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Abstract

The Flow Duration Curve (FDC) is a classical method used to graphically represent the
relationship between the frequency and magnitude of streamflow. In this sense it rep-
resents a compact signature of temporal runoff variability that can also be used to diag-
nose catchment rainfall-runoff responses, including similarity and differences between
catchments. This paper is aimed at extracting regional patterns of the FDCs from ob-
served daily flow data and elucidating the physical controls underlying these patterns,
as a way to aid towards their regionalization and predictions in ungauged basins. The
FDCs of total runoff (TFDC) using multi-decadal streamflow records for 197 catchments
across the continental United States are separated into the FDCs of two runoff compo-
nents, i.e., fast flow (FFDC) and slow flow (SFDC). In order to compactly display these
regional patterns the 3-parameter mixed gamma distribution is employed to character-
ize the shapes of the normalized FDCs (i.e., TFDC, FFDC and SFDC) over the entire
data record. This is repeated to also characterize the between-year variability of “an-
nual” FDCs for 8 representative catchments chosen across a climate gradient. Results
show that the mixed gamma distribution can adequately capture the shapes of the
FDCs and their variation between catchments and also between years. Comparison
between the between-catchment and between-year variability of the FDCs revealed
significant space-time symmetry. Possible relationships between the parameters of the
fitted mixed gamma distribution and catchment climatic and physiographic characteris-
tics are explored in order to decipher and point to the underlying physical controls. The
baseflow index (a surrogate for the collective impact of geology, soils, topology and
vegetation, as well as climate) is found to be the dominant control on the shapes of the
normalized TFDC and SFDC, whereas the product of maximum daily precipitation and
the fraction of non-rainy days was found to control the shape of the FFDC. These rela-
tionships, arising from the separation of total runoff into its two components, provide a
potential physical basis for regionalization of FDCs, as well as providing a conceptual
framework for developing deeper process-based understanding of the FDCs.
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1 Introduction

The Flow Duration Curve (FDC) is one of the most important and widely used signa-
tures of catchment runoff response (Vogel and Fennessey, 1994). It has been used in
numerous hydrological applications as a part of water resources planning and envi-
ronmental studies, flood and low-flow frequency analyses (Smakhtin, 2001), reservoir
and sedimentation studies (Vogel and Fennessey, 1995), in-stream flow assessment
(Tharme, 2003), water quality management (Searcy, 1959), and impacts of land use
changes (Zhao et al., 2011). The FDC is a graphical representation of the relationship
between the frequency and magnitude of streamflows, making it a compact signature
of a catchment’s functioning, and can be used to diagnose the rainfall-runoff responses
in gauged catchments at a holistic functional level, and to regionalize them to ungauged
catchments. For these reasons, in the past few decades, considerable effort has been
expended towards detailed studies of FDCs, especially in the context of predictions in
ungauged basins (Sivapalan et al., 2003a; Booker and Snelder, 2012). However, most
recent studies on the FDCs have been empirically based, which generally fall into two
categories: graphical (i.e., nonparametric) and statistical (i.e., parametric). The graphi-
cal approach focuses on exploring the controls of catchment climatic and physiographic
characteristics on the shape of the FDC (Mimikou and Kaemaki, 1985; Smakhtin et al.,
1997; Mohamoud, 2008), while the statistical approach employs statistical distributions
to fit the FDC and then relates the parameters of the distribution to the catchment’s
physical characteristics (LeBoutillier and Waylen, 1993; Castellarin et al., 2004a; Li et
al., 2010).

The graphical (nonparametric) methods have shown that several catchment climatic
and physiographic features impact the shape of the FDC. Singh (1971) pointed out
that several physiographical factors, including catchment size, affect the shape of dif-
ferent FDCs in lllinois, USA. Ward and Robinson (1990) highlighted the role of soll
types and geology on the shapes of the FDCs in the UK. Castellarin et al. (2004b)
developed procedures to regionalize FDCs based on similarity of catchment climatic
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and morphologic characteristics in Italy. Mohamoud (2008) developed a multiple re-
gression model for various percentiles of the FDCs against more than 40 climatic and
landscape descriptors in the northeastern US. Lane et al. (2005) demonstrated the role
of vegetation changes in altering the shape of FDCs in Australia. Zheng et al. (2007)
showed that the land use and land cover changes could cause changes in streamflow
regime and in the FDCs in the Yellow River Basin in China. Zhao et al. (2011) carefully
evaluated the effects of vegetation change on the shapes of the FDCs using data from
paired experimental catchments in Australia, New Zealand, and South Africa.

In the realm of statistical (parametric) methods, several probability distributions have
been employed to capture the shape of the FDCs, although the FDC cannot, strictly
speaking, be regarded as a probability distribution (Mosley and McKerchar, 1993). The
focus of the statistical studies has been finding the best fit to empirically derived es-
timates of the FDCs for the purpose of regionalization. The probability distributions
used include the log-normal distribution (LeBoutillier and Waylen, 1993; Vogel and Fen-
nessey, 1994; Castellarin et al., 20044a; Li et al., 2010); gamma distribution (LeBoutillier
and Waylen, 1993; Muneepeerakul et al., 2010); beta distribution (lacobellis, 2008);
and the logistic distribution (Castellarin et al., 2004a).

Although both graphical and statistical approaches demonstrated that different cli-
matic and landscape characteristics impact the shape of the FDCs in different regions
of the world (Castellarin et al., 2004b, 2007; Ganora et al., 2009; Li et al., 2010), it has
been difficult to generalize the results from such diverse place-based studies because
of the inadequacy of conceptual or process understanding of the FDCs to help syn-
thesize these outcomes (Botter et al., 2009; Yokoo and Sivapalan, 2011). Recently, a
number of studies have made progress towards investigating the FDCs from a process
perspective. Some of these studies have attempted to model the FDCs via a stochastic
characterization of streamflow time series, while others have sought to reconstruct the
FDCs through the application of physically based hydrological models.

Botter et al. (2007a) presented the mathematical formalisms for the derivation of the
probability density function associated with within-year variability of daily streamflows.
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They adopted a stochastic-dynamic model that consists of a simple lumped model
of subsurface drainage, governed by a field capacity threshold and a characteristic
residence time, and driven by stationary sequences of precipitation events, thus en-
abling them to analytically derive the functional form of the slow flow component of the
FDC. This also enabled them to relate the flow variability to the underlying landscape
properties and key rainfall properties. Subsequently, the stochastic-dynamic model of
Botter et al. (2007a, b) has been extended by Muneepeerakul et al. (2010) to include
a fast flow component as well and by Botter et al. (2009) to include non-linearities in
the subsurface storage-discharge relationship. The ability of the stochastic dynamic
model to reproduce observed FDCs has been tested in a number of US and European
catchments (Botter et al., 2007b; Ceola et al., 2010; Botter, 2010). Also in the area of
process based studies, Yilmaz et al. (2008) presented a way to diagnose hydrologi-
cal model performance using the FDCs and examined the sensitivities of the various
segments of the FDC to different catchment physical parameters. Zhang et al. (2008)
and Westerberg et al. (2011) employed the FDC to calibrate conceptual hydrological
models.

Although the stochastic-dynamic framework reviewed above (e.g., Botter et al.,
2007a, 2008, 2009) revealed the climatic and landscape controls of the FDCs, it was
underpinned by strong assumptions (e.g., Poisson rainfall arrivals), and could only be
applied seasonally, with constant parameter values for each season. In particular, the
carryover of soil moisture storage between seasons is ignored, which presents difficul-
ties for deriving annual FDCs in catchments exhibiting strong seasonality. This high-
lights the need for a more general framework, one for the entire year that captures
within-year variations in climate and soil moisture storage. Yokoo and Sivapalan (2011)
proposed a conceptual (functional) framework to reconstruct FDCs by disaggregating
flow duration curves of total runoff (TFDCs) into two components, i.e., fast flow du-
ration curves (FFDCs) and slow flow duration curves (SFDCs). Their approach was
formulated on the basis of numerical simulations of the water balance of hypotheti-
cal catchments with the use of a physically based rainfall-runoff model based on the
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representative elementary watershed (REW) approach, and driven by artificial rainfall
inputs generated by a stochastic rainfall model. The simulations by Yokoo and Siva-
palan (2011) revealed a clear relationship between the FFDC and the precipitation du-
ration curve (PDC) and between the SFDC and the catchment’s regime curve (mean
within-year variation of runoff). In doing so Yokoo and Sivapalan (2011) proposed a new
conceptual framework for reconstruction of FDCs in ungauged basins, through building
bridges between the fast and slow flow parts of total streamflow as precipitation vari-
ability cascades through the catchment system, and through recourse to understanding
the respective process controls.

Although Yokoo and Sivapalan (2011) carried out preliminary analyses on a few
selected catchments within the United States to demonstrate the feasibility of their ap-
proach their results need further validation and advancement. This is the motivation
behind this study. The goal of the study is to explore, by following a top-down approach
(Sivapalan et al., 2003b), the physical controls on the shape of the FDCs by taking ad-
vantage of empirical (both statistical and graphical) studies. The approach presented
here has many similarities to the functional approach (L'Vovich, 1979) that was adopted
by Sivapalan et al. (2011) and Harman et al. (2011) to analyze inter-annual variability
of annual runoff. We fit simple probability distribution functions to the various FDCs,
i.e., PDC, TFDC, FFDC and SFDC, and use the fitted parameters of these distributions
to quantify the variability of the FDCs between catchments and between years, and to
express their relationship to catchment climatic and physiographical parameters. In this
way, the work presented in this paper represents a major step in efforts undertaken to
understand the physical controls of the FDCs: (1) it provides empirical validation of the
findings of the work by Yokoo and Sivapalan (2011) in actual catchments; (2) it gen-
erates regional patterns of the spatial variations of the FDCs across the United States
and temporal (inter-annual) variations of annual FDCs in several selected catchments;
(3) it helps to identify climatic and landscape controls on both fast flow and slow flow
duration curves. These patterns and relationships can help advance the research on
developing more process-based understanding of the physical basis of the FDCs for
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use in regionalization studies. This is the first paper in a 4-part series that explores
the controls of regional patterns of FDCs. The paper by Ye et al. (2012) explores the
process controls of the seasonal variability of streamflows (i.e., regime curve), and the
connection between the regime curve and the FDCs, while the paper by Coopersmith
et al. (2012) presents a classification system for catchment seasonal runoff behavior
(i.e., regime curve). Finally, the paper by Yaeger et al. (2012) represents a synthesis
of these studies, providing deeper insights into the physical controls of the regional
patterns of the FDCs but with a process perspective.

This paper is organized as follows: Sect. 2 contains descriptions of data sources for
the analyses presented and the methodology adopted. Section 3 presents the results
of the statistical analyses, including fitting of the empirical FDCs to statistical distribu-
tions, and the estimation of parameters. Section 4 presents the regional patterns of the
FDCs, i.e., regional patterns of the parameters of the mixed gamma distribution fitted
to the empirical FDCs. Section 5 discusses the similarities among different duration
curves and the spatial (between catchments) and temporal (between years) relation-
ship between the shape parameters and climate and catchment characteristics. Finally,
Sect. 6 presents the conclusions drawn from the analyses, in respect of what has been
learned regarding the physical controls of the FDCs, and the outlines of future research
needed to generate a more process-based understanding of these controls.

2 Data and methodology
2.1 Datasets used

This investigation was carried out using data from 197 catchments from the MOPEX
dataset previously used by Sivapalan et al. (2011) and Harman et al. (2011). In addi-
tion, the time series of the fast flow and slow flow components of total runoff used here
are the same as those produced by Sivapalan et al. (2011), through the use of a sim-
ple but very robust baseflow separation algorithm proposed by Lyne and Hollick (1979).

7007

HESSD
9, 7001-7034, 2012

Exploring the
physical controls of
regional patterns of
flow duration curves

L. Cheng et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The MOPEX dataset (Duan et al., 2006) includes more than 400 catchments across
the US, most containing up to 54 yr of continuous daily precipitation and streamflow
data that can be freely accessed from http://www.nws.noaa.gov/oh/mopex/index.html.
A subset of 197 catchments, which have continuous daily records spanning from 1948
to 2001, was chosen for our analysis. These catchments range in size from 198 km?
to more than 3000 km?, and range in mean annual precipitation from 384 mm to more
than 2500 mm. The selected 197 catchments, locations of which are shown in Fig. 1,
cover a wide range of climate, eco-regions and landscapes across the US, although
more than half of them are found in the Appalachian Mountain and the Interior Lowland
regions.

In this paper, in order to discover the physical controls of the FDC, some climatic
and landscape indices are regressed against statistical parameters of the fitted FDCs.
In addition, we also selected 8 representative catchments from the set of 197 catch-
ments to explore how the annual FDCs vary between years. The climatic variables
selected include the aridity index (Al, ratio of annual potential evapotranspiration to
annual precipitation), seasonality index (S, defined by Walsh and Lawler, 1981), max-
imum daily precipitation (P,,,x) and the probability of non-rainy days (ap, ratio of zero
precipitation days to total number of days). The effect of the landscape on the FDC is
captured through the baseflow index, Bl, which is defined as the ratio of total slow flow
to the total streamflow of each catchment over the entire study period. Bl is thus used
as a surrogate for the collective impact of landscape properties such as geology, soil
properties, topology, and vegetation on the streamflow regime (in addition to climate)
(Harman et al., 2009; Kirchner, 2009). The regional patterns of Al, Bl and SI of the
study catchments are shown in Fig. 1.

2.2 The mixed Gamma distribution

As mentioned before, several probability distribution functions have been used in the
past to model FDC statistically. The choice of distributions is mostly determined by the
objectives of study and the flow regimes of the study catchments. In general, if the
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FDCs are represented by overly complex distributions with several parameters, more
accurate fits could be achieved, yet one might also expect to find some correlation
between different parameters and consequent uncertainty in the parameter estimates,
which may confound efforts to distinguish the physical controls on statistical parame-
ters. Therefore, in order to achieve the goals of this paper, a simple and robust statisti-
cal distribution is chosen, considering the need for parameter parsimony and the need
to connect these to climatic and landscape properties.

The gamma distribution is a two-parameter, continuous probability distribution. It is
defined by a shape parameter, «, and a scale parameter, . Note that the FDC is the
complementary cumulative distribution function (CCDF) of the daily streamflow (Vogel
and Fennessey, 1994). The FDC has to accommodate the presence of zero flows,
especially in arid regions. For this reason in this study we employ the following mixed
gamma distribution to represent the FDCs:

a, qg=0

1-a)-9(q,«6),q9g>0 (1)

g,k 0,a) = {
where a is the probability of zero flows, i.e., the number of zero flow days divided by the
total number of days within the record and g(q, «, ) is the probability density function
of the gamma distribution defined as:

0(0..0) = s () oo (-5) @

where k and @ are the shape and scale parameters, respectively. To estimate the flow
given a probability of exceedance, p, we use the following formulation:
G (1-££,k0)0<p<1-a

1-a’

0, 1-a<p<i ®)

q(p, k,0,a) = {

where G~' (-) is the inverse of the CCDF of the mixed gamma distribution (Eq. 1).
7009

Jadeq uoissnosiq | Jeded uoissnosiq | Jadedq uoissnosiqg | Jeded uoissnosiq

HESSD
9, 7001-7034, 2012

Exploring the
physical controls of
regional patterns of
flow duration curves

L. Cheng et al.

: “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

According to Eq. (3), the parameter a controls the zero-flow portion of the duration
curve while both the « and 8 parameters control the shape of the non-zero part of the
flow duration curve. The scale parameter @ largely affects the vertical shift of the FDCs.
The larger the mean observed streamflow, the higher the 8 value. On the other hand,
the shape parameter k essentially controls the slope of FDCs, and a smaller k value
implies a steeper slope of the FDC.

The parameter a is estimated directly from the observations, as the fraction of days
in the data record with zero flows, i.e., the number of days with zero flows divided by the
total number of days in the flow record. The parameters « and @ of the gamma function
are estimated by the method of moments based on their relationship with mean (u)
and variance (v) of the gamma distribution.

U=x-6 (4)
V=k-6 (5)

Here, u and v are estimated from the g > 0 time series (the non-zero portion of the
FDC).

Furthermore, a goodness of fit (i.e., coefficient of determination, Rz) and the Nash-
Sutcliffe coefficient of efficiency (denoted as Ens) (Nash and Sutcliffe, 1970) are chosen
to assess the performance of the mixed gamma distribution in providing good fits to the
non-zero segment of different duration curve for each catchment. The equations for R?
and Ens are as follows:

2

n

(qobs,i - E) (qsim,i - qsim)
R? = ’ (6)

L 2\ /< 2
= (qobs,i - qobs) 21 (qsim,/ - qsim)
1= 1=
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(qsim,i - qobs,i)2

M=

Ens=1—/

— (7)
(qobs,i - qobs)

M:l

i=1

where g, ; is predicted value using Eq. (3); gqps ; is the observed value, and n is the
length of the flow record in days; q.,s and g, are the mean of the observed and
predicted values respectively. In essence, the more the R? and Ens approaching unity,
the closer the predicted duration curve to the observed duration curve.

In this study, mean daily total flow, mean daily fast flow and mean daily slow flow are
used to normalize the total flow, fast flow and slow flow series, respectively. Additionally,
the normalized times series (i.e., daily streamflow divided by the long term mean daily
streamflow) are used to construct observed duration curves and to estimate the pa-
rameters of the mixed gamma distribution, since the mean daily streamflow is strongly
related to the aridity index, as shown in Fig. 2. The competition between water and
energy availability, as reflected in the aridity index, is a first order control on annual
catchment water balance (Cheng et al., 2011; Harman et al., 2011; Sivapalan et al.,
2011). Hence, as suggested by Fig. 2, one can expect that the tendency of parameters
of the FDC to change with Al will be significantly reduced or eliminated by normal-
izing the streamflows by mean daily flows, thus allowing for the identification of the
secondary physical controls on the shapes of the FDCs.

3 Results: performance of the mixed gamma distribution

Regional patterns of variation of the shapes of the FDCs are investigated using the
197 catchments located across the continental US. In addition, the inter-annual vari-
ability of the FDCs is investigated in 8 of the 197 catchments. Precipitation, total flow,
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fast flow and slow flow time series are normalized by their respective mean daily val-
ues. These normalized series are then used to construct the PDC, TFDC, FFDC and
SFDC for each of the 197 catchments, and in the case of the inter-annual variability,
separately for each of the 54 yr of record. The mixed gamma distribution is fitted to each
of these duration curves based on the respective normalized series, including through
estimating the model parameters « and 8 using the method of moments. The resulting
estimates of the three statistical parameters, i.e., a, k and 8, in each case are used
to predict the flow duration curves using Eq. (3), i.e., to reconstruct the PDC, TFDC,
FFDC and SFDC. As an illustration, Fig. 3 presents the empirical FDCs and the mixed
gamma distribution fits for 8 of the 197 catchments selected across a climate gradient
(N. B., these are the same catchments chosen for evaluating inter-year variability of
FDCs). Note that only the TFDCs and FFDCs are plotted in Fig. 3 since the PDCs are
reflective of the FFDC and the SFDC is closely related to the TFDC.

The results presented in Fig. 3 show that the mixed gamma distribution provides an
adequate visual fit to the shapes of the FDCs in all cases, except for the lower tail (low
flow segment of the FDCs), although the logarithmic scale employed for the vertical
axis tends to exaggerate the poor fits. The mixed gamma distribution also slightly un-
derestimates the upper tail (high flow segment) of the FDCs for most of the 197 catch-
ments. The ability of the mixed gamma distribution to mimic the flow duration curves is
assessed using the Nash-Sutcliffe coefficient of efficiency (Ens) and the goodness of
fit (RZ) estimated for the non-zero flow segment of the normalized flow duration curves.
Summary statistics for both Ens and R? for the 197 catchments, for each of the duration
curves, are presented in Fig. 4.

From Fig. 4, we can see that in spite of the visual discrepancies found in Fig. 3, the
mixed gamma distribution is found to perform well to in fitting the empirical duration
curves: PDC, TFDC, FFDC and SFDC. As can be seen in Fig. 4a, the mean values of
both Ens and R? for the TFDCs, FFDCs, and SFDCs are all larger than 0.9 in the 197
catchments. Similarly, as can be seen in Fig. 4b, the same is true in the case of inter-
year variability of annual FDCs in the 8 selected catchments. In all cases, all values of
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Ens and R? are larger than 0.5, and 75 % of the estimates of Ens and R? exceed 0.86.
These results provide support to the use of the mixed gamma distribution to capture the
shape of the FDCs, at least to first order. From the distribution of estimates of the Ens
and R? for the different duration curves, the range of the lower 25 % of the estimates
of Ens and R? is almost 3 times larger than that of the remaining 75 %. This implies
that the shape of the FDCs in some catchments or in some years may be very different
from the typical shape of the FDCs, which is difficult to characterize by the simple mixed
gamma distribution. On the other hand, the fits of the long term and annual PDCs and
SFDCs are better than those of the TFDCs and SFDCs. This may be due to the nature
of variability represented in these different duration curves. The FFDC and PDC embed
within them highly variable components and hence their slopes are steep, and therefore
it is easier for the mixed gamma distribution to capture their shapes. The TFDCs and
SFDCs, on the other hand, include more complex runoff processes, which explain the
difficulty of the mixed gamma distribution to capture them accurately.

4 Regional patterns in spatial variation of FDCs

Regional patterns in the estimated parameters a and « of Eq. (3) for the PDC, TFDC,
FFDC and SFDC, across the continental United States are presented in Figs. 5 and 6.
The estimates of 8 (not shown) are found to be approximately inversely related to the
estimates of « owing to the fact that for normalized flows the scale parameter 6 of
the mixed gamma distribution has an inverse relationship with the shape parameter «,
i.e., kK x 8=1/(1 - a). Therefore, from now on, only the spatial patterns of @ and « are
presented and discussed. From Figs. 5 and 6, we can see that the estimates of a and
K for the different duration curves exhibit interesting regional patterns of variability.

As can be seen by comparing Fig. 5 to Fig. 1, the higher a values for the PDC
and FFDC appear in arid climate regions, whereas smaller values are found in humid
regions. However, in the case of the TFDCs and SFDCs, non-zero values of a are found
in the arid regions, with the largest values seen in the most arid catchments, such as
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those in southern California, Texas, Kansas, and the Dakotas. Furthermore, confirming
the predictions by computer simulations of Yokoo and Sivapalan (2011), the PDCs and
FFDCs share similar regional patterns, and the TFDCs and SFDCs also share similar
regional patterns. Even then, significant differences can also be seen within the same
climate zones, which might be caused by differences in geomorphologic or landscape
features. Overall, the regional patterns of a over the 197 catchments presented in
Fig. 5 suggest that they are primarily governed by differences in climate, with secondary
effects caused by differences in local landscape or geomorphologic features.

From Fig. 6, we find that smaller values of k appear in arid regions while larger values
are found in comparatively more humid regions. This spatial pattern is consistent with
the nature of k and the physical condition of the catchments. In arid regions, there are
fewer days of precipitation, but the rainfall intensity tends to be higher on average on
the rainy days than in humid regions, which may result in shorter durations of fast flow
events — the “flash flood” behavior that is often seen in arid catchments. Thus, the slope
and spread of the duration curves should be steeper and shorter than in humid regions.
According to the nature of the parameter k of the mixed gamma distribution, steeper
slopes and shorter spreads of the duration curves are associated with smaller values
of k. Furthermore, although the mixed gamma distribution is fitted to the normalized
FDCs and the tendency of mean daily flows to be determined by climate (namely,
aridity index) is already removed, the spatial patterns relating to climate zones and the
discrepancies within the same climate zones are also significant. This may suggest that
other secondary climatic and physiographic features (i.e., other than aridity index) are
possibly responsible for the differences in the shapes of the FDCs. Likely candidates
are climate seasonality, within-storm variability of rainfall, groundwater contributions,
vegetation, slope and shape of the catchments. The following analysis aims to identify
which of these controls is perhaps dominant.
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5 Discussion: similarity of FDCs and underlying physical controls
5.1 Similarity among different duration curves

Results presented in Fig. 5 also show that the @ parameters relating to the PDC and
FFDC are closely related to each other, and so too are the a parameters associated
with the TFDC and SFDC. Also, the PDC and FFDC are, generally, linearly corre-
lated but with much larger deviations than the TFDC and SFDC. That is to say, the
fraction of zero flow days (a) of FFDCs can be transformed from that of PDC at the
daily time scale but it is potentially a non-linear relationship, as indicated by Yokoo and
Sivapalan (2011). The shape parameters « relating to the PDC and FFDC are closely
related to each other, and a similar relationship can also be found between the TFDC
and SFDC, as shown in Fig. 7. The parameter 6 is correlated with the mean values
of the time series and the parameter «. Analogously, we also found (not shown here
for brevity) strong correlations of the parameter 8 between the PDC and FFDC and
between the TFDC and SFDC.

Regarding similarity between PDC and FFDC, a much higher degree of similarity
can be found in the upper tail of the PDC and FFDC than in the lower tail. Basically,
the parameter a of the FFDC is strongly related to the absence of precipitation, i.e.,
a parameter of the precipitation duration curve. However, fast flow occurs only after
precipitation satisfies the initial losses, field capacity of soil, and/or exceeds the infil-
tration capacity of the surface soil layer. Moreover, the slope, shape, stream network,
and other catchment characteristics can exert additional influences after fast flow is
generated. Therefore, a strong correlation can be found between the parameters of
the PDC and FFDC, but with some expected dispersion. The response of the fast flow
to precipitation is controlled by several “threshold” catchment characteristics, includ-
ing vegetation cover, topographic slope, and soil properties. Small precipitation events
would therefore not yield fast flow. Hence, the similarity of the lower tail between the
PDC and FFDC is weak, and the « value of the FFDC is smaller than that of the PDC.
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Regarding the similarity between the TFDC and SFDC, the « parameter of the SFDC
is larger than that of the TFDC since higher flows are separated out during fast flow.
As a result, the SFDC is flatter and its « is larger. The difference in shape between
the TFDC and SFDC appears in the upper tail of the duration curves. Comparatively,
the similarity in shape between the TFDC and SFDC is more pronounced than the
similarity between the PDC and FFDC. Finally, both of these similarities decrease as «
increases, as shown in Fig. 7.

5.2 Correlating parameter x with catchment physical characteristics

To assist towards the reconstruction of the FDCs or to regionalize FDCs to ungauged
catchments, the shape parameters « of the TFDC, FFDC and SFDC are regressed
against several climatic and physiographic features. We find that both the between-
catchment and between-year variability of the « parameter of the TFDC and SFDC is
closely correlated to the baseflow index (Bl), while the k-values of the FFDC are closely
correlated to the product of the maximum daily precipitation (£,,x) and ap. Precipitation
is the prerequisite of the fast flow. Generally, for a specific catchment, the maximum
fast flow appears at the maximum daily precipitation, and the maximum probability
of exceedance of the FFDC is determined by the occurrences of the precipitation.
Therefore, the product of the P, @p is selected as the climate control on the shape
of the FFDC. Between catchments, there appears to be a strong correlation between
the k-values of the TFDC and BI, and between k-values of the FFDC and P, @p, and
between the k-values of the SFDC and Bl, as shown in Fig. 8. Between years also,
for the 8 chosen catchments, there appears to be similar relationship between the «-
values of the annual TFDCs and Bl, the k-values of the annual FFDC and P,,,, ap, and
between the k-values of the annual SFDC and BI, as seen in Fig. 9.

The baseflow index, which is a very common indicator of the nature of catchment
runoff response, reflects a combination of the effects of both landscape characteristics
and climate. As can be seen from Fig. 8a and c, between-catchment variability of the
shapes of both the TFDCs and SFDCs of the 197 catchments increases monotonically
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with Bl. This implies that the spatial variations of both TFDCs and SFDCs are governed
by those climate factors and catchment characteristics that impact the partitioning of
runoff into fast and slow runoff components. The catchments with larger Bl should have
larger proportions of slow flow, and the TFDC or SFDC will therefore be flatter. Thus,
the Bl can be used to estimate the «-value of the TFDC and SFDC. Meanwhile, the
between-year variability of the shape of the TFDC and SFDC is also governed by the
same climate and landscape characteristics, as suggested by Fig. 9a and c. Further
investigations showed that both the between-catchment and between-year variability
of «-values of the TFDC and SFDC show noticeable correlation with the seasonality
index, Sl, but not as strongly as with respect to BI.

In the case of the FFDC, the between-catchment and between-year variability of the
shape parameter « displays a strong correlation with P, ap. From Fig. 8b, we can
see that between-year variability of the shape parameter k of the FFDC decreases
with F,.x @p. One can then infer that the spatial variation of the shape of the FFDC is
significantly influenced by daily precipitation patterns, as is the between-year variabil-
ity, as shown in Fig. 9b. Basically, A, can represent the maximum intensity of daily
precipitation and it can possibly generate the maximum fast flow, which is at the high
end of the FFDC. Conversely, a, is the complementary possibility of the occurrence
of precipitation, related to the spreading out of the FFDC, because the presence of
intense precipitation is a pre-requisite for fast flow. Consequently, the product £, ap
result can be used to predict both the between-catchment and between-year variability
of the FFDC.

Figure 9 presents corresponding results, this time in relation to the between-year
variability of annual FDCs, using the data from 8 selected catchments across both a cli-
matic (Al and Sl) and a geologic (Bl) gradient. In this case the parameter estimates and
catchment characteristics for each of 54 catchments, and the results from all 8 catch-
ments are presented in the same plot, using different colors to distinguish between
the catchments. The results show evidence of considerable space-time symmetry, with
the nature of the relationship between the statistical parameters of the FDCs and the
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catchment physical characteristics exhibiting similar relationships, i.e., between 54 yr
(for 8 catchments) and between 197 catchments as shown in Fig. 8. This is somewhat
tempered by the fact that the relationships in Figs. 8 and 9 include considerable scat-
ter, especially in the case of Fig. 8b. Indeed, the relationships are stronger in the case
of the between-year variability than in the case of between-catchment variability. This
suggests that other factors may be controlling as well (Lane et al., 2005; Zheng et al.,
2007; Zhao et al., 2011). For the TFDC and SFDC, the baseflow index, BI, can be con-
sidered as the primary (but not sole) control on the shapes of normalized FDCs. For
the FFDC, the product £, @p does not fully capture the filtering of precipitation vari-
ability at event scale to fast flow duration curves, and other factors must be explored to
explain the lack of fits of the lower tail (i.e., low flow segments) of the PDC and SFDC,
as discussed in previous sections.

6 Conclusions

Guided by the conceptual framework proposed by Yokoo and Sivapalan (2011) this
study has explored the physical controls of the variability of FDCs both between catch-
ments (for 197 catchments within the continental United States) and between years
(using 8 selected catchments with 54 yr of continuous flow data). The mixed gamma
distribution is employed to capture the shape of the total flow duration curves, as well
as its two components, i.e., fast flow duration curves, and slow flow duration curves,
and to decipher the relationship between the parameters of the mixed gamma distribu-
tion and climate properties and catchment physiographical characteristics. We found
that the three-parameter mixed gamma distribution can capture the shapes of the dif-
ferent FDCs very well. The mean Nash-Sutcliffe efficiency and R? of fits of the FDCs
predicted by the fitted parameters to the empirical FDCs are all larger than 0.9. The
spatial variations of the three model parameters exhibit coherent regional patterns.
Further investigation of the relationships between the statistical model parameters and
climatic and landscape properties showed that the baseflow index (ratio of slow flow

7018

HESSD
9, 7001-7034, 2012

Exploring the
physical controls of
regional patterns of
flow duration curves

L. Cheng et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

to total flow over the study period) is the dominant control on the shape of the both
normalized total flow duration curves and slow flow duration curves, and P, ap (the
product of maximum daily precipitation and non-precipitation probability) was shown
to be closely related to the shape of fast flow duration curves. However, based on the
scatter in these relationships, it is apparent that there are other factors that may be in-
volved in governing the shapes of the FDCs, which requires further research, perhaps
through refinement of the conceptual framework of Yokoo and Sivapalan (2011).

The work presented in this paper is a significant first step towards understanding the
physical controls of the FDCs, as a prelude to the predictions in ungauged catchments.
The results of this study provided some confirmation for the conceptual framework
proposed by Yokoo and Sivapalan (2011), involving the separation of total runoff into
fast flow and slow components. It also confirmed their supposition that the FDCs of the
fast flow component strongly reflects the duration curves of precipitation, whereas the
FDCs of the slow flow component shows a considerable departure from precipitation
due to the strong filtering by the catchment’s subsurface flow pathways. This is also
confirmed by the strong climatic control of the fast flow duration curves (i.e., product
of maximum precipitation intensity and fraction of days of zero precipitation) and the
combined effects of climate and landscape control of the slow flow duration curve (i.e.,
baseflow index).

Nevertheless, there are several limitations to this study. Firstly, although the mixed
gamma distribution produced good fits to the empirical FDCs, based on objective mea-
sures, the visual fits were poor under low flow conditions. This suggests that more com-
plex distributions may be needed to capture the full range of variabilities embedded in
the empirical FDCs. Alternatively, nonparametric approaches, such as those based on
quantiles may be more valuable, even though this may pose difficulties towards deci-
phering the underlying physical controls, e.g., different quantiles may be controlled by
different combinations of climate and landscape properties. The relationships between
the statistical model parameters of the FDCs and their underlying physical controls ex-
hibited considerable scatter. This implies that the conceptual framework of Yokoo and

7019

HESSD
9, 7001-7034, 2012

Exploring the
physical controls of
regional patterns of
flow duration curves

L. Cheng et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/7001/2012/hessd-9-7001-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Sivapalan (2011) need to be refined further. For this to be achieved, we need to make
progress on two fronts. On the one hand, the kind of comparative analyses presented
here should be extended to cover more geographical regions, to increase sample size
as well as coverage of wider range of climate and landscape properties. On the other
hand, these empirical explorations need to be supported by more process-based mod-
eling studies to improve our understanding of the process controls of the FDCs. This
includes the processes and process interactions associated with both fast flows and
slow flows, including especially the processes that contribute to the lower tail of the
FDCs, which seem especially difficult to capture. Additional insights into the process
controls of the FDCs, especially the slow flow duration curves are presented in the ac-
companying papers by Ye et al. (2012) and Coopersmith et al. (2012). A synthesis of
these empirical and process studies towards developing deeper insights into the phys-
ical controls on the observed regional patterns of the FDCs is presented in Yaeger et
al. (2012).
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