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Summary Information on base flow availability and/or contributions is needed to develop
water quantity and water quality management strategies. Base flow availability varies over
space and time in a region due to climate, topography, landscape, and geological charac-
teristics. In this study, base flow index (BFI) (base flow/total stream flow) was estimated
from daily streamflow records using a recursive digital filter method and interpolated to
produce a raster grid map for the conterminous United States. When compared for valida-
tion, BFI estimated by recursive digital filter method showed good agreement overall with
the USGS smoothed minima BFI method. Estimated base flow index and volume were ana-
lyzed, with Hydrological Landscape Regions (HLRs) developed for the United States to iden-
tify the mean hydrologic flow response within HLR. They were also used to determine
relationships with hydro-geologic descriptive variables and used for defining the HLRs based
on Pearson’s correlation table and a stepwise multiple regression. These descriptive vari-
ables used in defining the HLRs include relief, effective rainfall, potential evapotranspira-
tion and percentage of sand. The regression results indicated that relief and percentage of
sand were highly correlated to base flow index, and the amount of base flow volume can be
related to gradient and the amount of effective rainfall. The regression results also sug-
gested that the descriptive variables used in constructing the HLR can be used to define
mean values of shallow ground water flow within the regions. Further testing is needed
to ascertain if such relationships could be used to define flow within an HLR.
ª 2007 Elsevier B.V. All rights reserved.
7 Elsevier B.V. All rights reserved.
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Introduction

A new concept – based on a regional framework – is needed
to assess water quality and quantity at continental scales
(Wolock, 2003a). Regional frameworks such as ‘‘Ecore-
gions’’ (Omernik and Bailey, 1997) and ‘‘hydrologic land-
scape regions’’ (HLR) (Wolock et al., 2004) have gained
importance among government and other agencies. These
agencies are interested in addressing water quality and
quantity issues across local, state, and federal boundaries
with a regional framework in a holistic perspective (Simon
et al., 2004). A regional framework considers aggregation
of spatial patterns of hydrological, geological, biotic and
abiotic characteristics, and any other factors considered
being useful to broaden the approach for management of re-
sources. Several studies focused on the regionalization con-
cept. Regionalization of streamflow characteristics is based
on the premise that catchments with similar geology, topog-
raphy, climate, vegetation, and soils would have similar
streamflow responses (Smakhtin, 2001; Winter, 2001; Wo-
lock, 2003a). The concept of hydrological landscape regions
(HLRs) is based on the idea that a single, simple physical
feature of the land, termed a fundamental hydrologic land-
scape unit, controls the hydrologic response of an area
(Winter, 2001; Wolock et al., 2004). While HLR and similar
concepts appear sound, they have neither been tested
against regional hydrologic variables, nor for integrity of
the delineated regions especially at ‘continental scale’. Wo-
lock et al. (2004) and Winter’s (2001) hypothesis is that the
watershed areas can be separated with reference to physi-
cal attributes and these can be correlated to ground water
flow. This hypothesis has been attempted by several stud-
ies. Lacey and Grayson (1998) have attempted to relate
the base flow to catchment properties in southern part of
Australia. Neff et al. (2005) used base flow separation cou-
pled with surficial geology classes and percentage of surface
water to predict base flow at ungaged sites within the Great
Lakes basin using regression models. Their model predicted
the observed base flow at individual gages up to 89 and 94%
of the time. These studies indicate the usefulness of regio-
nal base flow separation for prediction of general ground
water contribution to streams in ungaged areas. In the pres-
ent study, the authors have related landscape regions and
the hydro-geologic variables within them to base flow at
‘continental scale’ in the United States.

Base flow is an important component of the ground water
system. It is the component of streamflow that is attributed
to ground water discharge and other delayed sources such as
snow melt into streams. Reay et al. (1992) found that
neglecting base flow (shallow ground water discharge) as a
nutrient source to streams leads to misinterpretation of
data and mismanagement. Knowledge on base flow avail-
ability is important in: development of water management
strategies, especially for drought conditions; establishment
of relationships between aquatic organisms and their envi-
ronment; estimation of small to medium water supplies;
and management of salinity, water quality, and algal
blooms. In addition, base flow maintains flow for navigation,
water supply, hydroelectric power and recreational uses in
reservoirs (McMahon and Mein, 1986). Stuckey (2006) infers
that studies estimating base flow contributions to streams
are useful for watershed planners to determine water avail-
ability, water use allocations, assimilative capacity of
streams and aquatic habitat needs.

Base flow displays spatial and temporal variability due to
climate, land use, soils, frequency and amount of recharge,
vegetation, topography, and geology (Stuckey, 2006; Delin
et al., 2007). At the continental scale, Heath (1984) divided
the United States into ground water regions based on rock
units; however, he neither addressed topography nor cli-
mate. Vogel and Kroll (1992) statistically categorized re-
gions and assessed many geomorphic variables, but did not
incorporate findings into definable landscape regions.

This study substantiates the relationship between base
flow and hydrologic landscape regions. As the variability of
base flow is key to the understanding of the ground water
system, and hydrologic landscape regions have defined the
spatial variations in hydrologic characteristics, this study
will test their degree of interrelationship and thus their po-
tential as a tool in water resources management. The spe-
cific objectives of the study were to:

(1) estimate base flow index using the recursive digital fil-
ter method for the conterminous United States;

(2) analyze the hydrologic response (base flow and sur-
face runoff) of hydrologic landscape regions of the
United States using the estimated base flow index
and base flow volume, and

(3) determine the relationship between the base flow
index or base flow volume and the hydro-geological
characteristics (descriptive variables) of the hydro-
logic landscape regions.

The first part (‘‘Methodology’’ section) of the methodol-
ogy describes the estimation of the base flow index and the
volume for the conterminous United States and the second
part (‘‘Base flow analyses with relevance to hydrological
landscape regions’’ section) describes how the hydrologic
landscape regions are related to base flow index and base
flow volume in the conterminous United States. Results
and inferences made from both of these parts are discussed
in ‘‘Results and discussion’’ section.
Methodology

Estimation of base flow index for the conterminous
United States

In general, base flow is estimated through hydrograph anal-
ysis by separating streamflow into surface runoff and base
flow. The separation is often estimated by using standard
analytical methodologies or tracer techniques or a mass bal-
ance approach (Pinder and Jones, 1968; McCuen, 1989).
Several analytical methods have been developed to sepa-
rate base flow from streamflow. Neff et al. (2005), Scanlon
et al. (2006) and Nolan et al. (2007) reviewed the relative
merits of several base flow separation methods including
recursive digital filter methods. Although, most of these
methods are based on physical reasoning, exact separation
of the streamflow hydrograph into surface flow and ground
water flow is difficult and time consuming, especially, if



Figure 1 USGS grid map of the base flow index (in %) for the conterminous United States developed from USGS BFI method.
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there is a need to deal with regional scale studies. In addi-
tion, while such separation methods are valuable in indicat-
ing regional trends in the base flow and surface flow, they
require long term continuous streamflow data without miss-
ing values.

Base flow filters are of two types; the United Kingdom
(UK) smoothed minima method (Institute of Hydrology,
1980; Wahl and Wahl, 1988) and the recursive digital filter
method (Nathan and McMahon, 1990). The smoothed min-
ima method is described below, followed by a discussion
of recursive digital filter method which is used in this paper
(Nathan and McMahon, 1990; Arnold et al., 1995).

Smoothed minima method or USGS BFI method
The US Geological Survey (USGS) has developed a base flow
index raster data set for the conterminous United States
using base flow index (BFI) program (Wahl and Wahl, 1988,
1995; Wolock, 2003a). The BFI program implements a deter-
ministic procedure proposed in 1980 by the Institute of
Hydrology in the United Kingdom. The method combines a
smoothed minima approach with a recession slope test.
The BFI program uses a set of procedures in which the water
year is divided into N-day period (number of days, say 5 days
or less) and the minimum flow during each N-day period
(say, 5 day period) is identified. Each fixed period minimum
is then compared to adjacent minima to determine turning
points on the base flow hydrograph. Straight lines drawn be-
tween turning points on a semi-logarithmic paper define the
base flow component of the stream hydrograph; the area
beneath the hydrograph is the estimate of the base flow vol-
ume for the period (Wahl and Wahl, 1995). The ratio of this
volume to the total streamflow volume for the period is de-
fined as the base flow index.

Wolock (2003a,b) estimated the BFI values for the con-
terminous United States using streamflow records of 8249
selected stream gages. These values were used to prepare
the grid map for the conterminous United States (Fig. 1)
using inverse distance weighting interpolation method.
The grid was constructed to assess the base flow at ungaged
streams. The authors found that drainage area explained
67% of the BFI variance.

Recursive digital filter technique
The digital filter method used by Nathan and McMahon
(1990) was originally used in signal analysis and processing
(Lyne and Hollick, 1979). Filtering surface runoff (high fre-
quency signals) from base flow (low flow signals) is similar
to the filtering of high frequency signals in signal processing.
The equation of the filter program is

qt ¼ bqt�1 þ ð1þ bÞ=2 � ðQt � Qt�1Þ ð1Þ

where qt is the filtered surface runoff at time step t, Qt is
the original streamflow and b is the filter parameter. Base
flow bt is calculated using the equation

bt ¼ Qt � qt ð2Þ

In this technique, the filter can be passed over the
streamflow data three times (forward, backward, and for-
ward). Passing the filter through the streamflow data multi-
ple times systematically lowers the percentage of base flow.
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In general, each pass will result in less base flow as a per-
centage of total flow. This option gives the user some flex-
ibility in adjusting the separation more accurately to
approximate site conditions. Arnold et al. (1995) have pro-
vided a detailed description of this technique and compared
the digital filter results with results from manual separation
techniques and with the PART model (Rutledge, 1993; Rutl-
edge and Daniel, 1994) for 11 watersheds in Pennsylvania,
Maryland, Georgia, and Virginia (White and Slotto, 1990).
Annual base flow estimated from the filter method was on
an average within 11% of base flow estimated by manual
techniques and the PART model. Another study by Mau
and Winter (1997) found that the filter method agreed rea-
sonably well with the graphical partitioning method. Neff
et al. (2005) used six hydrograph separation methods to
estimate the base flow in the Great Lakes region of the Uni-
ted States. The six methods were: the PART method (Rutl-
edge, 1993; Rutledge and Daniel, 1994), digital filter
method (Arnold and Allen, 1999), three different methods
of HYSEP (Sloto and Crouse, 1996), and UK Institute of
Hydrology (UKIH)’s modified smoothed minima method (Pig-
gott et al., 2005). These authors concluded that the recur-
sive digital filter method gave the same range of separation
but averaged the lowest total base flow index of the six
methods. As mentioned earlier, the base flow index value
varies depending on the number of passes. It was not stated
how many passes of the filter were used in the filter method
in their study so direct comparison of the methods is diffi-
cult. However, the UKIH method is similar to the USGS BFI
method and the reported minimum BFI values were closer
to the filter method. When UKIH and digital filter methods
were compared, the maximum BFI values estimated were
within 5% and the average was within 6% (Neff et al.,
Figure 2 Grid map of the base flow index (in %) for the conte
2005). Based on the studies conducted in southern Australia,
Nathan and McMahon (1990) have indicated that the recur-
sive filter method is found to be stable, reproducible, and
objective method of continuous base flow separation when
compared to smoothed mimina method. Stable estimates
are helpful in characterizing the catchment conditions.
Hence, recursive digital filter method was used in this study.

Selection of gaging stations for recursive digital filter
method
In the current study, nearly 8600 USGS stream gage loca-
tions distributed across the conterminous United States
were selected to estimate the base flow index using the
recursive digital filter method. Gages were selected with
drainage areas of 50–1000 km2 to minimize the effects of
flow routing, and limit the influence of reservoir releases,
and each selected gage had a minimum of 10 years of daily
streamflow observations. The digital filter method (Arnold
et al., 1995) was used to estimate the base flow index (ex-
pressed in percentage) from daily streamflow records for
the selected gages during low ET months. These base flow
index values were used to develop a smooth grid map of
the base flow index values using inverse distance weighting
spatial interpolation method (Fig. 2).

It is important to interpolate point data to get a contin-
uous grid surface that could be overlayed on smaller
watersheds in the contiguous US for regional scale analysis
of base flow index. The base flow index used for interpola-
tion is estimated during low ET forcing (i.e., during non-
summer months) from selected stream gauging stations
that have contributing drainage areas in the range 50–
2000 sq. km, and unaffected by dams and reservoirs. It is
assumed that the base flow index at any particular gage
rminous United States developed from digital filter method.



Figure 3 Error (predicted (interpolated) – actual base flow index values) against the measured base flow index at the gages
selected for digital filter method.
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occurs within the contributing drainage area. The base
flow index is a volumetric ratio between base flow and to-
tal flow volume, limiting the direct influence of drainage
area. At the same time, it is realized that the interpolation
results may introduce errors or uncertainty. The potential
error that could be introduced due to interpolation was
quantified (Fig. 3). It could be observed from Fig. 3 that
most of the error (interpolated – measured base flow in-
dex expressed in fraction) were within 25%. Further analy-
sis indicated that in 90% of the gages studied, the
differences between actual and measured base flow index
values were within 25%. This is considered to be reason-
able at a continental scale and proceeded further with
the interpolation. A grid resolution of 1000 m and the in-
verse distance weighting interpolation method were used
in the present study to be consistent with the USGS ap-
proach and direction comparison is possible. The standard
error between the actual and interpolated base flow index
values were estimated using the Kriging method as well
and this analysis indicated that error could vary from 12%
to 22% depending on the region of the US.

Comparison of base flow index estimated by digital
filter method with base flow index estimated by
USGS for the conterminous United States

The base flow index estimated using the digital filter meth-
od (Fig. 2) was compared with the base flow index estimates
made by the USGS (Fig. 1) for validation. Base flow index
estimated by both methods were summarized by the USGS
delineated 8-digit Hydrologic Unit Catalogs (HUCs) and the
residuals (difference in percentage of base flow) between
the two methods (Fig. 4) were compared. Findings of the
comparison are discussed in the ‘‘Results and discussion’’
section of this paper.

Estimation of base flow volume for the
conterminous United States

In this study, the base flow volume (Fig. 5) was estimated
using the base flow index values estimated from the filter
method for the conterminous United States. Total flow vol-
umes were estimated by interpolation of total flow contours
for the conterminous United States prepared by Gebert
et al. (1987) using measured streamflow data from 5951
USGS gaging stations across the country unaffected by reser-
voirs, diversions, or return flow. Base flow volume was then
estimated by multiplying total flow volume map with digital
filter base flow index map. For the total flow interpolation,
a study by Rochelle et al. (1989) on the uncertainty analysis
of total flow estimates from the flow contour map has
shown that uncertainty could be about 15% due to interpo-
lation. Interpolation was also used by Gebert et al. (1987),
when they developed a spatially complete flow map of the
US. Rochelle et al. (1989) have also concluded that interpo-
lation from a total flow contour map provides adequate esti-
mates for un-gauged systems and recommended using total
flow contour maps for environmental issues at regional
scale.

The stream flow records of the gages used for estimating
the base flow index grid map varied in period depending on
the availability of gage data, mostly pre 1989. The base flow
volume map was prepared using the total flow contours that
used 30 years of stream flow records (1951–1980) (Gebert
et al., 1987). Although the two data sets used were not ex-
actly of the same period, both of these data sets had signif-
icant temporal overlap. A temporal period of about 30 years
is considered an adequate period for long term averages (as
used by the meteorology community), and the base flow vol-
umes shown in the study were also long term averages. The
average annual total flow value is a good indicator to get
representation of the hydrology and it was used for obtain-
ing the base flow volume map for the entire US. Moreover,
these contours are interpolated and used widely by several
authors for regional scale studies (Wolock and McCabe,
1999). It is the only source of obtaining flow information
for the entire US. Hence, the current approach used in this
study is considered better as using original data may create
gaps and increases uncertainty.

Base flow analyses with relevance to
hydrological landscape regions

This section describes how the base flow index and base flow
volume can be related to the hydrologic landscape regions
in order to fulfill objectives 2 and 3.



Figure 4 Residuals (in %) of base flow index at 8-digit HUCs between the USGS base flow index and recursive digital filter methods.

Figure 5 Base flow volume estimated for the hydrologic landscape regions from filter base flow index and USGS total flow.
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Hydrological landscape regions

In the present study, the concept of hydrologic landscape
regions developed by Wolock et al. (2004) is used for analy-
sis. According to Wolock et al. (2004), the hydrologic system
of a fundamental hydrologic landscape unit consists of: (a)
the movement of surface water, which is controlled by
the slopes and permeability of the landscape; (b) the move-
ment of ground water, which is controlled by the hydraulic
characteristics of the geologic framework; and (c) atmo-
sphere-water exchange, which is controlled by climate
(Fig. 6). All hydrologic units are variations of fundamental
hydrologic landscape units that can be used to define gen-
eral landscape types. Also, the movement of water over
the surface and through the subsurface of generalized land-
scapes is controlled by common physical principles regard-
less of the geographic location of the landscapes. The
authors suggest that for example, in a landscape with low



Figure 6 Fundamental hydrologic landscape unit concept (after Winter, 2001; Wolock et al., 2004; Courtesy: Liu, University of
Arizona).
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permeable soils, surface runoff will be extensive and re-
charge to ground water will be limited.

Wolock et al. (2004) delineated hydrologic landscape re-
gions in the United States using GIS techniques combined
with statistical tools such as principal component and clus-
ter analysis to land surface form, permeability of the soil
and bedrock, and climate variables that describe the physi-
cal and climate setting of an area. These authors considered

(a) terrain characteristics such as relief, total percentage
of flatland in the watershed, the percentage of
Figure 7 Hydrologic landscape regions of the
flatland located in upland and lowland areas of the
watershed for describing land-surface form;

(b) soil permeability (percentage of sand) and bedrock
permeability for describing geological texture, and

(c) mean annual precipitationminus potential evapotrans-
piration (PET) to describe climate characteristics.

Using these characteristics, the authors delineated
43,931 small (approximately 200 sq. km) watersheds in the
United States. These small watersheds were then grouped
into 20 non-contiguous regions based on similarities in
United States (after Wolock et al., 2004).



Table 1 Revised hydrologic response of hydrologic landscape regions (HLRs) based on base flow index values

HLR Description of hydrologic landscape region Response to
surface
flowa

Response
to ground
water
flowa

Overland flow
% total
(percentile)

Shallow
ground water
% total
(percentile)

Total
flow
(mm)

1 Subhumid plains with permeable soils and bedrock X 44(23.3) 56(78.8) 307
2 Humid plains with permeable soils and bedrock X 43.1(20.0) 56.9(80) 379.3
3 Subhumid plains with impermeable soils and

permeable bedrock
X 56.5(67.9) 43.5(31.9) 280.3

4 Humid plains with permeable soils and bedrock X 56.3(67.3) 43.7(32.7) 376.1
5 Arid plains with permeable soils and bedrock X 58.3(74.4) 41.7(25.5) 95.7
6 Subhumid plains with impermeable soils and bedrock X 62.9(90.9) 37.1(9) 264.7
7 Humid plains with permeable soils and impermeable

bedrock
X 52.5(53.7) 47.5(46.3) 416.0

8 Semiarid plains impermeable soils and bedrock X 64.1(95.2) 35.9(4.7) 151.2
9 Humid plateaus with impermeable soils and bedrock X 56.3(67.3) 43.7(32.7) 508.8
10 Arid plateaus with impermeable soils and permeable

bedrock
X 54.4(60.5) 45.6(39.5) 92.2

11 Humid plateaus with impermeable soils and bedrock X 61.1(84.5) 38.9(15.4) 411.7
12 Semiarid plateaus with permeable soils and

impermeable bedrock
X 51.8(51.2) 48.2(48.8) 225.4

13 Semiarid plateaus with impermeable soils and
bedrock

X 58.9(76.6) 41.1(23.3) 158.7

14 Arid playas with permeable soils and bedrock X 43.2(20.4) 56.8(79.7) 99.2
15 Semiarid mountains with Impermeable soils and

permeable bedrock
X 41.1(12.9) 58.9(87.2) 235.3

16 Humid mountains with permeable soils and
impermeable bedrock

X 52.3(52.9) 47.7(47) 673.9

17 Semiarid mountains with impermeable soils and
bedrock

X 49.2(41.9) 50.8(58.1) 227.3

18 Semiarid mountains with permeable soils and
impermeable bedrock

X 43.1(20.0) 56.9(80.1) 468.6

19 Very humid mountains with permeable soils and
impermeable bedrock

X 42.9(19.3) 57.1(80.7) 1586.7

20 Very humid mountains with permeable soils and
impermeable bedrock

X 37.7(1) 62.3(99.4) 744.4

a Cell with X shows the hydrologic response for HLR from Wolock et al. (2004).
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land-surface form, geologic texture, and climate character-
istics (Fig. 7). An important aspect of HLRs is that the same
region can occur in different parts of the United States.

Wolock et al. (2004) also used particular combinations of
land-surface form, geologic texture, and climate character-
istics to develop hypotheses on how the hydrologic system
might function for a given hydrologic landscape. They devel-
oped a qualitative description to summarize the mean
hydrologic landscape characteristics for each HLR as shown
in Table 1 and column 1.

Hydrologic response of the hydrologic landscape
regions based on base flow index values

The total flow and base flow for each HLR were estimated by
overlying total flow volume map and base flow volume map
(as described in ‘‘Estimation of base flow volume for the
conterminous United States’’ section) individually with
HLR map of the United States. Mean annual percentage of
base flow and surface flow for each HLR were calculated
using the total flow volume and base flow estimated for
each HLR (Table 1). This information was used to analyze
the hydrologic response (mean hydrologic characteristics
such as predominance of base flow or surface flow) in each
HLR. Statistical analysis of the base flow index and base flow
volume for the HLRs were also performed (Table 3).

Relationship of base flow index and base flow
volume with hydro-geological variables used for
defining the HLR

Wolock et al.’s (2004) hypothesis is that a watershed area
can be separated based on physical attributes which can
be correlated to ground water flow. However, it has not
been tested against regional hydrologic variables, espe-
cially at a ‘continental scale’. In this study, the mean base
flow index and the base flow volume estimated for the
HLRs were used to determine the relationship with the
descriptive hydro-geologic variables, that were used to
delineate the HLRs, using Pearson’s correlation and step-
wise regression analyses. The descriptive variables used
include relief, percentage of flatland in upland and low-
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land, soil permeability in terms of percentage of sand and
bedrock permeability, and potential evapotranspiration and
precipitation.

Results and discussion

Comparison of digital filter base flow index with
USGS base flow index

Figs. 1 and 2 show the base flow index estimated by the
USGS BFI method and digital filter method, respectively.
The filter BFI values satisfactorily matched with the USGS
BFI method estimates in most of the USGS delineated water
resources regions1 (shown as part of Fig. 1) of the United
States except for some minor variations in certain parts of
Colorado rocky mountains, southwest irrigation belt and
southwest Florida.

When compared by the ground water regions2 classified
by Heath (1984) (shown as part of Fig. 2), both methods
showed high base flow index values in the northwestern Uni-
ted States including Columbia Lava Plateau, Northern Colo-
rado Plateau, Rocky Mountains, and Northern Nonglaciated
Central Region, and Northern High Plains. High base flow in-
dex values were also seen in the Great Lakes Region and in
portions of the Appalachian Piedmont and Blue Ridge Re-
gion. The mid-continent including Nonglaciated Central Re-
gion, Glaciated Central region, Alluvial Basins of the
Western United States, and Atlantic and Gulf Coastal Plains
exhibited lower BFI values.

Although Figs. 1 and 2 could show the comparison of the
base flow index for the digital filter and USGS base flow in-
dex methods, comparison of base flow estimates at lower
discretized watershed level will capture the spatial variabil-
ity and provides useful information for regional scale plan-
ning. The interpolated base flow estimates were overlaid
and averaged at the USGS delineated 8-digit watersheds
(HUCs) for comparison or validation with USGS base flow in-
dex estimates. [The USGS has delineated the watersheds in
the conterminous United States using a nationwide system
based on surface hydrologic features in a hierarchical ap-
proach. This system divides the country into major regions
(2-digit), subregions (4-digit), accounting units (6-digit),
and cataloguing units (8-digit). There are 2108 of those 8-di-
git watersheds and they follow the 18 major river basin
configuration].

(a) comparing both the USGS method and digital filter
method against manual interpolation for several water-
sheds, and (b) comparing digital filter method with field
estimates on three Illinois watersheds were discussed (Ar-
nold et al., 1995). Although it was not possible to test the
accuracy of the base flow estimates across the entire US,
comparison of USGS method against the digital filter method
can provide validity of the digital filter method.

Regression relationship of base flow index of the USGS
BFI method and digital filter method at 8-digit HUCs
1 USGS has delineated the 18 major river basins in the United
States as Water Resources Regions based on hydrological boundary
using topography.
2 Heath has classified the United States into 12 ground water

regions (including water) based on geology and rock units.
showed a R2 value of 0.7 and slope of 1.1. Residuals be-
tween USGS BFI method and digital filter method at the
8-digit HUCs (difference in the average base flow index va-
lue) indicates that in majority of the 8-digit HUCs (73% of
the total 8-digit HUCs), base flow index estimated by filter
method was within ±10% of the USGS BFI method (Fig. 4).
In 21% of the 8-digit HUCs, base flow index estimated by
digital filter method was within ±(10 to 20)% of USGS BFI
values. Only in 6% of the total 8-digit HUCs, the base flow
index estimates of the filter method were greater than
±20% when compared with the USGS BFI method. Hence,
overall results indicated that filter method agreed reason-
ably well with the USGS BFI method. The residual map also
indicates that there were noticeable variations between
the two methods in the southwest and rocky mountains,
areas where there is irrigation, dam construction and sub-
stantial snow melt. This is to be expected as neither meth-
od is designed to address these issues. In addition, the
variations noticed between the two methods could be
due to the differences in gaging stations used (location
and streamflow data used) for estimating the base flow in-
dex in those areas.
Hydrologic response of the hydrologic landscape
regions based on base flow index values

Mean base flow index and mean base flow volume esti-
mated for the HRLs are shown in Fig. 8. Computed values
of the total flow volume and mean annual percentage of
surface flow and base flow for the HLRs are given in Table
1. Mean base flow as a percentage of total flow for the
HLRs ranged from a high value of 62.3% (region 20) to a
low value of 37.1% (region 6). A 50% cut off was assumed
to identify whether a particular HLR is dominant in surface
flow or base flow. Regions with base flow contributions of
more than 50% include 1, 2, 14, 15, and 17 through 20 and
the remaining were predominant in surface flow. HLRs that
were identified to be predominant in base flow and surface
runoff from this study were compared with the hydrologic
response of HLRs that were proposed on a qualitative basis
by Wolock et al. (2004). Wolock et al. (2004) took each
descriptive variable in Table 2 and normalized them in a
linearising scale of 1–20 for all 20 regions. According to
Wolock et al. (2004), the regions in which base flow pre-
dominated were regions 1, 2, 4, 5, 7, 12, 14, 16, and 18
through 20 and surface runoff predominated in the remain-
ing regions. These regions are shown by the cells with ‘‘X’’
mark in Table 1.

When hydrologic response of HLRs that were identified to
be dominant in base flow from the present study were com-
pared with those identified by Wolock et al. (2004), there
was general agreement across 14 of the 20 HLRs. From the
present study, HLRs 4 and 5, which contain permeable soils
and bedrock, have more surface runoff than base flow. HLRs
7 and 12 with permeable soils and impermeable bedrock,
also seem to furnish more surface runoff. HLR 15 seems to
furnish less surface runoff and more base flow and HLR 16
seems to furnish less base flow and more surface runoff than
that inferred by Wolock et al. (2004).

In terms of predicted versus actual (calculated) hydro-
logic response, 30% of the predicted responses were in er-
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Figure 8 (a) Mean base flow ratio estimated for the hydrologic landscape regions in the United States. (b) Mean base flow volume
estimated for the hydrologic landscape regions in the United States.
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ror. These areas were in HLRs 4, 5, 7, 12, 15, and 16. Of
these areas 7, 12, and 16 are within 5% of the predicted re-
sponse which is considered to be well within the limit of
prediction of such broad groupings (Table 2). Areas with ma-
jor differences are HLRs 4 (12.6%), 5 (16.6%), and 15
(17.8%). HLR 4 is mapped in parts of the Northeast and Supe-
rior Uplands, Glaciated Central Region, and Gulf Coastal
Plain (Fig. 2; Heath, 1984). The HLR description indicates
this area is predominantly flat, with low relief, moderate
bedrock permeability and percent sand in the surface soils,
and abundant precipitation (P-PET) (Table 2). The predicted
response from the hydrograph separation techniques indi-
cated that overland flow was the predominant process in
this region. This mapped region falls within three distinct
geologic regions ranging from complex glacial stratiagraphy
to varied sandy regions of the Gulf Coastal Plain. Of note in
these regions are the high average annual runoff gradients
(Gebert et al., 1987), ranging from 5 to 12 in. in the north
to 8–20 in. in the south. With such gradients, accurate pre-
diction of hydrologic response would require more detailed
delineation of HLRs and a high density of gages. HLR 5 is
mapped in the Gulf Coastal Plain, the High Plains, and Allu-
vial Basins (Heath, 1984, Fig. 2). The HLR description classi-
fies this area as predominantly flat, with gentle to moderate
relief, with relatively high bedrock permeability and moder-
ate sand in surficial soils, but rainfall substantially lower
than evapotranspiration. Within this region, the predicted
response was for more surface runoff while Wolock et al.
(2004) predicted more ground water response. Base flow
separation techniques in these areas of low total runoff
are not very accurate making this difference plausible. Fi-
nally, HLR 15 is mapped predominantly in the Alluvial Basin
area (Heath, 1984: Fig. 2). The HLR description indicates
this area contains moderate to moderately high relief, low
percentage of flatland, moderate bedrock permeability
and moderate percentage of sand in the surficial soil.
Evapotranspiration exceeds rainfall.

The predicted response was more for ground water con-
tribution while Wolock et al. (2004) response showed more
surface runoff. Again, in areas of low total runoff (less
0.2 in.), base flow separation methods are questionable. In
addition, recent study by Maurer et al. (2004) indicates that
in such areas, more detailed delineations of HLR is war-
ranted for accurate prediction of hydrologic response. The



Table 2 Mean values of land-surface form, geologic texture, and climate characteristics for HLRs (Adapted from Wolock et al.,
2004)

HLR Total
flatland (%)

Flatland (%)
in upland

Flatland (%)
in lowland

Relief
(m)

Bedrock
permeability class

Sand
(%)

Precipitation –
PET (mm/yr)

1 92.5 36.5 56.0 50 5.8 69.7 213
2 82.8 28.2 54.6 73 2.7 61.9 64
3 86.0 28.3 57.8 98 5.8 20.1 119
4 82.7 29.8 52.9 73 2.6 36.0 323
5 78.0 20.2 57.8 233 4.0 39.0 �338
6 90.6 22.7 67.9 68 1.8 18.8 119
7 64.0 27.5 36.5 110 1.2 33.5 320
8 71.2 30.6 40.6 132 1.3 17.9 �58
9 41.7 17.4 24.3 213 4.9 22.4 394
10 37.5 16.5 21.1 290 4.9 30.1 �305
11 41.9 19.4 22.5 130 1.6 15.8 333
12 22.3 4.1 18.2 641 2.1 46.3 �191
13 30.3 11.4 18.9 257 1.5 24.0 �180
14 16.0 0.4 15.6 1225 4.1 47.9 �582
15 8.2 1.3 7.0 769 4.2 26.4 �249
16 10.8 3.3 7.5 452 1.5 33.6 505
17 7.6 1.2 6.4 665 1.5 29.6 �173
18 2.0 0.2 1.8 1174 1.2 40.7 �8
19 4.8 0.3 4.4 1129 2.2 39.5 1156
20 1.7 0.1 1.7 1966 1.4 41.7 11

m = meters; PET = potential evapotranspiration; mm/yr = millimeter/year.

Table 3 Sample statistics for annual base flow (in mm) for the HLRs

Sample size (HLR) Minimum Maximum Std. dev. Mean 25th 50th 75th 90th

N = 20 39.89 906.01 197.04 196.53 73.47 149.37 20.72 449.50
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authors found subdivision of the State of Nevada into 16 re-
gions was necessary in order to classify the hydrologic land-
scape. In Nevada, HLRs are being used as a framework to
represent various hydrologic settings as part of a statewide
evaluation of ground water susceptibility and vulnerability
to pollution.

As mentioned earlier, it is to be noted that the qualita-
tive description of each HLR was defined by classifying the
variables in Table 2 on a relative scale among the 20 HLRs
and therefore does not reflect the absolute values. Given
the scale involved and the differences in the procedures
used between the present study and that of Wolock et al.
(2004), the differences in hydrologic responses in 6 regions
are possible. Inferences made from this analysis were: (a)
the qualitative hydrologic response assigned for HLRs by
Wolock et al. (2004) were verified using the hydrologic re-
sponses for HLRs assigned on a quantitative basis from the
present study and they seemed to agree overall; (b) for
large scale planning and management strategies, qualitative
descriptions made by Wolock et al. (2004) for analyzing the
response of flow within an HLR was considered to be reason-
able; and (c) further verification on the hydrological re-
sponses within an HLR, however, may be necessary for
planning local scale studies.

Overall, the hierarchical approach, used by Wolock et al.
(2004) is meant to provide a useful classification of land-
scapes at the regional scale for use in a variety of environ-
mental management efforts. However, since hydrological
processes interactions between controls are implicitly con-
sidered in this method, there is no room for specifying po-
tential changes in the relative importance of controls with
location or scale in a given HLR (Buttle, 2006). The study
by Maurer et al. (2004) as well as statements by Wolock
et al. (2004) acknowledge that the HLR could be used at a
finer resolution, depending on the application. This study
has shown that the classification approach appears to have
merit in predicting regional variations of the hydrological
landscape response. While differences in expected re-
sponses have been noted, it is thought that these are a prod-
uct of the cited complexity in terrain, and perhaps, choice
of discriminating variables.
Relationship of base flow index and volume with
hydro-geological variables used for defining the
HLR

In order to ascertain the relative importance of the descrip-
tive variables used to delineate the HLR in the prediction of
mean base flow index, Pearson’s correlation table (Table 4)
and a stepwise multiple regression was performed on the
descriptive variables with base flow index value being the



Table 4 Pearson correlation for HLR variables and base flow index

Relief P-PET Sand Bedrock Total flatland % Upland % Lowland

�0.7324 0.0054 0.6703 0.0899 �0.5076 �0.5035 �0.4871
(0.0002) (0.9820) (0.0012) (0.7061) (0.0223) (0.0236) (0.0294)

The top number is the correlation value and the lower number is the probability for the 20 samples.
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dependent variable. Pearson correlation table (Table 4)
showed the correlation values and probability values of
error of the descriptive variables (terrain, geology and
climate variables) of HLRs with respect to the mean base
flow index. Results of the correlation indicated that relief
and percentage of sand were highly correlated to base flow
index (Table 4).

The best fit equation from the stepwise regression re-
sulted from the variables including relief and percentage
of sand is

Base flow index

¼ 33:5435þ 0:0091 Reliefþ 0:3034 Sand ð3Þ

where

Base flow index = base flow in percent,
Relief = maximum elevation minus minimum elevation in
the watershed in meters,
Sand = percentage of sand in soil,
Relief and percentage of sand values are used from
Wolock et al. (2004).

The coefficient of determination (R2) estimated for Eq.
(3) is 0.79 and the standard error of estimation is 3.84.
Significance test was performed for the independent vari-
Table 5 Results of significance test for the stepwise regression

Estimate Std. errors

33.5435 2.3377
0.0091 0.0017
0.3034 0.0630

Table 6 Pearson correlation for HLR variables and base flow vol

Relief P-PET Sand Bedrock

0.5032 0.7787 0.1877 �0.2310
(0.0237) (5.25E�005) (0.4280) (0.3272)

The top number is the correlation value and the lower number is the

Table 7 Results of significance test for stepwise regression anal

Estimate Std. errors

60.4324 17.2463
0.2145 0.0240
0.4283 0.332
ables used in Eq. (3) using the regression coefficients and
the standard error of the regression coefficients (Table 5)
and this test showed relief and percentage of sand are
highly significant.

A similar analysis was carried out to predict the volume
of base flow in mm. Pearson’s correlation (Table 6) indi-
cated that the major variables correlated with the amount
of base flow were relief and effective rainfall. The best fit
equation resulted from the stepwise regression is

Base flow ¼ 60:43þ 0:2145 Reliefþ 0:4283P � ðPETÞ ð4Þ

where

Base flow = Base flow volume in mm by HLR,
Relief = Relief in meters by HLR,
P = Precipitation in mm by HLR,
PET = Potential evapotranspiration in mm by HLR,
Relief and P � PET are used from Wolock et al. (2004).

The regression coefficients for relief and effective rain-
fall (P-PET) are shown to be significant (Table 7). The R2

estimated for Eq. (4) is 0.93 and the standard error of esti-
mation is 54.75. Regression Eq. (4) indicates that area favor-
able for ground water development would have high
effective rainfall and high gradients from streams to
analysis of the base flow index

t-Value P-value

14.3492 6.24E�011
5.2916 5.98E�005
4.8151 0.0002

ume

Total flatland % Upland % Lowland

�0.4023 �0.3654 �0.4063
(0.0787) (0.1131) (0.0755)

probability for the 20 samples.

ysis of the mean base flow volume

t-Value P-value

3.5041 0.0027
8.9378 7.8E�008

12.9138 3.25E�010
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divides as also inferred by Olmsted and Hely (1962) in their
study.

As an additional validation, a regression relationship
(Fig. 9) was developed between actual base flow volume
estimated for HLR (Fig. 8b) and the base flow estimated
from the regression Eq. (4) and it showed good agreement.

The influence of basin relief on base flow is supported by
many studies including Sefton and Howarth (1998), Gustard
et al. (1989), Vogel and Kroll (1992), Berger and Entekhabi
(2001) and Mazvimavi et al. (2004). The present study has
shown that topography has influence on the base flow and
study of McGuire et al. (2005) supports this. The relation-
ship of base flow to geological characteristics of the basin
is indicated by several authors (Bingham, 1986; Rutledge
and Mesko, 1996; Lacey and Grayson, 1998; Neff et al.,
2005). Similarly, a study by Mwakalila et al. (2002) indicated
that there is a strong correlation between values of base
flow with climate and geology in semi arid areas. The use
of precipitation minus PET is supported by Wolock and McC-
abe (1999), who indicated that most (91%) of the spatial var-
iability in mean annual runoff was explained by the spatial
variability of mean annual precipitation minus mean annual
potential evapotranspiration. Berger and Entekhabi (2001)
and Sankarasubramanian and Vogel (2002) support similar
use of such indices in continental scale modeling of rain-
fall–runoff relationships.

Results of the regression (Eqs. (3) and (4)) also suggest
that the descriptive variables used in constructing the HLRs
can be used to define mean values of shallow ground water
flow within the regions. The percentage of base flow is tied
to relief and surface permeability (percentage of sand) and
the amount of base flow is tied to relief and effective pre-
cipitation within HLR. Similar to the approach used in this
study, Neff et al. (2005) used hydrograph separation tech-
niques and landscape features to predict the base flow in-
dex. They constructed two models, a geology model and a
geology-surface water model which were based on more de-
tailed analysis of surficial geology and amount of water
bodies within the watersheds. Predicted BFI values were
within 10–20% of the BFI calculated by hydrograph separa-
tion analysis, similar to results obtained in this study.
Summary and conclusions

The base flow index has been estimated from daily stream-
flow records using a recursive digital filtering method and a
raster grid map of the results was developed for the conter-
minous United States. The base flow index estimated by the
digital filter method showed good agreement with the USGS
BFI method and both methods showed similar regional
trends. GIS interpolation procedure was used for estimating
base flow index from point data and extrapolate to a contin-
uous surface. The error introduced by this interpolation was
also quantified.

The base flow volumeswere also estimated for the conter-
minous United States using the base flow index estimated
from the digital filter method. It is important to note
(Fig. 2) that although the base flow index seemed to be high
in western part of the United States including parts of Colum-
bia River Basin, Great Lake Basin, Missouri and Upper Colo-
rado River Basins, the estimated base flow volume (Fig. 5)
available seemed to be lower in the order of 50 mm. The
low base flow volumes observed for these regions are due
to the limited total flow occurring in those regions. This
clearly indicates that low flow (base flow) conditions are crit-
ical for water quality and quantity management. Mean base
flow index and volume estimated for HLRs (Fig. 8) also
showed similar observation. The base flow index and volume
estimates made for the conterminous United States from this
study would be helpful for many studies related to water
quantity and quality planning and management. Base flow
information from this study could also be used for research
purposes including hydrologic model validation of surface
and base flow components.

Base flow indices and base flow volumes were estimated
for given HLRs for regionalization purpose. This analysis
indicated that mean hydrologic characteristics of the HLR
inferred qualitatively by Wolock et al. (2004) were in agree-
ment with quantitative estimates made from this study in
most of the HLRs defined for the conterminous United
States.

The estimated base flow volume was analyzed to deter-
mine general relationships with hydrological characteristics
such as climate, terrain, and geological characteristics using
the HLRs of the United States. Pearson’s correlation table
and a stepwise multiple regression were performed to
ascertain the relative importance of the descriptive vari-
ables (such as relief, effective rainfall, and percentage of
sand) to discriminate the HLRs in terms of BFI and base flow
volume. Results of the correlation indicated that

(a) relief and percentage of sand were highly correlated
to base flow index, and

(b) the amount of base flow volume (in mm) depends on
the gradient and the amount of effective rainfall.

Regression results also suggest that the hydro-geologic
descriptive variables used in constructing the HLRs can be
used to define mean values of shallow ground water flow
within the regions. However, further testing is needed to



152 C. Santhi et al.
ascertain if such equations or relationships could be used to
define flow within an HLR.

Recent studies involving use of regressions to estimate
base flow have illustrated the need to incorporate more de-
tailed information at the local scale. Stuckey (2006) indi-
cated that base flow could be predicted within standard
error of 21–23% from 195 gages in Pennsylvania and sur-
rounding states. However, the regression model used other
variables such as contributing drainage area, mean annual
precipitation, percentage of the basin underlain by carbon-
ate rocks, percentage of forested area, and percentage of
urban area.

Delin et al. (2007) used the results of base flow separa-
tion coupled with soil characteristics (specific yield) and cli-
mate to calculate a regional regression equation used to
predict statewide recharge in Minnesota. Neff et al.
(2005) used base flow separation coupled with surficial geol-
ogy classes and percentage of surface water to predict base
flow at ungaged sites within the Great Lakes with regression
models.

The above studies indicated the usefulness of regional
base flow separation for prediction of general ground water
contribution to streams in ungaged areas. These studies also
indicated that many of the variables used in the HLR ap-
proach are also those variables found to be most important
in local studies for prediction of base flow. While such infer-
ences are possible, several limitations need to be ad-
dressed. The base flow values represent the average for
the region over the long term and cannot reflect seasonal
or inter-annual variations. Accuracy of the values is related
to the hydrograph separation techniques although they are
reproducible, are not physically based. Finally, the modeled
results are limited by the general nature of the HLR units,
and the detail inherent in the various data sets. HLR con-
cept has been shown to be a useful planning tool which
can be used to delineate common hydrologic behavior with-
in the landscape of the United States as was proposed by
Wolock et al. (2004).
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