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Abstract: Droughts are natural disasters with a significant impact on the economy and social life.
Prolonged droughts can cause even more damage than floods. The novelty of this work lies in the
definition of a synthetic drought hydrograph (SDH) which can be derived at each gaging station of
a river network. Based on drought hydrographs (DHs) recorded for a selected gaging station, the
SDH is statistically characterized and provides valuable information to water managers regarding
available water resources during the drought period. The following parameters of the registered
drought hydrograph (DH) are proposed: minimum drought discharge Qmin

D , drought duration DD

and deficit volume VD. All these parameters depend on the drought threshold QT , which is chosen
based on either pure hydrological considerations or on socio-economic consequences. For the same
statistical parameters of the drought, different shapes of the synthetic drought hydrograph (SDH)
can be considered. In addition, the SDH varies according to the probabilities of exceedance of the
minimum drought discharge and deficit volume.

Keywords: drought hydrograph; drought parameters; statistical analysis; shape of the drought
hydrograph; synthetic drought hydrograph

1. Introduction

Drought is a situation characterized by the lack of sufficient water resources to meet the
demands of plants, animals and human populations, their lifestyles and land use [1]. The
main cause of drought is the lack of precipitation in combination with hot temperature and
evapotranspiration values [2]. Excessive abstraction or inadequate management of water re-
sources can worsen drought problems. Drought can be classified as meteorological drought,
soil moisture drought, hydrological drought, and socio-economic drought [3–5]. Pedological
drought is a consequence of meteorological drought, while hydrological drought (includ-
ing its effects on groundwater resources) is the result of pedological drought. Although
hydrological drought is a consequence of meteorological drought, the lag time between
meteorological input to the hydrological system and the occurrence of deficiencies in sur-
face and groundwater resources can be considerable [5–7]. For this reason, meteorological
drought can be a warning of future hydrological drought. Socio-economic drought differs
significantly from other types of droughts because it reflects the relationship between
water demand and available water resources that varies annually depending on the rainfall
regime [6].

Hydrological drought is defined by the insufficient amount of surface and subsurface
water resources compared to average conditions in space and in time across seasons [4,6,8]
and manifests itself at the level of all forms of water circulation in the terrestrial phase [9].
Streamflow is the best indicator of hydrological drought [10] because it integrates surface
runoff, subsurface runoff from unsaturated zones and base flow from aquifers.

For the study of low flows there are two approaches: (a) the minimum annual n-day
discharge and (b) deficits below a certain threshold [5,7]. These approaches character-
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ize local-scale events [11], leading to a “local fingerprint” of drought from daily hydro-
graphs [12].

In this paper, hydrological drought was considered to represent a deficiency of river
flow below a predefined threshold [13]. Consequently, the truncation level (threshold)
should be determined to define drought characteristics [5,14]. Below the threshold, river
flow is in deficit [5].

The Czech Hydro-Meteorological Study considers a drought event if the discharge
falls below Q355, while [12] considered as a low-flow event all discharges below the annual
threshold Q80. Thresholds used to define low-flow events are typically in the 70–95th
percentile range [5,14,15].

Attention during drought is usually focused on agricultural drought because of the
consequences for food security. There are also concerns during hydrological drought
concerning cooling water for nuclear reactors, safe water levels for navigation or necessary
discharge for hydroelectricity production. During periods of drought, other water users are
also affected, such as the population, industry, or the environment. Water managers face
the problem of water allocation under uncertainties related to the evolution of the drought.
Their water allocation decisions are usually based on the 90th percentile flow (Q90), being
the discharge exceeded on average 90% of the time or 328 days per year [2]. In other words,
Q90 is considered an indicator of socio-economic drought.

There are similarities between the flood hydrograph and the drought hydrograph,
the former being above a certain threshold (standing for the base flow), while the latter is
computed below another threshold, much lower than for floods. The drought threshold is
chosen based on hydrological considerations as shown above or is defined according to
socio-economic drought, represented by the minimum discharge for essential water users
(including environmental flow).

The threshold level method, which studies runs below or above a given threshold and
originally termed ‘method of crossing theory’, was introduced by Yevjevich in 1967 [5]. The
use of the threshold leads to a partial duration series, which in the case of floods is known
as POT (peak over threshold) [16–20]. In the case of drought, the similar approach could be
called VBT (value below threshold).

The duration of the drought corresponds to a continuous sequence of river flow
deficits. The cumulative deficit below the threshold during the drought duration is known
as drought severity. The average value of individual deficits during the drought episode
(the average deficit) represents the drought intensity or drought magnitude, which is
defined as the ratio of drought deficit volume to duration [20].

Hydrological Drought Parameters

Considering the parameters proposed by different authors [5,11,21,22], the main
parameters chosen to characterize the drought hydrograph (or the deficits hydrograph)
are drought threshold QT , drought minimum discharge Qmin

D , time Tv corresponding to
minimum discharge, drought duration DD and deficit volume VD below the drought
threshold (Figure 1).
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Except for the drought threshold, the other parameters are calculated according to the
following equations:

DD = max ( t| QT −Q(t) > 0) (1)

Qmin
D = minQ(t); t ∈ (0; DD) (2)

VD =
∫ DD

0
(QT −Q(t)) dt (3)

The drought duration DD represents the maximum value of time t for which Q(t) is
continuously below QT . The minimum discharge during DD is Qmin

D . Finally, the deficit
volume VD (or cumulative deficit) is the area between the drought hydrograph during the
duration DD and the threshold QT .

These parameters define characteristic points of the drought hydrograph. This means that
any drought hydrograph must pass through the points of coordinates: (0, QT);

(
Tv, Qmin

D
)
;

(DD, QT). However, there are an infinite number of U-shaped curves, monotonic or not, that
pass through the points that necessarily belong to the drought hydrograph. To obtain a unique
solution it is necessary to introduce the shape of the drought hydrograph as a qualitative
parameter of the DH. Examples of drought shapes (from the infinite number of U-shaped
drought hydrographs) considering the same drought duration, minimum discharge and
deficit volume are shown below (Figure 2).
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The novelty of this work lies in the definition of a synthetic drought hydrograph,
which can be developed not only for surface water but also for groundwater. While for
surface water the drought hydrograph refers to discharges, for groundwater the drought
hydrograph refers to water levels. The drought hydrograph is of particular interest for
water management under water scarcity conditions, especially if the extent of the drought
is forecasted based on the size of the meteorological drought.

This paper is organized as follows: Section 2 presents the Method used in this study;
Section 3 supplies a case study; Section 4 contains Discussion and Section 5 contains
Conclusions.

2. Materials and Methods

Daily flows are used to find drought characteristics. It was noticed that there is a good
correlation between VD and DD, which means that only Qmin

D and VD should be analyzed
statistically. Based mainly on these parameters, the hydrological or hydrogeological SDH is
statistically defined and can be provided to water managers.

A preliminary step is to obtain the pair of statistical values Qmin
D and VD of the SDH,

which can be derived in two ways:
(a) The statistical series of Qmin

D and VD of the registered droughts are processed
independently. In the following, the worst-case scenarios must be found. Such a scenario
assumes a realistic or acceptable minimum flow (i.e., has a high probability of exceedance),
while the deficit volume is as high as possible (so it corresponds to a low exceedance
probability). Let P1% be the probability of exceedance of the minimum flow and P2% be
the probability of exceedance of the deficit volume. For example, if P1% is 95%, this means
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that, on average, in 95 years out of 100, the minimum flow is greater than Qmin
D 95%, as well

as, on average, in 5 years out of 100, the minimum flow is less than Qmin
D 95%. Similarly, if

P2% is 10%, on average in 10 years out of 100, the deficit volume is greater than VD 10%.
Consequently, the pair (Qmin

D 95% ; VD 10%) is used for the SDH calculation. If the selected
pair is

(
Qmin

D 99% ; VD 1%.
)
, a more severe drought is considered because VD 1%. > VD 10%

and Qmin
D 99% < Qmin

D 95%.
(b) Using bivariate frequency analysis of minimum discharges and the corresponding

deficit volume. Minimum discharges and deficit volumes are usually not independent
variables, although their correlation coefficient might be quite low. Another option is to use
copulas that overcome the disadvantages of bivariate distributions [23,24]. In each case, a
family of contour lines for the P% probabilities are obtained:

Prob
(

Qmin
D < QP1% ; VD > VP2%

)
= P% (4)

where P% can be 0.1%, 1%, 10%, 20% or any other value corresponding to the drought
whose magnitude can be exceeded for more than 1000, 100, 10, 5 years etc. The contour
lines for each probability highlight an infinite number of pairs (minimum discharge, deficit
volume), from which a selection of the most critical combinations should be made.

2.1. Threshold Selection

For the statistical processing of minimum discharges and corresponding deficit vol-
umes, only values below a threshold are of interest. The threshold may be fixed or vari-
able [5,14]. A fixed threshold is a constant value used for the entire series and can be
chosen so that the number of droughts selected is equal to the number n of years with
registered discharges. Thus, the empirical probability associated with Qmin

D i=1,n
values can

be interpreted as an annual probability of exceedance [25]. If not, the resulting exceedance
probabilities should be converted to annual exceedance probabilities [26]. However, these
additional calculations are not necessary if the number of selected droughts is equal to the
number of years with registered values.

Choosing the threshold is an iterative process. A threshold discharge value is proposed,
and the corresponding drought hydrographs are selected. If the number of drought periods
thus obtained is less than the number of years with recorded data, the threshold is increased
until equality is reached. If, on the contrary, the number of resulting drought hydrographs
is greater than the number of years, the threshold value is lowered. It should also be
considered that the time interval between two drought periods should be at least 1 month,
and the length of the drought should be at least 1 week.

2.2. Minimum Discharges

Following the choice of the threshold QT , the minimum discharges for each selected
drought period are processed. For partial-duration series the following distributions
are preferred: Gumbel, Lognormal, Pearson type III and Pearson type V [27], the three
parameter Weibull, the log-Pearson type III and the two-parameter and three-parameter
lognormal distributions [28], Log-normal, Log-Pearson III, Weibull or Fréchet [29] and
the two-parameter gamma and Weibull distributions [30]. In addition, other statistical
distributions can be used [31]: Log Logistic, Fatigue Life, Inverse Gaussian, Johnson SB
and Generalized Extreme. Different statistical tests are used for ranking the statistical
distribution. In each case, graphs are plotted on normal probability paper, allowing a
better visualization of the cumulative distribution function especially for small or large
probabilities of exceedance.
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2.3. Deficit Volumes

As with minimum discharges, the partial series of the droughts’ volume is also pro-
cessed based on the VBT approach. Given the threshold discharge QT , all droughts whose
discharges are below this threshold are selected.

QD(t) = QT −Q(t) > 0 (5)

The deficit volume is calculated based on the Equation (3). Satisfactory results were
obtained using the following statistical distributions: Phased-Bi-Weibull, Beta, Wakeby and
Log-Logistic [14].

2.4. Shape of the Drought Hydrograph

The shape of SDHs reproduces the shape of DHs that have occurred in the past,
considering either the shape of the hydrograph registered during an exceptional drought,
or an average shape of drought hydrographs with similar shapes. Three examples of
drought shapes are shown in Figure 2.

To obtain the SDH shape, all drought hydrographs below the threshold are normalized
and grouped into classes of similar shape. A class holds one or more DHs with similar
shape. If a class has only one DH, it models that class.

The normalized drought hydrographs, defined by the coordinates (ti, qi), are dimen-
sionless and have the same shape as the original droughts. The maximum values on both
axes are 100%:

maxqi = qmax = 1 = 100% (6)

maxti = tmax = 1 = 100% (7)

At the same time:
minqi = qmin = 0 (8)

The average dimensionless hydrograph of a class is obtained by considering the
dimensionless hydrographs belonging to the same class, weighted by the following factor:

wj =
QT −Qmin

D j

∑n
j=1

(
QT −Qmin

D j

) , (9)

where:
wj—weighting factor for the dimensionless drought j [–].
Qmin

D j —minimum discharge of drought j [m3/s].
n—number of dimensionless droughts belonging to the same class k [–].
In the following, the weighted average drought in class k is given by the following

equation:
qaverage

i (k) = ∑n
j=1wj qj

i(k) (10)

where:
qj

i(k) is the dimensionless discharge qi of the drought j belonging to class k.
When j = 1 (only one DH belongs to the class k), the Equation (10) becomes:

qaverage
i (k) = q1

i (k) = qi (k) (11)

2.5. Compactness Coefficient of the Drought Hydrograph

To exclude non-significant droughts, only the first K droughts in ascending order of
minimum flow are kept before calculating the compactness coefficient. A recommended
value for K is K ≤ 5.
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The compactness coefficient is the ratio between the deficit volume and the area of the
rectangle that surrounds the deficits hydrograph:

γ =
VD

DD
(
QT −Qmin

D
) =

∫ DD
0 (QT −Q(t)) dt
DD

(
QT −Qmin

D
) (12)

The compactness coefficients γk=1,K are calculated for all K dimensionless droughts.
The dimensionless time corresponding to the minimum discharge tv, k=1,K of the normalized
floods is also found.

2.6. Duration of the SDH

According to Equation (12), the drought duration DD is:

DD =
VD

γ
(
QT −Qmin

D
) , (13)

where:
V is the deficit volume below the threshold QT ;
γ—the compactness coefficient of the drought;
Qmin

D —minimum discharge during the drought period;
QT—the threshold value;
The drought duration DD depends on the probabilities associated to drought dis-

charge and deficit volume and can be written as follows:

DD (P1%, P2% ) =
VP2(VD)%

γk=1,K

(
QT −Qmin

P1(Qmin
D )%

) (14)

The duration DD has a variable size, depending on the probabilities P1% and P2% of
the minimum discharge and of the deficit volume, respectively, as well as the values of the
compactness coefficient.

2.7. Construction of SDH

The ordinates of SDH represent a weighted sum (or a convex combination) of the
threshold QT and minimum discharge Qmin

P1(Qmin
D )%

. The time in days on the abscissa is

obtained by multiplying the dimensionless time by the flood duration DD (P1%, P2% ).
Thus, SDH is obtained with the following equations:

(QD i)P1(Qmin
D )% = qi QT + (1− qi ) Qmin

P1(Qmin
D )% (15)

(Ti)P1% , P2% = ti · DD (P1%, P2% ) (16)

where (Ti; QD i ) are the SDH coordinates. The resulting SDHs reproduce the average
shape of significant droughts that have occurred in the past. The SDHs in each class are
characterized by the same parameters: Qmin

D , DD, VD, but the shape and time to minimum
discharge are different.

3. Case Study

The complete time series of daily discharges registered the at Lungoci on Siret River
from 1970 to 2008 was available for statistical analysis. The Lungoci gaging station is located
at the lower end of the Siret River and was chosen for analysis because it characterizes the
availability of water resources throughout the whole river basin. The river basin upstream
of the Lungoci station has an area of over 40,000 km2 and the average flow rate is 220 m3/s.
The threshold QT , equal to 66 m3/s, was obtained by trial and error so that the number of
droughts selected equals the number of years with records. The minimum discharge for
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the whole period is in the range of 15.6–33.8 m3/s, while the deficit volume is between 10
and 540 mil. m3. The duration of the drought for the chosen threshold is in the range of
10–109 days. Drought period can occur not only in summer and winter but also in spring
or autumn or can be inter-annual (Figure 3).
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There is a good correlation (Figure 4a) between drought duration and deficit vol-
ume (R2 = 0.9645), while the correlation between minimum discharge and deficit volume
(Figure 4b) is low (R2 = 0.0969), meaning the minimum discharge and deficit volume are
not linearly correlated. For this reason, a bi-variate or copula analysis are not justified.
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Figure 4. Correlations: (a) drought duration-deficit volume and (b) minimum discharge-deficit volume.

Minimum drought discharges and deficit volumes were statistically tested. According
to the statistical tests, in all cases the null hypothesis (mutual independence, mutual
homogeneity and lack of trend) is accepted at the threshold of 10%.

Two registered drought hydrographs are represented in Figure 4: a hydrograph of
maximum duration and largest deficit volume (109 days and 542 mil. m3—Figure 5a), and
another hydrograph corresponding to the minimum discharge (15.6 m3/s—Figure 5b). The
two hydrographs are not monotonic and sometimes show sudden increases in discharge
that can be explained by the contribution of sub-catchments where rainfall occurred.
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3.1. Minimum Drought Discharges

Different statistical distributions were analysed. The Wakeby and Johnson SB distri-
butions, ranked on the top two positions according to the Kolmogorov–Smirnov test, also
meet the graphical criteria (Figure 6).
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(b) Johnson SB distribution.

The parameters of the two distributions are the following: Wakeby (46.688; 4.7786;
8.4856; −0.96137; 15.361) and Johnson SB (−0.84718; 0.71126; 21.184; 13.159).

The minimum discharges Qmin
P% of the two distributions for the usual probabilities

of exceedance are shown in Table 1. Except for low probabilities of exceedance, the two
distributions are close to each other.
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Table 1. Minimum drought discharges at Lungoci gaging station (m3/s).

Exceedance Probabilities 50% 80% 90% 95% 99% 99.9%

Qmin
P% Wakeby 29.5 23.7 20.2 18.0 15.9 15.4

Qmin
P% Johnson SB 29.4 23.8 20.6 18.4 15.5 14

3.2. Deficit Volumes

The deficit volume for each selected period was calculated using Equation (3). The
results obtained for the Pearson 6 and Johnson SB distributions are shown in Figure 7 and
Table 2. Unlike the distributions for minimum discharges (Figure 6), the distributions for
deficit volumes (Figure 7) differ widely, especially for medium and low probabilities of
exceedance.
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Table 2. Deficit volumes at Lungoci gaging station (mil. m3).

Exceedance Probabilities 0.1% 1% 5% 10% 20% 50%

VP%Pearson 6 6386 1224 374 219 124 50

VP% Johnson SB 637 567 402 285 161 46

The Pearson 6 distribution takes values in the range (7; 6386) mil.m3, while the
Johnson distribution has a much narrower range of values (13; 637) mil.m3. It should
be noted, however, that the Pearson 6 distribution is much better ranked according to
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the Kolmogorov–Smirnov test. Goodness of fit tests respond well to analysis of current
droughts but provide an inconsistent fit for low probabilities of exceedance. This suggests
that the statistical criteria must be additionally accompanied by a graphical and plausibility
assessment based on expert judgement of the drought deficit and its duration.

3.3. Shape of the DH

According to their shape, the DHs were grouped into six classes (Figure 8).
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The dimensionless droughts in classes 3, 4 and 6 have the highest coefficients of
compactness. For this reason, SDHs were determined only for these classes.

Figure 9 shows the SDHs obtained for the following pairs of parameters: (a) (Qmin
99%;

V1%); (b) (Qmin
95%; V5%); (c) (Qmin

90%; V10%); (d) (Qmin
80%; V20%). Both the values for minimum

discharges and the values for deficit volumes correspond to the Johnson SB distribution.
The main parameters of SDHs are provided in Table 3.

In the following, the Johnson distribution is considered for minimum discharges,
while the distribution Pearson 6 is used for processing the deficit volumes. Given the high
uncertainty of the deficit volumes for the exceedance probability P2% = 0.1% (Table 2),
volume data are considered for exceedance probabilities of less than 1%.

The corresponding parameters are provided in Table 4.
Note the extremely long duration of SDH for the pair of parameters (Qmin

99%; V1%),
which can characterize an interannual drought. The wide range of values obtained for the
volume deficit as well as for the duration of the drought with the Johnson SB distribution
(Table 3) and Pearson 6 distribution (Table 4) highlights a high uncertainty. The SDH
obtained for the probabilities of exceedance (99%; 1%) is shown in Figure 10.

Droughts corresponding to the same pair of probabilities of exceedance (P1%, P2% )
and the same distributions for the minimum discharge and deficit volume, respectively,
differ not only in their shape but also in their duration (Table 3). For example, the drought
(Qmin

99%; V1%) has a duration of 116, 112 or 103 days for class 3, 4 and 6, respectively
(Figure 11). However, their minimum discharge and deficit volume are the same.

For the same class of droughts, not only the duration but also the minimum discharge
and deficit volume are lower for higher probabilities of exceedance (P1%, P2% ) (Table 3
and Figure 12).
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Table 3. SDHs parameters (Johnson SB distribution).

Q V Qmin
P% Johnson SB

(m3/s)
VP%Johnson
SB (mil. m3) DD Class 3 (Days) DD Class 4 (Days) DD Class 6 (Days)

Qmin
99% V1% 15.5 567 116 112 103

Q9min
5% V5% 18.4 402 84 81 75

Qmin
90% V10% 20.6 285 62 60 56

Qmin
80% V20% 23.8 161 36 35 32
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Table 4. SDHs parameters for Johnson SB and Pearson 6 distributions.

Q V Qmin
P% Johnson SB

(m3/s)
VP% Pearson 6

(mil. m3) DD Class 3 (Days) DD Class 4 (Days) DD Class 6 (Days)

Qmin
99% V1% 15.5 1224 251 242 225

Q9min
95% V5% 18.4 374 79 76 70

Qmin
90% V10% 20.6 219 47 45 42

Qmin
80% V20% 23.8 124 28 27 25
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4. Discussion

1. The SDH is a new concept in understanding the hydrological drought behaviour.
Different authors have focused on finding drought characteristics such as duration, intensity,
and severity. An excellent synthesis of earlier research can be found in [14]. Drought
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severity and duration have been studied based on multivariate theory. The development of
drought iso-severity curves for specific return periods and durations is another research
direction. Other studies are oriented towards methodologies for obtaining drought return
periods. In this paper, hydrologic drought is treated as a multi-variate event, which apart
from its duration, intensity, and severity is also characterized by its shape. A statistically
characterized complete drought hydrograph is useful in pre-drought crisis decision-making,
leading to the adoption of structural and non-structural mitigation measures. No additional
data are required, compared to the data required in existing drought study methods.

2. The daily time resolution for drought analysis as in the case study favors the
presence of minor droughts among the selected droughts [5]. Given this, minor droughts
(lasting less than 7 days) were excluded from the analyses.

3. According to the results, the deficit volume VD is the most sensitive parameter that
characterizes SDH. In the case study, for a medium probability of exceedance (i.e., 1%), VD
is ranging for the most suitable distributions from 567 to 1224 mil. m3. Extrapolation of
empirical values outside the range of measurements by statistical distributions is not always
dependable. Their suitability is based on the central interval of the sample, while events
corresponding to low probabilities of exceedance are usually not registered [32]. Although
well ranked by statistical tests, many distributions may be unsuitable for extrapolation. A
probability plotting analysis, using probability paper format, is an added way to verify
that the chosen probability distribution fits the hydrologic data well [33]. Expert judgment,
based on knowledge of the drought hydrology at the analyzed location, sometimes leads to
the choice of the appropriate distribution.

4. Currently, flood and low flow frequency analyses are based on the so-called station-
ary assumption [34] given that the time series fluctuate randomly within an unchanging
range of variability and are free of trends and sudden changes [30]. Prior to the statistical
analysis of the drought minimum discharges Qmin

D i=1,n
or the deficit volume VD i=1,n, the

mutual independence and identical distribution, the homogeneity, and the lack of trend of
the sample data must be checked. Various statistical tests such as Wald–Wolfowitz, Turning
Point, Mann–Whitney–Wilcoxon and Mann–Kendall are used for this purpose [31,35].

5. Droughts are grouped into classes based on a similar shape of dimensionless
droughts. Simulations of the operation of the reservoirs or aquifers considering different
classes of drought can highlight the most critical situations for the water supply of water
users.

6. SDHs that reproduce the shape of registered droughts are more plausible than
analytically defined SDHs. A polynomial interpolation was used to define the analytical
approximation of the SDH. According to the interpolation theorem, there exists a unique
polynomial of degree 2 that interpolates 3 data points. The coefficients of the polynomial
were obtained considering a DH passing through the characteristic points (Figure 1):
(0, QT);

(
Tv, Qmin

D
)
; (DD, QT) and preserving the deficit volume (Figure 13). Additionally,

different skewed statistical distributions could be adjusted.
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7. The same methodological approach can be used to derive SDHs for aquifers.
However, water levels in observation wells will be analyzed instead of drought discharges.
Based on these and a regional approach, SDHs can be derived for the entire aquifer
upstream of the main abstraction works.

5. Conclusions

Assessment of SDH is extremely important for the management of available water
resources in rivers, reservoirs and aquifers

The presented approach was used for local analysis of hydrological drought. However,
this analysis can be made for all gaging stations in a river basin, obtaining the drought
hydrological parameters at the river basin level [11]. To correct any anomalies and reconcile
the local parameters with the same upstream and downstream parameters of the current
location, a spatial analysis along the river network is needed. SDH at a particular gaging
station integrates the upstream drought situation and provide information to water man-
agers about available water resources. The hydrological processing of drought discharges
can be performed to varying degrees of complexity. The simplest way is to consider the
minimum discharge corresponding to a probability of exceedance P%. This value is nec-
essary for establishing the ecological flow as well the security degree of the water levels
at the water intakes. However, the deficit volume is also important in deciding the best
allocation rules of existing water resources. This means that both minimum discharges
and deficit volumes must be considered together. If they are correlated variables, the use
of copulas is indicated to characterize the pairs of values (minimum discharge, deficit
volume). If they are not correlated or the correlation is weak, each of the two variables
may be analyzed individually for their statistical characterization. The minimum drought
discharge is associated with high exceedance probability values. On the contrary, high
deficit volumes are of interest, which means that they should be associated with low values
of exceedance probabilities.

Different distributions can be used to fit the registered values of the minimum dis-
charges and deficit volumes. All distributions approximate well the frequent values of the
drought parameters, but they differ in the low-probability domain. Statistical tests followed
by plotting the distributions that best fit the partial time series led to the choice of the most
adequate distributions.

A challenging task, following the statistical characterization, is the choice of the
pair (P1%, P2% ) that characterizes the probability of exceedance of minimum discharge
and deficit volume. For illustrative purposes, the probabilities P1% and P2% have been
considered complementary. However, other pairs of probabilities should be analysed to
obtain a more complex assessment of drought scenarios.

In addition to minimum discharge and deficit volume, the shape of the drought hy-
drograph and total duration are also important. For this purpose, the drought hydrographs
were normalized, and the dimensionless hydrographs were grouped into classes of similar
shape. Based on the dimensionless hydrographs, the SDHs corresponding to different
shape classes are obtained. The most critical events will be used for defining the best
drought management strategies using existing water resources in rivers, reservoirs, and
aquifers.
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