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Summary Low streamflow estimates are required for water quality and quantity manage-
ment purposes. The present research investigates the baseflow correlation method using
information from multiple gauged sites to estimate low flow statistics at a partial record
site. The baseflow correlation method is an information transfer technique that is used to
estimate low streamflow statistics at a partial record site by correlating a limited number
of measured streamflow discharges during baseflow conditions at the partial record site
with those at nearby-gauged sites. Traditionally, the baseflow correlation method has
been employed using a single gauged site to transfer information to the partial record site.
Seven new estimators using information from multiple gauged sites are proposed and
examined in this research, and compared to the baseflow correlation method with a single
gauged site. A delete-one cross-validation is performed to assess the baseflow correlation
estimators by employing daily streamflow values at more than 1300 USGS HCDN gauged
sites. A comparison of using multiple gauged sites with using a single site shows that
the performance can be improved by using multiple site information, especially when less
than 10 baseflow measurements are used.
ª 2007 Elsevier B.V. All rights reserved.
Introduction

Developing accurate estimates of low streamflows is crucial
for effective water resources planning and management
(Smakhtin, 2001). The 7-day, 10-year low flow (Q7,10) and
7-day, 2-year low flow (Q7,2) are commonly used low flow
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statistics in the United States (Riggs, 1980). The Q7,10 is
the annual 7-day minimum flow that is expected to be ex-
ceeded on average in 9 out of every 10 years, which is equiv-
alent to the 10th percentile of the distribution of 7-day
annual minimum streamflows (Reilly and Kroll, 2003). The
return period for the Q7,10 is 10 years, by definition. The
Q7,2 is the 50th percentile of the distribution of 7-day annual
minimum streamflows and its return period is 2 years.

A frequency analysis can be employed to estimate low
streamflow statistics when historic streamflow records are
.
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available at the streamflow site of interest (Riggs, 1972;
Stedinger et al., 1993). When no historic record is available,
reliable methods for estimating streamflow statistics are
still needed. Regional regression is a common method used
for estimating low flow statistics at ungauged river sites
(Smakhtin, 2001; Kroll et al., 2004). While there are some
examples of well performing regression models for low flows
(Gustard et al., 1992; Aschwanden and Kan, 1999; Laaha and
Blöschl, 2006; Engeland et al., 2006; Ries, 2002), this meth-
od sometimes performs poorly in practice for estimating low
flow statistics (Thomas and Benson, 1970; Barnes, 1985;
Hammett, 1985; Arihood and Glatfelter, 1986; Vogel and
Kroll, 1992; Ries, 1994; Kroll et al., 2004). The baseflow cor-
relation method is an alternative method if a number of
baseflow measurements are available at the site of interest
(the site is referred to as partial record site hereafter). This
method correlates a nominal number of baseflow measure-
ments obtained at the partial record site with concurrent
daily flows at a nearby-gauged site to estimate low flow sta-
tistics at the partial record site (Riggs, 1965, 1972).

Stedinger and Thomas (1985) examined the baseflow cor-
relation method using 20 pairs of stream sites and found it
to be the best estimator among the five estimators investi-
gated in their study. Reilly and Kroll (2003) examined the
baseflow correlation method at more than 1300 river sites
of the United States Geological Survey’s (USGS) Hydro-Cli-
matic Data Network (HCDN) (Slack and Landwehr, 1992).
Zhang and Kroll (2007) revisited Reilly and Kroll’s analysis,
investigated more explanatory parameters and model
assumptions and provided guidance on how to implement
the baseflow correlation method in practice. Reilly and Kroll
(2003) and Zhang and Kroll (2007) found that the baseflow
correlation method performs well in the United States when
baseflow measurements are obtained by randomly choosing
one baseflow measurement from consecutive recessions (re-
ferred to as the ‘‘recession’’ method) and the potential
candidate gauged sites are restricted within 200 km. They
also suggested using at least 10 baseflow measurements.
Zhang and Kroll (2007) concluded that the baseflow mea-
surements at the partial record site should be obtained dur-
ing the low flow season and as far as possible from runoff
events. Zhang and Kroll also found that the basic assump-
tions of the baseflow correlation method appear reasonable
in their study regions.

All of the aforementioned investigations of the baseflow
correlation method employed one nearby-gauged site and
did not use information from multiple nearby-gauged sites.
However, it is common to find multiple nearby-gauged sites
with baseflow conditions on the same days as those at which
baseflow is measured at the partial record site. Laaha and
Blöschl (2005) investigated the record argumentation meth-
od for estimating low flow statistics when multiple gauged
sites (referred to as donor sites in Laaha and Blöschl,
2005) are available. To our knowledge, how to best use
the information of multiple nearby-gauged sites in the base-
flow correlation method has never been investigated. This
study proposes seven new estimators to utilize information
from multiple nearby-gauged sites and compares them with
the baseflow correlation method using a single gauged site.
The goal of this study is to examine if the performance of
the baseflow correlation method could be improved by using
information from multiple nearby-gauged sites. To compare
the methods, the Q7,10 and Q7,2 are estimated with multiple
gauged site estimators and the single site estimator using
the HCDN dataset.

Methodology

The baseflow correlation method is an information transfer
technique that employs a small quantity of streamflow data
at a site to estimate low streamflow statistics. The method
has several basic principles and assumptions that are sum-
marized below. It assumes a linear relationship between
the logarithm of the annual minimum d-day flows at the par-
tial record site and the logarithm of the annual minimum d-
day flows at the gauged site. It further assumes that the
relationship between annual minimum d-day flows is similar
to the relationship between instantaneous baseflows. Zhang
and Kroll (2007) investigated this assumption and found it to
be reasonable for 7-day annual minimum flows in the United
States. The linear relationship is adapted to correlate the
logarithm of the baseflow measurements at the partial re-
cord site with the logarithm of the corresponding baseflows
at the gauged site. The log-space mean and variance of the
annual minimum d-day streamflows are then estimated
based on the linear relationship. It is also assumed that
the annual minimum streamflows are well described by a
log-Pearson type 3 (LP3) distribution. The LP3 distribution
has been employed by the USGS for describing annual mini-
mum streamflow series in the United States (Rumenick and
Grubbs, 1996; Wandle and Randall, 1993; Barnes, 1985;
Hortness, 2006). The last assumption is that the frequency
factor for the partial record site, Ky, is assumed equal to
the frequency factor for the gauged site, Kx. Low stream-
flow statistics are then estimated based on the above prin-
ciples. For further details about the baseflow correlation
method with a single gauged site see Stedinger and Thomas
(1985) and Zhang and Kroll (2007).

This study proposes seven new baseflow correlation esti-
mators using information from multiple nearby-gauged
sites. The first four estimators combine the estimates using
a single gauged site into a single adjusted value using aver-
aging techniques. The four averaging techniques examined
include the average in log-space ð bQM1Þ, the average in
real-space ð bQM2Þ, the variance-weighted average in log-
space ðbQM3Þ, and the variance-weighted average in real-
space ð bQM4Þ. As the real-space estimators are very similar
to the log-space estimators, only the log-space estimators
are shown below:

bQM1 ¼ exp
XN
i¼1

lnð bQ 7;TiÞ=N
 !

ð1Þ

bQM3 ¼ exp

PN
i¼1 lnð bQ 7;TiÞ=VarðlnðbQ 7;TiÞÞPN

i¼11=VarðlnðbQ 7;TiÞÞ

 !
ð2Þ

where bQ 7;Ti is the ith estimator of Q7,T using the ith candi-
date long record site, and N is the number of candidate
gauged sites. Stedinger and Thomas (1985) provided an
approximation of the log-space variance VarðlnðbQ 7;TiÞÞ.
The variance term Varð bQ 7;TiÞ can be derived using a first-or-
der Taylor series expansion as

Varð bQ 7;TiÞ ¼ ðbQ 7;TiÞ2Varðlnð bQ 7;TiÞÞ ð3Þ
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Another estimator could be developed by multiple linear
regression, where the log-space baseflow measurements
from the partial record sites are regressed against the log-
space baseflows from the multiple gauged sites. The prob-
lem with this technique is the baseflows from gauged sites
in a region are typically highly correlated, which can cause
multicollinearity in the regression analysis. The presence of
multicollinearity can result in: (a) large changes in the esti-
mated parameters when a variable is added or deleted, (b)
large changes in the parameters when a data point is altered
or dropped, (c) the estimated parameters having the wrong
sign or questionable magnitude, (d) parameter estimators
with large standard errors, and (e) parameter estimators
that are correlated (Neter et al., 1989; Johnston, 1972;
Luz, 2005).

To overcome this potential problem, the fifth estimator
proposed in this study employs a principle component
regression technique. In this analysis we create a fictitious
streamflow site, referred to here as a ‘‘virtual site’’, whose
flows are a linear combination of the flows from the other
gauged sites. A virtual gauged site is constructed using the
7-day annual minimums and baseflow measurements at mul-
tiple near-by gauged sites. The log-space 7-day annual min-
imums at the virtual gauged site, xiv1, are assumed to be the
first principle component of the annual d-day minimums of
the N gauged sites. It is computed as

xiv1 ¼ e11xi1 þ e12xi2 þ � � � þ e1NxiN ð4Þ

where (e11,e12 . . .e1N) is the first eigenvector of the covari-
ance matrix of the 7-day annual minimums at the N gauged
sites, and xi1,xi2 . . .xiN are the log-space 7-day annual mini-
mums at the N gauged sites. Only 7-day annual minimums
with the same concurrent time period across all gauged
sites are employed to derive estimators of e1i, ê1i. The base-
flow measurements in log-space at the virtual gauged site,
~xiv1, are calculated using the weights obtained in Eq. (4) as

~xiv1 ¼ ê11~xi1 þ ê12~xi2 þ � � � þ ê1N~xiN ð5Þ

where ~xi1; ~xi2 . . . ~xiN are the concurrent baseflow measure-
ments in log-space at the N gauged sites. The baseflow cor-
relation method is performed using the virtual gauged site
as the gauged site in the analysis. The log-space baseflow
measurements at the partial record site are regressed
against the log-space baseflows at the virtual site as

~yi ¼ aþ b~xiv1 þ e ð6Þ

The log-space mean and variance, l̂y and r̂y, are then esti-
mated by

l̂y ¼ aþ bmxv1 ð7Þ

r̂2
y ¼ b2s2xv1 þ s2e 1� s2xv1

ðL� 1Þs2~xv1

� �
ð8Þ

where mxv1 is the log-space mean of the 7-day annual min-
imum flows at the virtual gauged site, s2xv1 is the log-space
variance of the 7-day annual minimum flows at the virtual
gauged site, s2~xv1 is the sample variance of the logarithms
of the baseflows at the virtual gauged site, and a, b, and
s2e are OLS estimators of the parameters of the log-linear
relationship (Draper and Smith, 1966). The estimator of
the Q7,T is then calculated as
lnðbQ M5Þ ¼ l̂y þ Ky r̂y ð9Þ

The frequency factor at the partial record site, Ky, is as-
sumed equal to the frequency factor for the 7-day annual
minimum series at the virtual gauged site.

The last two estimators, bQ M6 and bQ M7, employ informa-
tion from multiple sites to estimate the log-space mean
and variance by combining the log-space means and vari-
ances estimated with a single gauged site. For bQ M6, l̂M6

and r̂2
M6 are estimated by

l̂M6 ¼
XN
i¼1

l̂i

,
N ð10Þ

r̂2
M6 ¼

XN
i¼1

r̂2
i

,
N ð11Þ

where l̂i and r̂2
i are the log-space mean and variance esti-

mators using the ith candidate gauged site, respectively,
and N is the number of candidate gauged sites. bQ M6 is then
estimated by

ln bQ M6

� �
¼ l̂M6 þ KM6r̂M6 ð12Þ

where KM6 is the average of the frequency factors of the
multiple gauged sites. For the last estimator bQ M7, l̂M7 and
r̂2
M7 are estimated by

l̂M7 ¼
PN

i¼1ðl̂i=varðl̂iÞÞPN
i¼11=varðl̂iÞ

ð13Þ

r̂2
M7 ¼

PN
i¼1ðr̂2

i =varðr̂2
i ÞÞPN

i¼1ð1=varðr̂2
i ÞÞ

ð14Þ

where var ðl̂iÞ and var ðr̂2
i Þ are the variance of log-space

mean and variance estimators using the ith candidate
gauged site, respectively. Stedinger and Thomas (1985) pro-
vided approximations of var ðl̂iÞ and var ðr̂2

i Þ. bQ M7 is then
estimated by

lnðbQ M7Þ ¼ l̂M7 þ KM7r̂M7 ð15Þ

where KM7 is the average of the frequency factors of the
multiple gauged sites.
Data

The USGS’s Hydro-Climatic Data Network (HCDN) (Slack
and Landwehr, 1992) is used in this study. The HCDN con-
sists of approximately 1600 stream gauging stations lo-
cated throughout the United States and its Territories.
The data set includes streamflow records, as well as vari-
ables describing the topography, climate, and geology of
each watershed. This dataset was developed specifically
for examining the effects of climate change on hydrologic
conditions, and has been employed in many streamflow
studies (for example see Vogel et al., 1997; Douglas
et al., 2000; Kroll et al., 2004; Reilly and Kroll, 2003;
Zhang and Kroll, 2007). Record lengths vary from 20 to
114 years of daily average streamflow measurements. This
experiment employs only HCDN stream gauge stations that
are designated as having data suitable at a daily time
step, where the at-site estimate of the Q7,10 or Q7,2 is
greater than zero.



374 Z. Zhang, C. Kroll
Experiment

A delete-one cross-validation analysis is employed to evalu-
ate the baseflow correlation method with multiple gauged
sites for estimating low streamflow statistics. Note that a
delete-one cross-validation is often referred to as a jack-
knife simulation, while distinction is sometimes made;
cross-validation is used to estimate generalization error,
while the jackknife is typically used to estimate the bias
and standard error of a statistics (Efron, 1982).

The results of this analysis are compared with the results
of the baseflow correlation analysis with a single gauged site
(Zhang and Kroll, 2007). The analysis with multiple gauged
sites is as follows:

(1) Designate one HCDN site as the hypothetical partial
record site and the remainder of the sites as potential
gauged sites.

(2) Select one baseflow segment at the hypothetical par-
tial record site using the recession method. The reces-
sion method selects one random baseflow discharge
from consecutive recessions, starting at a random
starting recession (Reilly and Kroll, 2003). A baseflow
segment is a series of baseflow measurements at the
partial record site. The number of baseflow measure-
ments in a baseflow segment is called the segment
length. Segment lengths of 5, 10, and 15 days are used
in this study. Streamflow is designated as baseflow if it
occurs after at least 5 days of continuously decreasing
streamflow. In addition, only flows from July through
October are used, which is generally the low flow per-
iod in the United States. Zhang and Kroll (2007)
showed that the baseflow correlation method works
much better during this period as opposed to across
the entire year.

(3) Find the candidate gauged sites that have baseflow
conditions on the same days as those comprising the
baseflow segment at the partial record site. The
gauged sites are restricted within 200 km of the par-
tial record site, as suggested by Reilly and Kroll
(2003). If there is not more than one candidate gauged
site, this baseflow segment is discarded.

(4) If there is more than one candidate gauged site, cal-
culate Q7,T estimates employing a single candidate
gauged site for each of the candidate sites and com-
pute the correlation coefficients between the base-
flows at each candidate gauged site and the partial
record site.

(5) If there is no candidate gauged site that has a correla-
tion coefficient greater than or equal to 0.6, the base-
flow segment is discarded, and step 2 is reperformed.

(6) If there is at least 2 candidate gauged sites, and the cor-
relation coefficient between baseflows from at least
one gauged site and the partial record site are greater
than 0.6, the baseflow segment is employed as follows:
(i) For the single site estimator, the baseflow correla-

tion estimator is taken with the gauged site that
produces the smallest variance for the baseflow
correlation estimator.

(ii) For the four multiple gauged site estimators based
on averaging, low streamflow statistics are esti-
mated based on the averaging techniques.
(iii) For the principle component analysis estimators,
the eigenvector of the variance–covariance
matrix for concurrent 7-day annual minimums at
the gauged sites is calculated. Then the first prin-
ciple components are calculated with the eigen-
vector and the concurrent daily baseflows at the
gauged sites. The Q7,T estimator bQ M5 is computed
using the first principle component and the corre-
sponding baseflow measurements at the partial
record site.

(iv) The log-space mean and variance are estimated by
combining the means and variances estimated
using each gauged site and then the last two multi-
ple site estimators are estimated via Eqs. (12) and
(15),

(7) Repeat the process for all baseflow segments at the
partial record site. The number of baseflow segments
constructed is equal to the total number of baseflow
days divided by the segment length.

(8) Repeat the above seven steps for all sites by sequen-
tially designating each site as the partial record site.

(9) Compute summary statistics by comparing the com-
puted Q7,T to at-site Q7,T at the partial record site.
The summary statistics are then used to assess the
numerous estimators.

The unit area absolute difference (UAAD) is used as a perfor-
mance metric in this analysis. The UAAD for each partial
record site is computed as

UAAD ¼

PM
i¼1

jbQ 7;Ti�Q7;T j
A

� �
M

ð16Þ

where bQ 7;Ti is the ith estimator of the Q7,T at the partial re-
cord site, Q7,T is the ‘‘true value’’ of the Q7,T at the partial
record site, A is the drainage area, and M is the number of
baseflow segments from which estimates of the Q7,T have
been obtained. Q7,T is the at-site estimator obtained using
the entire historic record, fitting a LP3 distribution by meth-
od of moments (Stedinger et al., 1993), and estimating the
10th percentile of the distribution for Q7,10 and the 50th
percentile for Q7,2. The units of UAAD is cfs per square mile.
The UAAD appears to be best suited for comparing low
streamflow statistic estimators across sites with a large
range of low flow magnitudes (Zhang and Kroll, 2007). The
results for all the partial record sites across the United
States are computed as the average of each performance
measure, weighted by the record length (in years) of the
site:

Average UAAD ¼
PG

i¼1 UAADi � Record LengthiPG
i¼1 Record Lengthi

ð17Þ

where G is the number of partial record sites over the con-
terminous United States.

To compare the relative performance of each estimator,
a performance ratio is employed (Kroll and Stedinger,
1996). The performance ratio for the estimators is com-
puted as

PRj ¼
UAADBest

UAADj
ð18Þ
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where UAADBest is the UAAD of the best estimator which
has the smallest UAAD, and UAADj is the UAAD of the esti-
mator of interest. The performance ratio will range from 0
to 1 for all estimators, and be equal to 1 for the best
estimator.

As the Root Mean Square Error (RMSE) is usually an unbi-
ased estimate of the expected error and widely used in the
hydrologic literature, it is also estimated in this study to
facilitate the comparison of the examined estimators. Laa-
ha and Blöschl (2005) employed RMSE of specific low flow
discharges, to investigate the performance of the record
argumentation method for estimating low flow statistics.
Here we employ the Root Unit Area MSE (RUAMSE) that is
calculated by

RUAMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM
i¼1

bQ 7;Ti�Q7;T

A

� �2

M

vuuut
ð19Þ
Results

Results for estimating Q7,10

The results of this experiment for estimating Q7,10 as well
as a comparison with Zhang and Kroll’s (2007) single site
estimator are presented here. The PR for Q7,10 estimators
over the conterminous United States is shown in Fig. 1.
The multiple gauged site estimators based on averaging
single site estimators ð bQ M1, bQ M2, bQ M3, and bQ M4Þ are typ-
ically better than the estimator using a single site
ð bQ SINÞ, but the improvement decreases as the segment
length increases. For a segment length of 5 days, the per-
formance ratio of bQ SIN is only 0.81, while for a segment
length of 10 days the performance ratio is 0.91, and for
15 days it is 0.98. In addition, the multiple gauged site
estimators based on averaging single site estimators
ð bQ M1, bQ M2, bQ M3, and bQ M4Þ always perform better than
using the principal component-based estimator ð bQ M5Þ.
The two multiple site moment estimators, bQ M6 and bQ M7,
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Figure 1 The performance ratio (PR) for Q7,10 (7-day 10-year low fl
(SL15) days. QSIN indicates the single site estimator, while QM1–Q
have a very similar performance pattern. For segment
lengths of 5 and 10 days, they perform as well as the
averaging estimators ð bQ M1, bQ M2, bQ M3, and bQ M4Þ, but for
segment of 15 days the averaging estimators outperformbQ M6 and bQ M7.

To compare the multiple site estimators with the single
site estimator in more details, the average UAAD using seg-
ment lengths of 5, 10, and 15 days for each estimator
across the conterminous United States are shown in
Fig. 2. It should be noted that the average UAAD across
the conterminous United States in Fig. 1 is weighted on
the record length (equation (17)), while the UAAD for each
estimator shown in Fig. 2 is based on the unweighted UAAD
values. From Fig. 2, when the segment length is 5 days the
average UAAD of all the multiple gauged site estimators
(ranging from 0.050–0.054 cfs/mi2) is less than the UAAD
of the single site estimator (0.062 cfs/mi2). A hypothesis
test with a null hypothesis that all average UAADs were
equal was performed and rejected at the 1% significance
level. When the same hypothesis test was tested excluding
the single site estimator the null hypothesis could not be
rejected at a 10% significance level. Using a segment
length of 10 days, the mean UAAD of the single site estima-
tor (0.044 cfs/mi2) is slightly greater than the mean UAAD
of all the multiple gauged site estimators (approximately
0.040 cfs/mi2), though this difference was not significant
at a 10% significance level. The results using a segment
length of 15 days show that the average UAAD of the single
site estimator performs as good as the multiple site esti-
mators. The average RUAMSE using segment lengths of 5,
10, and 15 days for various estimators are shown in
Fig. 3. It shows similar results with respect to the relative
performance of various estimators. For a segment length of
5 days, the average RUAMSE decreases from 0.083 to
0.065 cfs/mi2 if multiple site estimators are used instead
of the single site estimator. For segment length of 10 days,
the average RUAMSE are 0.053 and 0.047 cfs/mi2 for single
site estimator and bQ M3, respectively. For segment length
of 15 days, the average RUAMSE of the single site estimator
is almost as good as bQ M3.
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From the above analysis, the multiple site estimators of
Q7,10 appear to outperform the single site estimator for esti-
mating the Q7,10 when 10 or less baseflow measurements are
available. When more than 10 baseflow measurements are
available, the gain by using the multiple site estimators is
negligible. Of the multiple site estimators of Q7,10, bQ M1

and bQ M3 appear to perform best among the seven methods
explored for using information of multiple nearby-gauged
sites, though the performance differences among the multi-
ple site estimators are insignificant.

Results for estimating Q7,2

The performance ratios over the conterminous United
States for the Q7,2 estimators are shown in Fig. 4. Again
for segment lengths of 5 and 10 days, the multiple site esti-
mators perform better than the single site estimator. The
performance ratios of bQ SIN are 0.84 and 0.91 for segment
lengths of 5 and 10 days, respectively. For a segment length
of 15 days, the single site estimator performs best among all
the estimators. Among the multiple site estimators, bQ M3

performs best as it has the best performance ratios for seg-
ment lengths of 5, 10, and 15 days. The average UAAD for
each estimator using segment lengths of 5, 10, and 15 days
are shown in Fig. 5. For a segment length of 5 days, the
average UAAD of the multiple site estimators is less than
the average UAAD of the single site estimator (significant
at a 1% level). For a segment length of 10 and 15 days,
the difference in the average UAAD is not significant at a
10% level. The average RUAMSE for various estimators are
shown in Fig. 6. Again it shows similar results as UAAD with
respect to the relative performance of various estimators.
For a segment length of 5 days, the RUSMAE decreases from
0.096 for the single site estimator to 0.074 cfs/ mi2 forbQ M3. The difference of RUAMSE among all the examined
estimators is not significant for segment lengths of 10 or
15 days. There appears to be little difference between the
multiple gauged site estimators of Q7,2, while bQ M3 shows
highest performance ratios on average over the simulation
parameters examined.

In general, the multiple site estimators of Q7,2 appear to
outperform the single site estimator for estimating the Q7,2

when 10 or less baseflow measurements are available. The
single site estimator performs as well as the multiple site
estimators when 15 baseflow measurements are available.bQ M3 appears to perform best among the seven multiple site
Q7,2 estimators, though the performance differences among
the multiple site estimators are not significant.
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Discussions

From the above analysis, the multiple site estimators ap-
pear to improve the performance of the baseflow correla-
tion method for estimating both Q7,10 and Q7,2 when less
than 10 baseflow measurements are available. When 15
baseflow measurements are available, the single site esti-
mator performs as well as the multiple gauged site estima-
tors. The results also imply that bQ M3 appears to perform
best among the multiple site estimators though the differ-
ence among all the multiple site estimators is not significant
for segment lengths of 5, 10, or 15 days. Three factors have
a large impact on the error of Q7,10 and Q7,2 baseflow corre-
lation estimators: (1) the number of concurrent baseflow
measurements, (2) the strength of the linear relationship
between the log-space baseflow measurements, and (3)
the error in the estimators of the gauged site’s moments.
The number of baseflow measurements and the strength
of the linear relationship between the baseflows impacts
the variance of the regression model residuals, and thus im-
pacts estimators derived at the partially gauged site. The
results of Stedinger and Thomas (1985) and Zhang and Kroll
(2007) imply that the major factor controlling the accuracy
of the baseflow correlation method is the number of base-
flow measurements when the number of concurrent base-
flow measurements is small, and the controlling factor is
the precision of the estimators of the moments of the
gauged sites when the number of concurrent baseflow mea-
surements is larger. This appears to be the reason that the
multiple site estimators outperform the single site estima-
tor when a small number of concurrent baseflow measure-
ments are available. The recommended multiple site
estimator bQ M3 provides a valuable tool for estimating low
streamflow statistics, especially when only a small number
of baseflow measurements can be obtained in the otherwise
ungauged site due to financial or time limit. The other
advantage of bQ M3 is that it is easy to implement this estima-
tor in practice, especially when compared with the imple-
mentation of estimators based on the principle component
analysis technique ð bQ M5Þ. To assess the precision or sam-
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Figure 7 The average Unit Area Absolute Difference (UAAD) for bQ
Q7,10 (7-day 10-year low flow) and Q7,2 (7-day 2-year low flow).
pling variability of the recommended estimator, the vari-
ance of the estimator is warranted. Zhang (2005) derived
a first-order estimate of the variance of the estimator,
but the complexity of the expression prohibits its use in
practice. An approximation of the variance of bQ M3 is derived
below.

From Eq. (9), the variance of bQ M3 can be expressed as

Varðlnð bQM3ÞÞ ¼

PN
i¼1

VarðlnðbQ 7;TiÞÞ

ðVarðlnðbQ 7;TiÞÞÞ2
þ 2
P

i<j

PN
j¼1

CovðlnðbQ 7;TiÞ;lnðbQ 7;TiÞÞ

VarðlnðbQ 7;TiÞÞVarðlnðbQ 7;TjÞÞPN
i¼1

1

VarðlnðbQ 7;TiÞÞ2

ð20Þ
To get the variance of bQ M3, the covariance of lnð bQ 7;TiÞ and
lnð bQ 7;10jÞ is required. The covariance can be expressed as

Covðlnð bQ 7;TiÞ; lnð bQ 7;TiÞÞ ¼ qij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðlnðbQ 7;TiÞÞVarðlnðbQ 7;TjÞÞ

q
ð21Þ

where qij is the Pearson correlation coefficient between
lnð bQ 7;TiÞ and lnðbQ 7;10jÞ. We expect qij to be high, since the
correlation coefficient between the baseflows at each
gauged site and the partial record site is at least 0.6, and
it typically greater than 0.8 in our simulations. We can thus
develop an upper bound estimator of the covariance term
by assuming qij = 1:

Covðlnð bQ 7;TiÞ; lnð bQ 7;TiÞÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðlnðbQ 7;TiÞÞVarðlnð bQ 7;TjÞÞ

q
ð22Þ

Substituting Eq. (22) into Eq. (20) we obtain an upper bound
variance approximation of bQ M3 as

Varðlnð bQM3ÞÞ 6

PN
i¼1

1

VarðlnðbQ 7;TiÞÞ
þ 2
P

i<j

PN
j¼1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðlnðbQ 7;TiÞÞVarðlnðbQ 7;TjÞÞ

q
PN

i¼1
1

VarðlnðbQ 7;TiÞÞ2

ð23Þ

The UAAD across the conterminous United States for bQ M3

estimators of Q7,10 and Q7,2 is shown in Fig. 7. It can be seen
that the performance of bQ M3 for estimating both Q7,10 and
15
gth (days)

Q710

Q72

M3 (the log-space variance-weighted estimator) to estimate the
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Q7,2increases as the segment length increases, though the
marginal gain decreases. From Fig. 7, it appears that thebQ M3 performs better estimating Q7,10 than Q7,2 regardless
of the segment length. This may be due to the fact that
the UAAD measures an absolute difference and the magni-
tude of Q7,2 is larger than Q7,10.

Conclusions

The goal of this study was to examine if the performance of
the baseflow correlation method can be improved by using
multiple nearby-gauged sites instead of a single nearby-
gauged site. Seven different estimators of Q7,10 and Q7,2

using multiple gauged sites were evaluated and compared
with the estimator using a single nearby-gauged site. A de-
lete-one cross-validation resampling experiment with more
than 1300 USGS Hydro-Climatic Data Network (HCDN)
stream sites was conducted to evaluate the proposed esti-
mators. The results indicate that when 10 or less baseflow
measurements are available at the partial record site, the
multiple site estimators outperform the single site estima-
tor, though for more than 10 baseflow measurements, the
single site estimator performs as well as the multiple site
estimators. The variance-weighted average in log-space of
estimators using single gauged site information ð bQ M3Þ ap-
pears to perform best among the multiple site estimators,
though the performance difference among the multiple site
estimators was not significant. An upper bound approxima-
tion of the variance of bQ M3 was also derived. As expected,
the performance of the baseflow correlation method with
multiple gauged sites is improved as the number of baseflow
measurements increases. Our final recommendation is to
employ the multiple site estimator bQ M3 when 10 or fewer
baseflow measurements are available at the partial record
site; for more than 10 baseflow measurements to employ
the single site estimator. Ongoing research is examining
the performance of these estimators compared to regional
regression approaches in smaller study areas with a greater
density of gauge sites.
Acknowledgements

The authors gratefully acknowledge the financial support of
the U.S. Environmental Protection Agency’s Science to
Achieve Results (STAR) Program (Grant No. R825888), the
U.S. Geological Survey State Water Resources Research Insti-
tute (WRRI) Program (Grant No. 2003NY33G), and the USDA
Cooperative State Research, Education, and Extension Ser-
vice (CSREES) Program (Grant No. NYR-2005-03897). This re-
search has not been subjected to any EPA, USGS, or USDA
review, and therefore does not necessarily reflect the views
of those agencies, and no official endorsement should be in-
ferred. The authors would like to thank the anonymous
reviewers who provided valuable comments and suggestions.

References

Arihood, L.D., Glatfelter, D.R., 1986. Method for estimating low-
flow characteristics of ungauged streams in Indiana. U.S.
Geological Survey Open-File Report 86-323.
Aschwanden, H., Kan, C., 1999. Le de’bit d’e’tiage Q347—Etat de la
question. Communications hydrologiques, vol. 27. Service
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