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[1] This paper addresses the signatures of catchment geomorphology on base flow recession
curves. Its relevance relates to the implied predictability of base flow features, which are
central to catchment-scale transport processes and to ecohydrological function. Moving
from the classical recession curve analysis method, originally applied in the Finger Lakes
Region of New York, a large set of recession curves has been analyzed from Swiss
streamflow data. For these catchments, digital elevation models have been precisely
analyzed and a method aimed at the geomorphic origins of recession curves has been
applied to the Swiss data set. The method links river network morphology, epitomized by
time-varying distribution of contributing channel sites, with the classic parameterization of
recession events. This is done by assimilating two scaling exponents, 3 and b, with |[dQ/d¢|
o 0" where Q is at-a-station gauged flow rate and N(/) o< G(/)’° where [ is the downstream
distance from the channel heads receding in time, N(/) is the number of draining channel
reaches located at distance / from their heads, and G(/) is the total drainage network length

at a distance greater or equal to /, the active drainage network. We find that the method
provides good results in catchments where drainage density can be regarded as spatially
constant. A correction to the method is proposed which accounts for arbitrary local drainage
densities affecting the local drainage inflow per unit channel length. Such corrections
properly vanish when the drainage density become spatially constant. Overall, definite
geomorphic signatures are recognizable for recession curves, with notable theoretical and

practical implications.
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1. Introduction

[2] Groundwater is the main contributor of a river catch-
ment’s base flow whose predictability during recession
events is of crucial importance for water resource manage-
ment. Recession curves have been widely studied in the
past and their characteristics used to establish basin-scale
parameters (see Tallaksen [1995] for a review). In particu-
lar, Brutsaert and Nieber [1977] analyzed daily discharge
values of six basins in the Finger Lakes region of the north-
eastern US and proposed an analytical tool to characterize
the recession flow based on the description of the discharge
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change rate dQ/dt as a function of the discharge Q. Unlike
many nonlinear recession flow models, this method avoids
the knowledge of the precise beginning of the recession
event which can be difficult to evaluate due to the continu-
ous nature of streamflow measurements. The main feature
of their method is the comparison of the observations with
analytical solutions of the Boussinesq equation for an
unconfined rectangular aquifer under particular boundary
conditions. Two exact solutions of the Boussinesq equation
[Boussinesq, 1904; Polubarinova-Kochina, 1962] and an
approximated linearized solution [Boussinesq, 1903] can
be expressed in the form:

dQ__ 5
= k0 (1)

where 3 and k are constants depending on the flow regime
considered. In order to avoid contributions from relatively
fast subsurface flow, overland flow, and evapotranspiration,
Brutsaert and Nieber [1977] recommended the use of the
lower envelope of the point cloud in the In(—dQ/dt) versus
In Q plot, corresponding to the slowest recession rate.
Based on their study, they identified two typical values of
(3, describing the rate of decline in streamflow recessions:
~1.5 for low Q (long-term response) and ~3 for high O
(short-term response). Moreover, some parameters of the
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watershed such as the saturated hydraulic conductivity
stemming from the Boussinesq equation have been
computed from the intercept of the In(—dQ/dt) versus In
O plot.

[3] The method has been widely applied to estimate
basin-scale parameters in relatively natural areas [Brutsaert
and Lopez, 1998; Brutsaert and Sugita, 2008 ; Brutsaert
and Hiyama, 2012 ; Eng and Brutsaert, 1999 ; Malvicini et
al., 2005 ; Mendoza et al., 2003 ; Parlange et al., 2001 ; Szi-
lagyi et al., 1998; Troch et al., 1993; Vogel and Kroll,
1992; Zecharias and Brutsaert, 1988] and in engineered
catchments [Rupp et al., 2004; Wang and Cai, 2010], to
formulate base flow in a watershed model [Szilagyi and
Parlange, 1999], in order to separate the base flow [Szila-
gyvi and Parlange, 1998] or to assess long-term ground-
water storage changes [Brutsaert, 2008]. Rupp and Selker
[2006a, 2006b] showed some limitations of the method,
e.g., in the case of sloping aquifers. Recession curve studies
moving from Brutsaert and Nieber’s [1977] work have
proved of central importance in a broad range of topics
ranging from comprehensive water resource management
to studies on fluvial biodiversity, catchment-scale transport,
ecohydrology, and the so-called old-water paradox [Ber-
tuzzo et al., 2007 ; Botter et al., 2007a, 2007b, 2009, 2010;
Ceola et al., 2010; Harman et al., 2009 ; Kirchner, 2009;
Kondolf et al., 1987; Palmroth et al., 2010; Rinaldo et al.,
1995a, 1995b, 2006, 2011; Rodriguez-Iturbe et al., 2009;
Tague and Grant, 2004 ; Thompson and Katul, 2012 ; Wit-
tenberg, 1999; Zaliapin et al., 2010].

[4] Recently, several studies [Biswal and Marani, 2010;
Biswal and Nagesh Kumar, 2012; McMillan et al., 2011;
Rupp et al., 2009; Shaw and Riha, 2012] analyzed the
recession events on a seasonal or event-based time scale
and discussed their shifts in the In(—dQ/df) versus In QO
plot, linking them to different antecedent soil moisture and
evapotranspiration happening over the season. In particular,
Biswal and Marani [2010], Biswal and Nagesh Kumar
[2012], and Shaw and Riha [2012] proposed to obtain the
parameters (3 and & of equation (1) by fitting a linear model
to every recession event in order to obtain a distribution of
the parameters instead of fitting a line to the lower enve-
lope of the point cloud. With this method, the authors found
that the slopes of the individual recession curves, i.e., the
parameter (3, were in general larger than the one of the
lower envelope, resulting in an underestimation of the
streamflow decline rate when described by a unique dQ/
dt — Q relationship. Moreover, Biswal and Marani [2010]
proposed to link recession event parameterization to river
morphology through a time-varying geometry of saturated
channel sites. In particular, they developed a theory based
on geomorphological arguments to link the exponent 3 of
equation (1) to that characterizing an empirical relation
resulting from the analysis of Digital Elevation Models
(DEM). In this model, the variation of the discharge is
linked to the direct drainage into a time-varying Active
Drainage Network (ADN). When the recession hydrograph
at an outlet is dominated by drainage of the unconfined ag-
uifer as in Brutsaert and Nieber [1977], the ADN is the
length of the channel network instantaneously intersecting
it. The model relies on four main assumptions. First, the
authors assume that the recession flow could be studied as
a succession of steady flows since the time scale at which
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Figure 1. Idealized example of a recession described by
the geomorphological conceptual models. The Active
Drainage Network (ADN) is represented in blue solid lines
and the dry part of the ADN is represented in red solid
lines. The sources (here N = 14) are represented in red solid
circles, the blue shaded area represents the fraction of the
basin drained by the ADN (47).

the discharge varies is much longer than the time scale of
water propagating in the network. Second, by assuming a
spatially constant discharge per unit length ¢;, the total dis-
charge QO(¢) can be expressed as:

o(t) = qL()G(1(1)) )

where G(/(f)) is the total length of the drainage network
actively contributing at time ¢ and /(f) is the distance
between the actual source of the ADN and their location at
the beginning of the recession event (Figure 1). Third, they
assume that all sources of the ADN recede at the same
speed ¢ =dl/dt, constant in space and time such that the
change in time of the network length is proportional to the
number of sources N (dG/dt = dG/dl-dl/dt x N-c). Equation
(2) can be differentiated in time:

dQ(t)

dt

= —quen() + 20 g, o)

where the third assumption has been employed. The first
term at right-hand side of equation (3) embeds the geomor-
phologic signature and the second the Brutsaert recession
proper. Fourth, they studied the case where the variation in
time of the ADN, assumed to be much larger than the varia-
tion in time of the discharge per unit length, dominates the
second term in equation (3) which can thus be neglected.
This work has clearly established that base flow recession
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Map of the experimental catchments used in this study. Some geomorphologic characteris-

tics and description of the available data are listed in Table 1.

curves bear the signatures of the geomorphological struc-
ture of the contributing river basin.

[s] However, the innovative method proposed by Biswal
and Marani [2010] postulates constant drainage density,
classically defined as the total length of stream channels di-
vided by the area they drain [Horton, 1932, 1945] and
properly described by a random space function endowed
with spatial correlation [Tucker et al., 2001]. Other formu-
lations have also been proposed [Marani et al., 2003] as it
was shown that networks with the same Hortonian drainage
density may embed rather different distributions of unchan-
neled pathways, and thus different extents of the actual
density of the drainage network. Random functions are
defined by the statistical properties of the length of the
(steepest-descent) distance from any unchanneled site to
the first occurrence of a stream channel [Tucker et al.,
2001]. The consequences are far from obvious. In fact, the
Hortonian definition applies reasonably well only in cases
where locally the mean unchanneled lengths vary little
from subcatchment to subcatchment, thus postulating that
channel initiation processes are homogeneous—techni-
cally, whenever automatic network extractions assume it,
like, e.g., in the case of constant support area (for a review
see e.g. Rodriguez-Iturbe and Rinaldo [2001]). This is sel-
dom the case in nature [e.g., Montgomery and Dietrich,
1988, 1992]. Typically, in proglacial catchments, mean
unchanneled distances exhibit a broad range varying from
tens of meters in shallow-soiled topographically concave
source areas to a few km in deep moraines [e.g., Montgom-
ery and Foufoula-Georgiou, 1993 ; Tarolli and Dalla Fon-
tana, 2009]. Thus, one wonders whether the geomorphic
framework proposed by Biswal and Marani [2010] for pre-
dicting the shape of Brutsaert recession curves can be suit-
ably generalized to account for spatially uneven drainage
densities. In practice, one needs to relax certain assump-

tions therein and check empirically whether geomorphic
signatures could still be interpreted in such context, possi-
bly improving the explanatory power of the original
method and reducing to it in the limit case of constant
drainage density. This is precisely what this paper
addresses.

2. Study Areas and Available Data

[e(] We analyze 26 catchments located in Switzerland
(Figure 2) presenting different sizes, relief, slope, and soil
properties. The watersheds are all characterized by rela-
tively little anthropogenic influence on the streamflow
behavior. The hourly averaged streamflow data of the 26
gauging stations are obtained from the Swiss Federal Office
for the Environment. The rainfall data is obtained through
SwissMetNet, a network of automatic weather stations
operated by MeteoSwiss. All the stations are measuring the
precipitation within a maximum radius of 10 km from the
corresponding discharge gauging station. The DEM of the
26 basins were extracted from a 25 m resolution DEM of
Switzerland provided by the Swiss Federal Office of To-
pography with standard commercial geographic informa-
tion system (GIS) software. Table 1 summarizes the
principal characteristics of the 26 catchments.

[71 We also analyze the Val Ferret catchment (catchment
27 in Table 1), an experimental site we have monitored
since 2008 [see Simoni et al., 2011; Tobin et al., 2013].
Streamflow data are available every 5 min and obtained
through water level measurements and a rating curve that
was derived using the salt-dilution method on a yearly basis
for the period 2008-2012. Recently, Weijs et al. [2013]
decreased the error on the rating curve by combining the
water level with the natural electrical conductivity of
stream water which appears particularly useful for Alpine
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watersheds. The rainfall data for the Val Ferret catchment
is obtained along with other forcing parameters by a wire-
less network of up to 26 small meteorological stations
deployed on representative sites of the catchment [Simoni
et al., 2011]. For this catchment, we used both a 5 m reso-
lution light detection and ranging (LiDAR)-derived DEM
and the 25 m resolution DEM provided by the Swiss Fed-
eral Office of Topography. Moreover, the actual channel
network of the Val Ferret catchment has been surveyed by
Differential Global Positioning System during an extensive
field campaign in 2011.

3. Methods

[8] In order to compute the recession exponents, meas-
ured discharge has been averaged from hourly values to
daily values in order to filter out the diurnal contributions
of snow or icemelt to the streamflow daily periodicity. Pre-
cipitation has been integrated over the same period and
used to define recession events as 6 consecutive days with-
out precipitation. Moreover, following Biswal and Marani
[2010], we only considered events with peak discharge
larger than the average discharge in order to enhance the
geomorphic signature on the base flow recession and to
insure that the whole catchment is active at the onset of
recession—unlike the original method from Brutsaert and
Nieber [1977] where the focus was on the groundwater
hydraulics signature. The discharge variations and values
have been computed as —dQ/dt = (Q; — Or1a/) /At and
0= (0;+ Oia)/2 following Brutsaert and Nieber
[1977], where At is the time step of 1 day used in the analy-
sis. Recession events with nonmonotonically decreasing
discharge values were discarded from the analysis (i.c.,
events containing days with dQ/dt > 0 were removed from
the analysis). In the log-log plot, the single —dQ/dt versus
O curves tend to be shifted depending on the maximum
peak discharge, antecedent soil moisture and evapotranspi-
ration. According to Biswal and Marani [2010], Biswal and
Nagesh Kumar [2012], and Shaw and Riha [2012], a value
of the exponent [ is obtained for every recession event by
fitting a linear model in the log-log space using ordinary
least squares. In the following, we will refer to the reces-
sion exponent (3 of a catchment as the median of the expo-
nent 3’s frequency distribution. This event-based approach
differs from the previous studies linking the analyzed
recession discharges based on a one-to-one relationship
between the amount of water stored in the catchment and
the discharge occurring during recessions.

[o] The variables N(¢) and G(f), instrumental for the geo-
morphological analysis, can be obtained from the analysis
of DEMs by extracting the channel network on the basis of
standard topographic threshold methods [O Callaghan and
Mark, 1984; Tarboton et al., 1991] or slope-dependent or
topographic curvature-dependent support areas mimicking
different channel initiation processes [Montgomery and
Dietrich, 1988, 1992; Montgomery and Foufoula-Geor-
giou, 1993; Sofia et al., 2011; Tarolli and Dalla Fontana,
2009], the latter being capable of rendering spatially heter-
ogeneous drainage densities. As done in Biswal and Mar-
ani [2010], we use a simple flow accumulation threshold as
channel network extraction method to standardize proce-
dures, except for the case where ground truthing was avail-

able (for catchment 27, see section 2). After a certain time
t, the number of sources N(¢) is determined by the number
of reaches located at distance /=c(t —1t,) from their far-
thest upstream initial source (Figure 1). Under the assump-
tion that the ADN varies quickly, such that the term in dg,/
dt can be neglected, one has dQ/dt o< —N(f) from equation
(3) and QO x G(f) from equation (2). Inserting these two
relations in equation (1), one finally has

N(1) o G(D)" (4)

where bs= [ if the geomorphological exponent correctly
captures the exponent obtained from the analysis of the
recession curves.

[10] In this work, we propose a revised approach of the
conceptual model developed in Biswal and Marani [2010].
We assume that the directly contributing discharge Q is
drawn not from an unconfined aquifer like in the traditional
way but in our case by the unchanneled area draining
directly in the ADN:

Dooaai~g Yy ax Y a=Ar(t)  (5)

i€ADN(1) i€ADN(1) i€ADN (1)

o(r) =

where ADN is the Active Drainage Network at time #, A7 is
the area draining directly in the ADN, g; is the directly con-
tributing area at site i and g, is the discharge per pixel at
site 7, see Figure 1. The second approximation derives from
assuming ¢ constant as done in Biswal and Marani [2010].
As such we assume that the variation of the contributing
discharge is proportional to the rate of change in directly
contributing area therein and hence on local drainage den-
sity in the sense of Tucker et al. [2001]:

o d
dtO(dl<

where c is the speed at which the sources recede, assumed
constant in space and time as in a negative traveling wave.
The approach is thus based on the computation of the direct
drainage areas of the ADN. Moreover, the change in direct
drainage area is given by the area 4, draining directly in
the sources of the ADN at time ¢:

Z a; @mci a-—c@ (6)
([)l dt— dl T odl

i€ADN i€ADN(t)

a oc Ay (1) (7)
[11] Combining equations (1), (5), (6), and (7), we obtain
similarly to equation (4):

Ay oc Ar™ (8)

where b, = if the geomorphological exponent obtained
with the new method matches the exponent obtained from
the analysis of the recession curves. In this study, we pro-
pose to compute the geomorphological exponents b; of
equation (4) and b, of equation (8) for the 27 watersheds
considered and to compare them with the values of the
recession exponent 3 obtained from the recession analysis.
Then, we study the differences between the two methods in
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terms of mean catchment altitude, aiming at improving our
understanding of the geomorphological origin of the reces-
sion curves.

4. Results

[12] Examples of three catchments (basins 15, 25, and
27, see Table 1 for geomorphological characteristics),
where the two different methods have been applied are
shown in Figure 3. The examples present different cases
and results characteristic of the correction we propose in
this work. The channel network has been suitably extracted
from the DEM using a flow accumulation threshold of 100
pixels and is here color coded in blue in Figure 3a. Differ-
ent flow accumulation threshold values and another channel
network extraction method (depending on a slope-area
threshold) have been used without appreciable changes in
the following results. For the study of the Val Ferret catch-
ment (watershed 27 in Table 1), the monitored network
(see section 2) has been used as the basis for the determina-
tion of the ADN. The distribution of the distance from any
unchanneled site to its nearest stream channel following the
steepest path has been studied in relevant subcatchments of
the watersheds. It appears that the hillslope distance to the
nearest channel and therefore the local drainage density
[Tucker et al., 2001] cannot be considered constant in most
high mountain catchments and especially in the case of the
Val Ferret catchment where the real monitored network has
been used.

[13] The recession slope analysis has been carried out for
each of the 27 basins by fitting each recession event sepa-
rately with least squares and by computing the frequency
distribution of the § values. Some examples of individual
fits are color coded in Figure 3b, along with the cloud of
points obtained for all the events (gray dots). The solid
black line represents the fit of all the events. As expected,
the exponent (3 of equation (1) obtained with the global fit
is less than the average of the coefficients fitted on single
events. The results of the recession slope analysis are pre-
sented in Table 2. In the following, the values of a catch-
ment’s median exponent 3 are used as a comparative basis
for the scaling exponents b; and b, of the different geo-
morphological models. Note that, in general, the standard
deviations of the exponent 3 are relatively large due to the
inferences of fast responses of the catchments to precipita-
tion or glacier melts. The low extreme (8 = 1.06, basin 20,
see in Table 2) corresponds to a largely glaciated, high-
altitude catchment whereas the high extreme (3 = 6.24, ba-
sin 6, Table 2) corresponds to a highly urbanized catch-
ment. Both cases have been discarded in the following
calculations.

[14] The comparison of the two models is shown in Fig-
ure 3c, as per the method developed in Biswal and Marani
[2010], we show the number of sources N plotted versus
the total length G of the ADN. As postulated by the original
method, the number of sources decreases or stays constant
in time, resulting in a monotonically decreasing function
N(G). The plots result in a piecewise constant function at
low values of the network length since low-order channels
have dried out already so that the ADN stems mainly from
high-order streams. In order to better estimate the geomor-
phological parameters bs and b, the data have been fitted

only up to when 80% of the initial ADN has receded in
order to avoid the last part where N(G) is piecewise con-
stant. In Figure 3d, according to the proposed revision of
the original method, we show the area A4y draining directly
in the sources of the ADN versus the total area 4 draining
in the ADN. In the three plots, the cloud of points is quite
noisy at the end of the recession (that is, for the smallest
total areas) which is a signature of the watershed geometri-
cal attributes and of uneven local drainage densities. All
the values of the exponents b and b, are presented in Ta-
ble 2. The two exponents b and b, are similar in the case
of catchment 15 (first column in Figure 3), a catchment
with fairly constant hillslope to channel distance. This sup-
ports our ansatz that the different methods provide indistin-
guishable results in cases where drainage density can be
regarded as relatively uniform in space. In the case of
catchment 24 (second column in Figure 3) and especially
in the case of catchment 27 (third column in Figure 3),
major differences arise from the two methods. Both catch-
ments exhibit very variable patterns in the hillslope dis-
tance to the nearest channel. Remarkably, however, it
appears that a scaling relation between 4y and 47 can still
be found and that allows a fair determination of the scaling
exponent b 4. In the case of catchment 27, the exponents b
obtained with the two DEM of different resolution were
very similar but relatively different for the exponent b, see
Table 2. The values computed with the 5 m resolution
DEM have been used in the following for the catchment
27.

[15] The geomorphological exponents of the two concep-
tual models, s and b4, have been compared to the reces-
sion exponents [ of all the basins in Figures 4a and 4b,
respectively. The horizontal uncertainty bars represent the
standard deviation of the recession exponents 3 computed
on a single event basis and the solid black line represents
the one-to-one relation. The upper plot is visibly more scat-
tered than the lower plot where the points are more aligned
along the one to one line. More formally, a simple fre-
quency distribution of the difference between the geomor-
phological exponents bs and b, and the median recession
exponents [3 is presented in the insets of Figures 4a and 4b,
respectively. With a mean residual of 0.20, it appears
clearly that, on average, the exponent b, obtained with the
new method matches better the exponent (3 of the recession
analysis than the exponent bs; obtained with the first
method (mean residual of 0.67). The improvement of the
new method is even more remarkable when the residuals
are classified along mean basin altitudes, see color coding
in Figure 5. For low-altitude basins (mean altitude below
1000 m, first line in green in Figure 5), the mean residuals
decrease between the first and the second method. For the
watersheds at medium mean altitudes (mean altitude
between 1000 and 2000 m in red in Figure 5) and especially
for watersheds at high mean altitudes (mean altitude above
2000 m in blue in Figure 5), the new method improves the
results with a larger decrease in the mean residual. Assum-
ing increasing spatial complexity of the channel network
with mean basin altitude, our results suggest that the pro-
posed revised method provides better results in catchments
where local drainage density is naturally heterogeneous
reflecting the variety of channel initiation processes (i.e.,
proglacial, high-altitude catchments). In the case of low-
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Figure 3. Example of the results obtained for watershed 15 (column 1), watershed 24 (column 2), and
watershed 27 (column 3), see basins characteristics in Table 1. The different lines correspond to (a) the
channel network obtained with the area threshold method in blue and in black and white the distance L
to the nearest channel following the steepest path (except for watershed 27, column 3 where the real,
monitored network has been used), (b) the cloud of points in gray obtained from the recession analysis
with some events and their fit represented in different colors. Note that only few events are presented in
colors for better visibility, (¢) number of sources N(/) versus ADN length G(/) from which we obtain the
geomorphologic exponent bg, and (d) total area draining directly in all sources of the ADN Ay versus
total area draining directly in the ADN 47 from which we obtain the geomorphologic exponent b,.
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Table 2. Summary of the Results Obtained From the Recession Analysis (Exponent (3), From the Model Comparing N Versus G (Geo-
morphological Exponent b5) and From the Model Comparing 4, Versus A7 (Geomorphological Exponent b,) and Their Respective

Residuals Compared to (3
Coefficient 8 Median Mean Coefficient
Number of for All Events Coefficient 3 for 3 for Separated Standard b (N Residuals by (An Residuals
Events Together Separated Events Events Deviation of 3 Versus G) Median 3-b;  versus A7)  Median (3-b,
1 30 1.75 2.58 2.70 0.98 1.70 = 0.01 0.87 1.56 =0.03 1.02
2 36 2.21 3.28 3.27 0.80 1.69 = 0.01 1.59 1.99 £0.03 1.29
3 30 1.66 2.16 2.12 0.65 1.75+0.01 0.41 1.83 £0.07 0.34
4 23 1.24 1.96 1.83 0.51 221 £0.01 —0.25 2.82 +0.06 —0.86
5 59 1.73 2.54 2.80 1.06 1.89+0.01 0.64 1.95+0.03 0.59
6 25 2.55 6.24 6.96 4.52 2.45+0.02 3.78 2.52+0.09 3.71
7 19 1.03 2.54 3.26 2.28 1.80 =0.02 0.74 1.76 = 0.11 0.78
8 19 1.73 2.35 2.26 0.87 2.21 £0.02 0.13 2.83 +0.07 —0.49
9 14 1.88 2.89 2.61 0.87 2.32+0.02 0.56 2.49 +0.06 0.40
10 25 1.81 291 2.86 1.29 1.99 £0.01 0.91 2.64 =0.02 0.27
11 56 1.82 3.34 391 2.01 0.79 = 0.09 2.56 1.12 £0.15 2.22
12 13 1.48 1.20 1.77 1.03 1.10 £ 0.06 0.11 1.55+0.16 —0.35
13 36 1.15 2.20 2.17 0.86 1.42+0.01 0.79 1.44 +0.08 0.76
14 44 1.80 2.28 2.55 1.23 2.03 £0.01 0.25 2.18 £0.02 0.11
15 20 1.57 2.57 2.55 1.33 2.19+0.01 0.38 2.37+0.03 0.20
16 23 1.87 2.39 2.70 1.05 1.60 = 0.01 0.79 2.96 =0.04 —0.57
17 10 1.51 1.29 1.70 0.78 1.59+0.01 —0.30 2.04 +0.05 —0.75
18 17 0.74 2.04 2.49 2.07 1.98 £0.01 0.06 2.87 +0.03 —0.83
19 12 1.42 2.86 3.01 1.23 1.36 = 0.02 1.50 1.14 £ 0.08 —-0.34
20 13 0.89 1.06 2.65 2.94 1.88 £ 0.01 —0.81 2.99 +£0.12 0.29
21 25 1.73 2.73 3.63 3.16 1.94 +0.02 0.78 2.03 +0.06 0.70
22 14 0.59 1.31 1.32 0.59 1.02 £0.01 0.29 2.15*0.13 —0.84
23 14 1.53 3.20 3.48 1.61 2.12+0.08 1.07 3.53*+0.25 —0.34
24 18 1.75 2.66 2.95 1.49 1.37 £0.02 1.29 2.38 £0.07 0.29
25 40 1.79 3.90 4.29 3.18 1.37£0.02 2.53 1.29 = 0.09 2.62
26 11 1.72 2.82 2.81 1.79 1.62 +0.01 1.20 1.51 £0.09 1.31
27 12 1.05 3.47 5.51 4.59 1.48 =0.02% 1.99% 4.11+0.15% —0.64%
1.53+0.01° 1.94° 3.40 = 0.04° 0.07°

“Results obtained with the 25 m resolution DEM.
Results obtained with the 5 m resolution DEM.

altitude catchments, where local drainage density tends to
be uniform in space, the two methods provide similar
results.

5. Discussion

[16] We find that the discrepancies arising between the
exponent 3 obtained from the analysis of the recession
curves and the geomorphological parameter b; obtained
from the original method proposed in Biswal and Marani
[2010] are relatively small for low-altitude basins but larger
for higher altitude basins. Compared to the watersheds
studied in Biswal and Marani [2010], the watersheds cho-
sen in this study are probably less suited to the original con-
ditions envisioned by Brutsaert and Nieber [1977]: they
are relatively smaller, structurally inconsistent with the
conceptual model of simple drainage of an unconfined ag-
uifer and generally exhibiting faster responses to rainfall
impulses especially due to steep hillslopes. Often, as high-
lighted in the physical features of Table 1, the catchment
response shows signatures of snow or ice melt, both leading
to larger uncertainties in the evaluation of the recession
exponent 3. Moreover, such discrepancy is very large in
the case of an urbanized watershed (basin 6 in Tables 1 and
2), confirming that the method is mostly suited to water-
sheds with little anthropogenic influence. However, the dis-
crepancies between bg and 3 cannot be explained only by
the uncertainty in the exponent 3, and some assumptions

made by the method must be relaxed when hydrologic and
geomorphic conditions required are not met.

[17] Our proposed correction of the method indeed
accounts for uneven local drainage density, because it
assumes that the local contributing discharge per unit
length of receding ADN is limited by the local hillslope to
channel distance and its directly contributing area. This is
typically occurring in high altitude, proglacial dominated
catchments where channel initiation processes are most
diverse and unchanneled distances may vary from tens to
thousands of meters. The inclusion aims at improving our
understanding of the geomorphological origin of the reces-
sion curves, as noted in section 3. The system is described
by the evolution in time of A7, the area draining directly
into the ADN relative to the area Ay draining into the sour-
ces of the ADN, leading to an empirical relation
Ay o A7 Our results suggest that the new geomorpho-
logical parameter b, is closer to the exponent 3, resulting
in a decrease of the residuals between the two exponents
(Figure 4). In particular, the correction is substantial in the
Val Ferret catchment (number 27) where the real, moni-
tored network has been used for the calculations. For this
high-altitude catchment, endowed with highly uneven local
drainage density, the residuals between the exponents
B —bg and 3 — b, decrease from 1.99 to —0.64 and from
1.94 to 0.07 between the two methods for the 25 m resolu-
tion and the 5 m resolution DEM, respectively. In other
particular cases where the local drainage density is more
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Figure 4. Recession exponent 3 versus geomorphologi-
cal exponent for (a) b with the N versus G method and (b)
b, with the Ay versus A7 method. The insets in Figures 4a
and 4b correspond to a simple frequency distribution of the
residuals 3 — bs and 3 — b4, respectively.

even, the two methods produce very similar results (see
catchments 3, 5, or 7) and the two methods give compara-
ble results as expected from the fact that the approaches
tend to collapse into the same formulation.

[18] We acknowledge several sources of uncertainty
introduced in the model, chiefly through the resolution of
the DEM and through the area threshold method adopted
for the channel network extraction (which is known to fail
in complex terrain where heterogeneities of channel initia-
tion processes are major). In the Val Ferret catchment, the
uncertainty in the channel network extraction is dramati-
cally decreased by an accurate field channel network moni-
toring resulting in improved results for the method
proposed here. However, the time series available for
measured streamflows for this watershed is less compared
to the 26 others leading to a greater uncertainty in the expo-
nent /3. Field campaigns in other small watersheds aimed at
monitoring channel initiations would probably improve the

performance and the reliability of this conceptual model. In
the Val Ferret catchment, our results were not affected by
the DEM resolution since the geomorphological parameter
b, was closer to (8 than bs; to § in both DEM resolution
cases. Therefore, the uncertainty introduced by the DEM
resolution might only alter the accuracy of the predicted
exponent but not the essence of our method. We also
acknowledge larger uncertainties in the estimation of the
parameter b, due to the larger scatter in the 4, versus A7
plots which is the mark of uneven local drainage densities.
We note, however, that the error in the estimate of the pa-
rameter b, is still small compared to the error in the expo-
nent (. Finally, we note that our study pinpoints that the
most critical assumption of the conceptual model lies in
neglecting the term dq/dt in equation (3) with respect to the
change in the ADN geometry. Further studies are thus
needed in order to combine the results of the method here
formulated with a possibly geomorphically controlled inte-
gration, modeling the speed of the negative traveling wave
of active stream switch offs.

a) <B-b>=0.59 b) <@-b,=0.38
2
1
0 -2 -2 0 2
3 <B-b>=0.58 d) p-b,=0.25

<B-b>=0.70 f)

<-b,=-0.06

0
B'bA

Figure 5. Histogram of the residuals between the reces-
sion exponent  and the geomorphological exponents (a, c,
and e) b (left histograms) and (b, d, and f) b, (right histo-
grams) classified along mean basin altitude, from top to
bottom in green (first row, Figures 5a and 5b) for basins at
mean altitude below 1000 m, in red (Figures 5c and 5d) for
basins at mean altitude between 1000 and 2000 m and in
blue (Figures 5e and 5f) for basins at mean altitude above
2000 m.

B'be
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6. Concluding Remarks

[19] Catchment recession curves bear the signatures of
geomorphology. Two conceptual models based on empiri-
cal relations obtained solely from the analysis of DEMs
have been compared. Both models describe the impact of
geomorphology on the recession curves of the stream net-
work, described in the first model by the evolution of the
number of sources in the active channel network versus the
total active channel network length, and in the latter by the
area draining in the sources of the receding network versus
the total area draining directly in the network. From the
analysis of 27 catchments relatively unaffected by anthro-
pogenic influence, our results suggest that the two models
give similar results in the cases where local drainage den-
sity is approximately constant. In the cases of spatially
uneven local drainage density, the first model does not hold
and the new model presented here improves the results for
high-altitude basins. In general, we suggest that this con-
ceptual model might be useful to estimate the low flow re-
gime of natural ungauged basins by predicting its features
solely from information remotely acquired and objectively
manipulated through DEM data.
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1 and 200021-124930/1), to ERC Advanced Grant RINEC 226712 and to
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