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Abstract

Prediction of streamflows at ungauged catchments requires transfer of hydrologic in-
formation (e.g., model parameters, hydrologic indices, streamflow values) from gauged
(donor) to ungauged (receiver) catchments. One of the most reliable metrics for se-
lection of ideal donor catchments is the spatial proximity between donor and receiver5

catchments. However, it is not clear whether information transfer among nearby catch-
ments is suitable across a wide range of climatic and geographic regions. We examine
this issue using the data from 756 catchments within the continental United States.
Each catchment is considered ungauged in turn and daily streamflow is simulated
through distance-based interpolation of streamflows from neighboring catchments. Re-10

sults show that distinct geographic regions exist in US where transfer of streamflow val-
ues from nearby catchments is useful for retrospective prediction of daily streamflow at
ungauged catchments. Specifically, the high predictability catchments (Nash-Sutcliffe
efficiency NS > 0.7) are confined to the Appalachian Mountains in eastern US, the
Rocky Mountains, and the Cascade Mountains in the Pacific Northwest. Low pre-15

dictability catchments (NS < 0.3) are located mostly in the drier regions west of Missis-
sippi river, which demonstrates the limited utility of gauged catchments in those regions
for predicting at ungauged basins. The results suggest that high streamflow similar-
ity among nearby catchments (and therefore, good predictability at ungauged catch-
ments) is more likely in humid runoff-dominated regions than in dry evapotranspiration-20

dominated regions. We further find that higher density and/or closer distance of gauged
catchments near an ungauged catchment does not necessarily guarantee good pre-
dictability at an ungauged catchment.

1 Introduction

Long-term measurements of river streamflow are essential for a number of applications25

in water resources, such as, planning of water supply and irrigation projects (Dunne
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and Leopold, 1978; Jain and Singh, 2003), delineation of river floodplains (Merwade
et al., 2008; Tate et al., 2002), day-to-day management of dams and canals (Hirsch
and Costa, 2004), to name a few. Streamflow measurements are also important for
characterizing the hydrologic behavior of river basins within modeling frameworks, so
that future assessments of hydrologic behavior in response to climate and/or land-use5

change can be obtained. However, in many parts of the world, developed as well as
developing, rivers are not gauged for continuous monitoring. Developing strategies for
prediction at ungauged basins (PUB; Sivapalan et al., 2003) is therefore required not
only for the above practical applications, but also for advancing our process under-
standing of the controls on regional variability in landscape hydrologic response (Patil10

and Stieglitz, 2011; Wagener et al., 2004).
Prediction of streamflows at ungauged basins typically requires transfer of hydro-

logic information (e.g., model parameters, hydrologic indices, streamflow values) from
gauged to ungauged catchments. Transfer of hydrologic model parameters is per-
haps the most common procedure (Merz and Blöschl, 2004). Hydrologic models that15

have been used extensively for this purpose include: HBV (Götzinger and Bárdossy,
2007; Merz and Blöschl, 2004; Seibert, 1999), IHACRES (Kokkonen et al., 2003; Post
and Jakeman, 1996; Schreider et al., 1996), PDM (Kay et al., 2007; Lamb and Kay,
2004). Alternatively, model-independent methods have been developed that incorpo-
rate the spatial variability of streamflow within a region (Archfield and Vogel, 2010;20

Skøien and Blöschl, 2007; Smakhtin, 1999). These model-independent methods have
the advantage that they can circumvent the deficiencies associated with any particular
hydrologic model structure. Smakhtin et al. (1997) developed regionalized flow du-
ration curves for catchments in South Africa and estimated streamflows at ungauged
catchments through transfer of daily streamflow data from nearby gauged catchments25

using the interpolation technique described in Hughes and Smakhtin (1996). Archfield
and Vogel (2010) developed the map-correlation method to identify the donor gauged
catchment that is likely to have high correlation to the ungauged catchment for direct
transfer of daily streamflow time series. Skøien and Blöschl (2007) used the concept
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of topological kriging, or top-kriging (Skøien et al., 2006), on 376 catchments in Austria
to predict hourly and daily streamflow in ungauged catchments.

A common challenge for all information transfer procedures is the search for ideal
donor (gauged) catchments from which hydrologic information can be successfully
transferred. Recent studies have shown that choosing the donor catchments based on5

spatial proximity to the ungauged catchment alone is by far the most reliable approach.
For example, Merz and Blöschl (2004) compared eight parameter transfer methods us-
ing the HBV model for 308 catchments in Austria and concluded that methods based
on spatial proximity alone performed better than those based on catchment attributes.
Oudin et al. (2008) compared three different regionalization approaches on 913 French10

catchments using two hydrologic models and found that the spatial proximity approach
outperformed other approaches. Zhang and Chiew (2009) obtained similar results us-
ing data from 210 catchments in Australia. While these studies aptly demonstrate the
advantage of spatial proximity based approach, what is not clear is whether the infor-
mation transfer from nearby gauged to ungauged catchments is suitable across a wide15

range of hydro-climatic settings.
In this study, we characterize the transferability of hydrologic information among

nearby catchments. Our objectives are to: (1) determine if distinct geographic regions
exist where nearby catchments tend to have similar streamflows, so that information
can be easily transferred between gauged and ungauged catchments, and (2) iden-20

tify the physiographic and hydro-climatic conditions that favor streamflow similarity
among nearby catchments within a region. We use the data from 756 gauged catch-
ments across the continental United States to simulate daily streamflow through inverse
distance weighted (IDW) interpolation of streamflow from neighboring gauged catch-
ments. The prediction efficiency at ungauged catchments is then compared against25

physiographic and hydro-climatic properties to identify the conditions that favor high
streamflow similarity within a region. In Sect. 2, we describe the 756 catchments
chosen for this study and the associated environmental data used for our analysis.
In Sect. 3, we outline the distance-based interpolation method used for streamflow
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simulation, the goodness-of-fit measures used to assess predictability, and metric used
to analyze the relationship between predictability and catchment properties. In Sect. 4,
we present results of our analysis. Sections 5 and 6 provide the discussion of our
results and the conclusions of this study, respectively.

2 Data5

We use the streamflow records of catchments from US Geological Survey’s Hydro-
Climate Data Network (HCDN) (Slack et al., 1993). The HCDN database consists of
data of 1659 catchments located within the United States that are not severely affected
by human activity. The streamflow records in HCDN span from 1874 to 1988. A ma-
jority of the catchments have consistent and continuous records from water year 197010

onwards. As such, we consider only those catchments that have a continuous daily
streamflow record from water year 1970 to 1988 (i.e., 1 October 1969 to 30 Septem-
ber 1988), which reduces the number of acceptable catchments to 756 (see Fig. 1).
The drainage area of the catchments ranges from 23 km2 to 5000 km2, and the median
drainage area is 715 km2.15

Monthly time-series of precipitation and potential evapotranspiration in each of
the 756 catchments are obtained from the climate dataset developed by Vogel and
Sankarasubramanian (2005). Estimates of monthly precipitation in this dataset are
obtained from the PRISM (Daly et al., 1994) climate analysis system as described in
Vogel et al. (1999), whereas the monthly potential evapotranspiration estimates are20

obtained using the formula suggested by Hargreaves and Samani (1982). From the
streamflow and precipitation data, we derive five hydrologic indices (or signatures) for
each of the 756 catchments. These hydrologic signatures are: baseflow index, runoff
ratio, baseflow runoff ratio (baseflow/rainfall), slope of flow duration curve, and inter-
annual streamflow elasticity. We also use the data of three physiographic attributes25

from Vogel and Sankarasubramanian (2005) dataset, viz., channel slope, soil perme-
ability, and soil water holding capacity. Details of the methods used for deriving the
hydrologic signatures are provided in Appendix A.
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As illustrated in Fig. 1, the number of stream gauges is higher in the eastern half of
the country than in the western half. Since the regionalized predictions in this study are
based on proximity of gauged and ungauged catchments, this variable gauge density
may bias our analysis. Thus, in Sect. 4.4, we evaluate whether gauge density has an
appreciable effect on streamflow predictions at ungauged catchments.5

3 Methods

In this section, we first outline the distance based interpolation method used for sim-
ulating daily streamflows. We then describe the goodness-of-fit measures used for
assessing the prediction efficiency, followed by a brief explanation of the metric used
for assessing the relationships between prediction efficiency and catchment properties.10

The inverse distance weighted (IDW) interpolation is one of the simplest methods
to determine whether streamflow values among spatially proximate catchments are
similar. Nonetheless, as will be shown in results, this method is highly effective in
characterizing the regionalized predictability patterns over the scale of continental US.
Comparison of different interpolation methods is beyond the scope of this study. The15

mathematical expression of the IDW interpolation scheme is as follows:

q(x)=
N∑

k=1

wk(x)

ΣN
k=1wk(x)

×q(xk) (1)

And,

wk(x)=
1

d (x,xk)p
(2)

where, q(x) is the discharge value at the ungauged catchment that is located at point20

x in the region, q(xk) is the discharge value at neighboring donor catchment k located
at point xk in the region, and N is the total number of neighboring donor catchments
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considered for the interpolation. The daily streamflow values are normalized by catch-
ment drainage area and have the units of mm day−1. Distance between the gauged and
ungauged catchment d is calculated individually for each of the N neighboring catch-
ments. d is the distance between stream gauges of the catchments. The interpolation
weights w are calculated for all the donor catchments using Eq. (2). The exponent p in5

Eq. (2) is a positive real number, called as power parameter.
Each of the 756 catchments is considered ungauged in turn (jack-knife procedure),

and daily streamflows are simulated using Eqs. (1) and (2). We use power parame-
ter p= 2 (i.e., the inverse square distance weighted method) and vary the number of
neighboring donor catchments N from 1 to 50.10

Goodness of fit for predicted hydrograph is measured using two metrics: Nash-
Sutcliffe efficiency (NS) and water balance error (WBE). These two measures convey
different information about prediction performance. The WBE verifies whether long-
term differences in the magnitudes of observed and simulated streamflows are within
an acceptable range, whereas the NS verifies whether the fluctuations in daily hydro-15

graph are appropriately captured. These metrics have been extensively used in the
hydrology literature to determine the simulation efficiency of daily hydrographs. The
Nash-Sutcliffe efficiency criterion (Nash and Sutcliffe, 1970) is defined as follows:

NS=1−
Σn
i=1(Qobs,i −Qpred,i )

2

Σn
i=1(Qobs,i −Qobs)2

(3)

where, Qpred,i and Qobs,i are the predicted and the observed stream discharge values20

on the i -th day respectively, Qobs is the mean of all the observed discharge values and
n is the total number of days in the record.

The water balance error is defined as follows:
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WBE=100×

∣∣∣∣∣∣∣∣∣
n∑
i=l

Qpred,i −
n∑
i=l

Qobs,i

n∑
i=l

Qobs,i

∣∣∣∣∣∣∣∣∣
(4)

We analyze the relationship of prediction efficiency (NS values) with numerous catch-
ment properties. These relationships are analyzed to identify the factors that favor
streamflow similarity among nearby catchments. To this end, we use the Spearman’s
rank correlation (Spearman, 1904), which quantifies the increasing/decreasing trend in5

a relationship. The formula for Spearman’s correlation (ρ) is as follows:

ρ=1−
6×

∑
d2

M× (M2−1)
(5)

Where, d is the difference between the ranks of each observation on the two vari-
ables under consideration, and M is the total number of observation points (M =756 in
our case). Spearman’s ρ varies from −1 to +1, with −1 being a perfect monotonically10

decreasing relationship and +1 being perfect monotonically increasing.

4 Results

4.1 Choosing the optimal number of donor gauged catchments

To find the optimal number of donor catchments required for a good streamflow esti-
mate we vary the number of nearest donor catchments from 1 to 50 and calculate the15

associated NS. This approach for choosing the optimal number of donors has been
used previously (Oudin et al., 2008; Zhang and Chiew, 2009). Figure 2a shows the re-
lationship between the number of donor gauged catchments used for simulating daily
streamflow and the median NS from each simulation run for all the 756 catchments.

9330

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/9323/2011/hessd-8-9323-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/9323/2011/hessd-8-9323-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
8, 9323–9355, 2011

Controls on
hydrologic similarity

S. Patil and M. Stieglitz

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The median NS increases sharply from 0.49 to 0.61 as the number of donor catch-
ments increase from 1 to 4 followed by small increases in median NS for subsequent
increases in the number of donor catchments. The median NS reaches its highest
value of 0.615 at 15 donor catchments. Beyond 15 donor catchments there is decline
in simulation efficiency that can be attributed to the relative reduction in influence of the5

nearby catchments. For subsequent analysis, we therefore limit the number of donors
to five nearest gauged catchments and perform the distance based interpolation to
simulate daily streamflows. For simulations with five donor catchments, the maximum
NS is 0.97, the median value is 0.61, and the 25th percentile value is 0.29. Figure 2b
shows the 25th and 75th percentile NS values along with median NS against the num-10

ber of donor catchments. Similar to the median, other percentile values also show
that increasing the number of donors far beyond 4 or 5 does not cause an increase
in prediction performance. Figure 2c shows the distribution of NS values of simulated
streamflows using five donor catchments.

4.2 Geographic patterns of streamflow predictions15

Distinct geographic patterns are observed in the NS and WBE values of catchment
streamflows using the IDW interpolation method (Figs. 3 and 4). For better identifi-
cation of these geographic patterns, we partition the catchments into three groups:
Group 1 for NS greater than 0.7, Group 2 for NS between 0.3 and 0.7, and Group 3 for
NS less than 0.3. Figure 3a shows the location of all the Group 1 catchments, 288 in20

total (∼40 %), which have the highest predictability of daily streamflow. The majority of
the Group 1 catchments are located in three geographic regions: (1) the Appalachian
mountain ranges in the eastern US, (2) the Rocky Mountains, and (3) the Pacific North-
west region to the west of Cascade Mountain range. The remaining Group 1 catch-
ments are located across the eastern half of continental US, especially in the states of25

Indiana and Illinois (Fig. 3a). The Group 2 catchments (Fig. 3b, a total of 277 catch-
ments; ∼35 %), are located across the eastern part of the United States. The poorest
performers, Group 3 catchments are located in the western half of continental US,
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especially to the west of Mississippi river (Fig. 3c). There are 191 catchments (∼25 %)
that belong in Group 3 and these are considered as practically unpredictable using the
spatial proximity based regionalization method.

For water balance errors (WBE), we group catchments as follows: Group A for
WBE<20 %, Group B for 20 %<WBE<50 %, and Group C for WBE >50 %. Figure 45

shows the geographic patterns of WBE for these three catchment groups. Figure 4a
shows the Group A catchments, which have the smallest water balance errors. A total
of 473 (∼63 %) catchments belong to Group A, and majority of them are located in
the eastern part of US and along the west coast. The Group B catchments (152 in
total; ∼20 %, see Fig. 4b) are spread throughout the US and do not have any pref-10

erential geographic patterns. Figure 4c shows the Group C catchments, 131 in total
(∼17 %), which have the highest water balance errors and are located mostly in drier
western part of the US. The geographic patterns of Group C catchments are similar to
the catchments with lowest NS values (Group 3, Fig. 3c).

4.3 Impact of catchment proximity on predictability at ungauged catchments15

Figure 5a shows the relationship of prediction efficiency (NS) with the average distance
of donor catchments from the ungauged catchment, while Fig. 5b shows its relation-
ship with the distance of nearest donor catchment. As expected, the observed trend
is that high NS catchments have donor catchments in closer proximity, i.e., smaller
distances. The Spearman rank correlation (ρ) for the relationships of NS with the av-20

erage and minimum distance is −0.44 and −0.41 respectively (p-value<0.01 in both
cases). However, at any given NS value, there is a surprisingly wide scatter of dis-
tances between donor and receiver catchments (Fig. 5a and b). This suggests that
the donor-receiver catchment proximity alone cannot fully explain the prediction perfor-
mance at a given location. Among catchments with NS>0, the R2 value of relationship25

between NS and average donor distance is 0.12, i.e., the average distance from donor
catchments explains only 12 % of the spatial variability in NS.
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4.4 Impact of gauge density on predictability at ungauged catchments

Gauge density is possibly an important factor that can influence the transfer of informa-
tion to ungauged catchments. If more gauged catchments are present in the vicinity of
an ungauged catchment, we can intuitively expect that catchment to have better pre-
dictability. Therefore, we test quantitatively whether disparity in gauge density across5

different regions of the US influences predictability at an ungauged catchment. Gauge
density around a catchment is defined as the number of gauged catchments within the
200 km radius of its location. We tested the gauge density metric by varying the search
radius from 100 km to 500 km and found that the relationship between NS and gauge
density is not affected by the choice of the search radius (result not shown). Figure 610

shows the relationship between NS and gauge density near the ungauged catchment.
Contrary to our a priori expectation, high gauge density around an ungauged catch-
ment does not guarantee good predictability. Moreover, there are numerous catch-
ments that have low gauge density in their vicinity and still have high NS values. No
significant trend is observed in the relationship between NS and gauge density. Among15

catchments with NS>0, the R2 value of relationship between NS and gauge density is
0.06, i.e., the density of gauged catchments surrounding within a region explains only
6 % of the spatial variability in NS.

4.5 Impact of climate on predictability at ungauged catchments

We analyze the high and low predictability catchments using the Budyko curve20

(Budyko, 1974). A Budyko curve characterizes the relationship between aridity index
(PET/P) and evaporation index (ET/P) of the catchments. Figure 7 shows the Group 1
catchments (NS>0.7, blue squares) and Group 3 catchments (NS<0.3, red squares)
on the Budyko curve. Majority of the high predictability catchments (Group 1) have low
values of evaporation and aridity indices and are located in the lower portion of the25

curve. This suggests that the water balance in these high predictability catchments is
controlled by energy limitation, i.e., more water is present than can be evaporated. On
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the other hand, low predictability catchments (Group 3) have higher values of evapora-
tion and aridity indices and are located in the higher portion of the curve. About 48 %
of the Group 3 catchments have aridity index >1, suggesting that their water balance is
controlled by water limitation, i.e., less water is present than can be evaporated. Thus,
the Budyko curve shows that the predictability is higher in regions where the ET of5

catchments is demand limited (i.e., humid) and low where the ET is supply limited (i.e.,
arid).

4.6 Physical conditions favoring good predictions at ungauged catchments

To identify the physical conditions that favor high streamflow similarity (and therefore
good predictability), we explore the relationships between NS and catchment attributes.10

Eight catchment properties are considered: three physiographic properties (channel
slope, soil permeability, and soil water holding capacity) that are obtained for each
catchment from the Vogel and Sankarasubramanian (2005) dataset; and five hydro-
logic signatures (baseflow index, runoff ratio, baseflow runoff ratio, slope of flow dura-
tion curve, and inter-annual streamflow elasticity) that are derived from the streamflow15

and precipitation data (see Appendix A for details).
Figure 8 shows the relationship between prediction efficiency (NS) and each of the

three physiographic properties. While none of these properties have a distinct relation-
ship with NS, a majority of the catchments with higher channel slope (>1 %) have high
NS value (Fig. 8a). This trend is consistent with the observation that a majority of high20

NS catchments are located along the three large mountain ranges of the US (Fig. 3a).
However, high NS values are not exclusive to catchments with high channel slope. Of
the three physiographic properties, only channel slope shows a statistically significant
trend in its relationship with NS (Spearman ρ= 0.21; see Table 1). No distinct trend is
observed in soil permeability except that the preference of higher permeability catch-25

ments is towards high NS values (Fig. 8b). No trend whatsoever is observed in the
relationship between NS and soil water holding capacity (Fig. 8c).
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Figure 9 shows each of the five hydrologic signatures plotted against NS. High scat-
ter is observed in all the five relationships, similar to the observations of physiographic
attributes (Fig. 8). Nonetheless an increasing trend with respect to NS is observed in
the relationships of runoff ratio (Spearman ρ= 0.51), baseflow runoff ratio (Spearman
ρ= 0.46), and slope of FDC (Spearman ρ= 0.31) (Fig. 9a, c, and d, respectively). Al-5

though many high NS catchments are clustered towards high values of baseflow index
(Fig. 9b), it does not have a significant trend in its relationship with NS. No particu-
lar trend (increasing or decreasing) is observed in the relationship between NS and
streamflow elasticity (Fig. 9e).

5 Discussion10

Distinct geographic regions exist where transfer of streamflow information from nearby
gauged catchments results in good streamflow prediction at an ungauged catchment.
High streamflow predictability is obtained in humid mountainous regions, whereas the
low predictability catchments are predominantly located in the drier regions (Figs. 3
and 4). To our knowledge, the geographic patterns of streamflow similarity (and pre-15

dictability at ungauged catchments) shown here not been shown before within the con-
tinental US, specifically at a daily time-scale and using an information transfer method.
The Budyko curve (Fig. 7) illustrates the preference of high predictability catchments
in humid regions. Our previous work (Patil and Stieglitz, 2011) characterized stream-
flow similarity among nearby catchments across multiple flow conditions. Patil and20

Stieglitz (2011) suggested that the competing influences of precipitation and evapo-
rative demand determine the conditions at which streamflow similarity is manifested.
Consistent with their suggestion, the results presented here show that streamflow sim-
ilarity is more likely to occur in regions where annual precipitation exceeds evaporative
demand (i.e., low energy environments). The preference for humid environment is fur-25

ther evident from the tendency of high predictability catchments to be located in regions
of high forest density. Figure 10 shows all the 756 catchments mapped with the forest
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cover within the US. The forest cover map is obtained from the USGS Global Land
Cover Characteristics (GLCC) project (Loveland et al., 1991). With the exception of
catchments in the mid-West, almost all the high predictability catchments (Group 1)
are located in regions with high amount of forest cover.

While humid climate is certainly favorable for similarity among nearby catchments,5

climate alone is not sufficient for identifying regions of high streamflow similarity. The
clustering of Group 1 catchments along the mountain ranges suggests that topography
is also an important factor in determining streamflow similarity (and predictability). For
instance, the catchments in southeastern states of Louisiana, Mississippi, Alabama
and Florida have humid climate, but a flatter terrain (and most are Group 2 catch-10

ments). Due to the strong connection of predictability with geographic features, we had
an a priori expectation that the catchments with high (or low) predictability will have
distinct physiographic and hydrologic signatures associated with them. However, the
relationship of NS with individual catchment properties is weak. Of the eight catchment
properties considered, statistically significant positive trends with respect to NS are ob-15

served in only four properties: channel slope, runoff ratio, baseflow runoff ratio, and the
slope of FDC (see Table 1). These weak relationships are indicative of the difficulties
faced by hydrologists in achieving a universally acceptable hydrologic classification of
catchments (McDonnell et al., 2007; Wagener et al., 2007).

Although the streamflow predictions in this study are obtained through distance-20

based interpolation, results show that the distance between donor and receiver catch-
ments cannot fully explain the prediction patterns. It could have been argued that the
high NS catchments are preferentially located in humid regions because of the higher
gauge density in those regions. However, no clear relationship is found between NS
and gauge density (Fig. 6). This suggests that factors other than the spatial proxim-25

ity among catchments and gauge density play an important role in regional similarity
of streamflows. The higher predictability in humid environments is likely to be due to
similarity in climatic inputs over larger spatial scales. However, low predictability an
ungauged catchment can be due to either one of the three primary causes: (1) the
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ungauged catchment is too far from the donor catchments, or (2) the spatial variabil-
ity in climatic inputs is high in the region surrounding the ungauged catchment, or
(3) the hydrologic behavior of the ungauged catchment is idiosyncratic (and therefore,
non-representative of the region surrounding it) either due to contributions from deep
groundwater sources, loss of water to regional aquifers, or other complex geologic fac-5

tors.

6 Summary and conclusion

This study examined whether information transfer from nearby gauged to ungauged
catchments is suitable across multiple environments. Distinct geographic patterns
of daily streamflow predictability at ungauged catchments were observed within the10

continental US. Specifically, high predictability catchments are located along the Ap-
palachian Mountains in eastern US, the Rocky Mountains, and the Cascade Mountains
in Pacific Northwest, whereas the low predictability catchments are located in the drier
regions west of Mississippi river. Identification of these patterns provides essential in-
formation regarding the usefulness of gauged catchments within a region for predicting15

streamflow at a nearby ungauged catchment. While the direct transfer of streamflows
is useful for retrospective prediction, future forecasts of streamflows will still require
implementation of hydrologic models. Our results suggest that streamflow similarity
in the high predictability regions increases the likelihood that gauged and ungauged
catchments in those regions will have similar model parameters. However, we suspect20

that model regionalization studies will need to additionally consider whether their cho-
sen model structure is suitable for characterizing the hydrologic response within their
region of interest.

Comparison of catchments using the Budyko curve suggests that climate has a dom-
inant control over the regional extent of similarity in hydrologic response. Nonetheless,25

among the humid regions, high predictability catchments are still preferentially clus-
tered among the mountainous environments. This suggests that the topography of
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the region also has the ability to influence similarity in catchment streamflows. How-
ever, analysis of individual catchment attributes provides, at best, a weak picture of
the physiographic and hydro-climatic conditions that favor high streamflow similarity
(and predictability at ungauged catchments). More importantly, our results show that
the spatial proximity between gauged and ungauged catchments alone cannot fully ex-5

plain the prediction performance at a given location. This suggests that a combined
influence of spatial proximity, regional climate variability and geologic settings con-
tributes towards meaningful information transfer between the gauged and ungauged
catchments.

Appendix A10

Deriving the hydrologic signatures of a catchment

Five hydrologic indices (or signatures) are derived individually for each of the
756 catchments. These hydrologic signatures are: baseflow index, runoff ratio, base-
flow runoff ratio, slope of flow duration curve, and inter-annual streamflow elasticity.15

Sawicz et al. (2011) used four of the above signatures (baseflow index, runoff ratio,
slope of flow duration curve, and inter-annual streamflow elasticity) in their catchment
classification study and showed that each individual hydrologic signature explains a
different aspect of the hydrologic response of a catchment.

The baseflow index (BFI) is defined as the ratio of baseflow to total streamflow of20

a catchment. We use the one parameter single-pass digital filter method (Arnold and
Allen, 1999; Eckhardt, 2008) to calculate the BFI. The baseflow filter is applied on daily
streamflow time-series through the following equation:

Bk =α×Bk−1+
1−α

2
× (Qk+Qk−1) (A1)

where, B is the baseflow and Q is the total streamflow. The values of filter parameter25

α = 0.925. Equation (4) is applicable provided that Bk ≤Qk (or else Bk =Qk). After
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applying the above filter, the baseflow index is calculated as:

BFI=
N∑

k=1

Bk

Qk
(A2)

A high value of BFI suggests that the influence of subsurface flow on the overall flow
output from a catchment is higher. On the other hand, a low BFI value suggests that
the catchment is fast responding.5

The runoff ratio (RR) is defined as the ratio of average annual streamflow (Q) to
average annual precipitation (P ). We consider the annual average values of Q and P
over the entire period of WY 1970-1988 to calculate the RR values. The runoff ratio
is a metric for partitioning the incoming precipitation input into the fraction that exits
the catchment as runoff and the fraction that exits the catchment as evapotranspiration10

(Sankarasubramanian et al., 2001; Yadav et al., 2007). Catchments with high RR
value are considered to be streamflow dominated, while those with low RR values are
evapotranspiration dominated.

The baseflow runoff ratio is the ratio of average annual baseflow and precipitation.
It is a similar metric to runoff ratio, but gives a direct estimate of the proportion of15

incoming rainfall that reaches the catchment outlet through slower subsurface paths.
The baseflow runoff ratio is calculated as the product of baseflow index and runoff ratio
of a catchment.

The flow duration curve (FDC) of a catchment is a graphical illustration of the amount
of time (expressed as a percentage) a specific streamflow value is equaled or exceeded20

in a catchment within a specified period of hydrologic record (Searcy, 1959; Smakhtin,
2001). The slope of flow duration curve (SFDC) is defined as the slope of the middle
section of the FDC (between 33rd and 66th percentile flows) when the curve can be
considered as approximately linear (Sawicz et al., 2011; Yadav et al., 2007). SFDC is
calculated using the following formula:25
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SFDC =
ln(Q66)− ln(Q33)

0.66−0.33
(A3)

A high value of SFDC indicates that the catchment is subject to high flow variability,
while a low SFDC values is typical of catchments with damped response behavior and
stable flows.

The inter-annual streamflow elasticity (EQP ) is defined as the ratio of percentage5

change in annual streamflow and the percentage change in annual precipitation. EQP
is an indicator of the sensitivity of streamflow to relative changes in precipitation inputs
(Sankarasubramanian et al., 2001; Sawicz et al., 2011). We calculate the EQP using
the following formula:

EQP =median
(
dQ
dP

× P
Q

)
(A4)10

An EQP value of 1 suggests that the relationship between precipitation change and
streamflow change is linear. EQP > 1 indicates that the catchment is elastic (or more
sensitive) to precipitation change, while EQP <1 indicates that the catchment is inelas-
tic.
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Table 1. Correlation of catchment properties with Nash-Sutcliffe (NS) efficiency of simulation.
Bold values indicate statistically significant value (p<0.01).

Type Property Spearman rank p-value
correlation (ρ)

Physiographic

Channel slope 0.21 0.00
Soil permeability 0.08 0.03
SWHC 0.04 0.26

Hydrologic

Runoff ratio 0.51 0.00
Baseflow index 0.03 0.46
Baseflow runoff ratio 0.46 0.00
Slope of FDC 0.31 0.00
Streamflow elasticity 0.01 0.83
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Fig. 1. Location of all the 756 catchments (black triangles) within the continental United States.
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Fig. 2. (a) Relationship between number of donor catchments and median NS values, (b) rela-
tionship between number of donor catchments and median, 75th percentile, and 25th percentile
NS values, and (c) distribution of NS values of simulated streamflows for the configuration of
five donor catchments.
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Fig. 3. (a) Group 1 catchments with NS>0.7 (Red triangle), (b) Group 2 catchments with
0.3<NS<0.7 (Blue triangle), and (c) Group 3 catchments with NS<0.3 (Brown triangle).
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Fig. 4. (a) Group A catchments with WBE<20 % (Red triangle), (b) Group B catchments
with 20 %<WBE<50 % (Blue triangle), and (c) Group C catchments with WBE>50 % (Brown
triangle).
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Fig. 5. Relationship of Nash Sutcliffe efficiency (NS) with (a) average distance from donor
catchments, and (b) distance from nearest donor catchment.
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Fig. 6. Relationship of Nash Sutcliffe efficiency (NS) with gauge density around an ungauged
catchment.
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Fig. 7. Budyko diagram showing the high predictability (NS>0.7) and low predictability
(NS<0.3) catchments.
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Fig. 8. Relationship between Nash Sutcliffe efficiency (NS) and (a) channel slope, (b) soil
permeability, and (c) soil water holding capacity (SWHC).
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Fig. 9. Relationship between Nash Sutcliffe efficiency (NS) and (a) runoff ratio, (b) baseflow
index, (c) baseflow runoff ratio, (d) slope of FDC, and e) streamflow elasticity.
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Fig. 10. All the 756 catchments mapped along with the forest cover within the United States:
Group 1 (NS>0.7; Red), Group 2 (0.7>NS>0.3; Blue), Group 3 (0.3>NS; Brown).
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