
Journal of Hydrology 559 (2018) 327–346
Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier .com/ locate / jhydrol
Research papers
Regional variation of flow duration curves in the eastern United States:
Process-based analyses of the interaction between climate and
landscape properties
https://doi.org/10.1016/j.jhydrol.2018.01.037
0022-1694/� 2018 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail addresses: wafa.chouaib@alumni.ubc.ca, chouaiebwafa@gmail.com

(W. Chouaib), pcaldwell02@fs.fed.us (P.V. Caldwell), younes.alila@ubc.ca (Y. Alila).
Wafa Chouaib a,⇑, Peter V. Caldwell b, Younes Alila c

aDepartment of Forest Resources Management 2404, University of British Columbia, 2424 Main Mall, Vancouver, BC V6T 1Z4, Canada
bUSDA Forest Service, Southern Research Station, Center for Forest Watershed Research, Coweeta Hydrologic Lab, 3160 Coweeta Lab Road, Otto, NC 28734, USA
cDepartment of Forest Resources Management 2030, 2424 Main Mall, Vancouver, BC V6T 1Z4, Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 21 May 2017
Received in revised form 29 November 2017
Accepted 15 January 2018
Available online 3 February 2018
This manuscript was handled by A.
Bardossy, Editor-in-Chief, with the
assistance of Roger Moussa, Associate Editor

Keywords:
Flow duration curve
Regional variation
Catchment filter
Precipitation
Topographic index
Runoff processes
This paper advances the physical understanding of the flow duration curve (FDC) regional variation. It
provides a process-based analysis of the interaction between climate and landscape properties to explain
disparities in FDC shapes. We used (i) long term measured flow and precipitation data over 73 catch-
ments from the eastern US. (ii) We calibrated the Sacramento model (SAC-SMA) to simulate soil moisture
and flow components FDCs. The catchments classification based on storm characteristics pointed to the
effect of catchments landscape properties on the precipitation variability and consequently on the FDC
shapes. The landscape properties effect was pronounce such that low value of the slope of FDC
(SFDC)—hinting at limited flow variability—were present in regions of high precipitation variability.
Whereas, in regions with low precipitation variability the SFDCs were of larger values. The topographic
index distribution, at the catchment scale, indicated that saturation excess overland flow mitigated the
flow variability under conditions of low elevations with large soil moisture storage capacity and high
infiltration rates. The SFDCs increased due to the predominant subsurface stormflow in catchments at
high elevations with limited soil moisture storage capacity and low infiltration rates. Our analyses also
highlighted the major role of soil infiltration rates on the FDC despite the impact of the predominant run-
off generation mechanism and catchment elevation. In conditions of slow infiltration rates in soils of
large moisture storage capacity (at low elevations) and predominant saturation excess, the SFDCs were
of larger values. On the other hand, the SFDCs decreased in catchments of prevalent subsurface stormflow
and poorly drained soils of small soil moisture storage capacity. The analysis of the flow components
FDCs demonstrated that the interflow contribution to the response was the higher in catchments with
large value of slope of the FDC. The surface flow FDC was the most affected by the precipitation as it
tracked the precipitation duration curve (PDC). In catchments with low SFDCs, this became less applica-
ble as surface flow FDC diverged from PDC at the upper tail (> 40% of the flow percentile). The interflow
and baseflow FDCs illustrated most the filtering effect on the precipitation. The process understanding we
achieved in this study is key for flow simulation and assessment in addition to future works focusing on
process-based FDC predictions.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

One of the most fundamental problems facing the hydrological
community over the last several decades has been the lack of com-
prehensive understanding about the relative contributions of cli-
matic and watershed characteristics on streamflow and the shape
of flow duration curves (FDCs) (Yokoo and Sivapalan, 2011). A flow
duration curve (FDC) graphically illustrates the percentage of time
(duration) that streamflow exceeds a given value over a historical
period for a particular river basin (e.g., Vogel and Fennessey, 1994).
If the streamflow is assumed to be a random variable, the FDC may
also be viewed as the complement of the cumulative distribution
function of the flow (CDF) (e.g., Vogel and Fennessey, 1994;
LeBoutillier and Waylen, 1993). The FDC representation is relevant
in many hydrologic applications including reservoir and lake
sedimentation studies, stream flow assessments, hydropower
feasibility analysis, water quality management, waste load alloca-
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tion, and water resource allocation (Vogel and Fennessey, 1994;
Vogel and Fennessey, 1995). Over the past several decades, FDCs
have been analyzed using a graphical representation (Ward and
Robinson, 1990) or stochastic models in order to fit the appropriate
statistical distribution to empirical FDCs (Cigizoglu and Bayazit,
2000; Sugiyama et al., 2003; Castellarin, 2004a; Iacobellis, 2008).
These studies helped the hydrologic community in issues related
to the prediction of the FDC without explicitly advancing the phys-
ical understanding of the FDC controls. Most often, the prediction
studies at the ungauged catchments related the physiographic
characteristics to the statistical moments of the FDC probability
distributions (LeBoutillier and Waylen, 1993; Singh and Mishra,
2001; Claps and Fiorentino, 1997; Croker et al., 2003; Smakhtin
and Hughes, 1997; Fennessey and Vogel, 1990; Castellarin et al.,
2004b). This approach does not provide understanding of the
FDC controls. Few researches dealing with the prediction at
ungauged catchments provided implicit understanding of the
FDC controls. For instance, Musiake et al. (1975) emphasized the
prevalent effect of the geology structure on characterizing the
baseflow after they classified the study catchments (small to med-
ium sized) into physiographic classes and analyzed the baseflow
data transfer between catchments of the same class. Sefton and
Howarth (1998) derived the parameters’ values of a rainfall-
runoff model from relationships with the morphometric and phys-
iographic characteristics over 60 catchments in UK. These relation-
ships indicated, through sensitivity analyses of the parameters, the
collective effect of the landscape characteristics (soil, land use,
slope and elevation) on the FDC shapes. The effect of the geology
structure and the landscape characteristics remained indicative
and required a detailed physical and quantitative analyses. One
of the rare studies that addressed thoroughly the effect of the veg-
etation types on the shape of the FDCs is Burt and Swank (1992).
The study demonstrated that fertilized grass and the forest cover
controlled similarly the discharge levels for all the frequency
classes. The existing literature can be used as base for our study
towards a more comprehensive understanding of the FDC controls.

Another category of studies analyzed the FDCs from the per-
spective of runoff processes using stochastic modeling (Botter
et al., 2007a; Muneepeerakul et al., 2010a,b); Botter et al., 2009).
The investigations contributed to advance the understanding of
the FDC controls. Botter et al. (2007a) derived the slow-flow com-
ponent FDC (baseflow) through analysis of the soil moisture
dynamics and the statistical properties of the precipitation. Subse-
quently, Botter et al. (2009) included non-linearity in the subsur-
face storage discharge relationship, and Muneepeerakul et al.
(2010a,b) extended the same model to include a fast-flow compo-
nent (surface flow). The ability of the model to reproduce observed
FDCs has been tested in small to medium sized catchments in both
the US and Europe (Botter et al., 2007b; Ceola et al., 2010; Botter,
2010). However, this stochastic dynamic model builds on assump-
tions about precipitation (i.e., non-random events in Poisson rain-
fall arrival) and could only be applied seasonally with constant
parameter values for each season (Botter et al., 2007a,b). Therefore,
overcoming the limitations of the stochastic dynamic framework
reviewed above would further help in revealing the climatic and
landscape controls of the FDCs.

In the continental US, a recent series of empirical studies ana-
lyzed the pattern of change of the FDCs in catchments from all the
US (Cheng et al., 2012; Coopersmith et al., 2012; Ye et al., 2012).
The study catchments had diverse climate and landscape properties.
At a first stage, Cheng et al. (2012) analyzed the FDC shape from the
correlation of their statisticalmoments,when fitted to a gammadis-
tribution, with first-order catchment characteristics (i.e., baseflow
index, maximum daily precipitation, and a fraction of non-rainy
days). Subsequently, in a study by Coopersmith et al. (2012), the
study catchments were classified into climate clusters based on cli-
mate signatures (i.e., precipitation seasonality index, seasonality
indexof theprecipitation, anddayofpeakprecipitation). Theclimate
clusters helped Yaeger et al. (2012) to investigate the spatial pattern
of FDCs using the process controls of the seasonal flow response in
the US; namely the aridity, the snowmelt and the phenology. These
processes were determined by the combined modeling and empiri-
calwater balance study of Ye et al. (2012). However, the large extent
of the study area (i.e., the entire continental US) did not reveal suffi-
cient detail about the climatic and landscape controls of FDCs. The
characteristics of climate seasonality, aridity, and phenology that
influenced the average seasonal flow response in Ye et al. (2012)
were not sufficient to explain the diversity of FDC shapes across
the continental US (Yaeger et al., 2012).

A study by Yokoo and Sivapalan (2011) examined the shapes of
FDCs under several theoretical combinations of landscape proper-
ties with climate. This study developed a conceptual framework to
predict FDCs using a runoff process-based approach. The frame-
work considered the FDC as constructed from precipitation vari-
ability that cascades through the catchment system and gets
exposed to landscapes in order to generate runoff under its respec-
tive process controls (Cheng et al., 2012). This conceptual frame-
work provided some understanding, but it required further
analyses and testing using observed data (Yokoo and Sivapalan,
2011). Nonetheless, it can also serve as guidance for investigations
focusing on the study of FDC controls.

Even with previous research regarding the factors that control
the shapes of the FDCs, we remain far from understanding the
physical mechanisms behind the regional variation of FDC. The
need for a process-based understanding motivated the research
goals of this study. Therefore, here we propose to analyze the
regional variation of FDCs in the eastern US to advance our current
physical understanding about FDC controls. The eastern US has
considerable variability in landscape (i.e., mountains and plains)
and climate. In particular, the mountainous Appalachian region
has historically been prone to flooding caused by late winter and
early spring rains as well as snowmelt, summer cloudbursts, and
remnants of tropical systems (Perry and Combs, 1998; Perry
et al., 2001; Hicks et al., 2005). The following questions guided
our research: 1) If the regional variation of FDCs is controlled by
the interaction of climate and landscape properties, then to what
extent is the diversity in the shapes of FDCs explained by each of
the controls? and 2) In response to their effect, what is the aspect
of the runoff processes that govern the regional variation of FDCs?

We developed a number of methods to answer our research
questions. In this paper, we used rainfall-runoff data from 73
catchments across the eastern US, and through a combination of
data analysis and conceptual rainfall-runoff modeling, we analyzed
the diversity in precipitation and in storms of the study catch-
ments. Then, we developed a framework to characterize differ-
ences and similarities in landscape properties to measure their
interaction with precipitation to affect the FDC. We elucidated
the effect of FDC controls on the flow components and runoff pro-
cesses, and we investigated the distributions of topographic
indexes at the catchment level.

Our overall goal was to provide a detailed analysis of the climate
and landscape properties in the region of interest and to advance the
process understanding of the physical relationships between the
shapes of FDCs and the effect of climate and landscape properties.
2. Dataset and study area

2.1. Dataset

The catchments used in this study are part of the database
developed for the Model Parameter Estimation Experiment
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Fig. 1. (a) Catchment size distribution, (b) mean monthly precipitation (mm).
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(MOPEX) (Duan et al., 2006; Schaake et al., 2006). The database
contains historical hydro-meteorological data and land surface
characteristics for many hydrological basins in the US and in other
countries (Duan et al., 2006). MOPEX research has been driven by a
series of international workshops that brought together interested
hydrologists and modellers to exchange knowledge and experience
in developing and applying model parameter estimation tech-
niques. With its focus on parameter estimation, MOPEX plays a
major role in the context of international initiatives such as Predic-
tion in Ungauged Basins (PUB) (Hrachowitz et al., 2013). We
extracted all the data of catchments located within the study area
from the MOPEX database. We chose the MOPEX because it has rel-
atively long record length (50 years on average) and it has been
used repeatedly in several researches in the U.S (Koren et al.,
2003; Cheng et al., 2012; Coopersmith et al., 2012; Ye et al.,
2012; Berghuijs et al., 2014, 2016).

The database is freely available and was retrieved from the fol-
lowing website: www.nws.noaa.gov/oh/mopex/mo_datasets.htm.

Air temperature, potential evapotranspiration (PET), and
streamflow are all available with a daily time step. Precipitation
data is representative of the catchment average and is available
at both daily and hourly time steps. In this study we use the hourly
and daily precipitation, as well as the daily flow and daily PET. The
record length ranges from 1948 to 2000. The MOPEX catchments
are considered to be associated with a natural flow regime with
limited human influence (Schaake et al., 2006).

2.2. Study area characteristics

We studied the spatial pattern of FDCs using 73 MOPEX catch-
ments from the eastern US. The mean annual precipitation (MAP)
in the study catchments varies between 702 mm and 2072 mm
(see Appendix, Table 1). The catchments have a humid climate.
The aridity index (the ratio of the MAP by the potential evapotran-
spiration) is rather low according to Coopersmith et al. (2012) (see
Appendix, Table 1 where the catchments are sorted according to
their site code). The catchment size ranged from 67 km2 to 8052
km2, as shown in Fig. 1a and Table 1 (Appendix). Around 20% of
the catchments have sizes above 4000 km2. The catchments are
mainly forested with some proportions of agricultural lands and
limited influence of urban areas (see Appendix, Table 1). The catch-
ments’ runoff ratio —that is the annual runoff by the annual precip-
itation ratio— has a minimum of 0.33, a maximum of 0.64, and a
median of 0.44 (see Appendix, Table 1). Perennial snow cover is
absent for most catchments and does not exceed 3% of the surface
area for individual catchments (Berghuijs et al., 2014). The precip-
itation in the eastern US is of low seasonality (Fig. 1(b))
(Coopersmith et al., 2012; Sawicz et al., 2011). The mean monthly
precipitation has limited fluctuation through seasons, whereas
storm characteristics—in particular storm intensity—have system-
atic seasonal variation (Hershfield, 1961). Orographic thunder-
storms are common in the Appalachian Mountains and produce
large rainfall accumulations that may exceed 600 mm for 6 h
storms (Erskine, 1951; Eisenlohr, 1952; Miller, 1990; Smith et al.,
1996). At the headwater scale, orographic thunderstorms lead to
large floods that may exceed the 500-year return period such as
the event of November 1985 in Central Appalachian (see Miller,
1990).

The Appalachian Mountains create a contrast in elevations as
shown by the Digital Elevation Model (DEM) in Fig. 2. Catchments
with low relief are mainly located in the eastern coast and in the
state of Georgia, while the interior catchments have higher relief.
The maximum elevation across the region is 2029 m above sea
level (m.a.s.l), and the minimum is -93 m.a.s.l. (Fig. 2). This area
of low elevation refers to a wetland in Florida that lies below sea
level. In this study, we do not describe the detailed geomorphology
and geology descriptors (i.e., impermeable areas, spring horizon,
intermittent streams) covering such a large region because of lim-
ited availability.

The variation in soil texture and structure across the study
region affects the soil hydrologic properties and so the flow
response (Wood et al., 1984). Fig. 2 illustrates the spatial pattern
of the main hydrologic groups HGB (soil with medium infiltration
rate) and HGC (soil with slow infiltration rate) (Wood et al., 1984);
note that there is a gradual decrease of HGB soils from the south-
ern to northern regions. In mid-latitudes, the soil is a combination
of HGB and HGC, while in northeast it becomes predominantly
HGC.
3. Methods

Our analysis of the regional variation of FDCs covered two main
dimensions: (i) the study of FDC shapes in the context of landscape
properties acting as a filter for precipitation at the catchment scale;
and (ii) detailed analyses of the spatial pattern of the FDCs using
flow components and runoff-generation mechanisms.

Prior to the FDC analyses, we grouped the study catchments
into clusters of homogeneous storm characteristics in order to con-
trol for climate and isolate the effect of landscape properties on the
regional variation of FDCs. We diagnosed the seasonality of storm
characteristics in each catchment. This has been achieved by storm
separation of hourly precipitation (see Section 3.1 below). We ana-
lyzed the slope of the FDCs (SFDCs) and their regional variation
(i.e., the slope of the FDC is surrogate of the flow variability
(Sawicz et al., 2011), see Section 3.4 of this manuscript for more
details on how the slope of the FDC is calculated and defined).
We defined categories of flow variability across study catchments
based on the average value of SFDCs. Then, we investigated the dif-
ferences in FDCs from the interaction of catchment filter with pre-
cipitation variability. We assessed the effect of catchment filter
from the spatial pattern of FDCs and the precipitation duration
curves (PDCs) using as guidance the conceptual framework of
Yokoo and Sivapalan (2011). The slopes of the precipitation
duration curve (PDC) are considered a surrogate of precipitation



Fig. 2. DEM and spatial pattern of soil hydrologic groups (a) HGB and (c) HGC.
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variability. The catchment filter effect on the precipitation collec-
tively represent the impact of the landscape properties (i.e., soil
hydrologic properties, surface topography, and vegetation type)
and the geology structure. The limited availability of detailed
descriptors of the vegetation (i.e., age, density, species) and the
geology suggests we focus, in combination to the storm character-
istics, on the impact of the landscape properties and the soil mois-
ture storage capacity (SMSC). We calibrated the SAC-SMA model to
predict the daily soil moisture and estimate the SMSC at the catch-
ment scale. The SAC-SMA model has been applied worldwide and
particularly in the different hydro-climate regimes of the United
States (Koren et al., 2003). It allows for more detailed flow simula-
tions by separating flow into runoff components, namely, the
direct runoff, surface runoff, interflow, and baseflow (van
Werkhoven et al., 2008; Burnash, 1995).

We utilised the flow components provided by SAC-SMA simula-
tions to meet the second dimension of our research goal. We also
determined the predominant runoff generation mechanisms after
we investigated the topographic index (TI) distribution at the
catchment scale. These process-based investigations explained
the physical reasons for the regional variation of the FDCs. At this
level, we reassessed the effect of the catchment filter on precipita-
tion (PDC) to determine the flow component FDC that is directly
affected by the precipitation variability. Fig. 3 summarizes the sev-
eral steps of our study.

3.1. Storm separation

We obtained hourly rainfall data from the MOPEX database that
is available for each study catchment. We separated the hourly
rainfall into storm and inter-storm periods using an automated
objective algorithm. The separation criterion is a specified mini-
mum dry period between consecutive events equal to 6 h
(Erskine, 1951; Eisenlohr, 1952; Miller, 1990; Smith et al., 1996),
which is similar to what other researchers have adopted:
Hershfield (1961) and Huff (1967) used 6 h; Koutsoyiannis and
Foufoula-Georgiou (1993) used 7 h. Robinson and Sivapalan
(1997) used 7 h in a study area belonging to the Appalachian
region. The pulse events of intensity equal or lower than 0.01
mm/hour are considered as part of a no-event period. The storm
separation generated a time series of storm intensity, storm dura-
tion, and storm depth. Subsequently, we looked at the mean
monthly change of the storm depth, storm intensity, and the storm
duration. We had to analyze the behaviour of the change more clo-
sely in order to classify the catchments into clusters of homoge-
neous storm characteristics. From this perspective, using climate
indices and a synoptic based approach (i.e., Verdon-Kidd and
Kiem, 2009) would not help us to get detailed knowledge of the
storm characteristics. Our approach serves the goal of our study
(i.e., understanding the controls of the FDC shapes at regional
scale).
3.2. Simulation of soil moisture: Calibration of SAC-SMA

Under the MOPEX project, default SAC-SMA parameters (a priori
parameters) have been estimated for each catchment in the dataset
to facilitate model calibration (Koren et al., 2003). After calibration,
we used the SAC-SMAmodel output to estimate daily soil moisture
and the flow-component FDC.
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Fig. 3. A conceptual diagram illustrating the workflow of the investigation. In the
step 1, we identify the climate clusters. In the step 2, we analyze the precipitation
duration curve (PDC) of each catchment in the cluster. In the step 3, we analyze the
catchments’ properties (topography, soil hydrologic properties, soil moisture
storage capacity (SMSC)) except from other factors that deals with the bedrock
structure and geomorphology. In the step 4, we investigate the SFDCs (slope of the
FDCs) to study the regional variation of the FDCs that results from the interaction
between the landscape properties and the precipitation variability (measured by
the slope of the PDC). It is the catchment filter stage that assesses how strong the
catchment system is in filtering the precipitation. We complement the investigation
with analyses of the runoff processes using the topographic index (TI) and the flow
component FDCs.
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The basic design of the model centers on a two-layer soil struc-
ture: a relatively thin upper layer, and usually a much thicker
lower layer that supplies moisture to meet the evapotranspiration
demands (Koren et al., 2003). Each layer consists of tension and
free water storages. The a priori SAC-SMA model parameters avail-
able in MOPEX were estimated using soil information from a
STATSGO soil texture map (Koren et al., 2003). Eleven parameters
from a total of thirteen were estimated using soil physical relation-
ships [soil water content (hs), field capacity (hfld), and wilting point
(hwlt) in 11 soil layers] (Koren et al., 2003). The other two parame-
ters do not have a physical meaning—ADIMP and PCTIM deal with
the fraction of impervious areas in a catchment. The default ranges
by SAC-SMAwere initially used for these two parameters. Thus, the
model simulations of flows and soil moisture account for the role
of the impervious areas. We calibrated the SAC-SMA model param-
eters using the Shuffle Complex algorithm (SCE-UA) with 10,000
iterations (Sorooshian et al., 1993). This algorithm is extensively
used for SAC-SMA calibration to achieve different research goals,
such as studying model parameter transferability [e.g. Gan and
Burges,(2006)] and building a large database for the continental
US (e.g., Newman et al., 2015). Similar to Gan and Burges (2006)
and Koren et al. (2003), we constrained the calibration to the a pri-
ori value of each parameter to keep physical consistency and
reduce equifinality. We set ± 35% as the range of deviations
allowed from the default parameters. This range is larger than
the range used in Koren et al. (2003) (i.e., ±25%). We set this inter-
val to allow for more variability around the default parameters and
in the parameters space that is used by the SCE-UA algorithm to
find the global optimum. The model was calibrated for the period
1948–1963. The objective function minimized RMSE (Root Mean
Square Error) between daily observed and simulated flows. The
model calibration performance was evaluated by Nash-Sutcliffe
coefficient (NS) (Nash and Sutcliffe, 1970). The catchments with
the highest NS were tested for validation and considered in the
analyses. Using a sample of 100 catchments for calibration, those
with NS lower than 0.50 were disregarded from the study. The
eliminated catchments should have a minimal effect on our out-
comes (i.e. environmental controls of the FDCs). The same NS based
criterion was used by Berghuijs et al. (2014) for analysis of regional
water balance in the continental US. In this study, the catchment
sample decreased from 100 to 73 and the efficiency of daily simu-
lated flows ranged from 0.50 and 0.92. The average NS value was
0.72. At lower efficiency, mainly peaks of winter (December) and
early spring (February) were underestimated. Overall, the model
performance was satisfactory. In this study, SAC-SMA simulation
helped in predicting the time series of daily flow components
and daily soil moisture.

3.3. Soil moisture storage capacity (SMSC)

The soil moisture storage capacity (SMSC) is a surrogate of root
zone depth, as described in Gao et al. (2014). It is a reservoir that
acts as a dynamic buffer that moderates flows and retains tension
water for plant use (Fenicia et al., 2008; Zhao and Liu, 1995). There-
fore, SMSC was calculated using daily soil moisture (SM) estimates
from the SAC-SMA model. Every year, each catchment has a max-
imum and minimum value of SM. The difference between the two
figures is equivalent to the reservoir of catchment water storage
capacity (Gao et al., 2014). The median storage capacity for each
catchment was determined and taken as representative.

3.4. Slope of the empirical FDC

The slope of the FDC (SFDC) is a surrogate of the flowvariability in
time (Sawicz et al., 2011). It is calculated between the 33rd and 66th
flow quantile, since at semi-log scale this represents a relatively lin-
ear part of the FDC (Yadav et al., 2007; Zhang et al., 2008). The entire
daily record of the 50-year (on average) lengthwasused to construct
the empirical FDCs and to calculate their slopes. A high slope value
indicates a variable flow regime, while a small value means a more
damped flow response (Sawicz et al., 2011).

The SFDC is defined as

SFDC ¼ lnðQ33%Þ � lnðQ66%Þ
ð0:66� 0:33Þ ð1Þ

where SFDC is the slope of the flow duration curve, Q33% is the
streamflow value at the 33rd percentile, and Q66% is its value at
the 66th percentile.

We normalized the empirical FDCs by the mean annual daily
flows as in Yokoo and Sivapalan (2011) and Yaeger et al. (2012)
before we calculated the slopes of the curves.

3.5. Precipitation duration curve and catchment filter

The PDC is constructed in the same way as the FDC, but instead
of daily flows we used daily precipitation (Smakhtin and Masse,
2000). The entire daily record of 50 years (on average) was used
to construct the empirical PDCs and calculate their slopes (SPDC).
We normalized the PDCs by their respective mean daily precipita-
tion before we calculated the slopes. Unlike FDC, the slope of the
PDC usually dips at a smaller percentile than the total 100%
because precipitation may be null for many days in a year
(Smakhtin and Masse, 2000). Then, the most linear part of the SPDC
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calculation will not be equal to that used for SFDC; instead, it will
depend on the precipitation records. The linear portion of PDC
across the study catchments ranged between 10% and 30%. Accord-
ing to the conceptual framework of Yokoo and Sivapalan (2011),
the precipitation is filtered by the catchment system to generate
daily flows of a given variability. Here we assumed that the catch-
ment filter can be assessed using the ratio of SFDC to SPDC. Higher
values of this ratio correspond to SFDC values that are closer to
SPDC; this also corresponds to weaker catchment filters, leading
to high flow variability.

3.6. Topographic index distribution for each catchment

Analyses of the topographic index (TI) are helpful to explore the
predominant runoff generation. TI represents the propensity of a
point within a catchment to generate saturation excess overland
flow (Beven and Kirkby, 1979) due to a topographic control on sur-
face and subsurface flows (Rice and Hornberger, 1998). TI was first
defined by Beven and Kirkby (1979) as follows:

TI ¼ lnð a
tanb

Þ ð1Þ
where: TI is the topographic index of a point/pixel within a water-
shed; a is the specific upslope area per unit contour length; b is the
local topographic slope angle acting at the point.

In this study, TI was calculated at the pixel level using a DEM of
30-m resolution and algorithms necessary for the determination of
specific upslope area ‘‘a” and the local slope angle b (Rousseau
et al., 2005; Hentati et al., 2010). The TI calculation uses the prop-
erties of the stream network, namely, the flow directions and the
flow accumulation which both help to identify the riparian zone
(see Hentati et al., 2010). Finer details about the stream network
dynamics and the stream connectivity are difficult to get for each
watershed. Therefore, the effects of intermittent streams and
whether they affect the predominant runoff generation mechanism
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Fig. 4. (a) Catchments classification into three clusters according to storm seasonality (
storm characteristics in C2 cluster (d) seasonal variation of storm characteristics in C1 c
and the flow response are not considered in our calculations of the
topographic index and goes beyond the scope of our study.

The frequency of TI distribution was then determined for each
catchment after classification of TI pixel values. The differences
in the TI frequency distribution at the catchment scale illustrates
the wide differences in topographic properties between study
catchments and, consequently, the effect of topography on the flow
response. According to Beven and Kirkby (1979) and Beven and
Wood (1983), large values of TI in tails of the distribution indicate
the likelihood of runoff being generated by saturation excess over-
land flow, whereas smaller values in the tails hint to predominant
subsurface processes in the runoff generation. The flow response
depends also on the soil infiltration properties and permeability
(Price, 2011; Ameli et al., 2015). Therefore, our analyses of the run-
off generation mechanism using TI serve to reveal the predominant
mechanism that takes place as a response to topography while we
acknowledge the effect of other factors (i.e., permeability) on the
flow response. We use the spatial pattern of the soil hydrologic
properties as indicative of the soil infiltration rates and permeabil-
ity (Wood et al., 1984). The combination between the soil hydro-
logic properties and the TI analyses helped in understanding the
effect of the runoff generation mechanisms on the regional flow
response and the shapes of FDC.
4. Results

4.1. Effects of landscape properties on filtering the precipitation and
inducing regional variation of the FDCs

4.1.1. Climate clusters
The Fig. 4a illustrates the catchments classified into three clus-

ters according to monthly changes of average daily storm intensity,
storm duration, and storm depth. The storm intensity had the most
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b) seasonal variation of storm characteristics in C3 cluster (c) seasonal variation of
luster. The squares on the map denote the catchments with PDCs dipping at 50%.
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systematic regional variation across the eastern US compared to
the rest of stormmetrics. Therefore, it was the criterion that helped
to classify the study catchments into three clusters, or geographi-
cally defined regions, of homogeneous storm characteristics. The
C3 cluster (Fig. 4(b)) had a peak storm intensity in summer (July).
In C2, the storm intensity had no seasonality (Fig. 4(c)). However,
in C1 (Fig. 4(d)), we observed two peaks: a first one in summer
and a second in late winter. Meanwhile, the storm depth seasonal-
ity was similar in C2 and C1 clusters, declining dramatically during
the summer and increasing during the fall and winter. In the C3
cluster (northeast), the storm depth was marginally higher in the
summer compared to the fall and winter seasons. The duration
did not exhibit a seasonal pattern, and its variation is correlated
to storm intensity fluctuations. Smaller storm intensities corre-
sponded to larger durations and vice versa. The storms in C3 and
C2 clusters had the longest duration (24 h), while in C1 the dura-
tion did not go beyond 18 h.
4.1.2. Precipitation variability from slopes of precipitation duration
curves

On average, the PDC curves dip at 70% of time exceedance in the
C1 and C2 clusters and at 80% for the C3 cluster in the northeastern
US (Fig. 5(b), (d), and (c), respectively). These high precipitation
percentiles are illustrative of the humid climate in the eastern
US. Three catchments in the C3 cluster dip at 50%. They are high-
lighted by a rectangle in Fig. 4(a). These catchments have a larger
number of days with zero precipitation than the rest of the catch-
ments in the same cluster. The MAP for each of these three catch-
ments is in the same range of the average value in the C3 cluster
(1100 mm).

The cumulative distribution function (CDFs) of SPDCs in each
catchment for each cluster are shown in Fig. 5(a). The clusters of
C1 and C2 have the steepest PDCs (high variability of precipita-
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Fig. 5. (a) CDFs of the slopes of PDCs across clusters (b) normalized PDCs in C2 cluster by
daily precipitation (d) normalized PDCs in C1 cluster by mean annual daily precipitation
tion). In C3, the precipitation is less variable because of flatter PDCs
(Fig. 5(a)).

4.1.3. Soil moisture storage capacity
The SMSC (Soil Moisture Storage Capacity) was classified into

two groups based on the average of 73 catchments in Fig. 6(a).
The figure shows that lowland areas (i.e., in North Carolina, Georgia,
and some catchments in Virginia and Pennsylvania) have above
average SMSCs compared to highland areas (i.e., high elevations
of Appalachian Mountains) where SMSCs are below average. The
C1 (Georgia) and C2 clusters are regions where most of the catch-
ments have high SMSC compared to catchments in C3 (Fig. 6(b)).
Overall, SMSC increases along North-South and West-East direc-
tions. The Forest cover was the lowest in proportions in C2 and
C3 (Fig. 6(c)). The SMSCs were the smallest in the C3 because of
catchments with highest mean elevations (Fig. 6(d)), and poor
drained soils (highest rates of HGC soils, Fig. 6(e).The SMSCwas sig-
nificantly negatively correlated (p-values < 0.05) to forest cover,
catchment mean elevation, and HGC soils (Fig. 6(f–h)).
Consequently, SMSC is affected by the interaction between forest
cover, topography, and soil hydrologic properties. In C2, the SMSC
increased as the infiltration rates increased (lower HGC, Fig. 6(e))
and the mean elevation decreased (Fig. 6(a)). In C1, the SMSC was
the largest with low mean elevations (Fig. 6(d)), and well-drained
soils (lower HGC, Fig. 6(e)). The catchments at high elevation hap-
pened to be the most forested (Fig. 6(c)). The SMSC decreased at
the most forested catchments (Fig. 6(f)).

4.1.4. The regional variation of the FDC: Categories of flow variability
The FDC slopes were grouped into two categories: SFDCs below

and above average. Fig. 7 (a) shows the non-spatial correlation of
SFDCs with climate clusters, which demonstrates the dominant
effect of catchments’ landscape properties in the regional variation
of FDCs. The SFDC decreases from northern to southern regions.
usters
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The SFDC is correlated with catchment latitude via a statistically
significant relationship (R2 = 0.076, r = 0.27, p-value < 0.05). We
do not show the figure of the regression for conciseness. The SFDC
also decreases in a west-east direction (Fig. 7 (a)) which explains
the low R2 of the SFDC-latitude relationship. Fig. 7 (b), (c), and
(d) illustrate the FDC of each catchment classified into clusters of
homogeneous storm characteristics. The steepest FDCs (highest
SFDC values) are mostly located in the C3 cluster and in some
catchments from C1 and C2 (Fig. 7(e)). Most catchments in C1
and C2 had small SFDCs. In Fig. 7(f) and 7(g), the change in the flow
variability (SFDC) is related to the change in soil moisture storage
capacity (SMSC) and soil hydrologic properties (HGC) (p-value <
0.05). We notice that there is high variability of the SFDC in the
200–300 mm range of the SMSC. The SMSC explains only 4.5%
(R2 = 0.045) of the total variability of the SFDC. Thus, in the 200–
300 mm range of the SMSC, the FDC may have low or large value
of the slopes. This hints at other factors that caused this variability.
Also, there is high variability around HGC 0–20% and a small
decrease of the SFDC for HGC beyond the 70%. We admit that, in
addition to the soil infiltration rates (indicated by proportions of
the HGC) and properties of the SMSC, the structure of the subsur-
face geology and the deep groundwater would have contributed to
this variability.

The spatial pattern of SFDC shows that in the northeastern US
(C3), most catchments have high flow variability (large SFDCs)
and small SMSCs at high elevations where HGC soils are predomi-
nant (Fig. 2(b)). The few catchments in C1 (South East) and C2
(Center) with large SFDCS had small SMSCs and soils with medium
to slow infiltration rates (half HGC and half HGB). They are mainly
located in Kentucky and the interior parts of Virginia (Fig. 7(a)).

Two main particularities in the spatial pattern of the FDCs are
worth mentioning. First, there were few catchments in C2 where
small SMSC was associated with limited flow variability (small
SFDC). These catchments (highlighted by a rectangle in Fig. 7(a))
have predominant HGB soils (Fig. 2). Second, few catchments in
North Carolina and South Georgia (highlighted by oval shape in
Fig. 7(a)) had large flow variability (high SFDC) in soils with large
SMSC and slow infiltration rates (HGC and HGD) (Fig. 3).

4.1.5. Effect of catchment filter on precipitation and flow duration
curves

After we analyzed the spatial pattern of the SFDC that changes
proportionally to patterns of the landscape properties (mean eleva-
tion, HGC, forest cover) and the SMSC, we explore the pattern of
the catchment filter. The catchment filter helps to implicitly mea-
sure the effect of the catchment system in filtering the precipita-
tion and in generating flow characterized by some level of
variability (a value of the SFDC). According to the way it is calcu-
lated (ratio of the SFDC by the SPDC), it points collectively to the
effect of all the factors that contribute to filter the precipitation
(i.e., landscape properties, deep groundwater and the geology
structure).

In Fig. 8(a), the filter effect increased from the northern to
southern regions. The weakest filters were found in the C3 cluster
where the SFDC to SPDC ratio was above average (Fig. 8(a) and (b)).
The filters in most catchments from C1 and C2 had below average
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ratios (Fig. 8(b)). The CDFs representing the catchment filters in C1
and C2 illustrate the extent to which they have similar landscape
characteristics (Fig. 8(b)). The spatial pattern of the catchment fil-
ters in Fig. 8(a) reflects that of FDC in Fig. 7(a). Hence, the FDC
shapes are a mirror of the catchment filter effect on the PDC. The
characteristics of the catchment filters are related to the soil
hydrologic properties and soil moisture storage capacity (Fig. 8(c)
and (d)). The effect of the catchment filters on precipitation
became more pronounced as HGC rates decreased and SMSC
increased (p-value < 0.05).

4.2. Process understanding of the FDC regional variation

4.2.1. Aspect of flow component FDCs
Fig. 9 displays the FDCs of each flow component with regard to

SFDC categories (High SFDC versus low SFDC in Fig. 7(a)). The
slopes of the baseflow FDCs are of larger values in Fig. 9 (a) for sites
with high SFDCs than those in Fig. 9(b) for sites with low SFDCs.
We calculated the slope of the median baseflow FDC in each cate-
gory. It was larger in the category of large SFDCs (slope 3.55) than
that of small SFDCs (slope 2.42) (Fig. 9(a), and (b)). This suggests
that the total flow variability is partly caused by the baseflow vari-
ability. Interflow has a more pronounced contribution to total flow
in catchments with large SFDCs compared to those with flat small
SFDCs. In fact, it dips between 20% and 70% of the flow percentile
for high SFDC category, whereas this happens between 30% and
55% for low SFDC category (Fig. 9(b) and (e), respectively). The nor-
malized median curves confirm these differences (Fig. 10(a) it dips
at 47% and at 35% in 10(b)). The surface flow FDCs in the upper tail
and until 40% of the distribution are flatter for catchments with
small flow variability (small SFDCs in Fig. 9(b)) compared to those
with high flow variability (large SFDC catchments category in Fig. 9
(a)). This flow lasts longer and has less irregularities at the lower
tail for catchments exhibiting large SFDCs (it dips between 85%
and 95% when SFDC is large and between 60% and 80% in when
SFDC is small). The normalized surface flow FDCs in both cate-
gories were consistent with the differences in the upper tail where
surface flow FDC is more regular in the large SFDC category,
whereas it showed an inflexion at 40% in the small SFDC category
(Fig. 10(a) and (b), respectively).

Consequently, high flow variability stems from a highly variable
baseflow, a predominant interflow, and a highly variable surface
flow. However, in catchments where the response is dampened
(small SFDCs), the baseflow and surface flow are less variable,
and interflow contributes less to the total flow variability.

4.2.2. Predominant runoff generation mechanism across the eastern
US

From Fig. 11, the TI distributions separated into three distinct
groups according to differences in the runoff generation mecha-
nisms across the study catchments (Fig. 11(a)). Three main cate-
gories were distinguished: the left skewd, the middle, and the
right skewed. In Fig. 11(b), the catchments in the right-skewed TI
distribution have large TI values in their tails, which suggests pre-
dominant saturation excess overland flow (curve with dashed
lines). They spread over the coastal plain and piedmont regions
(Fig. 11(a)). However, catchments from the left-skewed TI distribu-
tion have smaller values in their tails, which illustrates the preva-
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lent effect of subsurface stromflow over the saturation excess over-
land flow (Fig. 11(b)). These are mountainous catchments from the
Appalachians (Fig. 11(a)). With regard to the middle TI distribu-
tion, it is hard to distinguish a prevalent mechanism. Both mecha-
nisms could be important in their effect on the flow response. The
differences of flow component indices and their FDCs across TI cat-
egories explained the pattern of the runoff mechanisms. The base-
flow indices were consistent (Fig. 12(a) and (d)). However,
according to the CDFs of the surface flow index, this latter is higher
in catchments with dominant satuartion excess overland flow
(right skewed and to some exent the middle TI clusters) (Fig. 12
(d)). The subsurface flow and interflow indices are larger in catch-
ments with predominant subsurface runoff processes (left-skewed
TI cluster) (CDFs in Fig. 12(c) and (f), respectively). Fig. 12 com-
pares the FDC flow components using typical catchments in each
TI category. The interflow was dominant as a result of prevalent
subsurface runoff processes—that is, it dips at 50% and 35% of the
distribution in left skewed and middle TI category in Fig. 13(a)
and (c), respectively. The interflow effect on the response becomes
of lesser importance whenever the saturation excess is dominant
(i.e., interflow dips at 30% of the distribution in Fig. 13(b)).
4.2.3. FDC regional variation in relation to the pattern of runoff
generation mechanisms

From Fig. 11, the catchments with predominant subsurface pro-
cesses have large SFDCs (Fig. 7(a) and limited soil moisture storage
capacity (SMSC) (Fig. 6(a)). In catchments with large SMSC (Fig. 6
(a)), the prevalent saturation excess overland flow decreases the
SFDCs (Fig. 7(a)). It is worth mentioning that in some catchments
(highlighted by an oval shape in Fig. 11(a)) with predominant sat-
uration excess and large SMSC (Fig. 6(a)), the SFDCs are of large
values (Fig. 7(a)). Also, few catchments with predominant subsur-
face processes and limited SMSC (highlighted by square shape in
Fig. 11(a)) exhibited low flow variability (small SFDCs) (Fig. 7(a)).
This seems to conflict with the general pattern of the relationship
between FDC shapes and predominant runoff generation mecha-
nism. Other factors interacted with the topography (i.e., soil struc-
ture). The soils in catchments highlighted by an oval shape is a
combination of HGC and HGB proportions (Fig. 2). Moreover, the
soils in catchments highlighted by a square shape are well drained
(HGB, in Fig. 2). These combinations are pointing out to the follow-
ing: whenever saturation excess is predominant, the limited water
infiltration could make the flow response less dampened. Also,
under predominant subsurface processes, the high infiltration rate
mitigates the flow response.

In order to better understand the effect of the infiltration rate
on the runoff processes and the FDC shape, we used the parameter
permutations between two catchments of different soil properties
(HGC versus HGB) and located in the piedmont region (highlighted
with ovale shape in Fig. 8(a)). A detailed description of the catch-
ments’ main characteristics is provided in Table 1 (Appendix).
The saturation excess is predominant in both catchments. The cal-
ibrated parameters of the catchment with poor drainage condi-
tions (Fig. 14(a)) are used to simulate flows for the catchment
with predominant HGB (Fig. 14(b)). The total flow FDC diverge in
catchment number 02349500 from the base conditions (Fig. 14
(c)). The interflow shifted upward, while baseflow diverged from
base conditions. The surface flow curve kept the same shape after
parameter permutation. Hence, the change in the FDC shapes of
interflow and baseflow steepened the total flow FDC.
4.2.4. Flow components of the FDC with regards to precipitation:
Process understanding of the catchment filter effect

The effect of the catchment filter on precipitation (precipitation
duration curve, PDC) could be demonstrated through the aspect of
subsurface and surface processes. From Figs. 13 and 14, the surface
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flow is most sensitive to PDC. The PDC and the surface flow FDC dip
at the same percentile contrary to the subsurface flow components
(interflow and baseflow). They seem to be less dependent on pre-
cipitation and rather more dependent on subsurface processes
such as the groundwater and the deep percolation properties of
the soils.

Note that the surface flow FDC is almost parallel to the PDC in
catchments with predominant subsurface processes and poorly
drained soils (Fig. 13(a) and (c)). However, according to Fig. 13(b)
and 14(b), the surface flow FDC deviates from the PDC at the upper
tail in catchments with small SFDCs under conditions of predomi-
nant saturation excess and well-drained soils (HGB). Hence, the
catchment filter, although it seems to directly affect subsurface
processes, appears to affect surface flow response in catchments
with limited flow variability.
5. Discussion

The goal of this paper was to elucidate the spatial pattern of
FDCs over the eastern US and to evaluate the interaction between
climate and landscape properties with respect to runoff processes
in order to provide a comprehensive physical understanding of the
regional variation of FDCs. We analyzed rainfall-runoff data from
73 MOPEX catchments. These catchments were classified into clus-
ters of homogeneous storm characteristics in order to control for
climate and better inspect the effect of landscape properties.

The storm intensity revealed the most distinct systematic sea-
sonal variation across catchments and was used as a criterion for
the classification. The use of other climatic variables (e.g., precipi-
tation and temperature) for climate classification in past studies
from the US were less relevant to delineate zones of similar climate
(e.g., Fovell and Fovell, 1993). Our cluster delineation using storms
was consistent with Hershfield (1961), where in the northeastern
US (C3 cluster), the storm intensity has a peak in the summer, in
the center it is evenly distributed through seasons (C2 cluster),
and in the southeast (state of Georgia in C1 cluster) it shows two
peaks during the summer and spring seasons. The climate classifi-
cation by Coopersmith et al. (2012) in the US split our study area
into two clusters based on a combination of climate indices (e.g.,
aridity, precipitation seasonality, peak of precipitation day) and
the average runoff. Most likely, the storm characteristics help to
elucidate more details about climate homogeneity, which is criti-
cally needed for the study of interaction between climate and land-
scape properties.
5.1. To what extent the diversity of FDC shapes can be explained by
climate and landscape properties?

We found that in the cluster of low precipitation variability (flat
PDC) in the northeastern US (C3 cluster) (Fig. 5(a)), the flows had
high variability (large SFDCs) (Fig. 7(e)). Also, in clusters of high
precipitation variability, (steep PDC) in the central regions (C2
cluster) (Fig. 5(a)), and in southeastern US (C1 cluster in Georgia),
the flows had low variability (small SFDCs) (Fig. 7(e)). This finding
underlines the effect of the catchments filter when interacting with
the precipitation in the process of flow generation. As a result of
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Fig. 12. (a) The CDF of SMSCs in each TI cluster (b) the CDF of SFDCs in each TI cluster (c) the CDF of subsurface flow index per TI cluster (d) CDF of surface flow index per TI
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(Schaake et al., 2006). We determined the other flow indices using the same approach. The subsurface flow index was calculated after summing up the baseflow and the
interflow.
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Fig. 13. Flow component FDCs for representative catchments from each TI cluster (a) a catchment from left skewed TI distribution, (b) a catchment from right skewed TI
distribution, (c) a catchment from middle TI distribution. (colour in print).
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Fig. 14. (a) Flow component FDCs for a catchment with 55% HGC and 30% HGB (b) flow component FDCs for a catchment with 11% HGC and 74% HGB (c) flow components
FDC for catchment in (b) using model parameters from catchment in (a). Qobs is observed flow response, Qsim is the simulated flow, P is the daily precipitation. The suffix ‘‘b”
refers to base conditions prior to parameter permutations. The suffix ‘‘s” refers to the permutation scenario. (colour in print).
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the effect of the catchment filter, the overall pattern was a decrease
in the value of slope of FDCs from northern to southern regions and
from west to east directions (statistical significant correlation of
the SFDC with the latitude, p-value < 0.05)

In this study, mainly we reveal the effect of the interaction
between the soil moisture storage capacity (SMSC), the soil drai-
nage conditions, and the topography in characterizing the catch-
ment filter (Figs. 6 and 8) whose spatial pattern (Fig. 8(a))
mirrored the regional variation of the FDC (Fig. 7(a)). In past FDC
regionalization studies, some of these landscape properties (mean
elevation, soil types, and land cover) have been used as explana-
tory variables to regionalize FDC without being explicitly analyzed
in terms of their effect on the flow variability. For example, Arora
et al. (2005) used the mean elevation to distinguish between
regions of different FDCs. Sefton and Howarth (1998) deployed a
combination of landscape characteristics (e.g., topography, soil
types, climate, and land cover) for FDC regionalization.

Most of the large (small) SFDCs are located at high (low) ele-
vation (Fig. 7(a)). However, there are few catchments, in C1 and
C2 clusters, despite they are at high (low) elevation they have
small (large) SFDCs (highlighted by square and an oval shape in
Fig. 7(a), respectively). In the following, we discuss first the rea-
sons for large (small) SFDCs at high (low) elevation. We found
that most of the catchments in C1 and C2 acted as a strong pre-
cipitation filter (Fig. 8(b)) due to large SMSC (Figs. 6(b) and 8(c))
and large soil infiltration rates (Figs. 6(e) and 8(d)). Whereas the
catchment filter in C3 was weaker (Fig. 8(b)) because of small
SMSC at high elevation (Figs. 6(b) and 8(c)) and poorly drained
soils (Figs. 6(e) and 8(d)). A study by Swift et al. (1988) demon-
strated that the decreasing soil depth in steep topography
resulted in less opportunity to store soil moisture before a rain.
Also, Swift et al. (1988) study suggested that, at higher elevation,
there is a limited evapotranspiration demand. In our study region,
we found that the potential evapotranspiration (PET) decreased
with elevation, which supports the idea of decreased ET at high
elevation and its effect on enhancing the flow variability. The fig-
ure of the PET spatial pattern was not shown for conciseness. In
conditions of catchments at high elevation, Butt et al. (2001) sta-
ted that the steep topography indicates the hydraulic gradient of
shallow soils. These physical explanations that combine the
decrease of the soil moisture storage capacity with the decrease
of ET and the increase of the hydraulic gradient—under conditions
of steep topography—corroborate our findings and help to under-
stand the controls of large values of the SFDCs at high elevations
(in catchments of the C3 cluster and a few in C1 and C2 clusters).
Our results, also underscored the effect of the soil properties on
shapes of the FDCs (the increase in the HGC proportions steep-
ened the slope of the FDCs (Fig. 7(g)). According to Price (2011),
the influence of soil characteristics on water storage can be
understood by the tight correlations between soil properties
and topography. The soil properties play a significant role in the
rate of soil moisture loss due to surface or subsurface topographic
gradients (Dodd and Lauenroth, 1997; Yeakley et al., 1998).
Therefore, large values of slope of the FDCs at high elevations
in C3, and in a few catchments from C1 and C2, could be related
to the interaction of shallow soils with poor drainage conditions.
This effect is maximized in C3 where the SFDCs were the largest
(Fig. 7(e)) and close to the precipitation variability (slope of PDC)
(Fig. 8(a)). In contrast to conditions of large SFDCs, the mitigated
flow response (small SFDCs) in most catchments from C1 and C2
could be explained by the interaction of flat topography with soils
of high infiltration rates (HGB). The increased water storage
capacity (large SMSC) dampened the flow variability despite the
large precipitation variability.
We should mention that, in our study, the effect of the vegeta-
tion cover on the flow variability was, overall, not as explicit as the
effect of topography and soil drainage conditions. In fact, the con-
trast in types of the vegetation cover between the study catch-
ments is not as pronounced as it is for topography and soil
hydrologic properties. The vegetation cover is consistent and
decreases in few catchments in piedmonts and the southeastern
US (see Fig. 8 in Berghuijs et al. (2014)). Therefore, the vegetation
cover effect was rather implicit to that of soil moisture storage
capacity (statistically significant correlation between SMSC and
forest cover proportions in Fig. 6(f)).

With regard to conditions of large SFDCs at low elevations (in
southern Georgia (in C1) and in the east coast (in C2)) and small
SFDCs at high elevations (in C2) (Fig. 7(a)), this finding could
explain the considerable scatter we found for the SFDC-SMSC cor-
relation (p-value < 0.05) (Fig. 7(f)) compared to the SFDC-HGC rela-
tionship (p-value < 0.05) (Fig. 7(e)). The decrease in SMSC, due to
elevation, while it is associated with large SFDCs should not be
taken as a general pattern. There are other factors, apart from the
elevation, that control the FDC shapes. We conjecture the effect
of the groundwater (implicitly considered in soil moisture simula-
tions of the SAC-SMAmodel) and the geology structure that are not
investigated because of limited data availability. Nonetheless, the
landscape properties (i.e., soil hydrologic properties, forest cover)
interacting with the SMSC pattern help in framing an explanation.
The SMSC correlates with the forest cover, mean elevation, and soil
hydrologic properties (Fig. 6(f)–(h)).

At high elevations (small SMSC) in conditions of small SFDCs,
the large infiltration rate allows for the rain water to move down-
ward to the root zone. In presence of forest cover, the water might
have been used by the forest (i.e., transpiration and interception) to
allow for additional storage as ET takes place (Bonell, 1993). Hence,
less water is stored in the soil leading to dry antecedent moisture
conditions prior to the rain event. It has been shown repeatedly,
particularly by isotope hydrology, that pre-event conditions,
mainly the antecedent moisture conditions, affect the flow
response (McDonnell 1990; Sklash and Farvolen, 1979). In a study
by Burt and Swank (1992) the forest cover explicitly reduced the
flow response by affecting flow magnitudes and their respective
frequency. The FDCs were of lower value of the slope compared
to those from other vegetation types. The dry antecedent moisture
conditions due to the effect of the forest cover mitigates the flow
for all ranges of the precipitation events (small and extremes). This
effect remains true for small to medium flows based on determin-
istic chronological pairing approach (Bathurst, 2014) as well as for
extreme flows based on stochastic frequency pairing approach
(Birkinshaw et al., 2011, Fig. 8; Crooks and Davies, 2001, Fig. 6;
Reynard et al., 2001, Fig. 5) Therefore, it appears that, in the few
fully forested catchments at high elevations, the small SFDCs are
related to the effect of the interaction between the forest cover
and the large infiltration rate on the antecedent moisture condi-
tions and consequently on the flows’ magnitude and frequency.
With regard to the condition of large SFDCs at low elevations, most
likely the low infiltration rates (dominant HGC soils) did not allow
to damp the flow response despite the large SMSC. One should not
forget the effect of below surface geology and its role to advance
the understanding of the flow variability controls, particularly in
mountainous areas (i.e., Di Matteo et al., 2017; Kelson and Wells,
1989). This dimension is again not covered in the present research
because of lack of data.

Our results from the empirical analysis partially agree with the
hypothesis of Yokoo and Sivapalan (2011) that stems from a theo-
retical numerical study, where it has been suggested that slope of
the FDCs in shallow soils are steeper than those in deep soils. It is
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true that most catchments in the present study region have large
(small) SFDCs at high elevations in conditions of small (large)
SMSC. However, the exceptions we found make the generalization
hampered by the soil hydrologic properties, in addition to other
factors related to the subsurface geology.

One may suggest that when SMSC is large and the soil is poorly
drained, the flow variability could be high (close to precipitation
variability) because of limited infiltration rates. The FDCs can be
of low values of the slope despite of the small SMSC if the soil is
well drained. The effect of landscape properties on steepening
the FDCs is maximized (in C3 cluster) if the poor drainage condi-
tions and small SMSCs on steep topography are combined. The sev-
eral hypotheses that emerge from our empirical analyses require
further testing using several degrees of landscape complexity
when interacting with the climate.

5.2. Process-based understanding of the spatial pattern of FDCs

The process-based analyses of the spatial pattern of SFDCs
revealed that catchments with large SFDCs mainly (in C3 cluster
and in few catchments from C1 and C2) have a larger proportion
of interflow and steep slope of the surface flow FDCs (Figs. 9(a),
10(a)) than catchments with small SFDCs. The runoff flow compo-
nents have different velocities: usually, surface flow is the fastest
response followed by interflow and baseflow. Previous studies
found that subsurface flow (sum of interflow and baseflow) can
be as fast as surface flow (e.g., Sklash and Farvolen, (1979). These
properties imply that high flow variability (large SFDCs) can be
related to the predominance of fast-flow components on the
response. Also, we found that more variable total flow corresponds
with steeper slope of the baseflow FDCs (as well as larger slopes of
median baseflow FDCs; see Fig. 10). This result suggests that base-
flow characteristics vary with catchment conditions and, although
it is a slow response, it also affects the overall flow variability. This
hints at the effect of groundwater associated with the geology of
soils below surface (i.e., Di Matteo et al., 2017).

The TI analyses showed that most catchments with large SFDCs
had left-skewed TI distributions with small values in their tails.
This fact leads to predominant subsurface flow processes in the
runoff generation routine (Beven and Kirkby, 1979) illustrated by
large interflow index hinting at limited groundwater effect. The
predominant landscape properties in catchments with large SFDCs
(limited SMSC, steep topography, and poor drainage conditions)
and the properties of the surface and interflow responses indicate
that the FDC shape illustrates the effect of limited runoff contribut-
ing area (small TIs in tails). Likely, the hydraulic gradient is the
major regulator of the response (Hewlett and Hibbert, 1967).

Another significant aspect deals with the effect of soil infiltra-
tion rates in the runoff processes (a combination of HGB and
HGC or fully HGC). In catchments of large SFDCs, the surface-
flow FDCs were of more regular shape than in catchments of small
SFDCs (all dip at 80% in Fig. 9(c) versus 60 to 80% in Fig. 9(f)). The
small infiltration rates in catchments with large SFDCs—mostly
located in hillslopes—suggest that the infiltration excess overland
flow is dominant in the process of surface flow generation
(Beven and Wood, 1983). Guebert and Gardner (2001) found that
on steep slope catchments the surface flow response becomes fas-
ter when it is dominated by the infiltration excess mechanism.
Therefore, the large SFDCs illustrate the culminated effect of the
infiltration excess surface flow and the interflow. The effect of this
combination could be of major impact in C3 catchments due to lar-
ger proportions of HGC soils compared to the rest of catchments in
C1 and C2 of the same large SFDC category.
With respect to the small SFDCs, that represent most catch-
ments in C1 and C2, the proportion of interflow from the total flow
is low (Fig. 10(b)). The surface flow FDCs at the upper tail as well as
the median slope of the baseflow FDCs are flat (see Fig. 10(b)). In
these catchments, the increase of TIs in the tails make the TI distri-
butions right-skewed (Fig. 11(b).) TI increases as contributing area
increases and slope angle decreases (see Eq. (1)), hinting to a well-
developed riparian zone (Beven and Wood, 1983). Usually, the
more developed this zone the deeper the soils, allowing for more
infiltration until saturation. The runoff response under these condi-
tions is dominated by saturation excess overland flow. The excess
water runs as surface runoff due to saturation excess overland flow
(Beven and Wood, 1983). The aspect of runoff processes in most
catchments from C1 and C2 and the landscape properties (large
SMSCs and high proportions of HGB soils), suggest that the satura-
tion excess dampens the flow response as a result of flat topogra-
phy and large infiltration rates. Likely, the increase of groundwater
levels, in catchments with small SFDCs at low elevations, slows
down the surface flow, limits the interflow contribution and
enhances the baseflow.

As pointed out in the previous Section 5.1, the FDCs could be flat
in conditions of small SMSC and well-drained soils. The TI analyses
classified these catchments (highlighted by square shape in Fig. 11
(a)) under a predominant subsurface runoff processes category.
Likewise, other catchments with prevalent saturation excess have
small SFDCs in presence of poorly drained soils (highlighted by
oval shape in Fig. 11(a)). Both findings support the idea about
the influence of infiltration rate in affecting the runoff processes.
In the literature, the infiltration rate is associated with soil depth,
topography, and hydrologic characteristics (Weiler and
McDonnell, 2007), and it is a chief regulator of the flow response
(Guebert and Gardner, 2001). Therefore, in the catchments with
small values of the SMSC and the SFDC, the impact of the predom-
inant subsurface stormflow at hillslopes could have been lessened
by the high infiltration rates that reduced the interflow contribu-
tion (Fig. 12(f), respectively). Under similar conditions, Guebert
and Gardner (2001) stated that on catchments at high elevation,
the landscape features in combination with high infiltration rate
may produce a significant overland flow by saturation excess
mechanism. The saturation in hillslope catchments is controlled
by both the topography and the permeability of soil layers
(Graham et al., 2010). More research is required to elucidate the
relative role of saturation excess on the flow response when sub-
surface stormflow is dominant in hillslope catchments of well-
drained soils.

The results from parameter permutations between catchments
at low elevations and of opposite soil hydrologic properties (HGB
versus HGC) explained the case of large SFDCs at low elevations.
The lower infiltration rate steepened the total flow FDC because
the interflow shifted upward, and the baseflow diverged from base
conditions (Fig. 14(c)). This outcome is consistent with Beven and
Germann (1982), who stated that fine soil texture limits ground-
water influence. Also, Bonell (1993) reported that in forest environ-
ments, the infiltration excess overland flow may occur in
combination with saturation excess overland flow owing to prop-
erties of lower infiltration. Therefore, a predominant saturation
excess may lead to a less dampened response because of limited
drainage conditions. This is probably the most plausible physical
explanation for the shapes of FDCs in the few catchments we ques-
tion here.

With regard to the effect of the PDCs on the flow component
FDCs as a response to the interaction with the catchment filter,
the subsurface flow FDCs were not sensitive to the precipitation
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behaviour but were rather directly affected by the catchment con-
ditions. Only surface flow FDC tracked the PDC, as suggested by
Yokoo and Sivapalan (2011). However, in typical catchments with
small SFDCs, the surface flow FDC and PDC were not parallel, as in
the theoretical study of Yokoo and Sivapalan (2011), but rather
diverged at the upper tail (> 40% of the surface flow percentile)
(Figs. 13(b) and 14(b)). Therefore, for conditions of dampened flow,
catchment characteristics have a major role in filtering the precip-
itation even at the level of a fast response.

6. Conclusions

The state of knowledge about FDCs lacked physical understand-
ing about the controls underpinning their regional variation. Our
study helped to advance our physical understanding by investigat-
ing the interaction of climate and landscape properties and the
innate runoff processes responsible for the disparities in the shapes
of FDCs. Using 73 catchments from the eastern US, we highlighted
strong regional differences within and across clusters of homoge-
neous storm characteristics.

The FDC shapes were attributed to the filter effect of landscape
properties on precipitation. This effect was pronounced so that
regions with high precipitation variability had limited flow vari-
ability (small SFDC). On the other hand, the regions with low pre-
cipitation variability had the highest flow variability (large SFDC).
The flow response was dampened (small SFDC) in catchments at
low elevations of well-drained soils and large storage capacity.
These characteristics led to predominant saturation excess over-
land flow that allowed for more infiltration to lower layers,
enhanced baseflow, and limited interflow. The largest slope of
the FDCs were associated with steep topography, soils of small
storage capacity, and low infiltration rates. This interaction led to
dominant subsurface stormflow and surface flow generated by
infiltration excess overland flow.

This paper also demonstrated that the effect of soil infiltration
rate on FDC shapes was pronounced such that small (large) SFDCs
at low (high) elevations is not always a general pattern. At low ele-
vation and large soil moisture storage capacity, the catchments
with predominant saturation excess experienced high flow vari-
ability (large SFDCs) because of poor drainage conditions. Also, in
shallow, well-drained soils at high elevations, the prevalent sub-
surface stormflow led to limited flow variability and small SFDCs.

For all of the process-based analyses, the surface flow was the
flow component most directly affected by the precipitation vari-
ability. However, this relationship became less important in catch-
ments with small SFDCs. This result suggests that both the
subsurface flow components (interflow and baseflow) and the sur-
face flow, are highly affected by the dominant filter effect dictated
by the landscape properties.

The limited availability of detailed descriptors of geology, geo-
morphology, and the groundwater levels (covering a large region)
points out that we are also limited with respect to understanding
subsurface controls (see as example Di Matteo et al., 2017). More
limitations deal with the need to investigate in more detail the
impact of the stream hydrological properties and the vegetation
type (i.e., species, age, density) on the FDC shapes. Our results need
to be complemented by an investigation of the effect of the catch-
ments geomorphology and the vegetation type.

With regard to whether our analysis of the FDC controls have
considered the non-stationarity in streamflow response caused
by either land use or climate variability (i.e., Milly et al., 2008),
our study catchments have limited anthropogenic activities. There-
fore, non-stationarity in streamflow is due mainly to natural fluc-
tuation caused by ENSO (El Niño Southern Oscillation) (Sivapalan
and Samuel, 2009). The fifty years of observed flow data would
be subject to cyclical fluctuations of wet and dry years. Conse-
quently, our physical understanding of the FDC controls could
potentially change depending on whether we investigated only
flow records representative of dry or wet years. One of the poten-
tial changes would deal with more visible differences in the shapes
of the FDC that illustrates more explicitly the effect of groundwater
levels. We recommend to address the effect of ENSO on under-
standing the FDC controls in future studies. Also, one should men-
tion—in addition to the ENSO effect—that the FDC controls we
quantify in this study may not hold in the future under non-
stationarity caused by future anthropogenic climate or land use
change.

Despite the limitations, the physical understanding we gained is
key for future works related to process-based FDC predictions. This
research venue will further advance the understanding and can be
used to solve issues of predictions in ungauged basins. Following
our empirical approach, more research is needed to study the
regional change of flow variability in other regions within the US
and elsewhere around the world to either corroborate or refute
our hypothesized conclusions and address the limitations of our
analysis. We believe that our empirical study can be aided by
numerical experiments such as Yokoo and Sivapalan (2011) to test
our hypotheses and investigate the climate interactions with com-
plex physical features affecting the flow variability.
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Appendix Table 1. The catchments’ descriptors of the study region.

ID Long Lat HGA HGB HGC MEAN
ELEV

SLOPE URB FST AGR OPEN
WATER

WET
LAND

MAP PET SDR AI RR PSI Area
(km2)

01031500 �69.315 45.175 4.5 14.3 41.4 299.4 6.5 2.2 77.4 1.8 2.13 5.67 1180.0 512.5 39.3 0.43 0.54 0.03 769.05
01057000 �70.540 44.304 15.3 13.6 59.2 281.8 11.7 4.2 83.9 3.6 1.57 3.61 1083.3 559.3 36.2 0.52 0.51 0.03 190.92
01127000 �71.985 41.598 11.0 34.5 37.1 164.4 5.1 11.4 60.9 10.1 2.69 12.97 1273.3 624.1 27.8 0.49 0.47 0.03 1846.70
01170100 �72.671 42.703 2.4 25.4 54.2 410.9 13.6 3.0 90.8 4.4 0.38 1.28 1307.8 563.3 34.3 0.43 0.56 0.02 106.99
01334500 �73.378 42.939 5.8 21.6 55.4 430.1 15.4 7.2 74.4 13.6 0.33 2.12 1198.9 573.8 30.3 0.48 0.43 0.09 1320.90
01371500 �74.166 41.686 8.3 6.9 64.9 196.1 6.1 11.6 41.8 30.5 1.27 13.45 1186.2 652.2 22.6 0.55 0.45 0.06 1841.48
01372500 �73.873 41.653 8.6 38.9 46.4 166.4 7.1 9.0 56.1 24.2 0.70 4.37 1148.4 645.7 24.4 0.56 0.46 0.07 468.80
01411300 �74.821 39.307 12.0 45.7 14.7 16.2 0.3 1.2 73.8 9.8 0.01 13.31 1125.0 751.7 13.3 0.67 0.37 0.02 79.37
01413500 �74.653 42.145 0.0 0.0 74.1 769.1 19.8 0.6 98.2 0.3 0.09 0.60 1520.2 502.5 34.1 0.33 0.51 0.08 434.00
01423000 �77.957 42.122 4.4 2.2 88.3 591.6 15.7 3.9 65.8 27.5 0.24 1.12 1120.1 554.8 28.7 0.50 0.44 0.09 859.90
01445500 �74.979 40.831 6.9 32.0 37.7 204.0 6.4 9.9 49.1 26.2 1.42 11.64 1245.8 646.8 22.7 0.52 0.45 0.07 274.50
01541500 �78.406 40.972 6.8 24.2 61.2 520.5 9.5 7.1 74.2 15.8 0.98 0.00 1062.0 593.0 24.0 0.56 0.46 0.11 960.90
01543500 �78.103 41.317 0.5 47.9 51.0 521.9 18.3 1.5 89.2 2.7 0.08 0.60 1096.0 593.1 25.4 0.54 0.46 0.10 1774.20
01547700 �75.140 42.166 6.8 32.3 50.0 395.7 17.8 4.7 84.4 10.9 0.01 0.00 1048.5 635.4 21.9 0.61 0.43 0.10 113.54
01552000 �78.103 41.317 1.6 3.3 88.0 509.3 13.0 2.6 81.6 10.7 0.37 0.18 1134.1 580.8 26.5 0.51 0.49 0.08 1129.49
01552500 �77.606 41.060 0.0 0.9 91.1 562.6 15.7 2.6 75.5 8.6 0.17 0.00 1228.5 561.5 27.9 0.46 0.55 0.07 60.64
01574000 �76.720 40.082 2.9 51.4 35.6 189.7 4.8 9.3 28.6 59.0 0.59 0.95 1086.1 720.6 17.2 0.66 0.35 0.05 1320.90
01608500 �78.654 39.447 14.4 21.4 54.6 655.8 20.9 3.9 80.4 15.2 0.48 0.00 1003.3 642.9 17.4 0.64 0.47 0.09 3809.90
01610000 �78.458 39.537 16.1 18.1 55.4 583.0 17.8 4.8 80.0 13.9 0.66 0.06 1022.7 647.9 18.2 0.63 0.46 0.08 8052.30
01628500 �78.755 38.322 0.4 55.4 37.0 540.5 11.3 11.6 49.8 38.2 0.32 0.00 1056.1 678.7 14.5 0.64 0.39 0.08 2807.60
01631000 �78.211 38.914 0.4 53.0 38.6 500.9 12.7 10.5 55.4 33.5 0.59 0.01 1070.9 685.9 14.4 0.64 0.38 0.07 4252.80
01634000 �78.336 38.977 0.7 42.4 44.0 442.6 12.8 6.8 58.4 34.4 0.43 0.00 982.1 697.6 13.6 0.71 0.37 0.09 1989.10
01664000 �77.814 38.531 0.0 59.0 35.5 237.2 10.0 4.1 59.3 35.9 0.26 0.19 1135.9 730.4 11.8 0.64 0.35 0.08 1605.80
01667500 �77.975 38.350 0.0 56.3 37.2 263.4 10.4 6.2 56.4 36.5 0.40 0.26 1185.5 741.6 10.6 0.63 0.36 0.07 1222.50
01668000 �77.518 38.322 0.0 44.5 42.5 202.3 8.0 4.5 55.6 38.1 0.42 0.30 1145.1 748.6 10.9 0.65 0.36 0.07 4133.60
02016000 �79.760 37.792 1.0 40.9 41.3 661.1 18.0 3.6 87.7 8.3 0.39 0.00 1063.9 667.7 16.0 0.63 0.44 0.05 1194.00
02018000 �79.912 37.666 0.4 53.3 33.4 635.0 18.1 3.1 90.1 6.4 0.34 0.00 1089.2 668.2 11.3 0.61 0.39 0.07 852.10
02030500 �78.378 37.703 0.0 71.1 16.6 157.1 3.8 2.8 73.9 12.3 0.22 1.40 1145.4 775.4 8.5 0.68 0.37 0.04 585.30
02055000 �79.939 37.258 0.9 35.7 56.1 575.1 17.2 18.7 70.8 10.3 0.09 0.01 1058.5 687.4 10.8 0.65 0.36 0.07 1023.10
02083500 �77.533 35.894 10.1 55.3 19.0 76.7 2.0 7.5 47.4 27.5 0.65 7.80 1181.9 835.9 4.3 0.71 0.35 0.05 5654.00
02102000 �79.116 35.627 1.3 55.7 38.7 171.0 3.3 11.7 55.4 22.7 0.58 0.85 1203.3 839.9 4.2 0.70 0.37 0.04 3714.10
02116500 �80.386 35.857 1.0 78.9 16.6 395.2 9.5 12.8 58.1 23.1 0.43 0.21 1238.8 773.2 7.7 0.62 0.47 0.06 5905.20
02118000 �80.659 35.845 0.0 87.1 11.0 317.4 6.5 7.1 49.1 37.0 0.11 0.41 1237.0 788.2 6.9 0.64 0.44 0.06 792.50
02143000 �81.403 35.684 0.0 75.4 23.0 445.2 13.0 5.9 76.6 12.2 0.03 0.05 1310.9 783.8 6.5 0.60 0.46 0.04 214.50
02143040 �81.567 35.591 0.0 75.0 21.4 547.8 15.7 2.6 90.2 3.9 0.01 0.02 1364.8 768.5 6.3 0.56 0.48 0.04 67.33
02143500 �81.264 35.422 0.0 88.5 9.7 289.5 3.8 8.6 39.2 46.0 0.15 0.58 1246.2 826.4 4.3 0.66 0.44 0.03 178.70
02192000 �82.770 33.974 0.0 91.0 6.6 217.7 4.3 7.7 53.3 22.7 0.59 3.60 1305.7 871.0 2.7 0.67 0.42 0.06 3703.68
02202500 �81.416 32.191 10.0 54.4 14.8 90.4 1.8 5.0 43.7 22.9 0.31 13.77 1206.0 957.9 0.4 0.79 0.33 0.03 6863.50
02217500 �83.423 33.947 0.0 95.1 4.9 269.6 4.8 15.8 45.1 26.0 0.60 3.19 1346.7 864.3 2.6 0.64 0.44 0.07 1030.81
02218500 �83.273 33.581 0.0 95.0 4.7 240.6 4.4 13.7 48.7 23.3 0.94 3.73 1309.9 879.3 2.4 0.67 0.41 0.07 2823.10
02219500 �83.349 33.609 0.0 96.9 2.7 226.6 3.4 9.0 45.8 27.3 0.96 5.30 1284.6 891.7 2.0 0.69 0.40 0.06 1129.20
02228000 �81.868 31.221 4.1 14.0 32.4 53.1 0.6 6.7 35.4 23.1 0.30 19.66 1264.7 1003.1 0.0 0.79 0.33 0.08 7226.10
02329000 �84.384 30.554 4.8 54.9 10.8 75.6 1.8 6.7 39.5 31.3 0.62 12.67 1366.7 1021.0 0.0 0.75 0.39 0.07 2952.60
02347500 �84.233 32.721 0.0 91.5 3.8 241.3 3.4 12.5 55.7 17.4 1.35 5.65 1281.6 903.2 1.2 0.70 0.39 0.09 4791.50

(continued on next page)
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Appendix 1 (continued)

ID Long Lat HGA HGB HGC MEAN
ELEV

SLOPE URB FST AGR OPEN
WATER

WET
LAND

MAP PET SDR AI RR PSI Area
(km2)

02349500 �84.044 32.298 8.9 73.6 11.3 208.4 3.4 9.3 55.4 17.7 1.00 7.08 1263.2 923.5 0.9 0.73 0.38 0.08 7511.00
03024000 �79.956 41.438 13.2 2.3 59.8 418.5 4.0 7.4 49.0 35.3 1.41 3.67 1152.0 603.7 24.4 0.52 0.41 0.10 2662.50
03032500 �79.394 40.994 1.2 13.8 73.5 474.4 9.4 8.8 64.8 22.7 0.44 0.37 1141.9 607.9 23.8 0.53 0.41 0.11 1367.50
03050500 �79.879 38.925 4.5 18.5 57.1 828.5 20.1 5.5 84.9 8.3 0.47 0.07 1346.0 597.2 23.3 0.44 0.54 0.08 704.50
03051000 �79.936 39.029 8.4 17.0 56.2 779.3 18.0 6.0 83.5 8.9 0.55 0.07 1332.8 604.0 22.4 0.45 0.53 0.08 1056.70
03054500 �80.040 39.150 9.7 11.0 65.1 712.4 16.6 6.2 82.9 9.4 0.53 0.04 1369.0 621.2 21.1 0.45 0.50 0.07 2372.40
03065000 �79.622 39.072 14.6 18.2 64.8 997.8 20.5 2.6 91.0 4.4 0.22 0.06 1364.6 570.9 24.3 0.42 0.52 0.07 893.60
03070000 �79.666 39.347 17.1 13.3 63.6 922.3 19.8 3.7 89.6 3.5 0.66 0.77 1385.5 584.5 24.0 0.42 0.52 0.07 2426.80
03075500 �79.426 39.422 17.1 9.8 67.9 794.8 9.8 7.9 65.7 22.8 0.50 1.11 1315.1 592.1 25.2 0.45 0.50 0.08 347.10
03109500 �80.541 40.676 1.2 16.8 65.8 346.3 6.0 12.9 45.4 38.0 0.97 0.62 983.6 655.6 19.7 0.67 0.37 0.12 1284.60
03111500 �80.734 40.193 0.0 19.3 77.7 342.7 8.9 10.0 54.6 30.2 0.93 0.19 1020.9 683.3 18.0 0.67 0.37 0.11 318.60
03114500 �80.997 39.475 0.0 8.9 53.2 314.3 17.6 4.5 88.3 6.6 0.23 0.00 1158.9 700.7 15.6 0.60 0.43 0.09 1186.20
03155500 �81.278 39.119 0.0 8.9 54.3 293.7 14.3 5.4 86.1 7.8 0.13 0.00 1145.7 709.5 14.9 0.62 0.43 0.08 1170.70
03159500 �82.088 39.329 0.0 36.9 55.1 274.3 7.3 9.5 58.7 29.6 0.66 0.12 1022.7 682.4 16.8 0.67 0.37 0.08 2442.40
03161000 �81.407 36.393 0.2 94.5 4.2 1023.7 17.0 9.6 66.8 19.8 0.09 0.12 1418.0 625.8 13.0 0.44 0.50 0.12 531.00
03167000 �80.887 36.939 0.8 47.2 44.1 765.6 12.0 7.1 50.8 41.6 0.04 0.06 1019.4 649.0 12.7 0.64 0.44 0.08 639.70
03168000 �80.746 36.937 0.5 74.0 21.9 869.0 14.3 6.3 61.2 30.4 0.27 0.09 1201.8 640.0 13.0 0.53 0.48 0.07 5703.20
031835000 �80.642 37.724 8.3 31.7 45.6 834.0 18.1 4.5 83.3 11.2 0.54 0.07 1152.1 619.1 20.3 0.54 0.48 0.06 3532.80
03184000 �80.805 37.640 7.7 31.7 48.0 804.5 17.9 4.7 82.2 12.1 0.56 0.06 1133.6 627.6 19.7 0.55 0.47 0.06 4193.20
03186500 �80.484 38.379 6.3 21.7 70.9 1074.7 22.4 1.9 97.0 0.3 0.21 0.02 1504.5 582.8 24.3 0.39 0.53 0.06 331.50
03281500 �83.677 37.479 0.0 61.8 27.2 366.3 22.2 5.9 83.6 4.6 0.31 0.00 1264.7 742.2 10.7 0.59 0.45 0.06 1870.00
03443000 �82.624 35.299 0.0 89.1 4.3 862.6 17.9 7.8 82.9 7.9 0.32 0.16 1877.7 694.4 6.9 0.37 0.64 0.04 766.60
03504000 �83.619 35.127 0.0 99.1 0.0 1211.9 26.9 1.9 97.0 0.3 0.02 0.15 2072.0 626.1 12.6 0.30 0.57 0.09 134.40
03512000 �83.354 35.461 0.5 95.2 3.3 1147.9 34.0 3.8 94.0 1.4 0.00 0.04 1655.4 611.1 13.6 0.37 0.54 0.06 476.60
03524000 �82.155 36.945 0.1 61.6 36.1 760.9 18.3 8.0 57.9 30.8 0.08 0.01 1159.1 662.0 13.6 0.57 0.45 0.08 1367.50
03531500 �83.095 36.662 0.0 47.5 48.6 658.9 21.8 8.3 71.9 4.0 0.20 0.00 1383.8 703.2 12.4 0.51 0.50 0.08 826.20
03550000 �83.981 35.139 0.2 87.0 9.6 762.5 24.2 6.6 87.1 5.4 0.05 0.24 1756.7 687.3 10.9 0.39 0.54 0.10 269.40
04221000 �75.139 42.166 3.3 2.4 90.6 629.8 10.9 3.6 54.3 36.7 0.07 0.08 998.1 558.7 27.5 0.56 0.38 0.13 745.90
04256000 �76.912 41.325 34.3 2.1 45.9 497.3 5.1 0.0 64.6 0.0 1.93 23.19 1242.0 526.8 37.2 0.42 0.62 0.08 238.28
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AGR, percentage of agricultural areas in each catchment (%); AI,
Aridity Index (%); FST, percentage of forest areas in each catchment
(%); Long, Longitude (�); Lat, Latitude (�); MAP, Mean Annual Pre-
cipitation (mm); MEAN ELEV, catchments mean elevation (m);
OPEN WATER, percentage of open water per catchment (%); PET,
potential evapotranspiration (mm); PSI, precipitation seasonality
index; RR, runoff ratio (%); SDR, snow day ratio (%); SLOPE, catch-
ments slope in (%); URB, percentage of urban areas in each catch-
ment (%); WET LAND, percentage of wet land per catchment (%).
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