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Hydrological droughts may be referred to as sustained and regionally extensive water shortages as reflected in

streamflows that are noticeable and gauged worldwide. The analysis of hydrological droughts is largely conducted using

the truncation level approach to represent the desired demand level of water equivalent to the median, mean, or any other

flow quantile of an annual, monthly, or weekly flow sequence.
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1. Introduction to Hydrological Droughts

Several definitions have been proposed for hydrological droughts. Yevjevich  defined the hydrological drought as a

period with water content below the average water content in streams, reservoirs, aquifers, lakes, and soils. This period is

associated with the effects of precipitation shortfall on surface and subsurface water supply, rather than with direct

shortfalls in precipitation. In recent years, Tallaksen and van Lanen  defined the hydrological drought as a sustained and

regionally extensive occurrence of below-average water availability. Hydrological droughts can cover extensive areas and

can last for months to years, with devastating impacts on the ecological system and many economic sectors such as

drinking water supply, crop production (irrigation), waterborne transportation, electricity production (hydropower or cooling

water), and recreational activities (rowing, boating, etc., due to low water levels in lakes, rivers, reservoirs, etc.). The other

deleterious impact of the hydrologic drought is the deterioration of the water quality as a consequence of the decline in

water quantity in the surface water bodies. Almost all studies on hydrologic droughts have used streamflows as the

drought variable primarily due to the wide availability of recorded streamflow time series across the globe. It is for this

reason that while dealing with droughts based on streamflows, the term streamflow drought is also commonly used.

1.1. Time Scales of Hydrological Droughts

The hydrological drought analysis began with the annual scale (annual droughts) as pioneered by Yevjevich  and

associates . This work on an annual scale was extended by Dracup et al. , Sen , Guven , Yevjevich , Lee et al.

, Horn , Fernandez and Salas , Sharma , Salas et al. , Panu and Sharma , Akyuz et al. , Sen ,

among others. The yearly analysis offered theoretical simplification as the annual flow sequences can be perceived as

stationary in the statistical and stochastic sense. The stationarity requirement eased the application of the existing

theories of probability and stochastic processes, which paved the way for further analysis on a short time basis such as

month and week. Although the annual scale is rather long, it can be used to abstract information on the regional behavior

of hydrologic droughts and the assessment of equivalent deficit volumes that need to be stored in the reservoirs on a

long-term basis. An appropriate time scale for the analysis of hydrological droughts can be deemed as a month 

 because of the consideration that a month is a reasonable time unit for monitoring drought

effects in situations related to water supply, groundwater abstraction, crop irrigation, management of reservoirs for

hydropower generation, etc. However, it is to be noted that Wu et al.  used multiple time scales (month to year) using

non-standardized streamflow indices. Also, for the hydrologic design of reservoirs in the context of dams, a monthly scale

of flows is considered adequate , and thus, the drought magnitude-based analysis with a monthly scale is very apt.

In recent years, Sharma and Panu , and Gurrapu et al.  have extended the analysis to a weekly scale for

assessing duration and associated water shortages within a year or a season, while reckoning the strong persistence

characteristics of hydrologic droughts on a short time basis. It is well known that the operational drought forecasts are

traditionally issued on a weekly basis such as Palmer drought severity indices and Palmer moisture anomaly indices,

which make weekly analysis very desirable. Further, weekly analysis is a more precise way of assessing the water needs

during drought periods on an emergency and crisis basis. Additionally, weekly analysis provides a complementary way of

testing the validity of drought models developed on a monthly scale, as the periodic or non-stationary effects on flow

sequences are imbued on both time scales . For studying the behavior of short-term droughts within a year or a

season, the daily scale has also been used .
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1.2. Parameters of Hydrological Droughts

Hydrological drought is characterized by a multitude of parameters but chiefly by (a) duration; (b) magnitude (earlier called

severity); (c) time of initiation and cessation; and (d) areal spread. At times, the term magnitude is complemented by the

intensity, which is defined as magnitude/duration by Dracup et al. . Conceptually, the above drought parameters can be

illustrated in terms of an untransformed (or historical) flow sequence (Figure 1A) and a transformed (or standardized) flow

sequence (Figure 1B).

Figure 1. Definition sketch of hydrological drought parameters: (A) natural (or untransformed) flow sequence and (B)

standardized (or transformed) flow sequence.

Natural (or untransformed) form means a sequence of annual flows {x  (m /s)} as they are observed and recorded in the

field, and later on reported in the hydrological yearbooks or related websites, whereas the standardized form means {x } is

transformed to {e } such that {e  = (x  − μ)/σ}, where μ and σ are mean and standard deviation of x  sequence, and thus,

{e } sequence has mean = 0 and standard deviation = 1.

It should be mentioned that in the earlier literature from the 1960s until recently (say the early part of the first decade of

the 21st century, i.e., 2000–2006) on hydrologic droughts, the term severity was used to denote the cumulative deficit. The

cumulative deficit is named as magnitude in the context of meteorological droughts or when the drought variable is

precipitation . The usage of the term magnitude in contrast to the term severity is increasing over time .

This transition seems to be motivated by ambiguity in the meaning of the term “severity”. In the context of meteorological

drought, severity is expressed to indicate the rigor or the category of the drought such as mild, moderate, severe, or

extreme. For example, Palmer  suggested an index that now is popularly known as the “Palmer drought severity index

“(PDSI)” to indicate the severity of drought from mild (PDSI < −1.0) to extreme (PDSI < −4). Likewise, another index

termed the standardized precipitation index (SPI) suggested by Mckee et al.  is being currently used to denote the

category (mild, moderate, severe, extreme) of the severity of meteorological droughts. In the context of hydrological

droughts, the severity denotes a deficit in volumetric or depth units, and therefore, its usage contradicts the index

connotation associated with meteorological droughts. The term magnitude alleviates this anomaly and is also in sync with

the volume (essentially magnitude) connotation associated with the cumulative deficit.

The most basic element for deriving the above parameters is the truncation level which divides the time series (or

sequence) of the desired drought variable such as streamflow into sections named as “deficit” and “surplus”. The

parameters of a drought such as duration, magnitude, and intensity are the properties of the deficit sections.

Consequently, the duration (L) has the unit of time such as year, month, week, or day, depending on the time unit of

variable manifesting the drought. For instance, when dealing with monthly streamflows, drought duration will be

registered/recorded in months. The term deficit (D) refers to the cumulative shortage (sum of individual deficit epochs in a

drought episode) below the chosen demand level (or the so-called truncation level), and it has the unit of volume, i.e., m .

It should be borne in mind that the truncation level in the parlance of hydrologic drought is representative of the demand
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level of water to be met by a river in the equivalent form. For example, in a river, if the water needs are assessed as

equivalent to the mean flow of the river; then, the truncation level can be taken as the long-term mean flow. In reservoir

design, the demand level is taken preferably as 75% of the mean annual flow (also known as a draft) ; so, under

such a situation, the truncation level may correspond close to the median (Q50, i.e., flows exceeding or equal to 50% of

the time in a flow duration curve). In most cases, the median (Q50) is considered to be a better choice as the mean

annual flow imposes a significantly high value of draft, resulting in exceptionally large size of reservoirs. The drought

duration and deficit can be analyzed in the standardized form for the ease of interpretation and the possible inter-

comparison of drought scenarios in varied environments. For a standardized flow sequence, the deficit is termed as

magnitude and denoted by M (=D/σ; Yevjevich ), which is a dimensionless quantity. However, the unit of duration (L)

remains unchanged and consequently would have a time unit of month or year depending on whether a monthly or annual

flow sequence is being analyzed as the drought variable. Therefore, a value of L = 9 (Figure 1) in the standardized

domain is tantamount to L = 9 years for the case when the analysis is carried out on a yearly sequence of the drought

variable. The quantity M/L is termed as the drought intensity (I). The longest run length for a sample size of T years (or

equivalently of the return period of T-year) is denoted as L  and the corresponding deficit as D  (or M  in the standardized

form of the sequence of a drought variable). Similar connotations apply when the analysis is being carried out on a

monthly or weekly basis, i.e., T would represent the return period in months or weeks. In mathematical terms, M  = I × L ;

D  = σ × M , with T being the time in year(s), month(s), or week(s) of the streamflow sequences considered for analysis.

The term deficit (D) is tantamount to reservoir volume.

1.3. A Note on the Choice of Truncation Level for Identification of Hydrological Droughts

Yevjevich  introduced the concept of the truncation level approach and statistical theory of runs in the analysis and

modeling of hydrologic droughts. The truncation level specifies some statistics of the drought variable, which may be a

constant or a function of time. Several investigators have considered it as a long-term mean or a median flow 

. At times, it can be construed as a very relaxed criterion, simply because droughts are unlikely to be tangible at such a

level of truncation. In general, a drought is perceived when the flows in a river are low, rocks in the riverbed may protrude

in the air, lake and groundwater levels are low, and wells tend to run dry. It is for this reason that truncation levels such as

Q70 (flows exceeding or equal to 70% of the time in a flow duration curve), Q90, Q95, etc., are used for identifying the

droughts in flow series. It is because of this consideration that recent researchers  have preferred other

percentile levels from the flow duration curve ranging from Q50 to Q95. In a statistical sense, the truncation level at the

mean flow simplifies the analysis on a seasonal (monthly) scale, meaning that the drought is considered to occur when

the flow drops below the mean of the respective month. Likewise, when one takes the median (Q50) or Q70 as the

truncation level, the flow is deemed to drop below the Q50 or Q70 flow of the respective month. These threshold values of

flow are not uniform even though the probability of occurrence of drought is uniform throughout 12 months. When the

analysis is conducted in terms of the standardized streamflows (named SSI), the truncation level becomes uniform and

equal to zero only for the situation in which the truncation level is the mean. At other flow levels, the truncation level will

feature as a curve with respect to time, yet the probability of drought would remain the same for all months. Thus, the non-

uniform flow cut-offs can easily absorb the climate change and/or land use changes for the hydrologic drought analysis.

The same argument applies to the impact of truncation levels on the reservoir storage requirements. Specifically, at high

drafts (high truncation levels), the storage requirements would increase, whereas at low drafts, the storage needs would

be minimized with a greater risk of the reservoir running dry. This is the reason that an optimal truncation level for

reservoir analysis is taken as 75% of the mean annual flow . Further, the truncation level and the corresponding

drought probability will be governed by the pdf of monthly flow sequences, and the linkage relationships are documented

by Sharma . On an annual basis, the truncation level on plotting will be a straight line, and the corresponding drought

probability will be dictated by the pdf of the annual flow sequence . The truncation level (Q50, Q70, etc.), in terms of

changed flows in the wake of climate change or land use considerations in a catchment, can be moved up or down

appropriately.

A flow duration curve could be constructed based on annual, monthly, weekly, or daily flow sequences. For the near-

normal probability distribution function (pdf) of streamflow, the mean serves the purpose of a truncation level, whereas, for

skewed distributions, the median should be used as a better measure of truncation level . For the design and planning

of a water storage system on a permanent or a long-term basis for ameliorating drought events, the use of a truncation

level corresponding to the mean or median level of flow, for example, would result in a conservative design alluding to the

need for a desirable drought mitigation scenario. In a regional drought frequency analysis, on the contrary, a value of the

truncation level such as Q70 or Q80 would portray more tangible drought impacts over the region. However, in a short-

term contingency planning for drought amelioration where drought impacts are vividly tangible, one could conduct drought

investigations even at Q90 to allow for the mobilization of resources on a cost-effective basis. In the design of reservoirs,

the draft is normally taken as 75% of the mean annual flow ; therefore, the truncation level of 75% of the mean annual
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flow is a wise consideration . Irrespective of the truncation level, some anomalies persist in the process of delineating

the dry (or drought) and wet periods. For example, if two drought spells, each of five months are separated by a wet spell,

say of one month, then a natural question arises whether this one month has eliminated the drought or the drought is still

persisting even during this (wet) month. It is obvious that although the flows during this month are above the cut-off level,

it does not state that drought impacts on the river ecology, fish habitat, and other environmental and water use concerns

are over during such a short period of a month. Likewise, when two long wet spells are broken by a dry spell of one or two

months, then the dry spell is unlikely to be perceived as a drought. Under such a situation, the effects of wet spells are still

rampant. The concerns arising from the above issues on the hydrological drought identification were recognized by

Zelenhasic and Salvai , which led them to improvise the identification procedure as follows. They used Q90 or Q95 as

the truncation level and observed that when the flow exceeds the threshold level for a short period of time, a long drought

tends to be segmented into several small droughts, which were also found to be mutually dependent. Such an observation

led to the consideration of some pooling procedures where small drought events could be pooled together to define an

independent sequence. Therefore, they devised a method named inter-event-time and volume-criterion (IC) for pooling

together small drought events. Also, two other methods, i.e., a moving average procedure (MA) and a sequent peak

algorithm (SPA), have been suggested by Tallaksen et al.  for resolving the above problem while using truncation levels

such as Q50, Q70, and Q90. Further, a comparative analysis of the aforesaid three methods, i.e., IC, MA, and SPA, led

 to the inference that IC and MA methods were comparable, whereas the SPA method tended to be restrictive in terms

of drought durations and less satisfactory at higher truncation levels. The inter-event-time of 5 days (IC method, meaning

that any contiguous drought events separated by an inter-event-time of 5 days or less) were pooled together, and the

averaging period of 11 days (MA method) was found satisfactory for two Danish catchments . Tate and Freeman 

found that the IC method was satisfactory for Zimbabwean rivers with an inter-event time of 6 days. On daily flows, Fleig

et al.  tested the above three methods on 16 rivers across the globe and found the MA procedure to be the most

flexible and worthy of recommendation.

1.4. Indices of Hydrological Droughts

The indices in the realm of hydrological droughts are still in the phase of development, and none can be said to be widely

acceptable unlike the Palmer drought severity index (PDSI)  and standardized precipitation index (SPI) 

 in the arena of meteorological droughts. Since hydrological droughts are more related to the declining levels of surface

water resources and primarily to streamflow, the interest has been more on the quantification of drought magnitudes for

assessing shortages of water supplies during the extended periods of droughts. The truncation level approach advanced

by Yevjevich  has therefore been rigorously applied for quantifying drought magnitudes of varying return periods.

Consequently, the efforts have focused on developing conservative estimates of drought magnitudes based on the long-

term mean or median as the truncation level of streamflow time series, even though droughts at this truncation level may

not be tangible in the river basin, and hence, lower truncation levels may be more desirable such as Q70. For water

supply situations, an index named as surface water supply index (SWSI) was developed as a measure of surface water

status for the state of Colorado by Shafer and Dezman  to complement the PDSI by integrating snowpack, reservoir

storage, streamflow, and precipitation at high elevations. Since SWSI has a scale similar to PDSI, both SWSI and PDSI

are used together to trigger the drought assessment and response plan for the state of Colorado. The SWSI has been

modified and adopted by other western states in the USA (Oregon, Montana, Idaho, and Utah) and is computed primarily

for river basins  situated in these states. Another prominent index that falls under the purview of hydrological

droughts is the PHDI (Palmer hydrological drought index) .

Recently, some attempts have been made to develop the indices for hydrological droughts in tandem with meteorological

droughts such as SRI (standardized runoff index) , SDI (streamflow drought index) , and SHI (standardized

hydrological index) . Indices such as SDI and SRI are essentially standardized and normalized to characterize the

hydrological droughts with respective time units (i.e., annual or monthly scales). It should be borne in mind that SRI and

SDI are derived from the lognormal pdf of the monthly flow sequences. Nalbantis and Tsakiris  have defined four states

for the hydrological droughts, i.e., mild drought (−1 ≤ SDI < 0); moderate drought (−1.5 ≤ SDI < −1.0); severe drought (−2

≤ SDI < −1.5); and extreme drought (SDI < −2.0), in sync with drought states defined by SPI for meteorological droughts.

In the context of hydrological droughts, the standardized streamflow is named a standardized hydrological index (SHI) by

Sharma and Panu , which is not a normalized index but follows a gamma pdf. It should be noted that SPI is

standardized and normalized, whereas SHI is only standardized but not normalized. On monthly and weekly scales, the

standardization implies the month-by-month or week-by-week standardization in the aforesaid indices. WMO  has used

the term standardized streamflow index (SSI), which can be regarded as a general term with offshoots such as SRI, SDI,

and SHI. Zalokar and Kobold  have used the term SSI, which is a term synonymous to SHI used by Sharma and Panu

. The SSI has been derived (normalized) for several pdfs of streamflow sequences other than gamma and lognormal
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. Since SSI is an analogous term to SPI, therefore, it seems to have gained better acceptance in the parlance of the

hydrologic drought . A review highlighting the merits and shortcomings of various indices concerning

meteorological, hydrological, and agricultural droughts is provided by Mishra and Singh .

2. Hydrological Drought Modeling—Relevant Preliminaries

2.1. Identification of the Probability Distribution of Streamflow Sequence as a Drought Variable

The modeling of droughts (or more aptly the drought parameters) begins with the identification of the underlying

probability distribution (i.e., pdf) of the streamflow sequence, where streamflow acts as the drought variable. For

identifying the underlying pdf of the drought variable, the product moment and L-moment (the linear combination of

product moments) are the most popular tools. The mathematical aspects of L-moments are described well by Hosking

and Wallis . In the product moment method, the plot between skewness (γ) and coefficient of variation (cv) provides a

clue on the probable underlying pdf. For a normal pdf, the γ is 0 irrespective of cv. To reaffirm the hypothesis of the

underlying normality of a sequence of size N, the standard statistical test [0 ± 1.96 × (6/N) ] corresponding to a 95%

confidence level for a normal distribution, vis à vis sample values of γ can be used. In the case of a gamma pdf, the

scatter of points corresponding to the sampling estimates of γ and cv should lie around a straight line defined by γ = 2cv.

Likewise, for a lognormal pdf, the points related to the estimated γ and cv should scatter around the theoretical curve

defined by γ = 3cv + cv . In the ambit of the L-moments, the plots of L-skewness and L-kurtosis, respectively, are

designated as τ-3 and τ-4, which tend to be better descriptors of the pdf of data. There are characteristic plots of the L-

skewness and L-kurtosis for pdfs such as normal, gamma, lognormal, etc., which can be matched with the sampling

estimates of these parameters. The product moment and L-moment diagrams are complementary to each other in the

process of identifying pdf. It should be noted that the stable estimates of L-moments require a large sample size, which is

generally available for monthly, weekly, or daily time series of a drought variable. On the other hand, an annual sequence,

commonly, has a small sample size, typically (N < 100), such that a good amount of useful information is unlikely to result

from the L-moment analysis. In such a case, the product moment method can be regarded as sufficient, or other methods

of identification such as a plot on a normal probability paper or significance test on γ = 0 should be considered.

2.2. Identification of Dependence Structure in the Streamflow Sequence

The dependence structure of the data can be ascertained by computing autocorrelations at lags 1, 2, 3, ---,10. For a

Markov process, the autocorrelations at increasing lags tend to decay exponentially. The tests for the significance of

autocorrelations at various lags are well described by Box et al. , which can be used to infer the order of dependence

(random, Markov order-1 or Markov order-2, etc.). To validate the hypothesis of independence or randomness of a

sequence (size N), the standard statistical tests [0 ± 1.96 × (1/N)  corresponding to 95% confidence limits for

randomness vis à vis sample values of autocorrelations] can be employed. In addition, Box et al.  have suggested the

use of a chi-square statistic (called as Portmanteau statistic) based on the initial (16 to 25) values of the autocorrelations

to infer independence in the sequence.

2.3. A Note on the Theory of Runs as Used in Drought Modeling

The theory of runs is well developed in the ambit of statistics and probability, which can be transposed for analyzing the

drought phenomenon . The segments (or sequels) of wet (surplus) or drought (deficit) values as shown in part-A, and

part-B (Figure 1) can be regarded as runs. The wet values can be designated as “w”, whereas drought values as “d”.

Therefore, the flow sequence shown in part-A or part-B (Figure 1) can be written as dddddddddwwdddddwwdddd. This

sequence comprises five runs of which three runs represent drought spells and two runs represent wet spells. It is obvious

and also stated for clarity that each drought event or episode is tantamount to a run. The length of a run is equivalent to

the drought duration and a run sum is equivalent to the drought magnitude. The first run has a length of nine, implying the

drought duration is of 9 years. The area under the red dots is the run sum. When the analysis is conducted in the

standardized domain, the sequence of d’s and w’s of the drought variable remains the same with the length of the first run

as nine (i.e., drought duration of 9 years) and the run sum (i.e., standardized drought magnitude, M of 5.60, with no units

attached). On the yearly scale, 9 means 9 years, and hence, M = 5.60 × (σ × 365 × 24 × 60 × 60) m  (i.e., σ in m /s is

converted into m /year). When one is dealing with monthly streamflows, then the drought duration is 9 months, and the

standardized drought magnitude M = 5.60 × (σ × 30 × 24 × 60 × 60) m . The sequential occurrences of d’s could be

random or may follow some dependence structure (the simplest being the Markov dependence). In simple terms, the

number of runs (or the number of drought events) can be modelled using the Poisson probability law, the length of run

(i.e., the drought duration) can be modelled using geometric probability law, and likewise, the drought intensity (=
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magnitude/duration) can be modelled by the truncated normal pdf. Thus, the theory of runs provides a powerful tool for

the analysis of parameters of hydrological droughts.

One major requirement for the application of the theory of runs is that the time series of a drought variable must be at

least weakly stationary in the statistical sense. The requirement of stationarity is generally met for the annual precipitation

(or streamflow) sequence of the drought variable. The sequence of monthly or weekly streamflows is non-stationary and

must be transformed into a stationary time series. The month-by-month or week-by-week standardization renders the non-

stationary series into a stationary one which can readily be subjected to hydrological drought analysis by the theory of

runs. Once a suitable probability distribution fitting a monthly or weekly flow sequence is ascertained, the underlying

dependence structure of such a flow sequence can be investigated as briefly described below.

For a flow sequence {x } comprising of the t  month (t = 1, 2, 3,……,12) in the y  year (1 ≤ y ≤ N), the standardized

series {u  = (x  − μ )/σ } with μ  and σ , respectively, being the mean and standard deviation of the t  month is rendered

as a stationary sequence with mean zero and variance one. Since {u } series is non-periodic and stationary stochastic, it

can be designated as {e , 1 ≤ i ≤ n (=12 × N}. In the case of a weekly sequence, “t” ranges from 1 to 52, and n = 52 × N.

Hence, there are 52 μ’s and 52 σ’s for the weekly flows, whereas 12 sets of μ’s and σ’s stand for the monthly flows. It is

recognized that {e } is a standardized series but not a normalized one because its generic source {x } is generally non-

normal for a monthly or a weekly flow sequence. For an annual sequence, {e } can be obtained by standardizing an

annual sequence {x } by a set of μ and σ (i.e., e  = (x  − μ)/σ, 1 ≤ i ≤ N). The {e } series being stationary (with mean 0 and

standard deviation 1) can be analyzed using the theory of runs. Since {e } series is standardized, it is referred to as the

Standardized Hydrologic Index (SHI) series in the ensuing text. When SHI is normalized, it is called SSI, developed by

WMO and GWP .
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