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A B S T R A C T   

Fluvial geomorphic analyses frequently require knowledge of bankfull channel geometries, which are thought to 
be related to characteristic stream discharges. However, relating bankfull geometry to characteristic discharge is 
challenged by spatially limited stream discharge measurements, which may also lack extensive temporal records. 
Because of these limitations, discharge is commonly assumed to scale linearly with watershed drainage area. 
Here we evaluate the assumption of a linear relationship between discharge and drainage area for watersheds 
across the United States and Canada with limited anthropogenic disturbance. Using machine-learning to 
objectively cluster hydrologically similar gauges, we find that discharge scales linearly with drainage area for 
most of North America. However, regions with low average runoff efficiency tend to have non-linear discharge 
scaling. In regions with non-linear discharge scaling, bankfull channel dimensions increase more rapidly with 
drainage area than in regions with linear discharge scaling. These results suggest that the recurrence interval of 
the characteristic discharge that sets channel geometry may be larger in regions where discharge scales non- 
linearly with drainage area compared to those regions where linear discharge scaling applies.   

1. Introduction 

Across diverse environments, landscape surfaces are primarily 
sculpted by running water (Gilbert, 1877), including relief structures in 
mountainous regions (Whipple and Tucker, 1999), and floodplains in 
lowland areas (Wolman and Leopold, 1957; Nanson, 1986). Streamflow 
also sets stream channel hydraulic geometry (Wolman and Miller, 1960; 
Leopold and Maddock, 1953). This relationship between channel form 
and flow is integral to landscape evolution modeling (Dietrich et al., 
2003; Lague, 2014) and has even been applied to other planetary sur
faces (Morgan and Craddock, 2019). 

The relationship between channel form and flow is also important for 
geomorphic management of watersheds. The flow that transports the 
most sediment, the effective discharge, is frequently used as a reference 
in stream restoration. Typically corresponding to the bankfull flow 
(Wolman and Leopold, 1957), the effective discharge can be used to 
estimate recovery timescales and to approximate stable channel di
mensions (Wolman and Miller, 1960; Fields et al., 2021; Renshaw et al., 
2019). Because of its use as an indicator in many systems, stream 
restoration commonly relies on predictions of the effective discharge 
(Tranmer et al., 2022). 

While these applications depend on knowing the recurrence interval 
of different stream discharge magnitudes, measurements of stream 
discharge are limited in time and space, leading to various methods of 
extrapolating discharge from a measured site to another location (Kirby 
and Moss, 1987). Often measurements are extrapolated from nearby 
stream gauges by relating discharge to basin drainage area as: 

Q = α(A)A (1)  

where Q is a volumetric discharge rate, A is the basin drainage area, and 
α(A) is the average specific yield of the catchment as a function of the 
drainage area. Specific yield – defined as the ratio of discharge to 
drainage area (with units of length per time) – measures how much each 
unit area of the watershed contributes, on average, to the given 
discharge. If the specific yield is scale independent, then α(A) is constant 
such that, for example, a doubling of watershed area results in a 
doubling in discharge. 

Scaling relationships such as Eq. (1) have been fundamental to our 
understanding of broader geomorphic processes. Early geomorphic 
work, for example, during the quantitative turn in the 1950s by Luna 
Leopold (Leopold et al., 1964), John Hack (Hack, 1957), and others, 
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established empirical power law relationships between stream discharge 
and hydraulic geometry (e.g., cross-sectional width, depth, velocity) 
(Leopold and Maddock, 1953). Since then, others have sought to 
establish the physical bases for these hydraulic geometry relationships 
(Parker, 1979; Bray, 1982; Julien and Wargadalam, 1995; Dade and 
Friend, 1998; Lee and Julien, 2006; Parker et al., 2007; Dunne and 
Jerolmack, 2020; Phillips et al., 2022). To the extent that discharge 
scales with watershed area (Eq. (1)), these relationships imply hydraulic 
geometry should also scale with watershed area. 

With respect to discharge scaling (Eq. (1)), in some cases, the specific 
yield is scale dependent because the efficiency of runoff generation Re – 
defined as the dimensionless ratio of mean annual discharge to mean 
annual precipitation – varies with watershed area. For example, small 
headwater basins at high elevation with cool temperatures might lose 
proportionally less water to evapotranspiration compared to larger ba
sins at lower elevations. In the higher, cooler basins this reduced water 
loss results in higher runoff efficiencies and subsequently higher average 
specific yields. Although there is uncertainty in how average specific 
yield varies with watershed area, specific yield can be related to 
drainage area as a power law of the form: 

α(A) = kAβ (2)  

where k and β are empirical constants. A scale independent specific yield 
corresponds to β = 0, while β < 0 corresponds to decreasing average 
specific yields with increasing watershed area. Combining Eq. (1) and 
Eq. (2): 

Q = kAc (3)  

c = β + 1 (4) 

Empirically, the constants k and c are observed to vary both with 
location and with the magnitude of flow being approximated (Benson, 
1962; Cathcart, 2001; Eaton et al., 2002). Numerous regional studies 
report c values ranging from 0.4 to 1.0 (see sources in Dooge, 1986; 
Knighton, 1987; Cathcart, 2001), with Winston and Criss (2016) 
observing that higher values of c occur in cool regions with low sunshine 
and low evapotranspiration. Others contend that c should be equal to 
0.75 through Froude number scaling (Johnstone and Cross, 1949; 
Dooge, 1986). Galster et al. (2006) suggest that c can be as great as 1.8 as 
a result of land use changes, but Criss and Winston (2007) argue that 
values of c greatly exceeding one are likely the result of measurement 
inaccuracies or inappropriate data analysis methods. 

Determining the appropriate values for the empirical constants is 
complicated by relatively few sets of nested stream gauges, i.e., multiple 
gauges on the same watershed. Furthermore, gauge records are 
increasingly likely to be affected by anthropogenic factors as watershed 
area increases, making it difficult to parse natural effects from anthro
pogenic effects on runoff efficiency. Consequently, the empirical con
stants are usually determined by comparing runoff within regional 
groupings of gauging stations. Here we constrain variability in c values 
at a continental scale using stream discharge records from 941 water
sheds across the United States and Canada. We expand on similar studies 
(e.g., Eaton et al., 2002; Winston and Criss, 2016) in two respects. First, 
to limit anthropogenic effects, we restrict our analyses to gauging sites 
with limited anthropogenic disturbance. Second, we use unsupervised 
machine learning to objectively cluster the stream gauges into hydro
logically similar regions. Our goal is to develop regional discharge- 
drainage area relationships useful for geomorphic modeling and also 
for watershed management. In particular, we seek to identify those re
gions where the specific yield is scale independent (β = 0) versus those 
regions where discharge scales non-linearly with watershed area 
(β ∕= 0). Because hydraulic geometry should also scale with watershed 
area, we also compare the scaling of bankfull channel geometry with 
drainage area between regions with linear and non-linear discharge 
scaling. 

2. Methods 

2.1. Discharge 

We compiled discharge measurements from the United States 
Geological Survey (USGS) and from the Water Survey of Canada (WSC). 
We prioritized using gauging sites that experience minimal anthropo
genic disturbance, resulting in 941 sites used for analysis. These sites are 
distinguished by being part of the USGS Hydro-Climatic Drainage 
Network (Lins, 2012). We also include sites designated as Unregulated 
Stations by the WSC. To calculate the discharge for a given recurrence 
interval, we log-transformed the annual maxima of each site and fit a 
Pearson Type III distribution using the smwrBase library in the R pro
gramming language. 

2.2. Clustering 

Because locations with different drainage areas are needed to relate 
Q and A, we clustered hydrologically similar gauging sites together to 
create hydro-region clusters as in Dethier et al. (2020). This approach 
uses k-means clustering to create a similar number of clusters as the 
number of input variables. This number of clusters also corresponds with 
the highest Dunn Index value for the data set (Fig. S1), which indicates 
better clustering (Dunn, 1974). The variables used include the peak flow 
for each month normalized by the peak annual flow of record for each 
site, elevation, latitude, and longitude. We scaled each of these variables 
to have equal weight for the clustering algorithm. We split two clusters 
manually because each contained geographically distinct sub-regions. 
As a result, the clustering process produced 16 clusters. 

2.3. Scaling 

We determined the coefficients k and c in Eq. (3) for each hydro- 
region cluster using a least squares best linear fit to the log- 
transformed discharge versus drainage area data. We repeated this for 
six different flow discharges: mean annual discharge, two-year flood, 
five-year flood, ten-year flood, fifty-year flood, and one-hundred-year 
flood. 

We quantified uncertainty in c using the standard error of the slope in 
a linear best fit to the discharge and drainage area data in log-log space. 
Where c ≈ 1 within the uncertainty of the analysis, we set site c values 
equal to one, for later interpolation, since the scaling exponent should 
approach unity (Criss and Winston, 2007). In those hydro-regions where 
c was significantly less than unity, we applied empirical trends to the c 
values from those clusters to estimate c values for each stream gauge 
within those clusters. We then used these trends to map the spatial 
variation in c values. To determine the empirical trends, we noted that 
regions with low values of c generally correspond to regions of low 
runoff efficiency and thus regressed c values against the hydro-region 
average runoff efficiency. Runoff efficiency values were calculated as 
the mean annual discharge 

(
m3)

divided by the average precipitation 
over the watershed area 

(
m3)

. Precipitations measurements were aver
aged over the upstream watershed area at gauging stations in the United 
States using the gridded Parameter-elevation Relationships on Inde
pendent Slopes Model (PRISM) climate data (https://prism.oregonstate. 
edu). PRISM interpolates historical records from climate stations across 
the conterminous United States with a record since 1950 (Daly et al., 
2008). For gauging stations in Canada, we used the gridded North 
American Regional Reanalysis (NARR) data set (https://psl.noaa.go 
v/data/gridded/data.narr.html), with a record since 1981. Where the 
data sets overlapped spatially, we prioritized using PRISM instead of 
NARR because of its longer record. 
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2.4. Kriging 

To generate maps of c values, we used ordinary kriging with the 
modeled c values for each site. We used the gstat library in the R pro
gramming language to fit a variogram and interpolate over a grid of 
North America. We used the best model for c values determined at each 
recurrence interval. We determined the best model by allowing the 
nugget to be fit to exponential and spherical models until the model with 
the lowest residual sum of squares was found. We limited the interpo
lation to a maximum radius of 300 km from a gauging station. 

2.5. Channel area 

To evaluate the effects of non-linear scaling on stream morphology, 
we assigned stream bankfull geometry measurements compiled by 
Trampush et al. (2014) to a hydro-region based on geographic prox
imity. We then grouped streams in hydro-regions with linear scaling 
together and fit a linear least squares trendline to the cross-sectional 
area of the channel at bankfull versus drainage area data. We repeated 
this for streams in hydro-regions with non-linear scaling. We conducted 
a two-sample t-test on the slopes of the trendlines from the non-linear 
discharge scaling group and the linear discharge scaling group to test 
whether the difference was statistically significant. 

3. Results 

3.1. Clusters 

The clusters of hydrologically similar regions are comparable to 
those identified by Dethier et al. (2020) despite using slightly different 
clustering criteria. The Southeast hydro-region was manually split from 
the Southwest hydro-region and the Great Lakes hydro-region was 
manually split from the Rocky Lowlands hydro-region (Fig. 1). The 
average length of record and the number of sites in each cluster are 
summarized in Table S1 in the supporting information. 

3.2. Discharge Scaling and Regression Groupings 

Discharge scaling divides hydro-region clusters into two groups: one 
where c ≈ 1 and one where c < 1. Where c values are less than one, the 
discharge–drainage area data are more variable and demonstrate 
weaker trends than in regions where c is approximately one (Fig. 2; 
Tables S2–S6). The r2 values for regions where c > 0.85 are generally 
>0.8, while r2 values for regions where c < 0.85 are generally <0.5. 
Hydro-region c values for each discharge are given in the Supplemental 
Information (Tables S2–S6). Across all discharges, for the majority of 

Fig. 1. Sites with measured discharge data clustered into sixteen hydro-regions.  

Fig. 2. Example of the data used to calculate the scaling exponent, c, for the 
linearly scaling Northern Atlantic hydro-region (c = 0.99 ± 0.03) and the non- 
linearly scaling Southwest hydro-region (c = 0.58 ± 0.2) for the mean annual 
discharge. Other non-linearly scaling hydro-regions similarly plot below the 
Northern Atlantic, demonstrating watersheds yield less discharge than water
sheds of the same size but with linear discharge scaling. 
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clusters, c is equal to one within uncertainty (Fig. 3). This is true for all 
recurrence intervals for the Southeast, Rocky Lowland, Southern Pacific 
Coast, Central East, Great Lakes, Northern Pacific Coast, and Northern 
Atlantic hydro-regions. The c value of the Pacific Northwest is equal to 
one within uncertainty using the five-year flood and is otherwise slightly 
above one. The c value for the Rocky Mountains is equal to one within 
uncertainty for all but the one-hundred-year flood, where it is less than 
one. All other hydro-regions have c values less than one. 

For all hydro-regions where c < 1 − σ, where σ is the uncertainty, 
regressing cluster c values versus runoff efficiency led to two distinct 
empirical trendlines. The first group includes the Southern Plains, 
Northern Parallel, and Western Canada (Group A). The second group of 
clusters (Group B) includes the Southwest, Northern Plains, Central 
Canada, and Appalachians hydro-regions. For each discharge recurrence 
interval, the trendlines exhibited strong (r2 > 0.9) relationships with 
runoff efficiency. The regressions against runoff efficiency are qualita
tively similar across all discharge types and the regression coefficients 
are summarized in Table 1. In general, the regression coefficients for 
Group A are nearly independent of discharge magnitude, while, for 
Group B, the slope increases and the intercept decreases with increasing 
discharge recurrence interval. 

3.3. Kriged maps 

The spatial variation of c values for the mean annual flow is shown in 
Fig. 4 and is similar for all discharge recurrence intervals. The c values 
are generally near one in coastal regions and remain high moving inland 
until the mid-continent. In the continental interior, c values are lowest 
across a region from the American Southwest to central Canada. Values 
of c are intermediate around the Canadian Shield and in Northwest 
Canada. Kriged maps for the other discharges are in the supplemental 
information (Figs. S2–S6). 

3.4. Channel area 

Bankfull channel areas are similar for hydro-regions with both linear 
and non-linear discharge scaling (Fig. 5). However, streams in small 
drainage basins that are located in hydro-regions with non-linear 
discharge scaling have smaller bankfull channels than streams in simi
larly sized basins in hydro-regions with linear discharge scaling (Fig. 5). 
The slopes of the regression lines for each scaling group are statistically 
different from each other (p < 0.001). In regions with non-linear 
discharge scaling, bankfull geometry increases more quickly with 
drainage area than in regions with linear discharge scaling. 

4. Discussion 

Consistent with previous studies (Galster, 2007; Winston and Criss, 

Fig. 3. Cluster c values plotted against average runoff efficiency for mean annual flow. Two empirical trendlines are fitted for clusters where c is less than one within 
uncertainty. 

Table 1 
Empirical trendline equations for the regression of c against runoff efficiency for 
each discharge.  

Group Slope Intercept Flow Magnitude r2 

A 0.55 0.46 Mean Annual 0.96 
A 0.60 0.41 Q2 0.94 
A 0.59 0.44 Q5 1.0 
A 0.58 0.46 Q10 1.0 
A 0.54 0.49 Q50 0.98 
A 0.53 0.51 Q100 0.97 
B 1.0 0.49 Mean annual 0.99 
B 0.82 0.55 Q2 0.98 
B 1.1 0.47 Q5 0.99 
B 1.2 0.44 Q10 0.97 
B 1.4 0.40 Q50 0.93 
B 1.4 0.39 Q100 0.92 

Regression equations are of the form c = (Slope * Re) + Intercept. Group A in
cludes Northern Parallel, Southern Plains, and Western Canada. Group B in
cludes Appalachians, Central Canada, Northern Plains, and Southwest.  
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2016), the assumption that discharge scales linearly with drainage area 
is supported by the results for most watersheds in North America. While 
c values may partially depend on climate (Cathcart, 2001) and topog
raphy (Benson, 1962), explaining some of the variability between hy
drologically similar clusters, setting c equal to one is a reasonable 
approximation for most regions outside the interior of North America. 
Fig. 4 shows the continental interior is characterized by low values of the 
scaling exponent (c < 1), similar to that found by Winston and Criss 
(2016). In these locations, relative to smaller watersheds, larger wa
tersheds are less efficient at delivering precipitation to streams (i.e., 
their average specific yield decreases with watershed size) and a scaling 
exponent less than one should be used for the spatial extrapolation of 
discharge. We note that our analyses are limited to watersheds with 
limited anthropogenic influence and hence caution should be used in 
applying empirical formulations, particularly in urban areas, where 

anthropogenic activity may impact c values (Galster, 2007). Also, the 
lower r2 values describing the relationship between discharge and 
drainage area in hydro-regions with low c values indicates greater 
variation in how discharge scales among different watersheds in these 
regions (Fig. 2). In these regions discharge may scale linearly within 
individual watersheds, even while discharge scales non-linearly across 
different watersheds. 

By limiting our analyses to watersheds minimally affected by 
anthropogenic effects and using unsupervised machine learning to 
cluster hydrologically similar watersheds, our results primarily reflect 
natural variations in average specific yields with watershed area. While 
c values may change slightly with larger discharge recurrence intervals 
(Thomas and Benson, 1970; Kölla, 1986; Winston and Criss, 2016), we 
find that broad spatial patterns in c values are largely independent of 
discharge recurrence intervals; the same general patterns are present for 
the mean flow as the one-hundred-year flood. We note that some of the 
variation in c could arise from differences in gauge record lengths, which 
alters the recurrence interval assigned to large discharges, in particular. 

The correlation between runoff efficiency and c values (Fig. 3) sug
gests that similar factors may influence both. Runoff efficiency tends to 
decrease with decreasing annual precipitation (McCabe and Wolock, 
2016) and the lowest c values occur where both the runoff efficiency and 
annual precipitation are low; Winston and Criss (2016) note that c 
values less than unity are generally restricted to regions where the 
annual precipitation is <75 cm/yr. Runoff efficiency is also sensitive to 
temperature in much of the continental interior, making temperature a 
likely limitation on the scaling of discharge with drainage area in this 
region (Williams, 1940). Furthermore, the presence of large aquifers in 
large basins – allowing proportionally more precipitation to exit the 
catchment as subsurface flow – may decrease runoff efficiency in larger 
basins and result in low c values (Wu et al., 2021). Larger aquifers also 
allow for the temporary storage of precipitation as groundwater, which 
delays the transition to streamflow, lengthening the time for evapo
transpiration (Almanaseer and Sankarasubramanian, 2012; Peterson 
et al., 2021). Winston and Criss (2016) further emphasize the impor
tance of meteorology to low c values in the continental interior, where 
small storms cause spatially irregular delivery of precipitation to wa
tersheds. Similarly, Ayalew et al. (2014) suggest short, intense storms 
lower the c value for a watershed in the American Mid-west, which falls 
in the range of our results for the Northern Plains hydro-region. Intense 
thunderstorms are also responsible for extreme floods that cause high 

Fig. 4. Kriged scaling parameter values using the mean annual discharge. Gray areas do not have interpolated values.  

Fig. 5. Cross-sectional channel area at bankfull flow for streams of varying 
drainage areas. Measurements were compiled by Trampush et al. (2014). 
Streams geographically located in hydro-regions with linear scaling are sepa
rated from streams geographically located in hydro-regions with non- 
linear scaling. 
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ratios of the peak flood to the ten-year flood in some watersheds in this 
region (Smith et al., 2018). 

Low runoff efficiency in regions with non-linear discharge scaling 
also explains the occurrence there of smaller bankfull channel areas in 
smaller watersheds (Fig. 5). Where runoff efficiency is low, there is less 
discharge, so channel area remains small. More challenging to explain is 
why, for larger watersheds, bankfull channel areas are similar regardless 
of the scaling of discharge. For watersheds with non-linear scaling, 
discharges accumulate less quickly with drainage area, as is the case for 
the Southwest hydro-region relative to the Northern Atlantic hydro- 
region in Fig. 2. If the same characteristic discharge (e.g., the two-year 
recurrence interval discharge) dictates channel form in both large and 
small watersheds, where discharge scales non-linearly (c < 1), channel 
area should grow less rapidly with drainage area. Instead, Fig. 5 shows 
the opposite; channel dimensions increase more rapidly with drainage 
area in regions with non-linear discharge scaling. A possible explanation 
for this discrepancy is that, in regions with non-linear discharge scaling, 
the recurrence interval of the channel forming discharge varies with 
drainage area. For example, while channels in small watersheds might 
be primarily shaped by the one to two-year flow, channel geometries in 
large watersheds might be shaped by less frequent flow events. The 
difference in recurrence interval of the channel forming flow fits with 
observations in the American Southwest where the ordinary high water 
mark – a proxy for bankfull flow – is set by the six to eleven-year flow for 
channels in large drainage areas (> 1000 km2) compared to the one to 
two-year flow for channels in smaller drainage areas (Hamill and David, 
2021). The possibility of channels being shaped by less frequent flows is 
also consistent with the observations of Wolman and Gerson (1978), 
who found that channels in arid to semi-arid regions were often larger 
than channels of the same drainage area in humid regions despite 
experiencing high water loss. Because discharge increases relatively less 
rapidly with watershed area in arid and semi-arid regions (Fig. 2), it may 
be that larger basins require greater magnitude, less frequent precipi
tation events to generate sufficient discharge to shape the channel. 
These less frequent, channel-shaping events correspond to larger 
recurrence intervals. It is possible that this arises from hydrometeoro
logical differences across watershed scales (Robinson et al., 1995; 
Ayalew et al., 2014). 

5. Conclusion 

We clustered gauges across the United States and Canada to identify 
regional scaling relationships between discharge and drainage area. For 
most of the continent, the assumption that the average specific yield is 
scale independent is valid within uncertainty. This implies that the 
assumption of discharge scaling linearly with drainage area is also valid. 
However, in the continental interior and in the American Southwest, the 
scaling exponent is less than one and instead demonstrates strong 
empirical relationships with regional runoff efficiency. These relation
ships can be used to estimate discharge where direct measurements are 
limited. 

Non-linear discharge scaling also has implications for bankfull 
channel geometry. Bankfull geometry increases more per unit increase 
in drainage area in regions with low average runoff efficiency and non- 
linear discharge scaling. Relatedly, small watersheds have reduced 
bankfull geometry, while larger watersheds have similar bankfull ge
ometry to watersheds of the same size in regions with linear discharge 
scaling. The consistency of large watershed bankfull geometry across 
regions with different discharge scaling may be because large channels 
in non-linearly scaling regions are primarily shaped by larger recurrence 
interval discharges. 
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