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s u m m a r y

Low flow selections are essential to water resource management, water supply planning, and watershed
ecosystem restoration. In this study, a new approach, namely the frequent-low (FL) approach (or
frequent-low index), was developed based on the minimum frequent-low flow or level used in minimum
flows and/or levels program in northeast Florida, USA. This FL approach was then compared to the con-
ventional 7Q10 approach for low flow selections prior to its applications, using the USGS flow data from
the freshwater environment (Big Sunflower River, Mississippi) as well as from the estuarine environment
(St. Johns River, Florida). Unlike the FL approach that is associated with the biological and ecological
impacts, the 7Q10 approach could lead to the selections of extremely low flows (e.g., near-zero flows)
that may hinder its use for establishing criteria to prevent streams from significant harm to biological
and ecological communities. Additionally, the 7Q10 approach could not be used when the period of data
records is less than 10 years by definition while this may not the case for the FL approach. Results from
both approaches showed that the low flows from the Big Sunflower River and the St. Johns River
decreased as time elapsed, demonstrating that these two rivers have become drier during the last several
decades with a potential of salted water intrusion to the St. Johns River. Results from the FL approach fur-
ther revealed that the recurrence probability of low flow increased while the recurrence interval of low
flow decreased as time elapsed in both rivers, indicating that low flows occurred more frequent in these
rivers as time elapsed. This report suggests that the FL approach, developed in this study, is a useful alter-
native for low flow selections in addition to the 7Q10 approach.

Published by Elsevier B.V.
1. Introduction

Water use, supply, conservation, and sustainability have
emerged as critical issues in USA and around the world. In recent
decades, extensive usages of surface and groundwater leading to
overdrafts and declines in water resources have resulted in water
shortages and water quality degradation, which are increasingly
common and are more likely to become severe in the future.
As an example, back in frontier days (or around 1950s), the
southern USA has historically been considered as a water-rich re-
gion that supported a high standard of living and biodiversity.
The region is, however, experiencing an increasing water stress
due to climate change, land use conversion, and population in-
crease (Sun et al., 2008). Prior to 1950s, there was little or no
concern over limits to the seemingly endless water resources in
Florida. From 1950 to 1990, the Florida’s fresh water withdrawals
had increased 158% to 7.5 billion gallons per day serving a pop-
ulation of about 13 million (http://www.ise.ufl.edu/cao/water/
B.V.
in.htm). In the past three decades, withdrawals of groundwater
aquifer for agricultural industry have resulted in drawdown of
water table by about 7 m and in decline of baseflow for many
rivers or streams in the Mississippi Delta region (Pennington,
2011). Therefore, there is a greater need to establish minimum
water flows and/or levels required to prevent significant harm
to water resources and ecosystems resulting from water with-
drawals (373.042 Florida Statutes, http://www.flsenate.gov/Laws/
Statutes/2011/373.042).

Low flow selections are essential for water resources manage-
ment, water supply planning, and ecological restoration. In water
management, low flow is used for issuing discharge permits and
developing treatment plants. In water supply planning, low flow
is used for determining allowable water transfers and withdrawals
(Tallaksen and van Lanen, 2004). In ecological protection, low flow
is used for assessing stream flow habitats. In general, low flow is a
flow of water in a stream during prolonged dry weather (WMO,
1974), a seasonal phenomenon, and an integral component of a
flow regime of any river (Smakhtin, 2001). Low flows are normally
derived from groundwater discharge or surface water discharge
and usually occurs in the same season each year. The magnitude
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of annual low flows, the rate and variability of flows in the absence
of precipitation, the duration of continuous low-flow events, and
the relative contribution of low flows to the total stream flow
hydrograph are the widely used characteristics in hydrology anal-
ysis. Low flow also is affected by climate, topography, geology,
soils, and human activities (Smakhtin, 2001). With an increased
understanding of the importance of water quantity and quality to
human consumption, aquatic and terrestrial life, and their adverse
ecological and environmental impacts, there is a greater need to
assess low flow characteristics.

Several methods have been developed for low-flow analysis,
including flow duration curve (FDC) analysis, low flow frequency
curve (LFFC) analysis, analysis of flow recessions, and storage-yield
analysis (Riggs et al., 1980; McMahon and Mein, 1986; Vogel and
Fennessey, 1995; Smakhtin, 2001; Laaha and Bloschl, 2007). Cur-
rently, the most commonly used methods for low flow estimation
are the FDC and LFFC analysis. The FDC is a relationship between
any given discharge value and the percentage of time that this flow
is equaled or exceeded. A FDC can be constructed by assembling
the flow time series values in a decreasing order, assigning flow
values to class intervals, and counting the number of occurrences
(time steps) within each class interval. Cumulated class frequen-
cies are then calculated and expressed as a percentage of the total
number of time steps in the record period. Finally, the lower limit
of every discharge class interval is plotted against the percentage
points (Smakhtin, 2001).

In contrast, a LFFC shows the proportion of years when a flow is
exceeded. The proportion of years is equivalent to the average
interval in years, which also are referred to recurrence interval that
the river falls below a given discharge (Smakhtin, 2001). The LFFC is
normally constructed based on a series of annual flow minima (dai-
ly or monthly minimum discharges or flow volumes), which are ex-
tracted from the available original continuous flow series (one
value from every year of record) (Harris and Middleton, 1993;
Midgley et al., 1994). A major difference between the FDC and
the LFFC is that the FDC shows the proportion of time during which
a flow is exceeded, whereas the LFFC displays the proportion of
years when a flow is exceeded. Neither the FDC nor the LFFC pro-
vides information about the length of continuous periods below a
particular flow value of interest (Smakhtin, 2001). It should be
pointed out that most of low-flow estimation methods require ade-
quate observed stream flow records which are provided from
gauged catchments. For ungauged watersheds, the low flow esti-
mation is a challenge and is beyond the scope of this study. An
elaborate review of low flow estimation for ungauged watersheds
can be found elsewhere (Gustard et al., 2004; Engeland et al.,
2006; Laaha and Bloschl, 2007).

Traditionally, the 7Q10 approach has been used to obtain a par-
ticular low flow value (Riggs et al., 1980; Telis, 1992; Reilly and
Kroll, 2003). The 7Q10 is defined as the lowest average flows that
occur for a consecutive 7-day period at the recurrence interval of
10 years, which can also be viewed as a LFFC-based index.
Although this approach has provided useful insights in low flow
analysis, it is designed for most extreme low flow conditions that
exceed 95–99.5% of the time on the flow duration curve (Smakhtin,
2001). These extremes may not occur very often in many water-
sheds, which would hinder its use for an elaborate analysis of
low flows. To this end, a need exists to develop a simple approach
to undertake this issue.

The objectives of this study were to: (1) develop a new ap-
proach (i.e., the Frequent-Low or FL approach) for low flow selec-
tions; (2) compare the 7Q10 approach with the FL approach in
low flow selections; and (3) apply the FL approach to analyze
low flow characteristics such as recurrence probability and interval
of low flows in selected watersheds.
2. Methodology

2.1. Low flow selection

Fig. 1 shows the flowchart for low flow selections with two dif-
ferent approaches, one is the 7Q10 approach (Riggs et al., 1980;
Telis, 1992; Laaha and Bloschl, 2007) and the other is the FL (fre-
quent-low) approach. Originally, the FL is one of the five categories
(defined in Category 4 below) used in minimum flows and/or levels
(MFLs) programs by St. Johns River Water Management District
(SJRWMD), Florida, USA. The MFLs are the minimum water flows
and/or levels required to prevent significant harm to water re-
sources resulting from water withdrawals (Neubauer et al., 2008;
SJRWMD, 2010). MFLs describe how often and for how long the
high, average, and low water levels and/or flows should occur to
prevent significant harms. When uses of water resources alter
the water flows and/or levels below the defined MFLs, significant
ecological harms can occur. MFLs have been divided into the fol-
lowing five categories (SJRWMD, 2010; Fig. 2): (1) Minimum infre-
quent-high (5%): A chronically high surface water level or flow
with an associated frequency and duration that allows for inunda-
tion of the floodplain at a depth and duration sufficient to maintain
wetland functions; (2) Minimum frequent-high (20%): An acutely
high surface water level or flow with an associated frequency
and duration that is expected to be reached or exceeded during
or immediately after periods of high rainfall so as to allow for inun-
dation of a floodplain at a depth and duration sufficient to maintain
biota and the exchange of nutrients and detrital material; (3) Min-
imum average (50%): The surface water level or flow is necessary
over a long period to maintain the integrity of hydric soils and wet-
land plant communities; (4) Minimum frequent-low (80%): A
chronically low surface water level or flow that generally occurs
only during periods of reduced rainfall and results in dewatered
wetlands. This level is intended to prevent deleterious effects to
the composition and structure of floodplain soils, the species com-
position and structure of floodplain and in-stream biotic communi-
ties, and the linkage of aquatic and floodplain food webs; and (5)
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Minimum infrequent-low (95%): An acutely low surface water
level or flow with an associated frequency and duration which
Fig. 3. Location of USGS surface water monitoring stations at the freshwater environmen
study.
may occur during periods of extreme drought below which there
will be a significant negative impact on the biota of the surface
water which includes associated wetlands. An elaborate descrip-
tion of MFLs can be found in Neubauer et al. (2008) and SJRWMD
(2010). For earlier studies on minimum flows, interest readers
are encouraged to consult reports elsewhere (Stalnaker, 1990; Poff
et al., 1997; Nilsson, 2000; Bunn and Arthington, 2002).

As shown in Fig. 1, the first step in low flow selection with the FL
approach was to obtain the long-term (>20 years) discharge data
and then to construct the FDC using the Hydstra model developed
by Kisters Inc. (http://www.kisters.net/hydstra-features.html).
Once a FDC was constructed, a low flow was obtained from the
FDC. As an example, the low flow was 1 m3 s�1 from the FL ap-
proach (80% exceeded) based on Fig. 2. This low flow was within
the range proposed by Laaha and Bloschl (2007). These authors ar-
gued that a low flow can be selected from a FDC within the lower
(70%) and upper (99%) percentage bounds.

In this study, we have used the FL category from MFLs as a cri-
terion for selecting low flows based on the following reasons: (1)
the 7Q10 approach is suitable for extreme low flow conditions that
exceed 95–99.5% of the time on the flow duration curve (Smakhtin,
2001). These extremes usually occur during severe droughts with
short duration and very long return intervals; and (2) the FL
t (Big Sunflower River) and the estuarine environment (St. Johns River) used in this

http://www.kisters.net/hydstra-features.html


Table 1
Comparison of low flows estimated from the 7Q10 and FL (frequent-low) approaches at the estuarine and freshwater environments.

Year 7Q10 FL (Frequent-Low)

Low flow (m3/s) % of time a low flow equaled or exceeded Low flow (m3/s) % of time a low flow equaled or exceeded

USGS #02246500 in St. Johns River at Jacksonville, Florida Estuarine Environment
1981–1991 �424 96 �26 80
1991–2001 �500 96 �44 80
2001–2011 �667 98 �71 80

USGS #02246500 in Big Sunflower River at Sunflower, Mississippi Freshwater Environment
1935–1945 4.4 100 5.9 80
1945–1955 2.4 100 5.8 80
1955–1965 2.3 99 4.0 80
1965–1975 2.6 99 4.0 80
1995–2005 0.8 99 3.9 80
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approach is within the low flow selection range and the FL category
has clearer quantified the effects of low flow on floodplain, biota,
and ecosystem. Additional advantages and disadvantages of the
7Q10 and FL approaches were depicted in Section 3. It should be
noted that the MFLs program may not explicitly propose to use
the frequent low category as a criterion to select low flows as we
proposed in this study.
2.2. Study site and data analysis

Data used in this study were obtained from the USGS surface
water monitoring stations. Two different geological locations in
USGS #07288500 at Sunflower,MS
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Fig. 4. Low flows estimated from the 7Q10 and FL approaches at the Big Sunflower
River, Mississippi and the St. Johns River, Florida with period of data records in a 10-
year increment.
the southeast USA were selected (Fig. 3): one was from Florida,
which represents an estuarine environment, and the other was
from Mississippi, which represents a freshwater environment.
The USGS monitoring station #02246500 (Latitude 30�1902000, Lon-
gitude 81�3905600) located in the St. Johns River at Jacksonville, Flor-
ida was selected for the estuarine environment. This location has a
drainage area of 22921 km2 and a mean annual rainfall of 1.31 m,
and a mean annual temperature of 19 �C. The minimum, mean,
and maximum flows are, respectively, �1959.47, 188.40, and
3397.92 m3 s�1. Land use in this environment is dominated by res-
idential, agriculture, and forestry. The USGS monitoring station
#07288500 (Latitude 33�3205000, Longitude 90�3203500) located at
the Big Sunflower River, Sunflower, Mississippi was selected for
the freshwater environment. This location has a drainage area of
1986 km2 and a mean annual rainfall of 1.24 m, and a mean annual
temperature of 18 �C. The minimum, mean, and maximum flows
Fig. 5. Flow duration curves estimated from the FL approach for daily and monthly
mean data at the Big Sunflower River, Mississippi and the St. Johns River, Florida.
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are, respectively, 0.26, 30.38, and 424.74 m3 s�1. Land use in this
environment is dominated by agriculture and forestry. These two
stations have flow data with the periods of records ranged from
40 to 75 years. Comparison of these two environments allows as-
sess the feasibility of the FL approach in low flow selections.

The FDC analysis was used to identify a particular low flow value
for a given site and period of data records, whereas the LFFC analy-
sis was employed to determine low flow recurrence probabilities
and intervals. These analyses were accomplished with the Hydstra
Model (Version 10.3.2). Hydstra Model is a commercial software
package that has capabilities, among others, to analyze hydrologic
characteristics (e.g., river discharge and stage, groundwater flow
and level, baseflow separation, and precipitation), water quality,
and other ecological and environmental factors that have time-ser-
ies data, to perform duration curve and frequency distribution anal-
ysis on hydrology and water quality data, and to identify recurrent
intervals in response to climate change, and to perform data acqui-
sition, data importing and exporting, data management, data anal-
ysis, modeling and simulation, and automated task scheduling. In
this study, the HYFLOW function from the Hydstra Model was
employed for FDC analysis, while the HYLOWFL function from the
Hydstra Model was utilized for LFFC analysis. The HYFLOW function
extracted the tabular output using the brute-force method: all ob-
served values were stored in a list and sorted. This list was then
treated as a frequency histogram, and values were interpolated to
obtain the desired quantiles. A flow-weighted distribution was pro-
duced also, in which the quantile was calculated by finding the item
in the list where the cumulative value was equal to the quantile
multiplied by the total flow for the entire list. When plotted or
printed, this distribution showed the percentage of the total flow
that was caused by flows exceeding the nominated value. The
HYLOWFL function performed a low flow analysis, showing the
probability and annual recurrence interval for a variety of low flow
periods (McMahon and Mein, 1986). Eight standard probability and
recurrence distributions such as Gumbel, Pearson Type III, and log
normal distributions are available for analysis in HYLOWFL. The
HYLOWFL was also used to obtain the low flows for the 7Q10 ap-
proach by setting the low flow duration at 7 days with a 10-year
period of data records.
3. Results and discussion

3.1. 7Q10 vs. FL

Comparison of the low flows from the 7Q10 approach with
those from the FL approach for the period of data records with a
10-year increment at the two different surface water environments
was given in Table 1. The percentages of the time that each low
flow equaled or exceeded were also provided in this table. It should
be noted that there were only 5-year flow data for the period from
1971 to 1981 in the estuarine environment (i.e., the St. Johns River
at Jacksonville, Florida) which could not be used to obtain the low
flow with the 7Q10 approach (as this approach requires a 10-year
dataset) although this may not be the case with the FL approach.
The same was true for the period from 1974 to 1985 in the
freshwater environment (i.e., the Big Sunflower River at Sunflower,
Mississippi). Thus, the low flows for these two periods were not
provided in the table.

Table 1 showed that for the period of data records with a 10-
year increment, the percentages of the time a low flow equaled
or exceeded varied from 96% to 100% with the 7Q10 approach,
but was constant (80%) with the FL approach. The variations in per-
centage with the 7Q10 approach could be a disadvantage in water
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resource management. In certain circumstances, when the per-
centages are near 100%, the low flows could be near-zero or extre-
mely low (e.g., 0.2 m3/s with daily data from entire period of record
at Big Sunflower River). Such extremely low flows could be difficult
to use for establishing criteria to prevent streams from significant
harm to biological and ecological communities in watersheds. The
significant harm referred to a temporary loss of water resource
functions, which result from a change in surface or ground water
hydrology that takes more than 2 years to recover (Cichra et al.,
2007). In contrast, the FL approach (as defined above) is associated
with biological and ecological impacts in watersheds. The low
flows from the FL approach (80% on the FDC) are unlikely to be
near-zero and will be always larger than those from the 7Q10 ap-
proach (Smakhtin, 2001). Overall, the 7Q10 approach is a LFFC-
based low-flow index while the FL approach is a FDC-based index.
Therefore, the percentage of the time a low-flow exceeded based
on 7Q10 is variable while that based on FL is constant. In addition,
the 7Q10 approach by definition cannot be used when the period
of data records is less than 10 years.
Table 1 further revealed that in general, the low flows changed
from site to site and varied with period of data records within each
site. For the estuarine environment, the low flows estimated from
both approaches decreased (more negative) as time elapsed with
a 10-year increment. For example, the low flows were �424 and
�26 m3/s, respectively, from the 7Q10 and FL approaches for the
period from 1981 to 1991, but were �667 and �71 m3/s, respec-
tively, from the 7Q10 and FL approaches for the period from 2001
to 2011. The decreases in low flow from 1981 to 2011 in this estu-
arine environment were about 1.6-folds from the 7Q10 approach
and about 2.7-folds from the FL approach. A linear relationship
was found between the low flow and the 10-year increment with
the correlation coefficients (R2) of 0.9551 for the 7Q10 approach
and of 0.9881 for the FL approach (Fig. 4). The decrease in low flow
as time elapsed from 1971 to 2011 implied that the backflow (tidal
influence) from the ocean to the St. Johns River increased while the
foreflow from the river to the ocean decreased. Result suggested
that the St. Johns River has become drier with a tendency of salted
water intrusion during the last four decades. Although the exact



62 Y. Ouyang / Journal of Hydrology 454–455 (2012) 56–63
reasons for this phenomenon remain to be investigated, the possi-
ble explanations would be the increase in ground and surface water
usages from the extensive development of urbanization and agri-
cultural industry along the river. Additionally, the climate change,
wet-dry multi-decadal cycle, and see-level rise could be the other
reasons for the river becoming drier with salted water intrusion.

Analogous to the case of the estuarine environment, the low
flows from both the 7Q10 and FL approaches decreased, in general,
as time elapsed with a 10-year increment for the freshwater envi-
ronment (Table 1). For instance, the low flows were, respectively,
4.4 and 5.9 m3/s from the 7Q10 and FL approaches for the period
from 1935 to 1945, but were, respectively, 0.8 and 3.9 m3/s from
the 7Q10 and FL approaches for the period from 1995 to 2005.
The decreases in low flow from 1935 to 2005 were 5.5-folds from
the 7Q10 approach and 1.5-folds from the FL approach. A linear
relationship also was observed between the low flow and the 10-
year time increment with correlation coefficients (R2) of 0.7425
for the 7Q10 approach and of 0.8042 for the FL approach (Fig. 4).
Result indicated that the Big Sunflower River has become drier dur-
ing the last seven decades due to the heavy groundwater usage for
agricultural industry in addition to climate change.

3.2. Low flow characteristics

Fig. 5 shows the FDCs obtained from the FL approach for the two
different surface water environments selected in this study, using
the daily and monthly mean data with the entire period of data re-
cords. Based on the FDCs shown in this figure, the low flows with
daily and monthly mean data were, respectively, �86.93 and
41.43 m3/s for the estuarine environment and were, respectively,
4.81 and 6.04 m3/s for the freshwater environment. It is thus
apparent that low flows varied from site to site. The low flow from
the monthly mean data was 41.43 m3/s for the estuarine environ-
ment, but was only 6.04 m3/s for the freshwater environment. The
former was about 7-folds larger than the latter. This occurred be-
cause of the variations in hydrological conditions at different sur-
face water environments.

With the entire period of data records and daily mean values,
the low flow recurrence probabilities and intervals for the 60-
and 90-day low flow durations at the two different surface water
environments were constructed (Fig. 6). The low flow recurrence
probability and interval for a given low flow duration can be de-
duced from this figure. For example, when the low flow was
4.81 m3/s (Fig. 5) for the freshwater environment at the Big Sun-
flower River, its recurrence probability and recurrence interval
were, respectively, 0.48 (or 48%) and 2.1 years for a 60-day low
flow duration (Fig. 6).

To elaborate the recurrence probabilities and intervals of low
flows at the two different surface water environments, we have
further divided the period of data records into a 20-year increment
for each environment. This increment allowed enough time-span
to examine the variations of recurrence probability and interval
of a low flow (Fig. 7). It should be noted that there were only 15-
year flow data available for the period from 1975 to 2011 at the
freshwater environment (Big Sunflower River), which has not been
used to analyze for the periods from 1975 to1985 and from 1985 to
2005 due to insufficient data.

For the freshwater environment, the recurrence probability of
the low flow increased as time elapsed from 1935 to 1975 for both
the 60- and 90-day low flow durations, whereas the recurrence
interval of the low flow decreased as time elapsed during the same
period and the same low flow durations (Fig. 7). The recurrence
probability of the low flow for the 60-day low flow duration was
22% from 1935–1955 and 72% from 1955–1975, whereas the
recurrence interval of the low flow for the same low flow duration
was 4.3 year from 1935–1955 and 1.38 years from 1955–1975.
Similar trends were obtained for the estuarine environment. In
other words, the low flows occurred more frequent in both surface
water environments as time elapsed in a 20-year temporal scale.
This finding further confirmed that the St. Johns River in Florida
and the Big Sunflower River in Mississippi have become drier during
the past decades.
4. Conclusions

In this study, a new approach, or the frequent-low (FL) ap-
proach, for low flow selections was developed based on the fre-
quent-low category used in the minimum flows and/or levels
programs. This approach was compared to the conventional
7Q10 approach prior to its applications using the flow data from
two different surface water environments, one was the estuarine
environment and the other was the freshwater environment. It
should be noted that both the FL and 7Q10 approaches can also
be viewed as the low flow indices. The FL approach is essentially
the Q80 index derived from the FDC analysis, while 7Q10 is a
low-flow index based on LFFC analysis.

The disadvantages in applying the 7Q10 approach for low flow
selections were that in certain circumstances, the low flows se-
lected from this approach could be near-zero. Such extremely
low flows would hinder its use for establishing criteria to prevent
streams from significant harm to biological and ecological commu-
nities. In contrast, the FL approach is associated with the biological
and ecological impacts and the low flows selected from this ap-
proach (80% on the FDC) are unlikely to be near-zero and will be
always larger than those from the 7Q10 approach (Smakhtin,
2001). Additionally, the 7Q10 approach cannot be used when the
period of flow data records is less than 10 years while this may
not be the case for the FL approach.

In general, the low flows changed from site to site and varied
with period of data records within each site. For the estuarine envi-
ronment, the decrease in low flow as time elapsed implied that the
backflow (tidal influence) from the ocean to the St. Johns River in-
creased while the foreflow from the river to the ocean decreased. A
linear relationship was found between the low flow and the 10-
year increment with very good correlation coefficients. Result sug-
gested that the St. Johns River has become drier with a tendency of
salted water intrusion during the last four decades. Similar result
was obtained for the freshwater environment, i.e., the Big Sun-
flower River has become drier during the last seven decades.

Our study from the FL approach further revealed that the recur-
rence probability of low flow increased while the recurrence inter-
val of low flow decreased as time elapsed at both surface water
environments. This finding suggested that low flows at these two
environments occurred more frequent as time elapsed. In light of
this finding, actions like water resource conservation and hydro-
logical system protection are needed to keep the minimum stream
flows required to prevent significant harm to water resources in
these surface water environments.
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