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Abstract

The falling limb of the hydrograph—the streamflow recession—is frequently well
approximated by power law functions, in the form dq/dt = −aqb , so that recessions are often characterized
in terms of their power law parameters (a, b). The empirical determination and interpretation of the
parameter a is typically biased by the presence of a ubiquitous mathematical artifact resulting from the
scale-free properties of the power law function. This reduces the information available from recession
parameter analysis and creates several heretofore unaddressed methodological “pitfalls.” This letter outlines
the artifact, demonstrates its genesis, and presents an empirical rescaling method to remove artifact eﬀects
from fitted recession parameters. The rescaling process reveals underlying climatic patterns obscured in the
original data and, we suggest, could maximize the information content of fitted power laws.

1. Introduction
1.1. Modeling Streamflow Recessions With Power Laws
A broad spectrum of physically based and conceptual models of catchment hydrology use power law functions to represent the nonlinear reduction in discharge during streamflow recessions. Power law recession
models describe either the relationship between discharge (q, in units of [L∕T] or [L3 ∕T], where L represents
a length scale and T a time scale) and its rate of change with time t [Rupp and Selker, 2006; Botter et al., 2009;
Kirchner, 2009], as:
dq
= −aqb ,
(1)
dt
or between discharge and a metric of catchment storage volume (S, in units of [L3 ] or [L]), [Brutsaert and Nieber,
1977; Wittenberg, 1999; Farmer et al., 2003; Kirchner, 2009], as
)d
(
q = c S − Sref ,

(2)

where Sref is the (generally) nonzero storage value at zero discharge.
The ability of power law functions to approximate observed nonlinearity in the hydrograph motivates their
widespread adoption [Amorocho, 1963, 1967; Kirchner, 2009; Wittenberg, 1999]. Their use is often theoretically
justified by the wide variety of solutions from hydraulic groundwater theory (which describes the discharge of
an aquifer into a stream) that follow power law expressions of the form dq∕dt = −aqb [Rupp and Selker, 2006;
Bogaart et al., 2013]. These models predict a particular value of the power law exponent b [Rupp and Selker,
2006; Bogaart et al., 2013], while the coeﬃcient a results from the interplay of several physical terms describing
the aquifer geometry and its hydraulic properties. Power laws are also used as conceptual closure models for
the catchment water balance, and in this context the exponent b is usually determined empirically by a best
fit procedure [e.g., Botter et al., 2009]. The multiplicative parameter a is also fitted and adopts a dimensionality
(
)1−b
that varies with the fitted exponent (i.e., the units of a are T −1 L3 ∕T
, when q is a volumetric flow rate or
T −1 (L∕T)1−b when q is normalized by catchment area).
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Power law behavior (at least approximately and over a finite range of scales) is a common phenomenon in
natural, engineered, and social systems. Despite the ubiquity of power laws, their application is well known to
raise a range of methodological pitfalls. For example, the common practice of log transforming a power law
(generating a linear functional form) and then estimating its parameters via least squares regression creates
a risk of bias in the fit. This arises because the least squares procedure places an equal weight on the linear
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deviations from the line of best fit. Following back transformation into linear space, however, the magnitudes
of these deviations diverge exponentially—biasing the fit toward small values of the model [e.g., Miller, 1984;
Pattyn and Van Huele, 1998]. Similar problems arise when fitting power law distributions to data, due to biases
introduced by binning and log transformation [Goldstein et al., 2004; Clauset et al., 2009]. These issues have
been raised in several comprehensive reviews, which also demonstrate appropriate fitting and estimation
techniques that avoid such biases [Goldstein et al., 2004; Clauset et al., 2009].
This letter addresses an additional mathematical property of power laws, their “scale-free” nature, which generates specific challenges for the analysis and interpretation of streamflow recessions. The methodological
issues raised by the scale-free properties of power laws have not, however, received the same comprehensive
analysis in the literature as the fitting and bias issues mentioned above. Although the work presented here
is relevant to any power law model, the aim of this letter is to illustrate the consequences of the scale-free
nature of the power law when used in hydrological settings—specifically recession analysis.
Firstly in section 1.2, we describe the scale-free nature of power laws and show how this property can generate mathematical artifacts that challenge interpretation of populations of fitted power law parameters. We
then briefly address how these challenges aﬀect two issues pertinent to catchment hydrology: (i) section 1.3
discusses the generation of tantalizing (but purely formal) relationships between model parameters, and
(ii) section 1.4 outlines the potential for the mathematical artifact to obscure the information content of
recession data and the drawbacks associated with current techniques for coping with power law scaling
issues. To address these methodological challenges, section 2.1 outlines an empirical method to remove the
scale-dependent artifact and shows that the resulting rescaled data reveals new, and potentially informative,
temporal structure.
1.2. The Scale-Free Properties of Power Laws
The scale-free properties of power laws are most evident when the state variable (in this case the flow q) is
scaled by a linear constant k, so that it adopts a new value q = kq̂ . Such rescaling is a basic data analysis
operation—for example, it is required to change the units in which q is expressed or to normalize discharge
by catchment area.
Following rescaling, if q̂ is substituted into equation (1) and a is assumed independent of b, then a new power
law relationship is obtained for the rescaled discharge:
dq̂
= −akb−1 q̂ b ,
dt

(3)

Equation (3) has the same form as equation (1), and the exponent b is unchanged between the two equations.
The equivalence in exponent is the reason that power laws are considered “scale-free”—the exponent of the
power law is independent of a linear rescaling of the state variable. The diﬃculties are introduced, however, in
the multiplicative parameter. If a simple power law were fit to equation (3), then this multiplicative parameter
would be found to adopt a new value, â , which diﬀers from the multiplicative factor a at the original scale by
a factor of kb−1 —that is, â = akb−1 .
The immediate consequence of this scale dependence is that the degree to which a fitted value of â reflects
the scale at which flow is measured or reported (as embodied by the value of kb−1 ), or to which it provides
information about physical processes (as embedded in the scale-independent value of a), is unknown. This
makes it challenging to fully identify and use the information contained in the power law parameters. Avoiding this issue, most hydrologic studies either examine variation in fitted values of b, which is independent of
scale, or fix the value of b in order to examine relative variation in fitted values of â . Arguably, neither of these
approaches is ideal: either fitted values of â cannot be compared due to variation in b or the fitting procedure
is biased by the constraint that b remain constant. In section 2.1, we present a rescaling approach applied to
q̂ in order to estimate the value a while avoiding the necessity of fixing b during the fitting process.
1.3. Formal Parameter Correlation
The relationship between the fitted power law coeﬃcient and scale, â = akb−1 , means that the parameters
â and b of the fitted power law display a correlation which can emerge, disappear, strengthen, and weaken
with the scale of measurement. Explicitly noting that correlation occurs and is purely “formal”—that is, it does
not arise from any hypothesized physical relationship but derives from the mathematical features of power
laws—is important for recession analysis, since the emergence of similar correlations in several other fields
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has historically created distraction and controversy. We have identified studies showing power law parameter
correlations in the material fatigue literature [Zilberstein, 1992; Cortie, 1991], electrical engineering [Shih et al.,
1990], and in the fluid mechanics of blood circulation [Hussain et al., 1999]. Several of these studies interpret
the correlation as being indicative of physical or biological mechanisms—an interpretation that is at best
confounded by and at worst solely attributable to the formal correlations. Correlation between power law
parameters has been observed in recession curves [Krueger et al., 2010; McMillan et al., 2014] but is not widely
discussed in the recession literature. Such correlations (in our own experience!) are highly compelling when
identified in empirical data. They are not readily identified when considering tests to alleviate “spurious correlation” (that is, they do not conform to the traditional definition of a spurious correlation arising between two
indices that have a common component [Kronmal, 1993]). Although power law correlation is not discussed in
the recession literature, it has been documented between the parameters of sediment rating curves [Syvitski
et al., 2000; Thomas, 1988; Mather and Johnson, 2014]. These studies either made no attempt to explore the
correlation [Syvitski et al., 2000] or while treating it as an artifact and removing it in the case of Mather and
Johnson [2014] did not investigate its origin [Thomas, 1988; Mather and Johnson, 2014].
A further motivation to ensure that hydrologists are familiar with power law parameter correlation lies in new
theories that are currently being proposed to explain the origin of power law recessions in physical terms
[Harman et al., 2009; Biswal and Marani, 2010]. For example, Harman et al. [2009] show that power law recessions can result from catchment heterogeneity. If the recession from a catchment is conceptualized as the
superposition of the outflow from a population of distinct, parallel hillslopes, each behaving as a linear reservoir, then the cumulative recession behavior can follow a power law. Adopting a diﬀerent conceptualization
of the main drivers of streamflow recession, Biswal and Marani [2010] hypothesize that the expansion and
contraction of the wetted drainage network, the so-called “active drainage network,” could generate power
law recession dynamics. We note that in the original presentation of each of these theories, the recession
exponent, b, should remain fixed. Logical extensions of the theory, however, could result in predictions of
covariation in the recession parameters with catchment condition—through relaxation of the assumption
that hillslope contributions to the watershed are temporally stationary, in the case of Harman et al. [2009], or
under conditions of spatial heterogeneity relative to the static river network [e.g., Biswal and Kumar, 2012].
Without speculating on the validity, or formal derivation, of such predictions, we note that unambiguously describing the covariation of power law parameters in empirical data, and attributing it to physical
rather than mathematical drivers, is nontrivial. Hydrological theories may well predict correlations between
recession parameters, but observations of such correlations are likely to be a questionable basis for testing
such theory.
1.4. Challenges in Model Parameter Selection and the Interpretation of Empirical Data
The primary challenge to comparative recession analysis and modeling posed by scale invariance lies in the
relative magnitude of the terms a and kb−1 that compose any fitted â . Without a technique to unambiguously
separate these terms, or serendipitously selecting a scale such that â ≈ a, the information content of a fitted
value of â will likely be obscured by the scaling term. The extent to which this negatively impacts the use of
a power law recession relationship is largely dependent on specific applications. There remains, however, a
clear need to identify methods that cope with scale dependence and correlation to maximize the quality of
modeling applications and the value of comparative recession analyses.
1.4.1. Power Law Recessions and Model Closure
̂ b) pair must be chosen for
If the power law is used as a closure relationship in a hydrologic model, a single (a,
model parametrization. This is typically accomplished in one of three ways:
̂ b) pairs. In this case,
1. An eﬀective pair is computed using a measure of centrality on the population of fitted (a,
the centrality measure (e.g., the mean) may poorly represent the population of parameters if the correlation
is strongly nonlinear. In particular, if a strong correlation exists between â and b of the form â = akb−1 ,
[ ]
then mean eﬀective values for â and b (E â and E[b]) will not obey the correlation relationship. This may
result in inexplicably poor recession curve fits when mean recession parameter values are used for modeling
purposes.
̂ b) pair is chosen to
2. An eﬀective pair is determined by minimizing some metric of model error. Here a fitted (a,
minimize an error function across a population of recessions and may not have physical meaning.
3. An eﬀective pair is determined by defining a lower envelope to data points on a logarithmically scaled scatterplot
of −dsq∕dt versus q. This method avoids issues with parameter correlation because it does not require
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Table 1. Potential Issues Associated With the Various Methods Used to Obtain Recession Parameter Estimates
Goal
Recession variability analysis

Hydrologic modeling

Method

Outcome

Literature

Examine variation in fitted b

Cannot examine
variation in â

Stoelzle et al. [2013] and Tague and Grant [2004]

Fix b and fit â

Additional fitting error
potentially introduced
could bias â fits

Biswal and Marani [2010] and Biswal and Marani [2014]
McMillan et al. [2014]

̂ b) pair
Obtain (a,
that minimizes error across a
population of recessions.

Values should not be
interpreted physically

Müller et al. [2014]

̂ b) pairs and use
Fit (a,
a measure of centrality to represent
a population of recessions.

Potential issues with
nonlinear averaging

Botter et al. [2009] and Ye et al. [2014]

Define a lower envelope
to data points on a log-log
plot of dq∕dt versus q

Can underestimate
b for individual
recessions, only
theoretically valid for
modeling base flow

Brutsaert and Nieber [1977]

fitting a population of recession parameter pairs; the recession exponent is fixed, either by fitting a single lower envelope to the data or by defining one a priori through theoretical considerations. However,
the procedure explicitly assumes that the power law recession will be used to model catchment base flow
[see, e.g., Brutsaert and Nieber, 1977]. Additionally, a number of authors have demonstrated that this lower
envelope may significantly underestimate the value of the recession exponent [Biswal and Marani, 2010;
Shaw and Riha, 2012; Rupp et al., 2009].
Despite these challenges, the primary objective in hydrologic modeling is generally to minimize some measure of model error. If this goal is suitably met, then recession parameter interpretation and the precise values
adopted by â and b may be of secondary importance. This is not the case, however, when power law recession
models are used as a data analytic tool.
1.4.2. Power Law Models and Recession Analysis
When not being used as a closure model, the parameterized recession relationship is generally intended to
̂ b) pairs are analyzed to measure or determine
provide a means for data exploration. In this case, fitted (a,
the physical drivers of recession variability. This form of analysis presents another dilemma: either variations
in b are examined [Tague and Grant, 2004; Clark et al., 2009; Shaw and Riha, 2012], at the cost of injecting
scale-induced variations into the fitted value of â , or b is held fixed and the relative values of â can be compared, at the expense of introducing bias into the fit by forcing b to remain constant [Szilagyi et al., 1998; Biswal
and Marani, 2010; Bart and Hope, 2014; Biswal and Marani, 2014; Mutzner et al., 2013; McMillan et al., 2014].
Neither approach is ideal, as either the information that could be obtained from the â parameter is discarded
(in order to examine variation in b) or the estimates of the â parameter are potentially biased because b is
fixed (also removing the potential to examine variations in b). The additional fitting error due to this bias can
be significant, as we demonstrate in the case study in section 3.
Table 1 summarizes the inherent challenges and limitations imposed by recession parameter scale dependence, along with representative studies that utilize the variety of available methods for recession analysis.
These literature examples highlight that addressing scale invariance has the potential to further optimize,
expand, or generalize even highly influential studies. In particular, the ideal approach would be to choose the
flow scaling for which â = a, allowing a physically meaningful estimate of a independent of the value of b.

2. Recession Parameter Decorrelation
2.1. Decorrelation Method
The most general route to remove formal parameter correlation involves selecting a number q0 such that
̂ 0 eliminates correlation of the form â ∝ kb−1 between the power law parameters. Such
rescaling q̂ as q̂ → q∕q
a technique was formally derived by Bergner and Zouhar [2000], who showed that correlation of this form is
DRALLE ET AL.
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minimized for a unique value of q0 , given by
( ∑n
q0 = exp −

i=1

̂
(bi − b)(log(â i ) − log(a))
∑n
2
(b − b)
i=1 i

)
,

(4)

{
}
̂ are the arithmetic means of a set of fitted recession exponents b1 , b2 , … , bn and a set
where b and log(a)
{
}
of log-transformed fitted recession scale parameters log(â 1 ), log(â 2 ), … , log(â n ) , respectively. The value
in the exponent of equation (4) is also equivalent to the negative of the regression slope of the graph of
{
{
}
}
log(â 1 ), log(â 2 ), … , log(â n ) versus b1 , b2 , … , bn .

We note that the computed value q0 will equal 1∕k and that this rescaling will return q̂ to the same magni[
]
] [
tude of the original flow variable (q), which was introduced with units of L3 ∕T or L∕T . Strictly speaking,
however, q0 has units equal to those of q̂ [Bergner and Zouhar, 2000]; thus, the transformed flow variable will
be dimensionless, and the decorrelated recession scale parameter (which we will refer to as a) will have units
[ ]
of T −1 .
This method also assumes that a itself is not a function of b. If it were, the computed q0 would still minimize
correlation of the fitted recession exponents and log-transformed fitted recession scale parameters but would
not necessarily equal 1∕k. Section 2.2 more thoroughly discusses the implications a potential relationship
(beyond the artifactual correlation) between log(a) and b.
As far as we are aware, Mather and Johnson [2014] provide the only application of this method in the
geosciences by removing correlation between the parameters of a turbidity rating curve. These authors
demonstrate seasonal patterns in the turbidity rating curve scale parameter and also suggest that power law
decorrelation could improve the physical interpretation of turbidity rating curve parameters.
2.2. Interpreting Parameter Decorrelation and the Rescaling Constant, q0
Exploration of the decorrelation scaling q0 suggests that it covaries with catchment properties, such as catchment area and mean flow. Across our study catchments, we find that q0 ranges from about 4–33% of the mean
(averaging around 12% of the mean) and from about 25–125% of the median (averaging around 60% of the
̂ b) point
median). However, we note that q0 is not directly a catchment property but rather a property of the (a,
cloud to which the decorrelation process is applied. The specific value of q0 is therefore dependent upon the
selection of points in that cloud and thus on the technique used to select and to fit the power law recessions.
After finding a numeric value for q0 using methods from section 2.1, a rescaling of the flow variable by q0
{
}
̂ 0 ) will shift the population of fitted recession scale parameters â 1 , â 2 , … , â n so that all correlation
(q̂ → q∕q
of the form â ∝ kb−1 is removed. As mentioned in section 2.1, if the correlation relationship takes exactly the
form, â = akb−1 , the scaling constant q0 is exactly equal to 1∕k. The approach thus removes the formal correlation (and the associated scaling eﬀects) imposed by the power law scale invariance between the (a, b) pairs.
If, however, a nonexponential form of correlation also exists between a and b, in addition to any induced by
the scale-free nature of the power law—that is, if â = a(b) ⋅ kb−1 —then rescaling by q0 will transform the
function a(b), and q0 will not be equal to 1∕k [Bergner and Zouhar, 2000]. As a consequence, the decorrelation
procedure will fail to remove artifactual correlation due to the presence of nonexponential a-b correlation.
This would continue to confound the physical interpretation of the transformed recession scale parameter.
It should be noted, however, that the decorrelation procedure is eﬀectively a rescaling of the flow variable
and therefore does not introduce any more bias than would scaling flow by area, or equivalently, choosing a
particular set of flow units. In the absence of a priori information about the functional form of such mechanistic correlation, its identification from a-b clouds will generally be problematic. Still, as shown in the simple
example below, power law parameter decorrelation is a promising method for obtaining information about
catchments from fitted recessions.

3. Case Study: Seasonal Recessions
3.1. Catchment Selection and Recession Analysis
To demonstrate the potential value of applying parameter decorrelation to empirical recession data, we
analyzed streamflow recessions from 16 seasonally dry catchments in Northern California and Southern
Oregon. In seasonally dry regions, the great majority of annual precipitation falls during a wet season
(typically October through April in the Western U.S.), which is followed by an extended dry season.
DRALLE ET AL.
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Figure 1. Illustration of the consequences of the parameter decorrelation procedure for 54 representative recessions
extracted from Redwood Creek data. For q̂ in units of c.f.s., there is a strong exponential correlation between â and b, as
predicted by the rescaled power law recession relationship (equation (3)). Following parameter decorrelation, values of b
remain constant, while values of a adjust such that the linear correlation between b and log a is zero. Two points along
with the corresponding recession curves (orange and yellow) are tracked through the decorrelation procedure.

These locations, therefore, should reveal the eﬀects of climatic variation on catchment wetness and the
consequent properties of the streamflow recession. Details of these catchments are presented in the
supporting information.
(
)
̂
< 0 greater than or equal to 4 days in length
All streamflow peaks and subsequent recession periods dq∕dt
̂
were first isolated from the streamflow time series. We computed q̂ and −dq∕dt
using the procedure of
̂
Brutsaert and Nieber [1977] and found â and b by determining the line of best fit to the log-log plot of −dq∕dt
versus q̂ . To control the quality of fitted parameters, only recession fits with an R2 > 0.8 were retained in the
subsequent analyses. Although more precise forms of recession analysis are available, this particular method
is widely used [Biswal and Marani, 2010; Shaw and Riha, 2012; Mutzner et al., 2013; Bart and Hope, 2014] and its
simplicity facilitates rapid analysis of many recessions. We confirmed that the fitting error imposed on â and
b was negligible compared to the parameter shifts generated by the decorrelation procedure, which is the
primary result we wish to demonstrate.
Parameter decorrelation was performed according to the method detailed in Bergner and Zouhar [2000]. Computed values of q0 for each catchment are reported in the supporting information. Because q0 is a property
̂ b) point cloud, the values of q0 quoted here are specific to the recession selection and fitting proceof the (a,
dure used. Here our selection criteria included all well-defined peaks followed by at least 4 days of recession.
This approach maximizes the range of flow conditions spanned by the analyzed recessions and ensures that
̂ b) point cloud used is as representative as possible of the full flow regime. All quantitative values of q0
the (a,
reported in the supporting information are specific to this peak selection method.
Following decorrelation, we computed the median value of b across all recession events for each basin. We
then refit the set of recessions for each basin at the decorrelation scale, this time constraining b to equal its
median value. Diﬀerences in the quality of this fit and fits with variable b provide an estimate of the additional
fitting error accrued by fixing the recession exponent to a constant value.
DRALLE ET AL.
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Figure 2. Examples of climatic patterns resulting from recession parameter decorrelation. Median monthly values
(points) and 25th and 75th percentiles (boxes) for the recession scale parameter. (first row) The median monthly
recession scale parameter is plotted for discharge in units of c.f.s. (second row) Clear seasonality in the recession scale
parameter following the decorrelation procedure.

3.2. Case Study Results
Figure 1 illustrates the eﬀects of the decorrelation process for a subset of recession parameter pairs value
̂ b) pairs with q̂ in units of c.f.s. demonstrate a very
obtained at Redwood Creek. In Figure 1 (bottom left), (a,
clear correlation; following decorrelation (Figure 1, bottom right), recession exponent values remain the same,
but the recession scale parameters have shifted significantly.
To date, most studies of recession parameter variability have considered the variation in a for a fixed value of b.
To determine whether such estimates diﬀer significantly from those produced by the decorrelation procedure,
̂ b) point cloud from the population of recessions associated with a given catchment.
we first produce an (a,
Applying the decorrelation rescaling procedure to this point cloud produces a population of correlation-free
power law parameters (afree , b). We then fix b at its median value and refit all recessions at the decorrelation
scale to produce a population of estimates afix . We find that across all recessions in all catchments the median
ratio 𝜌 = afix ∕afree is 0.86, with a 25th percentile value of 0.42 and a 75th percentile value of 1.38. Assuming
the value afree at the decorrelation scale is the most accurate estimator of a, the spread in this ratio reveals
potential for significant bias.
We then explored the time variation in the recession parameters. Prior to decorrelation, no coherent seasonal
variation could be found in the fitted values of â . Following decorrelation, however, a strong seasonal signal
in the recession scale parameter can be seen in Figure 2, tracking the typical seasonality of rainfall. Similar
seasonal patterns were observed in all 16 study catchments. We hypothesize that following decorrelation, the
power law coeﬃcient a may reveal information about the wetness of the catchment, exhibiting low values of a
during the wet season and higher values during the dry season. Such recession seasonality has been observed
previously, [Shaw and Riha, 2012], but it can also “disappear” (Figure 2) if b is not fixed, depending on scale.
Generally, the arbitrary choice of scaling can mask (in some cases) or reveal (in others), the seasonally varying
term, a. We hypothesize that identifying empirical correlates to recession variability—facilitated by the use of
the decorrelation technique—could support the development and validation of improved hydrologic theory
that links recession behavior to climatic and catchment wetness states.

4. Conclusion
Ubiquitous power law behavior in the recession of stream hydrographs leads to extensive use and analysis of
power law parameters that characterize the drainage and drying of catchments. All such models will exhibit
a scaling artifact that imposes a formal correlation between model parameters and which can obscure the
scale-independent component of the power law, which is presumably most closely linked to the physical
processes driving the recession behavior.
DRALLE ET AL.
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We apply a rescaling technique that eliminates the scale dependence of fitted power law terms under the
assumption that there exists no mechanistic correlation between power law recession parameters. This technique allows both parameters of the power law to be estimated together without the imposition of artifactual
bias. In the case that the power law recession parameters are expected to be correlated for mechanistic reasons, the rescaling technique will not add additional uncertainty and may still help to elucidate drivers of
recession parameter variability. Whether it is possible to empirically separate mechanistic drivers of parameter
correlation from mathematical artifacts that cause parameter correlation remains unclear.
As illustrated by the coherent seasonal variation of the power law multiplier a in seasonally dry watersheds
from Northern California and Southern Oregon, this approach, although statistical rather than mechanistic in
nature, may make clearer the relationships between catchment condition and the catchment recession.
Acknowledgments
D. Dralle acknowledges support from
the NSF Graduate Research Fellowship
Program. S. Thompson acknowledges
NSFEAR-1331940 for the Eel River
Critical Zone Observatory. The authors
thank Peter Troch for his initial
feedback on the problem. All the
streamflow data used for this study
can be found on the website of the
United States Geological Survey
(http://waterdata.usgs.gov/nwis)

DRALLE ET AL.

References
Amorocho, J. (1963), Measures of the linearity of hydrologic systems, J. Geophys. Res., 68(8), 2237–2249, doi:10.1029/JZ068i008p02237.
Amorocho, J. (1967), The nonlinear prediction problem in the study of the runoﬀ cycle, Water Resour. Res., 3(3), 861–880,
doi:10.1029/WR003i003p00861.
Bart, R., and A. Hope (2014), Inter-seasonal variability in baseflow recession rates: The role of aquifer antecedent storage in central California
watersheds, J. Hydrol., 519, 205–213, doi:10.1016/j.jhydrol.2014.07.020.
Bergner, F., and G. Zouhar (2000), A new approach to the correlation between the coeﬃcient and the exponent in the power law equation
of fatigue crack growth, Int. J. Fatigue, 22(3), 229–230, doi:10.1016/S0142-1123(99)00123-1.
Biswal, B., and D. N. Kumar (2012), Study of dynamic behaviour of recession curves, Hydrol. Processes, 28(3), 784–792, doi:10.1002/hyp.9604.
Biswal, B., and M. Marani (2010), Geomorphological origin of recession curves, Geophys. Res. Lett., 37, L24403, doi:10.1029/2010GL045415.
Biswal, B., and M. Marani (2014), Universal recession curves and their geomorphological interpretation, Adv. Water Res., 65, 34–42,
doi:10.1016/j.advwatres.2014.01.004.
Bogaart, P. W., D. E. Rupp, J. S. Selker, and Y. van der Velde (2013), Late-time drainage from a sloping Boussinesq aquifer, Water Resour. Res.,
49, 7498–7507, doi:10.1002/2013WR013780.
Botter, G., A. Porporato, I. Rodriguez-Iturbe, and A. Rinaldo (2009), Nonlinear storage-discharge relations and catchment streamflow
regimes, Water Resour. Res., 45, W10427, doi:10.1029/2008WR007658.
Brutsaert, W., and J. L. Nieber (1977), Regionalized drought flow hydrographs from a mature glaciated plateau, Water Resour. Res., 13(3),
637–648, doi:10.1029/WR013i003p00637.
Clark, M. P., D. E. Rupp, R. A. Woods, H. J. Tromp-van Meerveld, N. E. Peters, and J. E. Freer (2009), Consistency between hydrological models
and field observations: Linking processes at the hillslope scale to hydrological responses at the watershed scale, Hydrol. Processes, 23(2),
311–319, doi:10.1002/hyp.7154.
Clauset, A., C. R. Shalizi, and M. E. J. Newman (2009), Power-law distributions in empirical data, SIAM Rev., 51(4), 661–703,
doi:10.1137/070710111.
Cortie, M. B. (1991), The irrepressable relationship between the Paris law parameters, Eng. Fract. Mech., 40(3), 681–682,
doi:10.1016/0013-7944(91)90160-3.
Farmer, D., M. Sivapalan, and C. Jothityangkoon (2003), Climate, soil, and vegetation controls upon the variability of water balance
in temperate and semiarid landscapes: Downward approach to water balance analysis, Water Resour. Res., 39(2), 1035,
doi:10.1029/2001WR000328.
Goldstein, M. L., S. A. Morris, and G. G. Yen (2004), Problems with fitting to the power-law distribution, Eur. Phys. J. B, 41(2), 255–258,
doi:10.1140/epjb/e2004-00316-5.
Harman, C. J., M. Sivapalan, and P. Kumar (2009), Power law catchment-scale recessions arising from heterogeneous linear small-scale
dynamics, Water Resour. Res., 45, W09404, doi:10.1029/2008WR007392.
Hussain, M. A., S. Kar, and R. R. Puniyani (1999), Relationship between power law coeﬃcients and major blood constituents aﬀecting the
whole blood viscosity, J. Biosci., 24(3), 329–337, doi:10.1007/BF02941247.
Kirchner, J. W. (2009), Catchments as simple dynamical systems: Catchment characterization, rainfall-runoﬀ modeling, and doing hydrology
backward, Water Resour. Res., 45, W02429, doi:10.1029/2008WR006912.
Kronmal, R. A. (1993), Spurious correlation and the fallacy of the ratio standard revisited, J. R. Statist. Soc. Ser. A, 156(3), 379–392,
doi:10.2307/2983064.
Krueger, T., J. Freer, J. N. Quinton, C. J. A. Macleod, G. S. Bilotta, R. E. Brazier, P. Butler, and P. M. Haygarth (2010), Ensemble evaluation of
hydrological model hypotheses, Water Resour. Res., 46, W07516, doi:10.1029/2009WR007845.
Mather, A. L., and R. L. Johnson (2014), Quantitative characterization of stream turbidity-discharge behavior using event loop shape
modeling and power law parameter de-correlation, Water Resour. Res., 50, 7766–7779, doi:10.1002/2014WR015417.
McMillan, H., M. Gueguen, E. Grimon, R. Woods, M. Clark, and D. E. Rupp (2014), Spatial variability of hydrological processes and model
structure diagnostics in a 50 km2 catchment, Hydrol. Processes, 28(18), 4896–4913.
Miller, D. M. (1984), Reducing transformation bias in curve fitting, Am. Stat., 38(2), 124–126, doi:10.2307/2683247.
Müller, M. F., D. N. Dralle, and S. E. Thompson (2014), Analytical model for flow duration curves in seasonally dry climates, Water Resour. Res.,
50, 5510–5531, doi:10.1002/2014WR015301.
Mutzner, R., E. Bertuzzo, P. Tarolli, S. V. Weijs, L. Nicotina, S. Ceola, N. Tomasic, I. Rodríguez-Iturbe, M. B. Parlange, and A. Rinaldo (2013),
Geomorphic signatures on Brutsaert base flow recession analysis, Water Resour. Res., 49, 5462–5472, doi:10.1002/wrcr.20417.
Pattyn, F., and W. Van Huele (1998), Power law or power flaw?, Earth Surf. Processes Landforms, 23(8), 761–767,
doi:10.1002/(SICI)1096-9837(199808)23:8<761::AID-ESP892>3.0.CO;2-K.
Rupp, D. E., and J. S. Selker (2006), On the use of the Boussinesq equation for interpreting recession hydrographs from sloping aquifers,
Water Resour. Res., 42, W12421, doi:10.1029/2006WR005080.
Rupp, D. E., J. Schmidt, R. A. Woods, and V. J. Bidwell (2009), Analytical assessment and parameter estimation of a low-dimensional
groundwater model, J. Hydrol., 377(1–2), 143–154.

SCALING OF POWER LAW STREAMFLOW MODELS

8

Geophysical Research Letters

10.1002/2015GL066007

Shaw, S. B., and S. J. Riha (2012), Examining individual recession events instead of a data cloud: Using a modified interpretation
of dQ/dt —Q streamflow recession in glaciated watersheds to better inform models of low flow, J. Hydrol., 434-435(C), 46–54,
doi:10.1016/j.jhydrol.2012.02.034.
Shih, W., M. Orlowski, and K. Y. Fu (1990), Parameter correlation and modeling of the power-law relationship in mosfet hot-carrier
degradation, IEEE Electron Device Lett., 11(7), 297–299, doi:10.1109/55.56480.
Stoelzle, M., K. Stahl, and M. Weiler (2013), Are streamflow recession characteristics really characteristic?, Hydrol. Earth Syst. Sci. Discuss., 9,
10,563–10,593.
Syvitski, J. P., M. D. Morehead, D. B. Bahr, and T. Mulder (2000), Estimating fluvial sediment transport: The rating parameters, Water Resour.
Res., 36(9), 2747–2760, doi:10.1029/2000WR900133.
Szilagyi, J., M. B. Parlange, and J. D. Albertson (1998), Recession flow analysis for aquifer parameter determination, Water Resour. Res., 34(7),
1851–1857, doi:10.1029/98WR01009.
Tague, C., and G. E. Grant (2004), A geological framework for interpreting the low-flow regimes of Cascade streams, Willamette River Basin,
Oregon, Water Resour. Res., 40, W04303, doi:10.1029/2003WR002629.
Thomas, R. B. (1988), Monitoring baseline suspended sediment in forested basins: The eﬀects of sampling on suspended sediment rating
curves, Hydrol. Sci. J., 33(5), 499–514, doi:10.1080/02626668809491277.
Wittenberg, H. (1999), Baseflow recession and recharge as nonlinear storage processes, Hydrol. Processes, 13(5), 715–726,
doi:10.1002/(SICI)1099-1085(19990415)13:5<715::AID-HYP775>3.0.CO;2-N.
Ye, S., H. Li, M. Huang, M. Ali, G. Leng, L. R. Leung, S. Wang, and M. Sivapalan (2014), Regionalization of subsurface stormflow parameters of
hydrologic models: Derivation from regional analysis of streamflow recession curves, J. Hydrol., 519, 670–682.
Zilberstein, V. A. (1992), On correlations between the power law parameters, Int. J. Fract., 58(3), R57–R59, doi:10.1007/BF00015624.

DRALLE ET AL.

SCALING OF POWER LAW STREAMFLOW MODELS

9

