the overall
performance of the SWAT model is acceptable for simulating streamflow.

i
200 - CaIibratio‘ni Validation
1 1
° nioo
o :| b
£ 150 - i i
- n
g —==- Observed , “ i I: n
£ 1004 — Simulated A . i !
© i
[ 1
& |
50 - i
1
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o
1

2006

2008 2010

2012

2014 2016

Figure 3. Monthly calibration and validation for streamflow at Osicala station.
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3.2. Agricultural and Hydrological Droughts in the Baseline Scenario

Applying the methodology presented in Section 2.3, seven agricultural droughts and
five hydrological droughts were identified during the simulation period Figure 4. shows
the timeline of the drought periods. Agricultural drought events are named from I to VII,
and hydrological drought events are named from I to V. The events are consistent with the
drought chronology in the region [43], and are in line with previous studies that indicated
that between 2015 and 2019, the region experienced a multiyear meteorological drought,
one of the main drivers of agricultural and hydrological droughts [17,44]. According to the
results, in the simulation period (15 years) are observed 26 months in agricultural drought
condition and 14 months in hydrological drought condition.

Agricultural |
droughts

Hydrological |
droughts

Oct 2005/ Oct 2008/ Sep 2011/ Oct 2012/ Jun 2015/ Oct 2016/ 0Oct 2016/
Jan 2006 Apr 2009 Oct 2011 Novi2012 Jul 2015 Jan 2017 Jan 2017
| Il 1] vV \' VI VII
Nov 2005/ Mar 2009/ Jul 2015/ Mar 2017/ Mar 2017
Mar 2006 Apr 2009 Aug 2015 Apr 2017 Apr 2017
| Il 1] v \'4

T T T T T T T T T T T T T T
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Simulation period

Figure 4. Agricultural and hydrological drought events during the simulation period. Roman
numerals indicate the name of the drought event. Agricultural drought events are named from I to
VII, and hydrological drought events are named from I to V.

Figures 5 and 6 present the monthly severity of the agricultural and hydrological
droughts at each subbasin. Results reveal that agricultural drought event II is the most
prolonged and severe episode in the period of analysis (Figure 5b). Regarding hydrological
droughts, event I is the most extended episode (Figure 6a), and event III is the most severe
(Figure 6c).

3.3. Effect of PDMMs on Drought Severity

This section presents the drought severity change after applying PDMMs. According
to the methodology, a positive change indicates a decrease in drought severity compared to
the baseline scenario, and a negative value represents the worsening of drought severity.

3.3.1. Effect RWH Ponds on Drought Severity

Figure 7 presents changes in the agricultural drought severity in subbasins where
RWH ponds are applied. Results indicate that the agricultural drought severity reduces
during the first months of events I, II, and IV (Figure 7a,b,d). Severity alleviation continues
until the end of the events, declining gradually. This suggests that the surface runoff
collected and sorted during the rainy season continues to be available for infiltration at the
beginning of the dry season when the droughts are more likely to start. These findings are
consistent with previous studies, which found that RWH ponds improve water availability
during drought events [27,45]. The reduction in the agricultural drought severity may also
be linked to an improved soil structure. Model outputs indicate that soil erosion decreases
by up to 30% in the subbasins where RWH ponds are applied. Previous studies have found
that RWH techniques reduce soil erosion, improve soil structure, and enhance soil water
retention capacity [31,46].
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Figure 5. Monthly agricultural drought severity in mm expressed as a deviation from the threshold
(baseline scenario): event I (a), event II (b), event III (c), event IV (d), event V (e), event VI (f), and
event VII (g). Higher values represent larger deviation (or moisture deficit) and more severe drought.
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Figure 6. Monthly hydrological drought severity in mm expressed as a deviation from the threshold
(baseline scenario): event I (a), event II (b), event III (c), event IV (d), event V (e). Higher values
represent larger deviation (or moisture deficit) and more severe drought.
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Figure 7. Agricultural drought severity changes in subbasins where RWH ponds are applied:
eventI (a), event II (b), event III (c), event IV (d), event V (e), event VI (f), and event VII (g).



Water 2023, 15, 1442

12 0of 19

100
x
o 50
(@)}
C
©
S o
>
=
|
(0]
>
(0]
(]
£ 100
>
o
5 50
o
S 9
(@)
oS
o
©
>
T

Figure 8 presents the changes in hydrological drought severity in the subbasin where
the measure is applied and in subbasins downstream of where it is applied. Findings
reveal that RWH ponds help alleviate the severity of the events observed in the dry season.
In event I Figure 9a), drought severity reduces by up to 90%. This severity alleviation
continues until the end of the event. Similarly, severity reduces by up to 50% and 80%
during event II and the first month of event IV (Figure 9b,d). According to the modeling
outputs, RWH ponds improve percolation and groundwater recharge during the rainy
season. Consequently, more groundwater is stored, and baseflow contribution to the
river flow increases, particularly during the dry season, alleviating the severity of the
hydrological droughts observed in that period.
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Figure 8. Hydrological drought severity changes in the subbasin where RWH ponds are applied and
in subbasins downstream of where they are applied: event I (a), event II (b), event III (c), event IV (d),
event V (e).
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Figure 9. Drought severity change in percentage in the subbasins where the measure is applied,
agricultural drought event II (a). Drought severity change in percentage in the subbasins where the
measure is applied and in downstream subbasins, hydrological drought event V (b). The location of
the measure is presented on the left side of the figure.

After applying the RWH ponds, hydrological drought severity worsens slightly during
events that occur in the rainy season (events III and V). One reason for this could be that
surface runoff remains stored in the RWH ponds, reducing the surface runoff contribution
to the streamflow during the rainy season. Consequently, the streamflow deficit increases,
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and the severity of the hydrological droughts rises in most subbasins where the ponds are
applied (Figures 8c,e and 9b). Interestingly, most of these subbasins correspond to those
showing a reduced agricultural drought severity.

It is important to note that, overall, the severity change of the agricultural droughts V,
VI, and VII (Figure 7e—g) and hydrological droughts III, IV, and V (Figure 8c—e) remain below
20%. The limited impacts on these events may be linked to the precipitation anomalies
observed between 2015 and 2019. The region experienced the lowest five-year mean May to
September precipitation over the last century during that period. The lack of precipitation
markedly reduces the surface runoff available to collect and store in the RWH ponds.
Compared to 2005 and 2008, in 2015, 2016, and 2017, the volume of water collected in the
ponds declined by 45% on average. Our findings align with previous studies that concluded
that the performance of RWH ponds highly depends on rainfall availability [27,47].

3.3.2. Effect of Forest Conservation on Droughts Severity

The outcomes of the drought analysis indicate that forest conservation has a minimal
effect on agricultural drought severity. Although minor changes are observed at the
beginning of events Il and IV, these changes remain below 3% compared to the baseline
scenario. The limited impact of the intervention on agricultural drought severity may
be linked to the rainfall distribution over the year and the storage capacity of the soil.
Modeling outputs indicate that surface runoff decreases in the subbasins when the measure
is applied during the rainy season. Nevertheless, the intercepted surface runoff evaporates
or percolates before the dry season starts; consequently, the water is not stored in the soil
column or kept available to infiltrate when agricultural droughts are more likely to occur.

Concerning hydrological droughts, the findings indicate that forest conservation helps
reduce the severity of the events observed during the dry season. Figure 10 presents the
changes in hydrological drought severity in the subbasins where the measure is applied
and in subbasins downstream of where it is applied.
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Figure 10. Hydrological drought severity changes in subbasins where forest conservation is applied
and in subbasins downstream of where it is applied: event I (a), event II (b), event III (c), event IV (d),
event V (e).

Figure 10a,b,d demonstrate that the severity of events I, II, and IV decrease. For
example, the positive effect lasts until the end of event I Figures 10a and 11a). The analysis
reveals that while surface runoff reduction caused by forest conservation has little impact on
agricultural droughts, it may contribute to alleviating the severity of hydrological droughts.
Results also suggest that surface runoff reduction leads to increased percolation, favoring
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groundwater contribution to the streamflow and alleviating the water deficit. Groundwater
contribution to the streamflow improves primarily during the dry season, when droughts
are more likely to occur.
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Figure 11. Drought severity change in percentage in the subbasins where the measure is applied and
in downstream subbasins: hydrological drought event I (a) and hydrological drought event III (b).
The location of the measure is presented on the left side of the figure.

The results highlight the relevance of maintaining forest cover in headwater areas for
hydrological drought alleviation. These findings are consistent with previous analyses
showing that basins with forest cover present more stable seasonal flows, better soil struc-
ture and infiltration capacity, and less streamflow reduction during the dry season than
those with less forest cover [48-51].

Conversely, the results indicate that forest conservation has minimal impact on
droughts that occur in the rainy season and even slightly worsens drought severity in some
subbasins (Figures 10c,e and 11b). This appears to occur because surface runoff contributes
significantly to the streamflow during the wet season. After applying forest conservation,
surface runoff declines, thus exacerbating the streamflow deficit.

3.3.3. Effect of Check Dams and Ponds on Droughts Severity

Figure 12 presents the changes in agricultural drought severity in the subbasins where
check dams and ponds are applied. Notably, the duration of event II reduces by two
months, and the severity decreases by more than 40% on average (Figure 12b). The severity
of event V, the most severe event during the simulation period, declines by up to 80%
Figure 12g).

Similarly to the effects of RWH ponds on agricultural land, the check dams and ponds
store surface runoff, making the water available for infiltration. This compensates for
soil moisture deficits during drought events, thus alleviating the agricultural drought
severity. Additionally, modeling results show that soil erosion is reduced by up to 40%
in the subbasins where the measure is applied; this contributes to maintaining the soil
structure and enhances soil water-holding capacity. However, it is important to note that
impoundments applied in forested areas (mainly upstream subbasins) perform better at
alleviating agricultural drought severity, despite the reduced available surface runoff in
forested areas compared to agricultural areas. This may be because impoundments can be
applied at a larger scale in forested areas.
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Figure 12. Agricultural drought severity changes in subbasins where check dams and ponds are
applied: event I (a), event II (b), event III (c), event IV (d), event V (e), event VI (f), and event VII (g).

Figure 13 presents the changes in hydrological drought severity in the subbasins where
the measures are applied and in the downstream subbasins where the measures are applied.
The impacts of check dams and ponds on hydrological drought severity vary. The measures
reduce severity in the subbasins where applied, but an equivalent drought worsening is
observed downstream (Figure 14b).
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Figure 13. Hydrological drought severity changes in subbasins check dams and ponds are applied
and in subbasins downstream of where they are applied: event I (a), event II (b), event III (c), event
IV (d), event V (e).
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Figure 14. Drought severity change in percentage in the subbasins where the measure is applied,
agricultural drought event VII (a). Drought severity change in percentage in the subbasins where the
measure is applied and in downstream subbasins, hydrological drought event I (b). The location of
the measure is presented on the left side of the figure.

Applying check dams and ponds increases percolation and groundwater recharge
during the rainy season, which contributes to the alleviation of drought severity in the
dry season. These results are observed only in the upstream subbasins. Modeling outputs
indicate that in these subbasins, the surface runoff contribution to streamflow reduces by
up to 70% during the rainy season, while groundwater contribution to the streamflow
increases by up to 40% during the dry season.

Conversely, the change in the groundwater contribution to the streamflow is minimal
in the downstream subbasins. Additionally, the streamflow into these subbasins is reduced
by up to 55% during the dry season. This suggests that although impoundments that
store surface runoff allow more time for infiltration, the soil’s infiltration capacity is low,
constraining groundwater recharge. Accordingly, a significant volume of water evaporates
or remains stored in the upstream subbasins (in the impoundments and the soil profile),
exacerbating the streamflow water deficit downstream.

These results support previous studies, which report that check dams in the upper
reaches can disrupt the downstream transfer of water [28]. Previous studies also report
that for check dams to increase groundwater availability, high local infiltration and spe-
cific aquifer characteristics, such as smaller lateral than vertical transmission and low
permeability bottom layer, are required [52].

4. Conclusions

The modeling-based approach applied in this study allowed assessing the impacts of
three potential PDMMs (RWH ponds, forest conservation, and check dams) on the severity
of agricultural and hydrological droughts in the Torola Basin. The RWH ponds alleviated
the severity of agricultural and hydrological droughts in the dry season but slightly wors-
ened the severity of hydrological droughts in the rainy season. Forest conservation did
not affect the severity of agricultural droughts and had minimal impact on the severity of
hydrological droughts observed in the rainy season. In contrast, it considerably reduced
the severity of hydrological droughts in the dry season. Finally, check dams and ponds
significantly alleviated the severity of agricultural and hydrological droughts in upstream
subbasins but enhanced hydrological droughts downstream.

The findings suggest that basin characteristics (e.g., rainfall distribution over the
year, soil infiltration capacity, and topography) and the season (rainy or dry) in which the
drought event occurs influence the effectiveness of PDMMs in alleviating drought severity.
In addition, the results reveal that PDMMs can reduce the severity of agricultural droughts
but produce the opposite effect on the severity of hydrological droughts. Therefore, the
selection and allocation of PDMMs must be tailored to each region and require prior
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assessment of the basin and drought characteristics and the evaluation of the measures’
potential effects on each type of drought.

Some limitations of this study could be addressed in future research. Firstly, it is
necessary to explore alternative sources of hydroclimatic data. The available time series
in the stations located within the basin are relatively short for long-term drought analysis.
Secondly, it is required to include socioeconomic parameters such as governance discord,
public participation and demographic constraints, and construction and maintenance costs
in the criteria list to select and allocate PDMM. Thirdly, further data collection on irrigation
systems in the study site is required to evaluate their effect on drought severity. Equally
important, improving the characterization of the agriculture in the study site is necessary,
including information on crop calendars and observed periods of crop stress. Finally, there
is still a need to assess the mitigation measures” optimal allocation and application scale
and evaluate drought management scenarios where more than one intervention is applied.

The outcomes of this work are relevant for planning authorities and the agriculture
sector in developing or improving proactive drought management plans.
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