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Abstract: Drought characterization and risk assessment are of great significance due to drought’s
negative impact on human health, economy, and ecosystem. This paper investigates drought
characterization and risk assessment in the Lempa River basin in Central America. We applied
the Standardized Evapotranspiration Deficit Index (SEDI) for drought characterization and drought
hazard index (DHI) calculation. Although SEDI’s applicability is theoretically proven, it has been
rarely applied. Drought risk is generally derived from the interactions between drought hazard
(DHI) and vulnerability (DVI) indices but neglects resilience’s inherent impact. Accordingly, we
propose incorporating DHI, DVI, and drought resilience index (DREI) to calculate drought risk index
(DRI). Since system factors are not equally vulnerable, i.e., they are heterogeneous, our methodology
applies the Analytic Hierarchy Process (AHP) to find the weights of the selected factors for the
DVI computation. Finally, we propose a geometric mean method for DRI calculation. Results
show a rise in DHI during 2006–2010 that affected DRI. We depict the applicability of SEDI via its
relationship with El Nino-La Nina and El Salvador’s cereal production. This research provides a
systematic drought risk assessment approach that is useful for decision-makers to allocate resources
more smartly or intervene in Drought Risk Reduction (DRR). This research is also useful for those
interested in socioeconomic drought.

Keywords: drought characterization; drought risk assessment; drought hazard; drought vulner-
ability; drought resilience; SEDI; Lempa River basin; Central America; WEAP; spatiotemporal
drought analysis

1. Introduction

Drought is triggered by anomalies in meteorological variables, such as a lack of
precipitation and an increase in evapotranspiration demand. These water anomalies can
further lead to deficits in soil moisture and runoff [1–3]. Drought has a negative impact
on the agriculture, service sector, and production market. It also has a large impact on
human health and ecosystems [4–6]. Drought impacts make it one of the most severe and
damaging natural hazards [7].

The consequences of its severe impacts highlight the importance of drought moni-
toring, characterization, and risk assessment. For example, in the last century and the
beginning of the present, from 1900 to 2019, drought has affected around three billion
people, causing more than 11 million deaths, and triggered global economic losses of
$1.75 × 1012 [8]. In the last decades, significant advances have been made in drought moni-
toring and characterization, particularly those where drought is conceptualized as an event
that changes in space and time [9,10]. The improved methodologies for drought characteri-
zation can be explored to develop spatio-temporal approaches to drought risk assessment.
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Drought risk assessment allows the evaluation of its negative impacts, and it is a
prerequisite to developing solutions to mitigate its undesirable consequences. One of the
early and prominent studies on this topic is proposed by Shahid and Behrawan [11] in
calculating drought risk in Bangladesh. They performed the drought risk assessment by
considering two components: hazard and vulnerability, both computed in indices. Re-
garding the hazard, they applied the Standardized Precipitation Index (SPI) to calculate
drought frequency and magnitude (in drought study referred to as severity). On the
other hand, for vulnerability, i.e., to estimate the degree of exposure of the socioeconomic
system, they considered agricultural and anthropogenic factors evaluated at a local scale.
Following their study, several researchers have focused on drought risk assessment cre-
ating a systematic approach, primarily defining the drought risk as the multiplication of
drought hazard and drought vulnerability indices [12–15]. For instance, Sena et al. [16]
investigated drought risk in Brazil, focusing on decision-making at the municipalities’ level.
Dabanli [17] studied drought vulnerability and risk for provinces of Turkey using SPI.
He used four socioeconomic factors for Drought Vulnerability Index (DVI) and mapped
the indices to show 81 provinces. Zhang et al. [18] assessed the agricultural drought risk
in the Lancang-Mekon region, applying drought hazard and vulnerability indices. They
calculated low and high-risk areas and their association with agricultural lands. Adedeji
et al. [19] assessed the spatiotemporal variation of droughts in Nigeria using remote sens-
ing and geographic information system techniques to find regions prone to droughts risk.
Jincy Rose and Chitra [20] employed SPI and the Standardized Precipitation Evapotran-
spiration Index (SPEI) drought indices to evaluate the temporal variation of drought in
an Indian River basin. They demonstrated that the number of drought events increased
based on SPEI compared to SPI. Lin et al. [21] used SPI for drought characterization and
introduced a drought risk assessment framework based on drought hazard, vulnerability
and exposure. Liu et al. [22] used the SPI and SPEI to investigate drought spatiotemporal
patterns in China’s Sichuan Province. They also detected drought hotspots and carried out
a drought characterization.

Nowadays, it is widely accepted that disaster risk is a multidimensional concept that
is not solely outlined by natural hazards but is simultaneously shaped by the interaction
of the hazard, vulnerability, and resilience [13,23,24]. Resilience is defined as the system’s
ability to respond and recover from a disaster [25]. Current drought risk assessment
approaches usually consider only drought hazard and drought vulnerability, but the role
of resilience is often neglected [12,13,26]. Taking resilience into account enhances the
conventional definition of risk [24] because it calculates drought risk more realistic than
considering solely the degree of exposure of the system as it is done when using just
drought vulnerability. On the other hand, drought vulnerability indices often treat all parts
of the system equally vulnerable, but despite being practical, this consideration is not close
to the whole truth [13,23,24].

Despite its importance, drought risk assessment, especially in the presence of resilience,
is still a new and open debate area [24,27,28]. The framework for studying drought risk,
including the terminology used, is not a fixed matter since it is updated as new studies
are available. The terminology presented in this research corresponds to that commonly
used in drought studies. Globally, there are efforts to unify terminologies and frameworks
for disaster risk reduction. One of these efforts is the Sendai Framework for Disaster Risk
Reduction 2015–2030 (hereafter Sendai Framework), where the United Nations Office for
Disaster Risk (UNDRR) is tasked to support its implementation [29]. One of the Sendai
Framework’s objectives is to point out who is responsible for estimating, managing, and
reducing risk: the state; however, it also indicates that local governments and the private
sector, among other stakeholders, should share such tasks. Although elaborated with
the time’s scientific and technical knowledge, Sendai Framework was mainly focused on
decision-makers; however, its consultation is recommended to the interested reader. This
research’s study framework is mainly based on scientific publications and is relatively
similar to the Pacific Disaster Center’s (PDC) approach [30]. The terminology, the approach,
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and the target audience may differ from the Sendai Framework. The way this research and
previous ones relate to the Sendai Framework is beyond the research scope.

Based on the literature review on drought risk assessment, the following three gaps
are identified in its formulation. (1) The consideration of the spatiotemporal variation of
drought needs to be improved. (2) The different socioeconomic factors of the analyzed
system need to be considered as not equally vulnerable, i.e., heterogeneous. (3) The role of
resilience must be taken into account in the calculation of drought risk. As a contribution to
improve the formulation of drought risk assessment, this research introduces an approach
that fills the three gaps shown above. In this research, three components are considered
in the drought risk assessment: (1) drought hazard, (2) vulnerability, and (3) resilience.
The three components are calculated in the form of indices. It should be noted that, as
readers will see in Material and Methods, drought hazard and drought index are related
but different. A new drought risk index (DRI) is introduced based on the geometric
mean of the drought hazard (DHI), vulnerability (DVI), and resilience (DREI) indices.
The Standardized Evapotranspiration Deficit Index (SEDI) is used for the calculation
of drought. The vulnerability of the system to drought is considered differently. We
incorporated the Analytic Hierarchy Process (AHP) to calculate the weights of seven
socioeconomic and physical/infrastructural factors considered to formulate vulnerability.
The approach takes resilience into account. Four weighted factors are applied in resilience
calculation to picture people, organizations, and the system’s ability to face the negative
consequences of the drought. We assessed drought risk spatiotemporally considering eight
sub-basins. The Lempa River basin located in Central America is selected to illustrate the
methodology because it is vulnerable to drought due to its high population density and
agricultural occupation [31,32].

2. Materials and Methods
2.1. Case Study

The Lempa River is the longest in Central America, with a length of 422 km. It
originates from volcanic mountains in Guatemala with a mean elevation of 1500 MAMSL,
and its mouth is the coastal plain of the Pacific Ocean in El Salvador. From the river’s
total length, 360.2 km (85%) flows in Salvadoran land [33]. The river basin covers three
countries: Guatemala, Honduras, and El Salvador (Figure 1). The tri-national basin has a
17,790 km2 area, 10,082 km2 are located in El Salvador (49% of the El Salvador territory).
The basin has a daily average temperature of 23.5 ◦C, a total annual rainfall average of 1698
mm, and an annual runoff of 19.21 dm3·s−1·km−2.

The water resources of El Salvador are under increasing stress due to population
growth, economic activities, and land-use change. On the one hand, during the dry years,
the river flow has decreased by 70% [32,34]. In this basin, 68% of the surface waters of El
Salvador are found [35]. On the other hand, El Salvador has the largest population density
in America (304 inhabitants per km2) [36]. The Lempa River basin encompasses 13 of 14
departments of El Salvador, comprising 3,967,159 inhabitants (77.5% of the country’s
population). The information shown above on the basin condition, particularly in El
Salvador, highlights the importance of water resources management and drought risk
assessment in such a basin.

2.2. Data

The drought risk assessment in the Lempa River basin is carried out considering eight
sub-basins named Lempa 1, Lempa 2, Lempa 3, Guajillo, Suquioyo, Acelhuat, SS6, and SS3
(Figure 1). The division of the sub-basins was carried out within the framework of the
“El Salvador Rapid Assessment Mission” project in which an evaluation of two aspects
about water resources was carried out, its availability and quality. After the interaction
between local authorities and scientists in charge of carrying out the study, the division
mentioned above was obtained. Runoff modeling was carried out within the framework of
the mentioned project. The outlet of the basin is located in the sub-basin Lempa 1.
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Figure 1. Lempa River basin and its eight sub-basins elevation map.

Time series of the hydrometeorological variables including runoff, infiltration, poten-
tial (PET) and actual (AET) evapotranspiration were calculated with the Water Evaluation
and Planning system (WEAP), the well-known software for water resources planning de-
veloped by the Stockholm Environment Institute [37]. Precipitation, temperatures, and soil
data used in the WEAP model were obtained from El Salvador’s Ministry of Environment
and Natural Resources (MARN) [38]. Streamflow data used to calibrate the model was also
obtained from the same source. Streamflow data was available for the period 2004 to 2009.
Location of the hydrometeorological stations are shown in Figure 1.

WEAP provides the possibility of choosing between five methods to simulate the
basin processes like evapotranspiration, runoff, and irrigation demands. We have used the
Rainfall-Runoff method (Soil Moisture Method), representing the basin with two soil layers
(called buckets). In this method, the topsoil layer is known as the shallow-water capacity
and the bottom soil layer as deep-water capacity. The water balance is calculated for each
fraction area j for the first layer, assuming that the climate is steady in each sub-basin. The
water balance is calculated by Equation (1) [39].

Rdj
dZ1,j

dt
= Pe(t)− PET(t)kc,j(t)

(
5Z1,j − 2Z2

1,j

3

)
− Pe(t) Z

RRFj
1,j − f jks,jZ2

1,j −
(
1 − f j

)
ks,jZ2

1,j (1)
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where Z1,j is the relative storage based on the total effective storage of the root zone;
Rdj is the soil holding capacity of the land cover fraction j (mm). PET projects potential
evapotranspiration and is calculated using the modified Penman-Monteith reference crop
potential evapotranspiration with the crop/plant coefficient (kc,j) for each fractional land
cover; Pe is the effective precipitation, and RRFj is the Runoff Resistance Factor of the land
cover. Low and high values of RRFj may cause more or less surface runoff, respectively.

Pe(t)Z
RRFj
1,j is the surface runoff; f jks,jZ2

1,j is the interflow from the first layer; the term
ks,j denotes the root zone saturated conductivity (mm/time); and fj is the partitioning
coefficient that considers water horizontally and vertically, based on the soil, type of land
cover, and topography.

In each of the eight sub-basins, the catchment-wide variables considered in the water
balance were calculated. We used the catchment-wide actual (AET) and potential evapo-
transpiration (PET) for calculating the drought index. The drought index calculation was
carried out in each of the eight sub-basins following the procedure presented under the
sub-section “Standardized Evapotranspiration Deficit Index (SEDI)” in Section 2.3.1.

2.3. Drought Risk Assessment

Risk is defined as the probability of negative consequences of the hazard, e.g., deaths,
damages [40,41], and disruption of economic activities. It captures the mutual interplay
of the hazard and vulnerability of the system. However, often risk assessments neglect
the inherent resilience of the system [24]. As in any other natural phenomenon, drought
risk requires evaluating the combination of the physical nature of drought and the degree
to which a system or activity is vulnerable to its damaging effects. Regarding this fact,
Shahid and Behrawan [11] introduced the Drought Risk Index (DRI) as the multiplication
of Drought Hazard Index (DHI) and Drought Vulnerability Index (DVI). DRI was defined
as DRI = DHI × DVI. Although this formula has been vastly used to calculate DRI,
nowadays, it is strongly recommended to also consider resilience when calculating risk.
With the inclusion of resilience, it is foreseen that risk assessment may be improved, and
more comprehensive results can be obtained. Resilience shows the ability of the system
to recover from disasters in a reasonably short time and perform better in the future.
The reducing effect of resilience on disaster risk has been considered by some studies in
hurricane flood [24], coastal hazards [41], and typhoon [24], but is rarely used in drought
risk assessment. In this study, resilience is taken into account for the calculation of DRI.

One of the essential features to consider when creating a risk index is its accuracy.
The measure of risk is usually expressed in a single number that combines several factors.
Therefore, such a risk index should provide the most accurate and most transparent
evaluation of an event [42]. The traditional risk index calculation (DRI = DHI × DVI)
presents a disadvantage when calculating risk. Consider the following example to expose
such a disadvantage. Let DHI = 0.6 and DVI = 0.6, which suggests high hazard and
high vulnerability, then, DRI = 0.6 × 0.6 = 0.36. Such a value of DRI indicates a low-
risk condition, which does not sound reasonable. To overcome this limitation, different
methodologies have been proposed. These methodologies include Principal Component
Analysis (PCA), weighting methods, and aggregation methods [42,43].

In this study, we consider using geometric mean to aggregate the different components
in the risk index. Geometric mean is chosen for its simplicity in calculation and application
compared to other methods such as PCA. Furthermore, high accuracy has been reported
when the geometric mean is applied in composite indices making it widely used [43–46].
Accordingly, the following generic formula is proposed for calculating the risk index
(Equation (2)).

RI = (
n

∏
1

Ii)

1
n

= n
√

I1 I2 . . . In (2)

where RI is the risk index, Ii is the ith component (index) that is contributing to the risk
index, and n is the total number of components.
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For the particular case of drought (Equation (3)), in this study, in addition to DHI and
DVI, a proposed drought resilience index (DREI) is considered. These three components
(n = 3) are discussed in detail in the following sections. DHI, DVI, and DREI are normalized,
taking values from 0 to 1 (Table 1). The max-min approach is used in the three indices for
the normalization. Higher values of DHI and DVI represent a worse condition. On the
other hand, in the case of DREI, higher values show a greater capacity of the system to
cope with drought, and therefore, we used 1–DREI in the calculation of DRI.

Table 1. Categorization of DRI, DHI, DVI and DREI.

DRI, DHI, DVI, and DREI Values DRI, DHI, and DVI Category DREI Category

0 to 0.15 Very Low Very High

0.15 to 0.29 Low High

0.29 to 0.43 Relatively Low Relatively High

0.43 to 0.57 Moderate Moderate

0.57 to 0.71 Relatively High Relatively Low

0.71 to 0.85 High Low

0.85 to 1 Very High Very Low

The calculation of drought risk index (DRI) is performed by Equation (3).

DRI = (DHI × DVI × (1 − DREI) )
1
3 (3)

The following sections describe the methodology for calculating the proposed DRI,
including each of its three components (DHI, DVI and DREI). Figure 2 shows a flowchart
of DRI calculation method.

Figure 2. Scheme of the methodology for calculating Drought Risk Index (DRI).

2.3.1. Drought Hazard Index (DHI)

The first step in the computation of DHI is the calculation of droughts, also referred
to as drought events, applying a drought index. The procedure to calculate drought
events is fully documented in [2,3,10,47]. In the following section, the methodology for
the calculation of droughts is described in short. The second step is the calculation of the
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characteristics of each drought event. This procedure is defined as drought characterization.
These characteristics include duration and severity (magnitude), among others. Then, based
on the drought severity, the drought events are categorized into four: low (L), moderate
(M), severe (S), and extreme (E) [9,48–50], as indicated in Table 2. To finalize the calculation
of droughts and their characteristics, the probability of occurrence of each drought category
is also calculated. The probability of occurrence is broken into four ratings using the Jenks
natural break method [11]. The values of ratings are 1, 2, 3, and 4 for the very low, low,
high, and very high probability of occurrence. For the calculation of DHI, two factors are
considered for each case of severity and probability of occurrence. These factors are weight
(Dw) and rating (Dr). Table 2 shows allocated weights and ratings for each case.

Table 2. Weight (Dw) and rating (Dr) for each drought category and probability of occurrence.

Drought Index Value Category Weight (Dw) Occurrence Probability Rating (Dr)

≤−0.8
Extreme

(E) 4

Very high 4
High 3
Low 2

Very low 1

−0.8 to −0.63
Severe

(S) 3

Very high 4
High 3
Low 2

Very low 1

−0.63 to −0.42
Moderate

(M) 2

Very high 4
High 3
Low 2

Very low 1

−0.42 to 0
Low
(L) 1

Very high 4
High 3
Low 2

Very low 1

Finally, DHI is calculated by Equation (4).

DHI = LDr × LDw + MDr × MDw + SDr × SDw + EDr × EDw (4)

where LDr and LDw are the rating and weight corresponding to the low drought category,
respectively. MDr and MDw depict similar values for the moderate drought category. SDr
and SDw show the rating and weight determined for severe drought. Finally, EDr and EDw
are the rating and weight for extreme drought. The values of DHI are normalized using the
min-max normalization approach, which transfers the distribution of all values between
0 and 1.

Drought Characteristics

Four drought characteristics are calculated from the drought index. These character-
istics are duration (DD), severity (DS), intensity (DI), and frequency (DF). The drought
characteristics are computed for each drought category considering the thresholds shown
in Table 2, similar to [9,48–50]. A drought starts as the Drought Index (DI) value falls below
the threshold and ends when this value rises above the threshold again [9,51]. A calculated
drought occurs if there are at least two consecutive months between the start and the end
of the drought. Drought frequency is calculated in a five-year time window by splitting the
30-year dataset into six. These periods provide more accuracy and details than longer time
resolutions [52]. The drought characteristics are calculated as follows.
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• Drought duration (DD): the number of months between the start and the end of droughts;
the start month is considered, and the end month is omitted in calculations [51].

• Drought severity (DS): the integral of the area confined between the horizontal line
below the drought index threshold and the start-end points of the drought event. This
method of demarcating is based on run theory [53].

• Drought intensity (DI): DS per DD, which suggests that events with less duration and
more severity have a greater intensity.

• Drought frequency (DF): the numbers of events per quinquennium, and the numbers
of events for the entire period (31 years, from 1980 to 2010).

To validate the results of drought characteristics, calculated droughts were compared
with the El Nino and La Nina years. For this case, the spatial extent of drought (area) was
calculated and used for the comparison. The percentage of drought area of the whole basin
was calculated on a monthly basis as the ratio between the area of sub-basins in drought
and the total area of the basin. As mentioned, a sub-basin is in drought if the drought index
is below the selected threshold (Table 2).

Standardized Evapotranspiration Deficit Index (SEDI)

The Standardized Evapotranspiration Deficit Index (SEDI) is based on the Evapotran-
spiration Deficit (ED) anomalies, where PET and AET are used. By taking into account
AET, which is the volume of the water evaporated directly from the soil, SEDI captures a
more accurate image of the ground’s drought condition [35,44,45]. Although SEDI has been
used to calculate meteorological and hydrological drought in previous studies [10,54,55], it
is also used for agricultural drought monitoring.

To calculate SEDI, first, the ED anomalies are computed. There are ED formulations
that use PET and AET. Some consider the difference between them (PET-AET), or the
difference AET-AED as Vicente-Serrano et al. [10], where AED is atmospheric evaporative
demand. Others use mathematical relationships that relate PET and AET, such as the
Bouchet hypothesis [54]. Another way to calculate ED is through PET and AET’s relative
difference concerning PET (Equation (5)). In Equation (5), ED runs from 0 to 1, with the
lowest value being the worst condition.

ED = (PET − AET)/PET (5)

In this research, SEDI calculation followed the formulation presented in Mercado
et al. [55] that considers Equation (5) for ED calculation.

Once ED is calculated, the methodology follows the steps of SPI, but using ED instead
of P. The SPI calculation method introduced by McKee et al. [3] is described as follows.
First, an aggregated period (m) is specified. Usually, 3, 6, 9, 12, 24, and 48 months periods
are considered. For each period, the hydrometeorological variable is aggregated, consid-
ering the analyzed month and previous m-1 months. After, each time series is fitted to a
probability distribution. Then, the cumulative probability values are considered the same
as the cumulative normal distribution. Finally, considering the mean of 1 and a standard
deviation of 0, the inverse normal probability values are calculated.

For fitting ED, we used the three-parameter Log-logistic (LL3) distribution as the
literature suggests [48].

Through PET theoretically, it is possible to compute the amount of water lost in
evaporation or transpiration if there is an adequate water supply. Thus, using the PET is
more desirable than just P since it considers the temperature and, as a result, the role of
global warming and provides a more suitable vision about the effect of climate change
on drought [56]. However, PET captures the most extreme situation of the evaporation
situation. Therefore, a closer evaluation of the condition on the ground is necessary.
This limitation can be overcome with the use of AET. AET can be calculated following
remote sensing approaches or hydrological modeling, although empirical formulas can
also be used.
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2.3.2. Drought Vulnerability Index (DVI)

Vulnerability refers to the communities’ conditions, making them suffer more in a
disaster situation [24]. Vulnerability describes the degree to which a socioeconomic system
or physical assets are susceptible to the impact of natural hazards [11]. The selection of
vulnerability indicators varies between the sector, and their selection should be directly
relevant to the local study context and their particular hazards [17]. Although many efforts
have been made to determine a natural hazard vulnerability [13,17,24], factors related to
soil conditions and agriculture are rarely used [13]. The inclusion of the assessment of
agriculture-related vulnerability is essential in drought study, particularly in the evaluation
of agricultural drought.

Considering the region’s local socioeconomic conditions, the following selected pa-
rameters to calculate DVI are proposed based on the previous studies of [11,57].

• Socioeconomic factors

1. Population Density (PD): the number of habitants per km2. Disaster with similar
severity will affect more people if they occur in a more populated area.

2. Female to Male ratio (FM): the number of women to the number of men in an area. It
has been proved that women are most at risk when a disaster occurs [11,58].

3. Poverty Level (PL): the percentage of people living below the poverty line in an area.
There is a direct and absolute correlation between poverty and vulnerability, and the
poor suffer more from hazards [11,59].

4. Agricultural Occupation (AO): the percentage of people working in the agriculture
segment, including farmers and agricultural workers. Farmers fail to plant or get less
production due to drought.

• Physical/infrastructural factors

1. Irrigated Land (IL): the percentage of irrigated land to total land. As the supplied
water for irrigated land depends on the surface and groundwater resources, the IL
factor is directly related to meteorological drought [2,11,60]. IL involves cash crops
that usually are dependent on irrigation. Usually, the presence of irrigation avoids
water stress in the crop fields in comparison to rainfed. At the same time, IL still
represents the system’s vulnerability to lack of supplied water due to droughts [61].
We employed a systematic approach that considers all parts of the system, not the
separate ones.

2. Soil Water holding Capacity (SWC): the difference in water content between field
capacity and permanent wilting point, which shows soil’s ability to buffer crops
during periods of deficit moisture.

3. Food Production (FP): the amount of food, i.e., food crops that are considered edible
and contain nutrients, produced in metric tons per square kilometer. Droughts in
higher food production areas will have a higher negative impact on the economy.

The average PD of cities which are located in a sub-basin is considered as the sub-
basin’s PD. Accordingly, we obtained a data set of PD for 1980–2010. Population data were
obtained from El Salvador’s Department of Statistics and Census [62], National Institute of
Statistics Guatemala [63], and Honduras’s National Institute of Statistics [64].

FM, PL, AO, IL, and FP time series of 31 years have been obtained from World Bank
data [65]. We also have used the “Global Assessment of Water Holding Capacity of Soils”
dataset [66] to calculate SWC in each sub-basin. Higher values indicate greater vulnerability
for all of the mentioned factors except for soil water holding capacity (SWC). In SWC, lands
with lower water holding capacity are more vulnerable to droughts, and higher values of
this factor show more desirable conditions.

The mentioned factors are all normalized using the max-min approach.
Although several research works have calculated DVI, most of them neglected the de-

gree to which these factors contribute to its calculation; therefore, DVI is usually calculated
as an average (DVI = ∑n

i=1 Ii/n). Where n is the total number of factors, and Ii is the ith
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factor. When in DVI calculation, the average is used, the condition of the factors’ equal
vulnerability is assumed [13,30].

A way to consider vulnerability’s factors differently is through weights. We used the
Analytic Hierarchy Process (AHP) to derive such weights. AHP works based on binary
comparison of factors and employing expert’s opinions that provide a proper evaluation
of each factor’s significance. On the one hand, it takes into account the integration and
complexity of the system. On the other hand, AHP keeps application flexibility in various
climatic, geographical, and socioeconomic regions. For further details on the application of
AHP, interested readers can consult Saaty [67]. Accordingly, DVI is calculated following
Equation (6).

DVI =
n

∑
i=1

wi Ii = w1 I1 + w2 I2 + · · ·+ wn In (6)

where wi is the weight of the ith factor obtained from the AHP method (0 ≤ wi ≤ 1,
n
∑

i=1
wi = 1), and Ii is the normalized value of the ith factor.

In this investigation, considering the factors previously introduced, DVI is calculated
by Equation (7).

DVI = PDw × PDn + FMw × FMn + PLw × PLn + AOw × AOn + ILw × ILn + SWCw × (1 − SWCn)+FPw × FPn (7)

where PDw, FMw, PLw, AOw, ILw, SWCw, and FPw are the weights for population density,
female to male ratio, poverty level, agricultural occupation, irrigated land, soil water
holding capacity, and food production, respectively. These weights are calculated with
the AHP method. PDn, FMn, PLn, AOn, ILn, SWCn, and FPn are the normalized values of
population density, female to male ratio, poverty level, agricultural occupation, irrigated
land, soil water holding capacity, and food production, respectively. As the SWC has a vise
versa behavior compared to the other six factors, we used (1 − SWCn) in Equation (7).

We implemented AHP as follows. The assignment of weights is based on experts’
opinions. Weights range from 0 to 1, and the sum of all equal to the unity. Based on experts’
opinions, including the MARN staffs as practitioners as well as local and international
scientists of the scope, we ranked the seven factors considered (population density, female
to male ratio, poverty level, agricultural occupation, irrigated land, soil water holding
capacity, and food production) from 1 (the most vulnerable factor) to 7. Then, we employed
AHP to find the weight of each factor (wi).

2.3.3. Drought Resilience Index (DREI)

As a multidimensional concept, resilience (RE) embraces different subjects in various
fields, and its definition depends on the aim of investigation [24]. Based on the method and
data proposed by Hughey et al. [30], RE pictures the ability of people, organizations, and
systems to face and manage adverse, emergency, or disastrous conditions. Accordingly,
RE includes factors that influence a community’s ability to absorb the negative impacts
associated with a hazard effectively. On the one hand, a high RE suggests the combination
of strong governance, economic capacity at the household level, environmental capacity,
and availability of robust infrastructures that support people during normal and emergency
conditions. On the other hand, a low RE indicates a limited ability to absorb, manage, and
recover from hazards.

A generic equation to calculate DREI using a weighted combination of the contributing
factors is indicated in Equation (8).

DREI =
n

∑
i=1

wi Ii (8)

where DREI is the drought resilience index that runs between 0 and 1, n is the total number
of factors, wi is the weight of the ith factor, and Ii is the normalized value of the ith factor.
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In this study, we consider governance, infrastructure, economic capacity, and envi-
ronmental capacity as the factors to assess DREI. The higher values of DREI show better
conditions. Based on the weighted average to address differences in data quality and
availability [30,43], DREI is calculated with Equation (9).

DREI = 0.3Go + 0.3 In + 0.3 EC + 0.1 EnC (9)

where Go, In, EC, and EnC are governance, infrastructure, economic capacity, and environ-
mental capacity, respectively. Factors are normalized using the max-min approach.

The factors to calculate DREI are proposed based on the previous studies of the Pacific
Disaster Center (PDS) [68]. A description of each factor, based on the PDS, is provided
as follows.

1. Governance (Go): The stability and effectiveness of institutional structures to provide
equitable public services, freedom in selecting government, and enforcement of laws
to prevent and control crime and violence. The total number of voter participation,
violent crimes, extortion, and threats per 10,000 populations, as well as the percentage
of householders that receive trash collection, are five components that create the
Go factor [28,30].

2. Infrastructure (In): The ability to exchange information and physically distribute
goods and services (Transportation and Health Care). Three healthcare infrastructure
components including the number of physicians, nurses, midwives, and hospital beds
per 10,000 population, and two transportation infrastructure components including
the length of road and rail lines by total land area and the number of ports and airports
per 10,000 km2 land area [27], and two communicational infrastructure components
including the percentage of householders with a fixed phone line and percentage of
householders with at least one cellular phone [69] are the seven components creating
the In factor [30].

3. Economic capacity (EC): A region’s ability to absorb economic losses and mobilize
financial assets to provide the required assistance. Total monthly income per capita,
census value added per capita, and percentage of households that receive remittances
are the three components of EC [30,69].

4. Environmental capacity (EnC): The environment’s ability to recover and maintain
species health, biodiversity, and critical ecosystem services after impact. The percent-
age of total land area that is protected represents this factor [30].

Components that create each DREI factor are normalized based on the max-min
approach (with a value between 0 to 1) and equally contribute to creating the factor (i.e., the
average of components). Each component has been calculated for the eight sub-basins. This
value is obtained from the weighted average of the calculated values for departments that
the sub-basin embraces. Each department’s weight has been gained from the percentage of
the sub-basin area, which is covered by the department.

3. Results
3.1. Drought Index

Employing Equation (5), the drought index (SEDI) was calculated monthly for 1980–2010
(31 years). As mentioned in the calculation of SEDI, it can be calculated at different aggrega-
tion periods. Although the drought risk assessment can be performed considering several
aggregation periods, we chose the one that allowed us to evaluate both the agricultural
drought and, as far as possible, the hydrological drought. Mercado et al. [55] showed that
SEDI is highly correlated with SPI and SPEI in different time steps, especially in lower
than nine months. SPI with 3 or 6 months can be considered as an agricultural drought
index [3,70]. Additionally, we compared the river streamflow and SEDI for 3, 6, 9, and
12 months. We found that SEDI06 (SEDI for the aggregation period of 6 months) is most
related in terms of low flows in the basin. Accordingly, we consider SEDI06 as the best
proxy of the agricultural and hydrological drought condition in the basin. SEDI06 reflected
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a realistic vision of the basin that links meteorological, agricultural, and hydrological
drought. Figure 3a–h shows the time series of SEDI06 in the eight sub-basins of the Lempa
River basin for the period 1980–2010. These results were used in drought characterization
and drought hazard index (DHI) calculation.

Figure 3. Time series of SEDI for 6-month aggregation period (1980–2010) in Lempa River basin: (a) Acelhuate sub-basin;
(b) Guajillo sub-basin; (c) Lempa1 sub-basin; (d) Lempa2 sub-basin; (e) Lempa3 sub-basin; (f) SS3 sub-basin; (g) SS6
sub-basin; and (h) Suquioyo sub-basin.
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3.2. Drought Characteristics

Based on Table 2, the threshold of −0.42 that is the start point of Moderate Drought
(MD), is selected to calculate drought events during our study horizon. Figure 4a–h shows
droughts calculated with SEDI06 based on this threshold in eight sub-basins of the area.
Red colors represent droughts (SEDI06 ≤ −0.42), while white colors show the months that
are not in drought. We calculated Drought Duration (DD) for each drought as the number
of successive months in drought (red color).

Figure 4. Droughts calculated with SEDI06 (1980–2010): (a) Acelhuate sub-basin; (b) Guajillo sub-basin; (c) Lempa1
sub-basin; (d) Lempa2 sub-basin; (e) Lempa3 sub-basin; (f) SS3 sub-basin; (g) SS6 sub-basin; (h) Suquioyo sub-basin.

To picture drought characteristics using SEDI06 over 31 years, we assessed DF, DS,
and DI. These three characteristics were also calculated by dividing the overall period into
six quinquennials, including 1981–1985, 1986–1990, 1991–1995, 1996–2000, 2001–2005, and
2006–2010. Figures 5–7 show DF, DS, and DI over the mentioned quinquennials and the
entire period, respectively.
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Figure 5.  

Figure 5. Drought Frequency (DF) maps based on SEDI06 in eight sub-basins of Lempa River basin. Considering six quin-
quennials, and the overall period: (a) 1981 to 1985; (b) 1986 to 1990; (c) 1991 to 1995; (d) 1996 to 2000; (e) 2001 to 2005;
(f) 2006 to 2010; (g) 1980 to 2010 (31 years).
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Figure 6 

Figure 6. Drought Severity (DS) maps based on SEDI06 in eight sub-basins of Lempa River basin. Considering six quin-
quennials, and the overall period: (a) 1981 to 1985; (b) 1986 to 1990; (c) 1991 to 1995; (d) 1996 to 2000; (e) 2001 to 2005;
(f) 2006 to 2010; (g) 1980 to 2010 (31 years).
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Figure 7. Drought Intensity (DI) maps based on SEDI06 in eight sub-basins of Lempa River basin. Considering six quin-
quennials, and the overall period: (a) 1981 to 1985; (b) 1986 to 1990; (c) 1991 to 1995; (d) 1996 to 2000; (e) 2001 to 2005;
(f) 2006 to 2010; (g) 1980 to 2010 (31 years).
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As the results depict, during the first quinquennial (1981–1985), DD (Figure 4a–h) and
DF (Figure 5a) are lower in comparison to other quinquennials. Besides, the events are
milder (Figure 6a) with lower intensity (Figure 7a). During 1986–1990 droughts get more
prolonged (Figure 4a–h) and more recurrent in Lempa1 and Lempa3 sub-basins (Figure 5b).
Lempa3, Guajillo, and to some extent, Lempa1 sub-basins faced severe (Figure 6b) and
intensive (Figure 7b) dry conditions during this quinquennial. During 1991–1995 a longer
DD with five months tail appears in Guajillo, Lempa2, and Lempa3 sub-basins (Figure 4a–h).
Guajillo and Suquioyo sub-basins have higher DF (Figure 5c), and the events are more
severe (Figure 6c) in the western part of the basin. Suquioyo and SS6 have the most intensive
events during this quinquennial (Figure 7c). During 1996–2000 events usually have low
DD (Figure 4a–h). The lowest frequency of the phenomenon over the five quinquennials
(Figure 5d) is observed in Guajillo and Suquioyo sub-basins during these years. Besides, the
lowest drought severity takes place in Suquioyo and SS6 (Figure 6d). Droughts are more
intensive (Figure 7d) in Lempa1 and Lempa3 during this quinquennial. The longest DD
(Figure 4a–h) and highest DF (Figure 5e) are observed from 2001 to 2005, which appeared
in Guajillo, Lempa2, and SS3 sub-basins. During these five years, the south-western part of
the basin has undergone more severe (Figure 6e) and intensive (Figure 7e) events. During
the last quinquennial, droughts are longer in Acelhuate and SS3 sub-basins (Figure 4a–h)
and more recurrent (Figure 5f) along a large part of the basin. The highest DS (Figure 6f) is
taken place in this period, and DI (Figure 7f) is almost the highest all over the basin.

Regarding the overall period (Figure 4a–h), the longest DD was nine months in
Suquioyo and SS6 sub-basins during March-December 2003. Even in the remainder of
sub-basins, this year has the worst case in terms of drought duration. During these
31 years, Lempa3, Acelhuate, and SS3 have the highest DF (Figure 5g) and DS (Figure 6g)
in comparison to the other sub-basins. Results show that drought is more intensive in the
basin’s eastern part (Figure 7g).

3.3. Percentage of Drought Area

Figure 8 presents the percentage of drought area based on SEDI06 for the Lempa River
basin (1980–2010). Droughts with long duration are observed in 1986, 1990, 2003, and 2009.
These droughts usually start in September and last till the end of the year. Among the
mentioned years, the highest percentages occurred in 1990, and the longest one is in 2009,
which lasts till March 2010. A clear increase in the duration of the drought is observed in
the last decade, where more months perched at drought from March to May, while they
were not at drought before. The highest percentage of the area at drought started from
March to December of 2003 (ten months). The best situations are observed in 1984, 1993,
1995, 1996, and 2008, when there was no area at drought during the year.

3.4. Drought Risk Assessment

The results of DHI, DVI, DREI, and DRI are provided in this subsection. Maps of each
index are presented in Figures 9–12, respectively.

DHI was obtained based on the weights and rates provided for SEDI06 in Table 2
and using Equation (4). As Figure 9 shows, Guajillo and Lempa3 have the best condition
among the eight sub-basins in terms of DHI. Suquioyo, SS3, and SS6 are in relatively low
hazard, and the rest of the sub-basins face moderate drought hazard.

DVI was calculated by Equation (7). Figure 10 suggests that Suquioyo, Acelhuate, and
SS3 are more vulnerable to drought, while Lempa2 sub-basin has the lowest vulnerability
facing drought. The other sub-basins that embrace the largest part of the basin are in a
moderate vulnerability situation.

After employing Equation (9), DREI was calculated in the eight sub-basins. As
Figure 11 displays, SS6 and Acelhuate have the highest resilience when a drought oc-
curs (recall that based on Table 1, the description of DREI is vice versa in comparison to
DHI and DVI), while Lempa2 and SS3 have the worst capacity of resilience in the face of
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drought. The other parts of the region representing most of the basin are in a moderate
situation of resilience.

By integrating these three indices (DHI, DVI, and DREI) by Equation (3), we calcu-
lated DRI. Figure 12 maps the DRI. This figure shows that Guajillo, Lempa3, and SS6
have the lowest drought risk, and the other parts of the region face moderate risk. As
the drought characteristics components depicted, an increase in drought frequency and
severity have occurred in the majority of the sub-basins within the last quinquennial
(Figures 5f and 6f, respectively). Furthermore, the events have become more intensive
almost all over the basin during this quinquennial (Figure 7f). It was fruitful to obtain
DRI within a horizon of 2006–2010 to investigate these characteristics’ impact on the risk.
Figure 13 maps DRI during 2006–2010 over the eight sub-basins. As Figure 13 depicts, the
basin is divided into three parts: relatively low, moderate, and relatively high DRIs.

Figure 8. Time series of percentage of drought area based on SEDI06 in Lempa River basin from
1980–2010.

Figure 9. Spatial variation of drought hazard index (DHI) in eight sub-basins of Lempa River basin
based on SEDI06.
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Figure 10. Spatial variation of drought vulnerability index (DVI) in eight sub-basins of Lempa River
basin based on SEDI06.

Figure 11. Spatial variation of drought resilience index (DREI) in eight sub-basins of Lempa River
basin based on SEDI06.

Figure 12. Spatial variation of drought risk index (DRI) in eight sub-basins of Lempa River basin
based on SEDI06 (1980–2010).
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Figure 13. Spatial variation of drought risk index (DRI) in eight sub-basins of Lempa River basin
based on SEDI06 (2006–2010).

4. Discussion
4.1. Calculation of Droughts and Their Characteristics

From 2001 and in almost all sub-basins, a drought pattern within March to May is
captured (Figure 4a–h shows). On the other hand, from September to December, which
includes the region’s wet period [31], there is a recurring pattern of droughts with the
driest situation in 2003. Figures 5–7 show that DF and DS are similar in some sub-basins in
terms of the highest and lowest amounts, while the pattern is different in terms of intensity.
Droughts are more frequent and severe in the Lempa3, Acelhuate, and SS3 sub-basins,
whereas the events get more intensive in the western part of the basin. We compared El
Nino and La Nina years [71] with calculated droughts to corroborate the results of drought
duration and frequency. Figure 14 shows El Nino and La Nina years based on Oceanic
Nino Index (ONI) [71].

Figure 14. Oceanic Nino Index (ONI) for the period 1980–2010 (31 years). Adapted from [71].
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In 1986, 1994, 2003, and 2009, droughts with long duration are observed (Figure 8),
moderate El Nino has been reported. This pattern of occurrence in El Nino coincides with
the results of the drought calculation. On the other hand, 1984, 1995, 1996, 2000, and
2008 are white years with zero percentage of drought areas when we observe La Nina in
Figure 14. Accordingly, there exists a meaningful relationship between the obtained results
(Figure 8) and the El Nino-La Nina report (Figure 14) outlining our results’ validity.

On the other hand, 1984, 1995, 1996, 2000, and 2008 are white years with zero per-
centage of drought areas. As Figure 14 depicts, these years are related to La Nina [71].
This relationship between the obtained results (Figure 8) and the El Nino-La Nina report
(Figure 14) outlines our results’ validity.

Drought is a significant driver that leads to cereal loss both in yield and quality world-
wide [72]. If ED and thereby SEDI depict the drought, there should exist a relation between
SEDI and cereal production when droughts are severe both spatially and temporally [73].
Accordingly, we also compared the patterns of drought areas (Figure 8) with cereal produc-
tion of El Salvador [74]. Figure 15 shows the country’s cereal and crop production for the
period 1980–2010.

Figure 15. Cereal production (million metric tons) and crop production index in El Salvador for the period 1980–2010
(31 years). Data from [74].

Cereal production presents a local minimum value in the years 1986, 1994, 2003,
and 2007. In 2009, the production was also lower than its previous year. These drops in
cereal production coincide with drought patterns. In 1994, the most extended drought
area, an intensive reduction occurred in the production amount comparing with the other
mentioned years. On the other hand, in 1984, 1995, 1996, and 2008, as the white years
(Figure 8), and relatively 2000, the production shows at a local maximum. Such similarity
between the patterns of drought areas and the evolution of crop production index is also
observed in Figure 15. These observations indicate that the results could be used for
the assessment of agricultural drought. Generally, a growing pattern in cereal and crop
production is observed during our study horizon, which may seem odd at first glance as
the drought risk has increased as well. This is because cereal and crop productions are
influenced by different factors, including agricultural land and technology. As an instance,
El Salvador’s agricultural land has grown from 14,100 km2 (or 68.05% of land area) in 1980
to 15,350 (or 74.08% of land area) in 2010 [75].

4.2. Drought Risk Assessment

We incorporated SEDI into the DHI calculation. SEDI considers actual and potential
evapotranspiration, for which this drought index also considers the effects of rainfall, land
cover, and elevation. Therefore, SEDI is more related to agricultural drought. Figure 9
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shows that DHI is observed in three levels, low, relatively low, and moderate hazard.
Lempa1, Lempa2, and Acelhuate faced more severe droughts in the 31 years that means
more tension in water availability and soil moisture. In these extreme conditions, various
parts of the system are affected, such as agricultural activities, drinking, industrial required
water, and biodiversity.

The DVI calculation using weights obtained from AHP based on experts’ opinions
for the seven socioeconomic and physical/structural factors results in a comprehensive
DVI map (Figure 10). The reflection of higher population density, and the percentage of
people who depend on agriculture, has been pictured in the Suquioyo, Acelhuate, and
SS3 sub-basins.

In calculating DVI, seven factors were considered, including Irrigated Land (IL) and
Soil Water holding Capacity (SWC). These two factors were included to make a general
assessment of the different agricultural production systems. The irrigated agricultural area
is directly related to IL, while rainfed agriculture is linked with SWC. Currently, DVI is
limited to considering an overall assessment of the agricultural condition. Therefore, the
different water needs of the various crops may not be fully represented. However, factors
considered in DVI calculation make it robust for assessments at the basin scale.

We considered four weighted factors to obtain DREI (Figure 11). As the figure shows,
SS6 and Acelhuate have more capacity to cope with drought because of their appropriate
governance, economic capacity, and infrastructures. San Salvador, as the capital of El
Salvador, has an influential impact on DVI and DREI of the Acelhuate sub-basin. Its high
population has led to worsening DVI, while DREI improvement is caused by the city’s
good governance, economic capacity, and infrastructure.

It is worth noting that although Guajillo and Lempa3 sub-basins are moderately
vulnerable (Figure 10) and do not possess strong powers of resilience (Figure 11), their DRI
values are relatively low (Figure 12). These low DRI values are due in part to the relatively
low drought hazard (Figure 9). In the SS6 sub-basin, we observe a relatively low DHI,
moderate DVI, and relatively low DREI (relatively high power to cope with drought) that
simultaneously result in relatively low DRI. In Lempa2, we observe moderate DRI. Coming
to its influential factors, its DHI, DVI, and DREI are moderate, relatively low, and relatively
high (relatively low coping power), respectively. In Lempa1, DHI, DVI, and DREI are all
moderate, giving rise to moderate DRI. While Suquioyo has a relatively low DHI, relatively
high DVI, and moderate DREI bring a moderate DRI. Acelhuate also has a moderate DRI,
which is originated from a moderate DHI, relatively high DVI, and relatively low DREI
(relatively high power of resilience). Finally, the SS3 has a moderate DRI caused by a
relatively low DHI, relatively high DVI, and relatively high DREI (relatively low power
of resilience).

Figure 13 shows the spatial distribution of DHI in the eight sub-basins over 2006–2010.
During this period, Lempa3 has the same situation over the 31 years (Figure 12), as its DF,
DS, and DI are not significantly different. On the other hand, Guajillo has relatively high
DRI in the mentioned quinquennial, while its DRI is relatively low over the 31 years. The
high DRI can be justified with the sub-basins’ DF, DS, and DI values during 2006–2010. SS3
and Suquioyo sub-basins also have higher DRI during the last quinquennial than the overall
period as they have higher DF and DS during 2006–2010. At the same time, Suquioyo
experienced higher DI, which was not the case for SS3. SS3 faced a more significant rise
in DS during the quinquennial. SS6 fell into moderate risk during 2006–2010 due to its
higher drought frequency, a sharp increase of DS, and rise of DI in the last quinquennial in
comparison to the 31 years. Acelhuate has low tolerances of DF and DI, but it has a severe
rise in DS. It did not experience different DRI in the assessed quinquennial because of its
higher governance, infrastructure, and economic capacity that cause a stronger power of
resilience. Lempa2 does not experience different DRI during 2006–2010 compared to the
31 years, although its DF, DS, and DI are high. Its vulnerability is relatively low, which
prevents a higher DRI.
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4.3. Strengths and Limitations

Taking resilience into account for the DRI calculation shows a more realistic vision of
the risk situation because the system’s ability to cope with drought is also considered. By
using geometric mean in the DRI calculation, DHI, DVI, and DREI can be better integrated
because geometric mean remarks, the effects of main contributing factors and reflect an
actual vision of the system’s risk.

The overall results highlight the multivariate nature of drought and the interactive
impact on drought risk assessment. The influential factors considered in all the indices are
combined by geometric mean that we considered a better way of integration.

Finally, in this research, drought is calculated on a monthly scale, so the effects of
short dry spells that could hit crops in their most vulnerable stages (i.e., flowering stage)
may not be captured in the DHI calculation. Therefore, applying the proposed approach in
shorter time resolutions are recommended.

5. Conclusions

We propose a novel comprehensive method for drought risk assessment that integrates
three components (1) drought hazard (DHI), (2) vulnerability (DVI) and (3) resilience (DREI)
indices. This method is applied in eight sub-basins of the Lempa River basin, the longest
river in Central America.

The drought index SEDI is used to calculate drought. SEDI is found to be capable of
capturing agricultural and hydrological drought. SEDI-derived drought characteristics are
used to compute DHI.

This research introduces an improvement of the DVI calculation by considering
different weights for the seven socioeconomic and physical/ infrastructural factors that are
evaluated. These weights are based on the AHP experts’ opinions approach.

Our formulation of drought risk index (DRI) considers the DREI that is calculated
based on four weighted factors.

The three indices DHI, DVI, and DREI, are combined through the geometric mean to
calculate the drought risk index (DRI).

The DHI obtained from the SEDI takes actual evapotranspiration into account and pic-
tures useful results, especially for agricultural drought, which is one of the most important
practices over the basin.

This research also contributes to developing a drought risk assessment methodology
and the drought study in Central America. Our study focuses on the hydrological instead
of the sub-basins’ political boundaries, which has rarely been taken into account before.
The paper is helpful for the decision-makers in the area to have a broader vision of the basin.
It can also come in handy to allocate resources more smartly or interfere immediately with
Drought Risk Reduction (DRR). Results of this research are also useful for those interested
in socioeconomic drought.

We foresee the application of the proposed DRI approach in different study regions in
future research. Remote sensing or hydrological modeling-based drought indices are also
recommended to be incorporated.

Particularly for the Lempa River basin, results show an increase in drought duration
and frequency during 1980–2010. Therefore, an assessment to evaluate the future condition
of the study area might be promising. Our case study is investigated at a sub-basin scale.
Accordingly, applying our proposed method within higher resolution cases and fully
distributed manner can be useful for specifying hotspot, more sensitive, and resistant zones
when performing evaluations at national and sub-national levels.
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