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ABSTRACT

Extreme drought and resulting low streamflows occur throughout the U.S., causing billions of dollars in annual losses,
detrimentally impacting ecosystems, as well as agricultural, hydropower, navigation, water supply, recreation, and a myriad of
other water resource systems, leading to reductions in both the effectiveness and resiliency of our water resource infrastructure.
Since 1966, with the introduction of Bulletin 13 titled ‘Methods of Flow Frequency Analysis’, the U.S. adopted uniform guidelines
for performing flood flow frequency analysis to ensure and enable all federal agencies concerned with water resource design,
planning, and management under flood conditions to obtain sensible, consistent, and reproducible estimators of flood flow stat-
istics. Remarkably, over one-half century later, no uniform national U.S. guidelines for hydrologic drought streamflow frequency
analysis exist, and the various assorted guidelines that do exist are not reliable because (1) they are based on methods developed
for floods, which are distinctly different than low streamflows and (2) the methods do not take advantage of the myriad of
advances in flood and low streamflow frequency analyses over the last 50 years. We provide a justification for the need for devel-
oping national guidelines for streamflow drought frequency analysis as an analog to the existing national guidelines for flood
frequency analysis. Those guidelines should result in improved water resources design, planning, operations, and management
under low streamflow conditions throughout the U.S. and could prove useful elsewhere.
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HIGHLIGHTS

® Since 1966, the U.S. has adopted uniform guidelines for performing flood flow frequency analysis.

® QOver one-half century later, no analogous uniform national guidelines exist for hydrologic drought streamflow frequency
analysis.

® Existing low streamflow frequency methods are based mostly on flood frequency analysis and do not take advantage of the
myriad of advances in both areas over the last 50 years.

® Numerous innovations in low flow frequency analysis are described, using analogies to recent advances in flood frequency
analysis.

® A justification is provided for the need to develop national guidelines for streamflow drought frequency analysis.

® Such guidelines would enable agencies concerned with water resource design, planning, and management under drought
conditions to obtain sensible, consistent, and reproducible estimators of low streamflow statistics.

1. INTRODUCTION AND BACKGROUND

Recently, the U.S. has undergone a series of extreme drought events, where losses to crops, livestock, and the
overall gross domestic product are estimated to be in the billions of dollars (e.g., Fannin, 2012; Folger et al.,
2012; Howitt et al., 2014; NOAA, 2019). For example, the 2012 drought/heatwave was the most extensive
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drought to affect the U.S. since the 1930s with over 33.9 billion dollars of damage and 123 deaths (NOAA, 2019).
Of all weather-related disasters in the U.S., droughts alone accounted for $144 billion (41.2%) of the estimated
$349 billion total cost of all weather-related disasters over the period 1980-2003 (Ross & Lott, 2003). In econ-
omic terms alone, droughts are the costliest natural disasters to strike the U.S. (Cook et al., 2007). However,
put in context, Stakhiv ef al. (2016) argued that due to ‘continuous adaptation by the various economic sectors
associated with agriculture, as well as the growing suite of drought mitigation and compensation policies and pro-
grams of various governmental institutions’, annual losses due to drought constitute only a miniscule percentage
of the overall U.S. economy and only about 5% of agricultural sector production of the U.S. in 2015. Still, on a
global scale, of all the 20th century natural hazards, droughts had the greatest detrimental impact (Bruce, 1994;
Obasi, 1994), in part, due to the highly interrelated nature of water availability, agriculture, food supply, and the
environment. Shifts in climate, water availability, and water demand make the estimation of low-flow statistics
even more challenging.

As we describe here, there are many useful analogies between flood and low streamflow frequency analyses
within the context of the design, planning, operations, and management of water resource systems. First and fore-
most, flood and low streamflows are both extreme events, and there may be considerable benefits from drawing
upon analogies in flood frequency analysis (FFA) that are useful in drought streamflow frequency analysis. In a
recent review article on drought, Brunner ef al. (2021) suggest that ‘droughts and floods should be studied in a
joint framework’ and that ‘uniting droughts and floods in one framework requires stochastic continuous
models and an improved joint representation of both types of extremes in hydrological models. This can be
obtained by better representing processes important for both types of extremes in model structure and by devel-
oping calibration strategies specifically targeting both droughts and floods. Tackling these challenges will allow us
to derive more reliable flood and drought predictions and ultimately help to minimize the negative impacts of
extreme events.’

Unfortunately, to date, there has been little effort to integrate our knowledge of flood and drought streamflow
frequency analyses. Since the introduction of the first U.S. federal guidelines for flood flow frequency analysis in
1966 (Bulletin 13, ‘Methods of Flow Frequency Analysis’), there has been a relatively steady transfer and application
of improvements and developments in flood flow frequency analysis resulting in subsequent Bulletins 15, 17, 17B,
and 17C, so that the existing guidelines for flood frequency analysis in the U.S. (England ef al., 2018) represent the
current state of the art. Remarkably during that same period of over a half century, there has been no effort analo-
gous to those referenced national guidelines on flood frequency to ensure and enable coordination between all U.S.
federal agencies concerned with water resource design, planning, and management under low streamflow con-
ditions to obtain sensible, consistent, and reproducible estimators of low-flow statistics and indices.

Our goal is to document the need for guidelines for drought streamflow frequency analysis in the U.S., analo-
gous to the Bulletin 13 effort, which at the time it was developed in 1966 was simply a description of the current
state of the art of FFA within federal agencies, with evaluation and testing of those methods left to subsequent
efforts resulting in Bulletins 15, 17, 17B, and 17C. Naturally, any such guidelines recommended here would
also prove useful for other countries, regions, and even continents of the world, because as we describe below,
the U.S. is not alone on this matter. We begin by providing the necessary introduction and background
needed to describe the various aspects associated with the development of national guidelines for low-flow fre-
quency analysis within the context of water resource system design, operations, planning, and management.

1.1. On the need for national standards for flood and drought streamflow frequency analyses

Engineering standards are documents that specify the characteristics and technical details that must be met by the
procedures employed by an engineer within the domain that the standards cover. Engineering standards are
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normally published documents that establish specifications and procedures designed to ensure the reliability, con-
sistency, and effectiveness of the methods applied by engineers. By developing and applying national standards
for engineering methods, government agencies can help to ensure that the approaches to be employed are con-
sistent, compatible, safe, and effective.

Many national programs are based on and consist of the accepted and uniform methods for deriving flood and
drought streamflow frequencies. For example, the FEMA flood insurance program is based on standard and uni-
form methods of flood flow frequency analysis outlined in Bulletin 17C (England et al., 2018). Similarly, the U.S.
Army Corps of Engineers and the U.S. Bureau of Reclamation employ standardized methods for project justifica-
tion and selection based on the computation of expected annual damages to determine the design which
maximizes net benefits. While some national standards, such as those for FFA (England ef al., 2018), have under-
gone a steady evolution and development over the years in an effort to include the most up to date advances in
associated research and technology, other national standards either do not exist, as in the case of low-flow fre-
quency analysis, or are subject to considerable criticism, as in the case of federal water quality standards based
on the geometric mean, which have been employed by the U.S. E.P.A. for decades and are subject to continued
highly critical concerns (see Vogel (2020) for a summary).

Another important dimension associated with engineering standards relating to droughts involves the
implementation of federal disaster assistance programs (U.S. Department of Agriculture, 2017) as well as numer-
ous other federal financial assistance programs for drought emergencies. Numerous federal agencies offer loans
or grants to assist with drought-related emergencies, and all such programs require uniform and reliable statistical
approaches to evaluate damage costs associated with such drought emergencies. For example, programs for farm-
ing and ranching operations are administered by the U.S. Department of Agriculture through the USDA Farm
Service Agency, the USDA Rural Development, and the USDA Natural Resources Conservation Service. Simi-
larly, the U.S. Small Business Administration provides loans to businesses, including nonprofit organizations,
and the U.S. Bureau of Reclamation offers grants for drought resiliency planning and project implementation.

The development and application of national standards for FFA has enabled federal agencies to adopt and
apply consistent, reproducible, sensible, and state-of-the-art methods. Importantly, those same national guidelines
and standards for FFA are also normally adopted by state agencies, as well as by engineering practitioners in pri-
vate practice. Without such standards for either flood or drought streamflow frequency analysis, there is little
assurance that results in project justifications, designs, and operations will perform as expected, or that applied
standards will be reproducible in practice.

1.2. On the definition of drought

Interestingly, in spite of the extraordinary societal importance of drought impacts, there is no universal definition
of drought. Dracup et al. (1980), Wilhite & Glantz (1985), Tallaksen & Van Lanen (2004), Mishra & Singh
(2010), Sheftield & Wood (2011), Van Loon (2015), and the World Meteorological Organization and Global
Water Partnership (2016) provided reviews of the wide variety of drought definitions. Lloyd-Hughes (2014)
argued that due to the myriad views of droughts, corresponding to the disparate viewpoints of scientists, water
managers, water users, and others, it is unlikely that any single method of assessing and describing drought sever-
ity will ever be suitable for all circumstances and users. Lloyd-Hughes (2014) argued that any suitable universal
description of drought would require reference to water supply, demand, and management, in addition to the
usual focus on meteorological and/or hydrologic conditions.

Mishra & Singh (2010) summarized the commonly employed four categories of drought: hydrological, meteor-
ological, agricultural, and socio-economic, coined earlier by Wilhite & Glantz (1985). Lloyd-Hughes (2014)
stressed that the influence of human intervention through water management is intrinsic to hydrological,
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agricultural, and socio-economic drought, and can only be ignored in the case of purely meteorological drought.
We focus on the water management aspects of drought as related to the operations of water resource systems
under drought conditions, and thus, our work does not attempt to classify, assess, or define drought. Rather,
we are concerned with the development and application of methods for quantifying the frequency and magnitude
of low streamflow conditions in rivers and water resource systems under drought conditions.

1.3. On the distinction between drought indices and low streamflow statistics

Mishra & Singh (2010), Heim (2012), Svoboda et al. (2015), Bachmair et al. (2016), the World Meteorological
Organization and Global Water Partnership (2016), and Hasan ef al. (2019) reviewed the myriad of hydroclimatic
indices that have been introduced for classifying, monitoring, assessing, and managing various categories of
drought. For example, the U.S. national drought atlas developed by Werick et al. (1994a, 1994b) summarized
the Palmer Drought Severity Index, which is a meteorological drought index for characterizing the severity of
drought. Svoboda ef al. (2015) reviewed a number of more recent national drought studies. The U.S. Drought
Monitor integrates streamflow, precipitation, and additional drought-related information, as well as expert knowl-
edge, in generating maps across the U.S. to characterize current drought conditions (Svoboda et al., 2002).
Elsewhere, large-scale national or even multinational drought monitoring and early warning systems are more
commonly based on meteorological (precipitation-based) drought indicators (Bachmair et al., 2016).

On the one hand, the large number of available drought indices highlights both the challenge and the impor-
tance of developing an objective drought definition. On the other hand, rather than clarifying the definition of
drought, the plethora of indices creates further confusion regarding the selection of an appropriate metric for
a particular setting. While our discussions are closely related to previous work on drought indices for use in classi-
fication, monitoring, and management, our argument appears to be unique due to its focus on the
characterization of hydrological drought within the context of low streamflow frequency analysis, for the sole pur-
pose of improving water resource system design, operation, planning, and management activities. Thus, we do not
focus on the myriad of hydroclimatic indices useful for describing meteorological, agricultural, and socio-econ-
omic drought, and instead focus on the probabilistic behavior of streamflow under drought conditions.

Our focus on drought is quite different from the previously mentioned studies, because we only concentrate
upon drought-based statistics computed from low streamflows which are specifically useful for a wide range of
water resource design, operations, planning, and management applications. Such streamflow drought statistics
are distinct from many of the traditional meteorological drought statistics, because they are useful for evaluating
river conditions during drought, and may not be useful for assessing, monitoring, and communicating the severity
and duration of droughts, as is the case for other indices such as those reported by Werick et al. (1994a, 1994b),
Svoboda et al. (2015), Bachmair ef al. (2016), Tijdeman et al. (2018), and many others.

1.4. On the importance and need for drought and low-flow statistics

Low streamflow conditions have important societal impacts including, but not limited to, the need for municipal,
industrial, agricultural, residential, recreational, and other water use restrictions; reductions in water quality,
hydropower generation and power plant cooling efficiency; disruptions to navigation; agricultural/food system
losses and stress; harm to drought sensitive species; ecological (instream) flow reductions; increased fire risk;
and increased groundwater depletion.

Design, operations, planning, and management for the prevention of hydrologic drought is often accomplished
via the computation of various low streamflow statistics, such as the 7-day, 10-year low streamflow (7Q10), or the
daily streamflow with an annual exceedance probability of 95% (Q95). Such low-flow statistics are required in a
wide range of water resource design, planning, operations, and management settings (Smakhtin, 2001; Ouarda
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et al., 2008), as well as for the maintenance of environmental flows. Ensuring adequate streamflow under drought
conditions is extremely important for protecting a wide range of aquatic species as evidenced from reviews by
Dewson et al. (2007), Ouarda et al. (2008), Hulley et al. (2014), and Warren et al. (2015).

Hydrologic drought streamflow statistics are used routinely for a wide range of water management activities.
For example, low-flow statistics may be used to determine the quantity of water that can be safely withdrawn
from a particular stream or reservoir without causing harm to aquatic species, to ensure adequate streamflow
at downstream locations, and for preparing drought management plans. They may also be used for water quality
purposes, such as to determine design discharges to rivers to ensure acceptable waste-load allocations from point
sources (such as for National Pollution Discharge Elimination System permits) and for the development of total
maximum daily loads for streams and watersheds.

Our focus on water availability and streamflow under drought conditions is quite different from the numerous
previous and ongoing studies that have focused on drought monitoring, modeling, and assessment. Such studies
have generally reported meteorological, hydrological, and agricultural drought indices to enable stakeholders to
better understand and plan for the socio-economic consequences of drought. Instead, our primary goal is to
encourage the exploitation of developments over the past half century in flood and low-flow frequency analysis
for the purpose of developing standardized, consistent, and proven approaches for estimating low streamflow stat-
istics for use in water resource design, operations, planning, and management activities across all federal, state,
and local agencies within the U.S. It is our hope that such guidelines would find use in many other settings else-
where around the world.

2. DEVELOPMENT OF GUIDELINES FOR DETERMINING DROUGHT AND LOW-FLOW FREQUENCY

The behavior of extreme low streamflows is governed by completely different processes than that of floods. The
dominant processes that govern the behavior of low streamflows include watershed hydrogeology, long-term
spatial and temporal climatic variability, the lack of precipitation, and anthropogenic influences relating to
both ground and surface water withdrawals and return flows. One expects distinct differences between the fre-
quency analysis of flood flows and low streamflows. Estimators of low streamflow statistics are known to have
extremely high relative errors (even higher than for floods) due, in part, to a lack of data, measurement errors,
complex hydrologic processes, the inadequate or improper characterization of watershed hydrogeology, and
roundoff errors due to USGS reporting standards (Archfield & Vogel, 2009). The development of frequency
analysis procedures that are specifically suited for low streamflows is not only needed but also long overdue.
The following sections describe the various aspects, developments, and methodologies which form the basis of
guidelines for performing streamflow drought frequency analysis (DFA) in the U.S. and elsewhere.

2.1. Existing reviews, guidelines, and software for low-flow frequency analysis In the U.S. and elsewhere
at gauged sites

In comparison to guidelines for FFA, there is remarkably little guidance on how to perform low-flow frequency
analysis in the U.S. and elsewhere. The only manuals or comprehensive studies we are aware of on low-flow fre-
quency analysis in the U.S. are now largely outdated (Riggs, 1972; ASCE Committee, 1980), although the U.S.
Geological Survey maintains an active website titled ‘Hydrologic Drought and Low-Flow Frequency’ (https://
water.usgs.gov/osw/techniques/lowflow.html), which contains various valuable sources of information in the
form of memos, training documents, software, and references. Another comprehensive, yet largely outdated
manual of practice on hydrologic frequency analysis published by the U.S. Army Corps of Engineers (1993) con-
tains only a single chapter of length 3 pages devoted to low-flow frequency analysis.
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Perhaps, the greatest attention to the development of national guidelines for low-flow frequency analysis was
developed for the U.K. by Gustard et al. (1992). This was a significant effort which began with the comprehensive
study by the Institute of Hydrology (1980) along with seven other large low-flow studies summarized in Table 1.3
of Gustard et al. (1992) for various regions in the U.K. To date, the most comprehensive set of guidelines on low-
flow frequency analysis that we are aware of is the report titled ‘Manual on Low-Flow Estimation and Prediction’
authored by Alan Gustard and Siegfried Demuth and published by the World Meteorological Organization in
2008. The purpose of that manual was ‘to publish state-of-the-art analytical procedures for estimating, predicting
and forecasting low river flows at all sites, regardless of the availability of observational data.” The intent of the
manual by Gustard & Demuth (2008) was to enable agencies to ‘predict and forecast low flows for a wide range of
applications, including national and regional water resource planning, abstraction management, public water
supply design, instream flow determination, effluent dilution estimates, navigation, the design of run of river
hydropower schemes, the design of irrigation schemes, and water resources management during low-flow con-
ditions.” Our goal is to emphasize the need for guidelines analogous to those reported by Gustard & Demuth
(2008) which are suited to conditions in the U.S. There are several other manuals of low-flow frequency analysis
which are not nearly as comprehensive as Gustard & Demuth (2008) as well as software for their implemen-
tation, as is described below in the section on regional methods. Another valuable source of research and
guidance on methods for the estimation of low-flow statistics at gauged sites are the reviews by Smakhtin
(2001) and Ouarda ef al. (2008) as well as the summary articles by Burn et al. (2008) and Hulley et al. (2014)
on the behavior and challenges associated with characterizing low flows in Canada.

2.2. Existing software for low-flow frequency analysis

Numerous software packages exist in the U.S. for the estimation of low streamflow statistics including the U.S.
Geological Survey software packages known as STREAMSTATS, GLSNET, SWToolBox, SWSTAT, the U.S.
E.P.A. program DFLOW, and the U.S. Army Corps of Engineers package HEC-SSP. In addition, numerous soft-
ware packages exist for other regions of the world, such as the package LFSTAT that implements all of the
methods outlined in the manual of practice by Gustard & Demuth (2008).

Regional methods of frequency analysis are now widely used in many regions of the world for both flood dis-
charges and precipitation and are generally preferred over at-site methods (Ouarda, 2017). By comparison to
FFA, the use of regional methods in low-flow frequency analysis is in its infancy (Ouarda ef al., 2008, 2018).
Some examples of readily available software for the implementation of regional low-flow frequency analysis
includes the Low Flows 2000 package (Young et al., 2003), which has been adopted by the Scottish Environment
Protection Agency for estimating low-flow statistics in ungauged catchments. Low Flows 2000 allows the user to
estimate annual and monthly flow duration curves and to carry out a complete regional frequency analysis.
Another software package known as REGIONS (Ouarda ef al., 2002) represents a general tool for the regional
frequency analysis of extreme low and flood events. In the province of Quebec, the software package ARIDE
(Ouarda et al., 2005) combines hydrological, statistical, and GIS tools to enable a regional low-flow frequency
analysis at any site in the region. Ouarda ef al. (2018) recommend the use of readily available Generalized Addi-
tive Modeling (GAM) software for the implementation of regional low-flow frequency methods. An exhaustive
review of the existing software for DFA is needed to determine common and promising features for use in devel-
oping guidelines for the U.S. and elsewhere.

While drought streamflow statistics are sorely needed, existing methods for their estimation in the U.S. are still
based generally on recommendations for FFA. For instance, the U.S. EPA uses the software program DFLOW
(Rossman, 1990; EPA, 2021) to estimate design streamflows for low-flow analysis and water quality standards.
In DFLOW, the estimation of the 7Q10 is based on fitting a log Pearson Type III (LP3) distribution with
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parameters estimated using the at-site method of moments. The same method is used by the USGS software pro-
gram SWSTAT (https://water.usgs.gov/software/SWSTAT/). Both of these estimation procedures use the LP3
distribution, a distribution recommended for FFA (Rossman, 1990), yet both approaches ignore advances in
FFA (e.g., regional estimators of skew, regional hydrologic regression, outlier detection, etc.) that have been rec-
ommended in practice for FFA for over 35 years (IAC, 1982), as well as regional methods of FFA based on
L-moments (Hosking & Wallis, 2005), which were used in the first national drought atlas (Werick et al.,
1994a, 1994b), and most importantly the four recent innovations associated with Bulletin 17C completed in
2018 (Griffis & Stedinger, 2007; England et al., 2018). The four innovations include the adoption of a generalized
representation of flood data that includes interval data and the recognition that floods can either be higher or
lower than the level of certain infrastructure, such as bridge decks; the use of the expected moments algorithm,
which incorporates historical and ‘paleoflood’ information (data from floods in the distant past); a generalized
approach to the identification of low outliers in flood data; and an improved method for computing confidence
intervals. A natural next step to Bulletin 17C (England ef al., 2018) would be to evaluate the suitability of the
recent innovations in that Bulletin, with suitable revisions, for use in the estimation of low streamflow statistics.

2.3. Characterization of the probability distribution of low streamflow

Given the distinct differences in processes leading to extreme low and flood streamflows, one expects their prob-
ability distribution to behave differently. Matalas (1963), Vogel & Kroll (1989), Kroll & Vogel (2002), Bhatti ef al.
(2019), and others have provided recommendations for suitable probability distributions for low streamflow series
(LSS) in the U.S. Kroll & Vogel (2002) and Bhatti ef al. (2019) performed national assessments of the probability
distribution of LSS across the conterminous U.S. Bhatti ef al. (2019) found that the log Pearson Type III (LP3)
distribution was generally favored for both intermittent and perennial sites, whereas the Pearson Type III (P3)
and the 3-parameter lognormal distributions (LN3) also performed well at perennial sites. In addition, Bhatti
et al. (2019) found that the generalized extreme value (GEV), LP3, and LN3 distributions all performed well
for modeling the distribution of the inverse of LSS at perennial sites. Interestingly, using very different good-
ness-of-fit criteria than either Bhatti ef al. (2019) or Kroll & Vogel (2002), Matalas (1963) also recommended
the P3 distribution for use in models of LSS in the U.S. The findings of Kroll & Vogel (2002) and Bhatti et al.
(2019) are also consistent with more recent assessments elsewhere. For example, in a national study for the
U.K.,, Zaidman et al. (2002) recommended the use of the P3 distribution over all other alternative distributions
considered. In a subsequent analysis, Zaidman et al. (2003) recommended the use of both the GEV and P3 dis-
tributions for low-flow frequency analysis in the U.K. In Canada, Yue & Pilon (2005) recommended the P3
distribution and also identified the GEV and LP3 as acceptable distributions. A thorough analysis of appropriate
probability distributions for LSS using the most current data sets and methods is warranted. An alternative to
assigning a particular probability distribution to the series of annual minimum d-day LSS is through the use of
nonparametric empirical probability distributions. Takeuchi (1988) employed empirical distributions, termed
flood and low-flow duration curves, for use in mapping the regional behavior and persistence of both floods
and droughts, an alternative approach which may improve low-flow frequency analysis.

2.4. Regional methods of low-flow frequency analysis

Regional statistical methods introduced by Hosking & Wallis (2005) and many others are now in widespread use
in flood and precipitation frequency analyses and should be useful for low-flow frequency analysis. This section
summarizes numerous innovations in regional FFA, which should prove useful for developing guidelines for
drought flow frequency analysis.
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2.4.1. Regional estimators of skewness and GEV shape parameter

The use of regional estimators of skewness is commonplace in FFA (Griffis & Stedinger, 2009). While such
regional estimators have been shown to improve FFA, their use in DFA has never been explored, and the simpler
at-site skew estimators, which generally have poor statistical properties (Stedinger et al., 1993; Ouarda, 2017,
Stedinger, 2017), are commonly employed for DFA (Rossman, 1990). Procedures for estimating regional
skewness for the LP3 distribution, which are now widely used in FFA, could be adapted for use in DFA for esti-
mating regional skewness for the P3 or LP3 distributions at intermittent sites. Likewise, it is now common
practice to employ regional estimators of the shape parameter of the GEV distribution (Hosking & Wallis,
2005), which has found an increasing application in FFA outside the U.S. (see, for example, Tables 3 and 4 in
Vogel & Wilson, 1996; Salinas ef al., 2014). Regional estimators of the GEV model shape parameter are critical
to obtain reliable estimators of flood quantiles (Lima et al., 2016), and we anticipate that similar conclusions
should apply to quantiles of LSS at perennial sites where the GEV model has been found to provide a good
approximation to LSS (Kroll & Vogel, 2002; Zaidman et al., 2003).

2.4.2. Innovations in the estimation of low-flow statistics at ungauged sites

Estimating low streamflow statistics at ungauged river sites continues to be a very challenging problem as evi-
denced by workshops and special issues on the subject (see Spence et al., 2008, 2013). It is now common
knowledge in FFA that regional methods are more attractive than at-site methods (Hosking & Wallis, 2005).
Ouarda ef al. (2008) provides a brief review of regional methods for low-flow frequency analysis. Regional
regression models, perhaps the most common approach for the estimation of low streamflow statistics and
flow duration curve quantiles at ungauged river sites, have been shown to perform much worse for low flows
than for floods (e.g., Thomas & Benson, 1970; Smakhtin, 2001; Kroll ef al., 2004). Vogel & Kroll (1992) docu-
ment that inclusion of hydrogeologic indices and physically based information in regional regression models
for DFA could lead to considerable improvements. Recent advances in hydrologic regionalization for both
FFA and DFA should prove useful for improving low streamflow prediction at ungauged sites, including ways
to improve hydrogeologic characterization (Kroll et al., 2004; Eng et al., 2011; Stagnitta et al., 2017), the use
of the map correlation method (Archfield & Vogel, 2010), methods related to the region of influence (Tasker
et al., 1996), and most importantly recent advances in the application of both Generalized Additive Modeling
(GAM) (Ouarda et al., 2018) and Bayesian generalized least-squares hydrologic regression methods (Reis
et al., 2020).

2.4.3. Index drought analogy to the index flood method

There is a good deal of research that documents that the regional flood frequency method, termed the index flood
method introduced by Dalrymple (1960), is one of the most efficient regional estimation methods (Cunnane,
1988; Potter & Lettenmaier, 1990). Stedinger (2017) and Ouarda (2017) review the background, advantages,
and implementation of the index flood method based on the method of L-moments. Pilon (1990) extended the
index flood method, used in regional FFA, to low-flow frequency analysis when the regional distribution is
assumed to be a three-parameter Weibull. The performance of the approach was demonstrated by its application
to the southern part of the province of Ontario in Canada. The extension of the index flood method using regional
L-moments and the P3 and GEV models to the index drought problem is a natural and straightforward appli-
cation and could be accomplished with minimal effort. There is clearly a great deal of value to extending the
index flood method to create an index drought approach implemented using regional L-moments for use with
both the P3 and GEV models for low-flow frequency analysis.
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2.4.4. Estimation of low streamflow statistics at partially gauged sites

Previous research has introduced methods for the incorporation of short or spot measurements at the site of inter-
est to improve estimators of low streamflow statistics. Stagnitta et al. (2017) indicated that baseflow correlation
procedures (Stedinger & Thomas, 1985; Zhang & Kroll, 2007a) produce improved low-flow estimators compared
with the use of regional regression when only four baseflow measurements were available. Stagnitta et al. (2017)
also explored methods for estimating hydrogeologic indices (baseflow recession and aquifer time constants) from
spot measurements and their use in regional regression. While this method was never superior to the use of base-
flow correlation, it did show promise when compared with regional regression without hydrogeologic indices.
Another use of spot measurements involves the estimation of flow duration curves at ungauged sites with the
quantile-probability—probability-quantile (QPPQ) daily streamflow simulator (Archfield & Vogel, 2010). It is
also possible to transfer information from multiple sites in a region (Zhang & Kroll, 2007b). A summary and
evaluation of existing approaches for the integration of spot measurements into low-flow frequency analysis is
sorely needed.

3. NONSTATIONARY LOW-FLOW FREQUENCY ANALYSIS

As evidenced from numerous recent review articles, research on approaches to nonstationary FFA is burgeoning
due to the need to capture impacts of changes in climate, land-use, water-use, and other anthropogenic impacts
on water management (Madsen et al., 2013; Hall et al., 2014; Bayazit, 2015; Salas et al., 2018; Villarini et al.,
2018; Francois ef al., 2019). National trend studies have found widespread upward trends in annual minimum
daily streamflows across broad regions of the U.S. (Lins & Slack, 1999, 2005; Douglas ef al., 2000). In fact,
those studies found much greater and widespread evidence of increasing trends in annual minimum streamflows
than in annual maximum flood flows. In spite of the widespread evidence of the nonstationary behavior of LSS,
few U.S. studies exist (see recent discussions by Liu et al. (2015); Ahn & Palmer (2016); Kiem et al. (2021)). Non-
stationary trends in LSS and associated DFA could have a critical impact on water resource management, yet
most current low streamflow frequency analysis procedures assume that future conditions will be similar to
those observed in the past, a very poor assumption.

Numerous procedures summarized in the above review articles on nonstationary FFA are now available and
easily adapted for performing nonstationary low-flow frequency analysis. Promising approaches include a non-
parametric approach tested by Blum ef al. (2019) on LSS and further analyzed by Vogel & Kroll (2020), and a
parsimonious nonstationary approach introduced by Serago & Vogel (2018) for FFA, which could be easily
adapted for use with LSS. Blum et al. (2019) tested a new approach to nonstationary low-flow frequency analysis
that applies a stationary nonparametric quantile estimator to the most recent subset of the historical streamflow
record, which is expected to exhibit stationary behavior. That approach was found to result in improvements in
accuracy and reductions in bias over the standard approach of using the entire historical record. Vogel & Kroll
(2020) generalized the results of Blum et al. (2019) and derived expressions for computing the optimal length of
the recent subset record resulting in minimum variance estimators of the low-flow statistic. An alternative para-
metric yet parsimonious approach introduced by Serago & Vogel (2018) for nonstationary FFA could easily be
adapted for use with LSS and a wide range of possible probability distributions. The approach introduced by
Serago & Vogel (2018) is unique because it only requires a single additional model parameter, so that only
three or four parameters are needed for a full nonstationary frequency analysis, compared with most of the
methods summarized in the above review articles which often require five to eight parameters for nonstationary
frequency analysis. Another attractive approach to handling nonstationary behavior is the seasonal stochastic
streamflow modeling approach introduced by Kiem ef al. (2021) for evaluating water supply reliability.
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3.1. Impact of stochastic persistence on low-flow frequency analysis

A unique feature of LSS is that, unlike flood series, they tend to exhibit stochastic persistence resulting from
groundwater and other storage processes, which have a critical impact on baseflow processes and thus LSS.
For example, in a national assessment of the existence of stochastic persistence and deterministic trends on
LSS, Douglas et al. (2000) found statistically significant serial correlation in annual minimum seven-day low
flows at approximately 25% of the 1,474 river stations analyzed across the U.S. Douglas et al. (2002) and
others have shown that the integration of the serial correlation of LSS is of critical importance when estimating
the expected return period associated with streamflow drought events. The effect of stochastic persistence of LSS
on engineering design quantiles should, therefore, be integrated into guidelines for low-flow frequency analysis.

Both stationary and nonstationary series of annual minimum low streamflows are likely to exhibit stochastic
persistence, and it is very difficult to distinguish between trends and persistence as was so clearly demonstrated
by Cohn & Lins (2005). For example, the existence of serial correlation is known to confound our ability to detect
trends (Douglas et al., 2000), though numerous procedures are available for removing the impact of serial corre-
lation when performing trend detection. Since we expect LSS to exhibit both trends and persistence, an effort
should be made to account for both of these factors in any resulting low streamflow frequency analysis.

3.2. Deterministic watershed models for estimating nonstationary hydrologic drought statistics

Deterministic watershed models (DWMs) provide tremendous promise for simulating future, possibly nonstation-
ary, hydrologic conditions in a watershed due to their ability to account for the integrated impacts of future
changes in climate, land use, water withdrawals, and other factors. DWMs provide a very useful tool for modeling
future streamflow traces, which can then be subject to low-flow frequency analysis analogous to the way in which
DWMs are increasingly being applied for FFA (Blazkova & Beven, 2009; Steinschneider et al., 2014; Francois
et al., 2019).

There are dozens of DWMs to choose from as evidenced by the variety of textbooks which summarize numer-
ous software packages for their implementation (Beven, 2000; Wagener ef al., 2004; Singh & Frevert, 2006;
Singh, 2012) including the highly sophisticated recently released National Water Model (Maidment, 2017) that
can provide near real-time, high spatial resolution streamflow forecasts for the entire U.S. Farmer & Vogel
(2016) highlight that if a DWM is to be used for estimating either a low-flow statistic, such as the 7Q10 or
Q95, or a flood flow statistic, such as the 100-year flood, it is necessary to implement the deterministic model
in a stochastic mode to avoid bias in corresponding streamflow statistics. To enable the implementation of
DWMs in a stochastic mode, Vogel (2017) advanced a new generation of DWMs, which he terms stochastic
watershed models (SWMs), which are useful for generating streamflow ensembles as input to nearly all
modern risk-based water resource decision-making approaches. SWMs are simply DWMs implemented using sto-
chastic meteorological series, stochastic model parameters, and stochastic model errors to generate ensembles of
streamflow traces that represent the variability in possible future streamflows (see Steinschneider et al. (2014) for
a good example and Francois et al. (2019) for a recent review). Each SWM model trace or ensemble can be used
to estimate a LSS that can then be used to obtain estimators of low-flow statistics such as the 7Q10 or Q95. Such
an analysis results in an ensemble of estimates of 7Q10 and/or Q95, which can then be used to construct confi-
dence intervals for the corresponding population value of those statistics.

While the use of DWMs for modeling average and high flows is now commonplace, there are fewer examples of
studies that have evaluated the ability of DWMs for simulating low streamflow conditions. In a review of the use
of DWMs for characterizing low streamflow, Davison & van der Kamp (2008) conclude that in spite of the
plethora of DWMs available for simulating low streamflow, there are only a very limited number of studies
that have evaluated the ability of DWMs to adequately characterize baseflow processes. Van Loon (2015) reviews
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numerous studies that have shown that low streamflows are usually poorly captured by DWM simulations, which
is no surprise given the numerous challenges associated with modeling low flows summarized by Smakhtin
(2001), Ouarda et al. (2008), and others.

Several authors have introduced new approaches to evaluate the goodness of fit of DWM simulations when
one’s primary interest is in the ability of such models to capture the behavior of LSS. For example, Pushpalatha
et al. (2012) and Garcia ef al. (2017) have suggested examining the efficiency of the inverse of LSS, rather than
computing the efficiency of the streamflows or their natural logarithms as is common practice when evaluating
the ability of DWMs for simulating average and flood flows. Farmer ef al. (2015a) provides examples and reason-
ing for the importance of examining the goodness of fit of the inverse of daily streamflow when one’s interest is in
low streamflow. There is a need for more comparative assessments of the ability of various types of models for
reproducing the behavior of low streamflows, analogous to the recent study by Farmer ef al. (2015b).

4. SUMMARY AND CONCLUSIONS

On a global scale, of all the 20th century natural hazards, droughts had the greatest detrimental impact (Bruce,
1994; Obasi, 1994) in part due to the highly interrelated nature of water availability, agriculture, food supply, and
the environment. In Section 1.4, we reviewed the myriad of societal consequences that stem from low streamflow
conditions that occur during drought events. Shifts and changes in climate, water availability, and water demand
will tend to aggravate societal consequences associated with drought and make planning for future low stream-
flow events even more challenging.

Since the introduction of the first U.S. federal guidelines for FFA in 1966 (Bulletin 13, ‘Methods of Flow Fre-
quency Analysis’), there has been a relatively steady transfer and application of improvements and developments
in FFA resulting in subsequent Bulletins 15, 17, 17B and 17C, so that the existing guidelines for FFA in the U.S.
represent the current state of the art (England ef al., 2018). Remarkably during that same period of over a half
century, there has been no analogous effort to ensure and enable all federal agencies concerned with water
resource design, planning, and management under drought conditions to obtain sensible, consistent, and repro-
ducible estimators of low streamflow statistics. Interestingly, this situation is remarkably similar to the European
Union (EU) which has a detailed plan for flood risk management and improving societal resilience, but neglects
drought risk management despite high drought damages (Priest ef al., 2016). Clearly many of the issues raised in
this commentary also pertain to the EU and elsewhere.

Our primary goal is to set the stage to exploit developments over the past half century in flood and low-flow
frequency analysis for the purpose of developing standardized, consistent and proven approaches for estimating
low streamflow statistics for use in water resource design, operations, planning, and management activities across
all federal, state, and local agencies in the U.S. While our discussions are closely related to previous work on
drought indices for use in classification, monitoring, and management of drought events, our recommendations
distinguish themselves by their focus on the characterization of hydrological drought for the purpose of improv-
ing water resource system design, operations, planning, and management activities.

We have outlined numerous potentially fruitful areas of research related to the development of U.S. national
guidelines for streamflow DFA including:

1. Review of environmental streamflow requirements and compilation of a list of estimators of low streamflow
statistics and their use in ecological and water resource design, operations, planning, and management
applications.

2. Review of the existing software for DFA and a gap analysis to identify needed features for use in developing
national guidelines for the U.S.
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3. Evaluating the suitability of the recent innovations in FFA outlined in Bulletin 17C, with revisions suited to
LSS, for use in the estimation of low streamflow statistics at both gauged and ungauged sites.

4. Exploring the use of alternative probability distributions to describe LSS at intermittent and perennial sites
with special attention given to modeling of inverse streamflows found to be quite attractive in low-flow fre-
quency analysis; see, for example, Pushpalatha et al. (2012), Farmer et al. (2015a), Garcia et al. (2017), and
Bhatti et al. (2019).

5. Investigating recent developments in the regional estimation of streamflow statistics and their application to
gauged and ungauged sites, and partially gauged sites.

6. Research related to nonstationary low streamflow frequency analysis, with particular emphasis on the impact
of changes in climatic, land-use, and water demand conditions.
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