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Abstract. Over a long multi-year period, flood events can
be classified according to their effectiveness in moving sed-
iments. Efficiency depends both on the magnitude and fre-
quency with which events occur. The effective (or dominant)
discharge is the water discharge which corresponds to the
maximum sediment supply. If its calculation is well docu-
mented in temperate or humid climates and large basins, it is
much more difficult in small and semi-arid basins in which
short floods with high sediment supplies occur. Using the
example of 31 years of measurements in the Wadi Sebdou
(north-west Algeria), this paper compares the two main sta-
tistical approaches to calculate the effective discharge (the
empirical method based on histograms of sediment supply by
discharge classes and an analytical calculation based on a hy-
drological probability distribution and on a sediment rating
curve) to a very simple proxy: the half-load discharge, i.e. the
flow rate corresponding to 50 % of the cumulative sediment
yield. Three types of discharge subdivisions were tested. In
the empirical approach, two subdivisions provided effective
discharge close to the half-load discharge. Analytical solu-
tions based on log-normal and log-Gumbel probability dis-
tributions were assessed but they highly underestimated the
effective discharge, whatever the subdivision used to adjust
the flow frequency distribution. Furthermore, annual series of
maximum discharge and half-load discharge enabled the re-
turn period of hydrological years with discharge higher than
the effective discharge (around 2 years) to be inferred and
showed that more than half of the yearly sediment supply is
carried by flows higher than the effective discharge only ev-
ery 7 hydrological years. This study was the first to adapt

the analytical approach in a semi-arid basin and to show the
potentiality and limits of each method in a such climate.

1 Introduction

Over a long multi-year period, flood events can be classified
according to their effectiveness in moving sediments. Effi-
ciency depends both on the magnitude and frequency with
which events occur. According to Wolman and Miller (1960),
the efficiency can be examined through the “sediment trans-
port effectiveness curve” h(Q) obtained by the product of the
two curves f(Q)-g(Q), where f(Q) is the frequency distri-
bution of water discharge, and g(Q) the rating curve estimat-
ing the suspended sediment flux Qy as a function of the water
discharge (Fig. 1). Since f(Q) is a bell-shaped probability
density function, often adjusted by a log-normal probability
distribution, and g(Q) is a function limited in the interval [0;
Omax[, then the function 2 (Q) goes from 0 at very low flow
rates to almost O at the highest flow rates through a maxi-
mum. The flow at which the function / reaches its maximum
is the effective discharge, QOp, in the sense of Wolman and
Miller (1960). The curve h(Q) characterizes the relative ge-
omorphic work (i.e. the amount of sediment transported) that
is carried out in a basin by each flow. The effective discharge
is often referred to as the dominant discharge, which has
the greatest role in the formation and maintenance of river
morphology, and whose knowledge is essential for stream
restoration projects (Watson et al., 1999). As illustrated in
Fig. 1, alarge portion of sediment is conceptually transported
by weak to moderate floods. Wolman and Miller (1960) con-
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Figure 1. Effective discharge curves.

firmed this concept by comparing the frequency of flows gen-
erating suspended sediment transport in watersheds of dif-
ferent sizes in humid and semi-arid regions and showed that
very large devastating floods which produce large amounts
of sediments have, due to their scarcity, a tiny contribution
over a long period compared to moderate floods with higher
recurrence.

To determine the effective discharge, the empirical ap-
proach proposed by Benson and Thomas (1966) is based
on the construction of a sediment supply histogram as an
alternative of the sediment-transport effectiveness function,
h(Q). This approach made it possible to identify the domi-
nant class on many sites, usually from daily liquid and solid
flow series in temperate environments (Andrews, 1980; Ash-
more and Day, 1988; Biedenharn et al., 2001). It makes use
of a subdivision of discharge into classes of equal ampli-
tude and defined the modal class as the efficient-flow class
or dominant class (Dunne and Leopold, 1978).

Alternatively, Nash (1994) proposed an analytical ap-
proach to estimate the effective discharge. He argued that
for most rivers, the log-normal distribution adequately repre-
sents the flow frequency, and that sediment flow is commonly
estimated from a power model, g(Q) =a Qb +1 where a and
b are empirical parameters of simple regression established
between the C* and QF class representatives (Andrews,
1980; Biedenharn et al., 2001; McKee et al., 2002; Crowder
and Knapp, 2005; Bunte et al., 2014). The probability dis-
tribution of discharge and the rating curve of sediment sup-
ply provide a mathematical equation of the sediment trans-
port efficiency curve, h(Q) (Nash, 1994; Vogel et al., 2003).
The curve A has a unique maximum reached at the effective
rate Qp (Fig. 1), whose analytical expression is the solution
of the derived function, #’'(Q) = 0. For more precision and in
order to deal with different flow regimes, the analytical solu-
tion of the dominant discharge has been established for prob-
ability distributions other than the log-normal distribution,
such as the normal, exponential or log-Pearson III distribu-
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tions (Goodwin, 2004; West and Niezgoda, 2006; Quader et
al., 2008; Higgins et al., 2015).

Other methods are still proposed in the literature to esti-
mate the effective discharge. Ferro and Porto (2012), for ex-
ample, associated it with the flow rate corresponding to 50 %
of the cumulative sediment yield, thus taking up the concept
of “half-load discharge” introduced by Vogel et al. (2003).
Since flows below this threshold carry 50 % of the total sed-
iment production and higher flow rates as much, this flow
can also be called a “median water discharge in the sense
of sediment yield” (Qys,). Other parameters are calculated
in the literature and considered as proxies of the effective
discharge, such as the bankfull discharge (Qy, the discharge
which fills the channel to the level of the floodplain; see for
example Andrews, 1980) or the 1.5-year flow events (Q15)
(e.g. Crowder and Knapp, 2005; Ferro and Porto, 2012).

These approaches to analysing sediment yield are less
well adapted to semi-arid environments that experience the
alternation of very long periods of drought or low flows
and sporadic floods. Furthermore, Colombani et al. (1984)
and Castillo et al. (2003) emphasized practical difficulties in
controlling flows and associated matter in small catchments
(10 to 10* km?) which are subject to flash floods that carry
significant sediment loads (Reid and Laronne, 1995; Alexan-
drov et al., 2003; Scott, 2006; Gray et al., 2015) and where
accurate sediment records are frequently lacking (Milliman
and Syvistki, 1992; Biedenharn et al., 2001; Gray et al.,
2015). Probst and Amiotte-Suchet (1992) and Walling (2008)
reported that the lack of such series is obvious on the south-
ern Mediterranean side. Due to the paucity of accurate time
series, Crowder and Knapp (2005) highlighted that the ap-
proach developed for identifying the effective discharge has
not been verified in watersheds smaller than 518 km?.

In the context of current knowledge and methods, this
article proposes to adapt and compare these methods to
the hydrology of a small semi-arid basin on an example
in northern Algeria. The application is carried out from
31 years of hydro-sedimentary measurements in the Wadi
Sebdou (1973-2004), on which floods last on average 7.78 %
of the time. The questions dealt with in this paper are the fol-
lowing:

1. How can we precondition data series in semi-arid envi-
ronments?

2. What is the best subdivision of discharge classes
adapted to the empirical method based on sediment
yield histograms? Three types of subdivision are com-
pared.

3. What are the analytical solutions following the
Nash’s (1994) method which fit statistical probability
distributions to flow histograms to derive the domi-
nant discharge? Theoretical solutions are established for
two standard probability distributions (log-normal, log-
Gumbel).

www.hydrol-earth-syst-sci.net/22/6335/2018/
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4. What are the different sources of errors in each ap-
proach?

5. Which lessons can we derive by comparing their results
and the half-load discharge?

6. Which return periods regarding sediment supply over
a long-term period can be derived from the annual se-
ries of hydrological parameters such as the annual max-
imum discharge and the half-load discharge?

2 Study area and hydrometric measurements

The Maghreb is a mountainous region with young relief,
characterized by many small watersheds. In these steep marl
landscapes, rainfall erosivity is particularly high (Heusch,
1982; Probst and Amiotte-Suchet, 1992). Located in the
north-west of Algeria, the Wadi Sebdou (or upper Tafna
River) runs along 29 km (Fig. 2). The upper reaches emerge
through predominantly carbonate Jurassic terrains at al-
titudes up to 1400 m. Then the wadi crosses the plain
of Sebdou composed of Plio-Quaternary alluviums, and
a valley (the gap of Tafna) made up of carbonate rocks
(marl-limestone, limestone and Jurassic dolomites) (Ben-
est, 1972; Benest and Elmi, 1969). The Wadi Sebdou flows
into the Beni Bahdel reservoir, with a storage capacity
of 63 million m?, impounded in 1946. The Wadi Sebdou
drainage basin area is 256 km?. Steep slopes exceeding 25 %
represent about 49 % of the total basin surface. The climate
is semi-arid. The wet season runs from October to May. The
dry season runs from June to September with low rainfall and
high evapotranspiration.

Previous studies on sediment dynamics in this basin pro-
posed syntheses on the hydro-sedimentological dynamics
and budgets, or on sediment processes at the origin of hys-
teresis phenomena during floods, based on the detailed anal-
ysis of short-term time variations of water and sediment dis-
charge (Megnounif et al., 2013). Additional and detailed in-
formation on morphometric, geological and land use charac-
teristics of the basin were reported in Bouanani (2004), Meg-
nounif et al. (2013), and Megnounif and Ghenim (2016).

Discharge and concentration data were measured at the
Beni Bahdel station by the National Agency of Hydraulic
Resources (locally called ANRH; Agence Nationale des
Ressources Hydrauliques, 2018), in charge of gauging sta-
tions and measurements in Algeria. These data cover a 31-
year period from September 1973 to August 2004. When wa-
ter level is low and stable, the operator takes water samples
every other day. During flood periods, sampling is intensi-
fied, up to every half-hour. During low flow period, water
samples are taken every 2 weeks. At each sampling, the op-
erator reads the water level on a limnimetric scale or on a
limnigraph which is then converted into a water discharge
according to a stage—discharge relationship established for
the station. The suspended sediment concentration is deter-
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Figure 2. Location of the Wadi Sebdou in the Tafna watershed.

mined from a water sample taken from the streambank, after
filtration (see Megnounif et al., 2013).

3 Methodology
3.1 Elementary contributions and budgets

The product of discharge, Q (m?s~!), and suspended sedi-
ment concentration, C (in gL~ or kg m?), make it possible
to evaluate the instantaneous sediment discharge, Os = Q-C
(kgs™1). Between two water samples, the liquid flow, Q, and
the sediment discharge Qs, are assumed to vary linearly. At
each flow Q; measured at time #;, there is an associated triplet
(At;, AR;, AY)):

1 1 1
Aty = 3 (tig1— 1)+ E(Ii —ti—1) = E(tiJr] —ti-1), (D

1
AR; =7 [(Qis1+ 0 (g1 — 1) +(Qi + Qi—1)
(t —t;i-1)] 1070, )

1
AY; = 1 [(Qi+1Cit1+ QiCi) (tig1 — 1)
+(QiCi + Qi—1Ci—1) (t; — t;-1)] 107°, 3)

where At;, AR; and AY; correspond to time duration (s),
elementary input in water (unit: 10 m?) and elementary sed-
iment yield (unit: 103 t) assigned to the discharge Q;, respec-
tively.

Over a duration T, the water supply R7 and sediment
yield Y7 are estimated by summing the elementary contri-
butions:

Hydrol. Earth Syst. Sci., 22, 6335-6355, 2018
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Ry = ZARi Yr = ZAYi. 4)

tieT tieT

Various quantiles are given using cumulative frequencies and
elementary contributions assigned to ordered discharge. The
quantiles Q7y, Qry and Qy, stand for water discharge that
delimit & % of annual time, o % of the total water supply and
a % of the sediment yield, respectively. For example, Qy;, is
the median water discharge in terms of suspended sediment
production, i.e. such that 50 % of the sediment yield is carried
by discharge lower than Qy,,.

3.2 Effective discharge calculation using a discharge
histogram

3.2.1 Basis of the empirical method

To analyse flow frequencies and associated sediment yields,
the x axis (discharge) is subdivided into class intervals (or
bins) Iy = [ak, ak4+1[ where k =0,...,N; ap < Omin < a1
and ay < Omax < an+1. The duration, water and sediment
yields attributed to the class I; are obtained by summing time
intervals (Eq. 1), water contributions (Eq. 2) and sediment
yields (Eq. 3) assigned to discharge Q; within this class, as
follows:

ATF = D" AT; ARF = D" AR and AY = > AV, (5)
Qiely Qielx Qielk

Each discharge class, Iy, is represented by a pair (QX, C¥)
where QF is the midpoint and C¥ is the mean sediment con-
centration calculated by the following equation:

k
« AY

= RF (6

Discharge classes are examined according to their effective-
ness to produce sediments. The discharge class that carries
out the highest sediment yields over an extended period is
the dominant class. For simplicity, its midpoint, Qp, is the
effective discharge (or dominant discharge). In this article,
three ways to subdivide the discharge axis are presented, ap-
plied and compared.

3.2.2 Class interval assignment

Regarding the choice of discharge classes, the procedure is
empirical and varies according to the authors (Pickup and
Warner, 1976; Andrews, 1980; Lenzi et al., 2006). Bieden-
harn et al. (2001) recommended starting by the use of
25 classes of equal lengths. If no measurement is assigned
to a class interval or the mode is isolated in the last his-
togram class corresponding to the highest rates, the num-
ber of classes is changed. Crowder and Knapp (2005) ar-
gued that each class must contain at least one flow of a flood

Hydrol. Earth Syst. Sci., 22, 6335-6355, 2018
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event. Thus, this procedure is subjective and remains depen-
dent on the measurement protocol and the watershed config-
uration (Sichingabula, 1999; Goodwin, 2004). For example,
Hey (1997) showed that it is necessary to increase the num-
ber of classes to 250 for a suitable representation of the dis-
tribution of the sediment yield brought by the Little Missouri
River at Marmarth and Medora. Yevjevich (1972) suggested
that the number of classes should be between 10 and 25,
depending on the size of the sample. He proposed that the
length of the class interval does not exceed s/4, where s is
the standard deviation of the series of studied liquid flows.

In this study, we propose to compare three types of subdi-
vision of discharge classes — classes of equal length, classes
of equal water supply and classes in geometric progression:

Classes of equal length. The series of ordinal discharge
is subdivided into class intervals of equal size. A flow fre-
quency and percentages of water and sediment contributions
are assigned to each class interval. Various class lengths are
examined and compared to that of length 1 m3s~!.

Classes of equal water supply. Based on a physical aspect,
the second subdivision ensures that classes provide the same
water supply. For that, cumulative frequencies and water
and sediment elementary supplies in percentage (D> AT; %,

j<i

> AR; %, > AY; %) are assigned to the ordinal discharge.
= ~

jClass bounéaries are delimited according to the cumulative
water supply. For example, to get 25 classes, elementary wa-
ter inputs assigned to each class must accumulate 4 % of the
total water supply. At equal water yields, the efficient class is
the one that carries out the most sediments.

Classes in geometric progression. Initiation of sediment
motion by water depends on shear stress (Shields, 1936). In
many sediment transport models, the sediment transport rate
per unit channel width (gs) follows a power law as a function
of excess shear stress gs = k(t — t.)", where 7 is the shear
stress per unit area and t, is the critical stress of sediment re-
quired for grain motion, k is a parameter depending on sedi-
ment particle characteristics, and n is an empirical exponent
(e.g. Bagnold, 1941; van Rijn, 2005). As a result, power law
models are commonly used, where sediment discharge Qg
or sediment concentration C evolves as a function of water
discharge Q (Walling, 1977):

Qs=aQ"* ' orC=aQ’ 7
or, in a consistent manner,
logC =loga+blog Q. )

In a stream that verifies such a relationship, the sediment dis-
charge varies linearly against the water discharge on a log-
arithmic scale. For this reason, we suggest subdividing the
x axis (discharge) into classes of equal lengths on a loga-
rithmic scale. Hence, class limits (a;) are chosen so that the
following is true:

www.hydrol-earth-syst-sci.net/22/6335/2018/
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loga; 1 —loga; = B (constant). O]

Since the log function is bijective on RT (positive real num-
bers), for a constant 8 > 0, there exists o > 0 such that
B =log (1 + «). Following this,

a:
log’a—{rl=log(l+a)<:>ai+1 =ai(l+a). (10)
]

In this case, the length of classes is in a geometric progres-
sion of common ratio 1 + « and all the class limits may be
deduced from ag, according to the following:

a1 = ax(1+a) = ap(1 + )t (11)

For a small value of «, appropriately chosen, discharge
within each class can be considered as equivalent to the value
at the centre of the class, ak = ay (1 + %), since:

(0—d") _«
VO e [ak,akﬂ[» Tk = 5
The sediment yield assigned to each discharge class is repre-
sented by a histogram on logarithmic scale or by a bar graph
on arithmetic scale. The midpoint of the modal class interval
represents the effective discharge Op.

12)

3.2.3 Data pre-processing

In many rivers where flow variation is slow, water sam-
pling required for solid flow measurement is not carried out
daily but at monthly or weekly intervals (Horowitz, 2003).
In this case, daily solid discharge is estimated by interpola-
tion between actual measurements. On the other hand, small
drainage basins (less than 1000km?) experiencing high-
intensity rainfall can generate short floods with high varia-
tion where recession sometimes lasts less than 24 h. Bieden-
harn et al. (2001) and Gray et al. (2015) reported that, in
small basins with irregular flow, the identification of effective
discharge requires a coverage of hydrometric measurements
with a fine time resolution (less than 1 h). According to Si-
mon et al. (2004), the scarcity of such records in the USA
makes it difficult to identify the regional effective discharge.
In such small basins, monitoring sediment concentration re-
quires a measurement protocol with a suitable, more tight-
ened, temporal resolution. For a small alpine catchment river,
Lenzi et al. (2006) adapted the Crowder and Knapp (2005)
approach to hydrometric data at 5 min intervals (the sediment
concentration was deduced from water samples taken by au-
tomatic equipment at 5 min intervals).

The measurement protocol of the ANRH services is based
on a predefined calendar. However, the high variability of the
flows experienced by the Wadi Sebdou is such that between
two consecutive measurements the difference can be signif-
icant, and one class or more may not be represented by any
flow, whatever the subdivision used to discretize the flow dis-
charge into classes. Moreover, such large differences cause

www.hydrol-earth-syst-sci.net/22/6335/2018/

an overestimate of the contributions in the sampled classes
and underestimate those that are not. A preliminary data pro-
cessing was thus performed in this study in order to im-
prove the distribution of elementary inputs amongst classes.
To achieve this, liquid and solid discharge is assumed to vary
linearly as a function of time between two measurements.
When the discrepancy between two measured discharge is
large, an intermediate discharge is added at each increase
of 0.2m>s™!. The corresponding values of time and sed-
iment discharge are deduced using linear interpolation be-
tween measurements. The value of 0.2m3s~! was chosen
close to the baseflow observed in the river, Qg = 0.16 m3s~!
(Terfous et al., 2001; Megnounif et al., 2003). This pre-
liminary data treatment allows the information amongst the
classes to be better distributed and the elementary inputs to
be estimated in a more continuous way. Thus, the data series
on which we applied and compared methods has increased
from 6947 initial measurements collected by the ANRH to
40081 data (1;, Q;, C;).

3.2.4 Relevance of a subdivision of discharge

The relevance of a subdivision was examined according to its
ability to represent the water and sediment supplies. Three
aspects were considered:

— A subdivision was considered suitable when histograms
were informative on the three variables’ (frequency,
water supply and sediment supply) evolution over the
whole flow range, from the weakest to the strongest.

— The water and sediment inputs assigned to each dis-
charge class can be quantified by the “standard” elemen-
tary contributions (Eq. 5) or alternatively estimated us-
ing the midpoint discharge and the mean sediment con-
centration of each class (Eq. 6). Discrepancies are ex-
pressed as a percentage by the ratios tgx and Ty, such
as the following:

Q¥AT*1076 — ARK

TRk = ARE 100 and
QkCkATK1076 — AYF
= 100. 13
Tyk ATE (13)

When estimating total water and sediment supplies, dis-
crepancies are given by the following:

N N
S QFATK1076 — > ARK
k=0 k=0
TR = 100 and

N
> ARk
k=0

Hydrol. Earth Syst. Sci., 22, 6335-6355, 2018
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N N
QFCkATK1076 — 3 AYK
Ty = =0 - k=0 q90. (14)
AYF
k=0

A subdivision is better when it provides the smallest dis-
crepancies according to Eqgs. (13) and (14). Note that,
for the same class, the differences tgy and ty; are iden-
tical. Indeed, Egs. (6) and (13) give the following:

OkCkATK . 1076 — AYK
= 100 15
Tyk ( ATF s)
k
QAL ATK. 1076 — AYFK
= | =& - 100.
AYk

After simplification of the term AY k, we find that Ty, =
TRk-

— An additional criterion was considered to determine the
effective discharge from analysis. The suspended sed-
iment concentration assigned to each class C¥ may be
alternatively estimated from the power model C = a Q"
fitted with class representatives (Qk, ck ), a and b being
empirically derived regression coefficients. A subdivi-
sion is relevant when, on the one hand, the coefficient
of determination and the coefficient of Nash and Sut-
cliffe between measured sediment loads and estimated
values were close to 1, and on the other hand, the subdi-
vision yields the smallest differences between sediment
yield using Eq. (5) and its estimate using the following
power model:

a(Q")" k1076 — Av* 100 y
MYk = ING . (16)
The total discrepancy was quantified by the following
ratio:

>a(0)) ' k1076 — S AY*
iy = | =~ k 100.  (17)

S AYE
k

3.3 Analytical determination of the effective discharge

Probability density functions representing flow frequencies
from instantaneous values are left-skewed distributions. The
most commonly used is the log-normal distribution (Wolman
and Miller, 1960; Nash, 1994). However, for irregular flows
such as those encountered in semi-arid environments with
long periods of very little discharge, more pronounced asym-
metric distributions are recommended. Hence, in addition to
the log-normal distribution, the log-Gumbel distribution was

Hydrol. Earth Syst. Sci., 22, 6335-6355, 2018

examined. The theoretical density functions were fitted to the
discharge frequency histogram. The dominant discharge was
deduced from the analytical solution of 2'(Q) = 0, using the
sediment rating curve C — Q fitting the pairs (Q¥, C¥). An-
alytical solutions for the log-normal and log-Gumbel distri-
butions are given in detail in the following subsections. The
relevance of these solutions was assessed through the ability
of the sediment-transport effectiveness curve to represent the
sediment load histogram, globally and within class intervals.

3.3.1 Effective discharge using a log-normal
distribution

The two-parameter log-normal distribution has a probability
density function:

1 1 (In(Q) — i\?
= —\ — N 18
f(0) agme"p[ 2( ; )} (18)

where o and § are the mean and standard deviation of the
In(Q) distribution. So, the sediment transport effectiveness
curve can be written as follows:

2
exp [—% (IH(Q%) } a0 (19

h(Q) =

1
§OV27

The derivative of the function 4 is given by the following:

b1 \2
h’(Q)=—aQ exp[—l(—ln(Q) M)}

21 2 P
1 —
[—% +b] ) (20)

1 (Q) =0 when —ln(%# +b =0, and so

Op =exp (,4/,—}—1)82). (21)

The mode is the discharge value that appears most often. It is
the discharge at which the probability density function has a
maximum value. The analytical solution of f’(Q) = 0 gives:

Omode = exp (11— 8%). 22)

3.3.2 Effective discharge using a log-Gumbel
distribution

The two-parameter log-Gumbel distribution is defined
through its probability density function:

f(Q) = —exp(—u) exp(—exp(—u)), where
u=aglnQ+b,, (23)

for which the parameters, a, = ﬁg and by = 0.5774 —agpu,

are issued from the method of probability-weighted mo-
ments, i and § being identical to the parameters of the log-
normal distribution.

www.hydrol-earth-syst-sci.net/22/6335/2018/
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Figure 3. Cumulative frequency, water and sediment inputs assigned to ordinal discharge in the Wadi Sebdou (1973-2004).

The function % is written as follows:

h(Q) = —exp(—u) exp(—exp(—u))g(Q) with

g(Q)=aQ""". (24)
Its derivative A’ is written as follows:
W(Q) =~ G exp(-w) exp(~exp(~u)g(Q)

[—ag +agexp(—u) +b]. (25)

Thus, the dominant discharge can be expressed by the fol-
lowing:

1n( —%)erg

Op=exp | — (26)
ag
The solution of f/(Q) = 0 gives the following mode:
In (1 + é) + b,
Omode =€Xp | ———————— (27)

Qg
3.4 Half-load discharge

In their study, based on 27 stream gauge stations located in
three regions of southern Italy, Ferro and Porto (2012) liken
the dominant discharge to the median discharge in terms of
sediment yield (Qys,); i.e. the discharge value above and be-
low which half the long-term sediment load is transported.
Vogel et al. (2003) previously introduced this parameter,
which they called “half-load discharge” and distinguished
from the effective discharge. The half-load discharge was
determined for the Wadi Sebdou by cumulating elementary
sediment contributions assigned to the ordinal discharge cov-
ering the study period 1973-2004. The obtained discharge,
Qys,, was compared to the dominant discharge, Op. Its very
quick and easy determination from the cumulative sediment
yield curve makes it a suitable indicator for practical appli-
cations by technical staff or managers.
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3.5 Return periods

The series of hydrologic data, Q, employed to estimate the
recurrence interval (or return period) of an event of a given
magnitude Qp, should be selected so that these values are
independent and identically distributed along the considered
time series. Such a series can compile any remarkable yearly
discharge (e.g. average, maximum or minimum annual dis-
charge). Each year should have a unique representative value
so that the number of base values equals the number of
the study years (Chow et al., 1988). The recurrence inter-
val of an event 1of magnitude equal to or exceeding Q, is
RI(Qp) = GENE

An effective discharge recurrence interval is traditionally
derived from the probability distribution fitted to the annual
maximum discharge series (Biedenharn et al., 2001; Simon et
al., 2004; Crowder and Knapp, 2005; Ferro and Porto, 2012;
Gao and Josefson, 2012; Bunte et al., 2014). To complete
this parameter, which relies only on hydrological measure-
ments and does not consider the associated sediment sup-
plies, we also calculate in this study the recurrence interval
of the effective discharge estimated from a probability distri-
bution fitted to the series of annual half-load discharge and
investigate its additional information.

4 Results

4.1 Empirical approach: effective discharge values for
various discharge subdivisions

In the Wadi Sebdou, discharge is greater than Qr,, =
9.68m?s~! (see Fig. 3) during 1% of the time each year
(i.e. 87h and 40 min), with an average sediment concentra-
tion being worth 10.3 g L~!. They represent 25.0 % of the to-
tal water input and carry 82.8 % of sediment (see Fig. 3). On
the other hand, discharge is lower than 1.54 m3s~! ( O71)
90 % of the annual time. Their weak average concentration
is 0.19gL~!. Floods with high sediment concentration are
thus rare.

Hydrol. Earth Syst. Sci., 22, 6335-6355, 2018



6342

1.E-01 4 29.5(0.02 %)
£ 4
£ 1E-03 !
= L
el I'
Q I
- :HH
) ’ H\MU
I
1.E-07 i ‘ HHHWHM M op
) o N N
= =3 = = (=3 =3 = =} (=3 (=]
N © AN AN v o — < >~
bl - - o o o~
Discharge m3s!
8% S
x
=
& %1 7
=] N
2
£ 4%
8
5 2%
£
=l
@ 0%
e T R B s B L B S B S
(=} (=2 f=3 [ (=3 f=2 (=3 (=] = =]
o = (=)} o~ sl e} — < ~
— — — [} (o] (o]

Discharge m3s™!

Figure 4. Duration, water and sediment supplies, as well as the
(1m3s1.

Interquartile discharge for water supplies, [0.66;
9.68m3s~! [, lasts 30.3% of the annual time and car-
ries 15.6% of the total sediment load with an aver-
age concentration of 0.97 gL~!. Discharge higher than
ORyy =85.2 m3s~! has an average frequency of 0.01 %,
i.e. 1.3h per year. These waters carry 16.64 % of total sedi-
ment production with an estimated average concentration of
259gL~1

The first and third quartiles for sediment production are
delimited by Qy,; =153m3s™! and Qy,, =58.4m?s~!
Approximately four-fifths (80.4 %) of the total volume of wa-
ter flows with discharge lower than the first quartile, with an
average sediment concentration being worth 0.96 g L~!. Dis-
charge higher than the third quartile, heavily loaded with an
average concentration of 15.4 g L™!, accounts for only 5.1 %
of water supplies. They last 0.06 % of the annual time, i.e. 5h
per year, on average. The half-load discharge Qy,, is equal
to 29.8 m3 s~!, discharge equal to or higher than Q Ys0> and
brings 12.7 % of water supply and flow in 0.24 % of the an-
nual time (21 h) on average, with an average concentration
of 1.8gL~!. Of the 131 floods recorded during the study
period, 33 had a peak flow higher than the median flow, of
which 11 were multi-peaks and exceeded 26 times the value

of Q Y50+

4.1.1 Subdivision into classes of equal length
Discretization of the Wadi Sebdou discharge into classes of
length equal to 1 m? s~! gives 273 classes. As can be seen on

the histogram of sediment yields (Fig. 4), the class which in-
duced the highest sediment contribution (the dominant class),
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sediment rating curve with a subdivision into classes of equal length

[29; 30m> s~![, brought 4.8 % of the total sediment supply.
This class represents 0.51 % of the total water supply (Fig. 4)
with an average concentration of 29.1 gLL.~! (Table 1), for a
duration of 0.02 %, i.e. about 1.5 h per year, or 0.21 % of the
total flood duration, which covers on average 7.78 % of the
year. The following classes, in order of efficiency to mobilize
sediment, are [15; 16[, [28; 29[, [1; 2[ and [0; 1 m® s~![ with
sediment productions of 4.35 %, 3.05 %, 2.87 % and 2.73 %,
respectively. The second efficient class represents 1.16 % of
the total water input and lasts 0.073 % of the time (around
6.4 h per year). The classes with low discharge, [0; 1 m3 s~
and [1;2 m3s~! [, are the most frequent; they last 81.5 % and
11.65 % of the annual time, respectively, with average wa-
ter inputs of 35.49 % and 16.72 %, respectively. Every class
above 38 m> s~! contributes a sediment load of less than 1 %.
Their contribution decreases to less than 0.5 % for discharge
above 53 m3s~! (Fig. 4).

For such a subdivision, a change in class length necessar-
ily affects the representativeness of the flow characteristics,
in particular the magnitude and position of the effective dis-
charge Op. The latter varied from 29.5 to 25 m?s~! when
the class length increased from 1 to 10m>s~!, i.e. when the
number of classes was reduced from 273 to 28. The contribu-
tion of the dominant class changed accordingly, from 4.8 %
to 19.0 % of sediment supply, and from 0.51 % to 4.32 % of
water flow. The frequency of discharge in this class changed
as well, from 0.02 % to 0.17 % of the annual time.

The comparison between the water and sediment inputs
estimated from class representatives (Qk , Ck ), on one side,
and those directly calculated from elementary contributions,
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Table 1. Characteristics and performance of various subdivisions: class of dominant discharge range CDD; effective discharge; flow fre-
quency AT, water supply AR, sediment supply AY and concentration C; parameters of the rating curve C k= qQkb, discrepancies between

water and sediment inputs obtained from classes and from elementary contributions.

Classes of equal Classes in
Classes of equal length water supply geometric
Im3s~! 2m3s~ ! 3mds! 4mds! (1 %) (4%) progression
(common
ratio 1.2)
CDD (m3 s_l) 29-30 28-30 27-30 28-32 121-272.6  66.8-272.6 26.4-31.7
Op m3s™1) 29.5 29.0 28.5 30.0 197.2 169.7 29.01
AT (%) 0.02 0.03 0.04 0.06 0.01 0.04 0.074
AR (%) 0.51 0.96 1.33 1.77 1.00 4.00 2.24
AY (%) 4.77 7.82 9.23 10.93 114 224 12.74
C(g L_l) 29.08 25.5 21.6 19.3 35.2 17.5 17.8
TR 8.8 % 46.0 % 92.2 % 139.7 % —0.05% 3.3% 0.3%
min (tgRy) —1.1% —0.1% —0.2% —0.4 % —32.1% —30.0% —33.1%
max (TRg) 19.5 % 85.7 % 155.0% 218.2 % 7.4 % 79.7 % 2.3 %
a 0.4874 0.4777 0.4539 0.4460 0.3876 0.4453 0.5032
b 0.8031 0.8072 0.8181 0.8213 0.8799 0.8138 0.7917
R? 0.879 0.879 0.879 0.878 0.906 0.946 0.950
Nash—Sutcliffe 0.888 0.890 0.897 0.898 0.769 0.588 0.930
™Y —6.0% —-12% 14.2 % 32.5% —6.0% 31.8% —6.9%
min (Tyyk) —74.6% —71.6% —-675% —62.1% —90.1 % —70.0% —85.8%
max (Ty,yk) 109.1 % 160.4 % 313.8% 474.1 % 487.4 % 199.0 % 102.2 %
. L 3. o . . 3.1
15% Class interval size: 2 m3s™! 15% - E Class interval size: 4 m’s
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Figure 5. Sediment yields for subdivisions of equal lengths: 2, 4, 6 and 8 m3s L.
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Figure 6. Sediment supply per class, and sediment rating curves, for a subdivision into classes of equal water supplies of 1 % (left panels)

and 4 % (right panels).

on the other side, shows that the subdivision into classes of
length 1m3s~! gives the smallest discrepancies, as calcu-
lated by Eqs. (13) and (14). Deviations increase with increas-
ing class sizes (Table 1). Similarly, power models, C = a Q®,
based on class representatives (Q%, C¥) of equal lengths
1 and 2m3s~! (Table 1) give the best rating curves: above
2m3s~!, the greater the amplitude, the higher the error in
sediment production (see Tyy in Table 1). Overall, with
classes of equal amplitude, the informative part of histogram
remains confined to low to moderate flow and decreases
when the class amplitude decreases (Fig. 5). However, an
excessive increase or decrease in the length class, to more
than 8 m? s~! or less than 0.5m3s™!, affects the quality of
information on the flow efficiency and makes the reading of
histograms not very informative.

4.1.2 Subdivision into classes of equal water supply

Subdivision into classes of equal water input of 4% re-
sults in 25 classes (Fig. 6). The choice of 4 % allows 25
classes to be obtained, as recommended by Biedenharn et
al. (2001) and Crowder and Knapp (2005). The upper class
concerns discharge higher than 66.8 m3s~! and carries the
most of sediment, accounting for 22.4 % of the total an-
nual sediment load. The frequency of concerned discharge is
0.04 %. The effective discharge, at the centre of the class, is
Op =169.7 m3 s~!. The second class in terms of efficiency,
[22.1;31.6 m3s! [, carried 18.5 % of the total sediment flow,
with a flow frequency of 0.14 %. The last five highest classes,

Hydrol. Earth Syst. Sci., 22, 6335-6355, 2018

from 15 to 273 m3 s~ 1, collected 20 % of water inputs and
80 % of sediment inputs.

Although this subdivision describes a physical reality, al-
lowing a rather detailed reading of the frequency variations
and water and sediment inputs at low flows, it remains basic
and provides little detail on the efficiency of moderate to high
flows. The difference (Eq. 13) between direct calculation of
water inputs (Egs. 2 and 4) and the one based on discharge
of each class (Eq. 5), despite being low globally (3.3 %), was
shown to be high for some classes (Table 1). The correspond-
ing rating curve C* = a Q*” leads to a 32 % underestimate of
the sediment load compared to the elementary contributions
(Table 1). The maximum gap (199 %) was reached for the
dominant class.

A calculation performed with a subdivision into
100 classes of equal water contributions of 1% (Fig. 6)
reduced the errors made on tg and 7y (Table 1). However,
despite a high coefficient of determination, class-by-class
differences were too high and the maximum error, obtained
on the last class which is the dominant class, was around
500 %.

4.1.3 Subdivision into classes in geometric progression

The subdivision into classes of geometric progression was
chosen so that from one class to another, the amplitude of the
class increases by 20 %. Thus, discharge in the same class is
within 10 % of the class centre. In this case, on a logarith-
mic scale, classes have a length equal to 8 = log(1 +0.2) =
0.0792, and the amplitude of classes is in geometric progres-
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Table 2. Recurrence intervals, R.I. Opax and R.I. Qy,, of the dominant discharge Qp calculated for the subdivisions into classes of equal

amplitude 1 m3s~! and of geometric progression.
Method for Qp calculation Op RI Omax RIL Qyg,
m3s~h)  (year) (year)
Subdivision into classes of equal length 1 m3s~! 29.50 2.18 7.02
Subdivision in geometric progression (1.2) 29.01 2.16 6.91
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Figure 7. Duration, water and sediment input per class, as well as sediment rating curves, for the subdivision into classes of geometric

progression of common ratio 1.2.

sion of common ratio 1.2. The initial term ag = Qg1 %
0.164m>s~! corresponds to the flow delimiting 1% of wa-
ter supplies. This subdivision required 42 classes to cover
the discharge of the Wadi Sebdou over 1973-2004. The class
[26.4; 31.7 m3 s~![ stands out and dominates with a relative
contribution of 12.74 % of the total sediment supply (Fig. 7).
Its average frequency is 0.074 % or 6.5h per year and its
water supply represents 2.24 % of the total, with an aver-
age concentration of 17.8 gL~!. Histograms (Fig. 7) allow
a fairly detailed representation and reading of the flow fre-
quency distribution and of the water and sediment supplies,
as well, for the different flow regimes. In addition, the dif-
ference between water and sediment supplies estimated from
class representatives and those calculated from elementary
contributions is almost nil in total and is low to moderate
with different classes (Table 1). The maximum error coin-
cides with the first class, assigned to low flows.

The determination coefficient and Nash—Sutcliffe (1970)
coefficient of the rating curve, C k — anb, are satisfactory
for the three types of subdivisions used in this study (Ta-
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ble 1). However, the best performances are obtained with
the subdivision in geometric progression, which also allows
a better quantification of the sediment supply (Table 1).

4.2 Return periods

The annual series of maximum flow rate series, OmAX,
and half-load discharge, Qys,, fit log-normal distributions
(Fig. 8). These two probability distributions make it possible
to evaluate recurrence intervals related to Qp values. The two
subdivisions with very close QOp values (equal classes of am-
plitudes 1 m?s~! and in geometric progression of common
ratio 1.2) give similar recurrence intervals: the return periods
of Qp are 2.2 years for the annual series Omax and 6.9 to
7 years for the annual series Qys, (Table 2). The difference of
nearly 5 years is attributed to their different meanings. While
one indicates that the effective discharge is observed at least
once in a hydrological year roughly every 2 years at the gaug-
ing station, the other shows that half of the yearly sediment
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supply is carried by flows higher than the effective discharge
only every 7 hydrological years.

4.3 Analytical determination of the effective discharge

The analytical approach requires a probability density func-
tion f(Q) representing the distribution of flow frequencies
as well as a curve g(Q) representing the solid discharge Qg
as a function of the water flow Q. The study shows that
these two curves are closely related to the types of subdi-
visions used. For the subdivision into classes of equal am-
plitude 1 m3s~! and the one with geometric progression of
common ratio 1.2, the adjustment of flow frequency distri-
bution to the log-normal and log-Gumbel probability distri-
butions are satisfactory (Fig. 9), with the log-Gumbel dis-
tribution showing to perform the best by a small margin.
The highest difference for a class between the empirical
and theoretical (log-Gumbel) frequency distributions was
4.1 % for the subdivision into classes of equal amplitudes
and 4.8 % for subdivision into geometric progression. Char-
acteristic parameters associated with the subdivision into
classes of equal amplitudes and the one into geometric pro-
gression are (u = —0.4148, § = 0.6572) and (u = —0.7180,
8 = 0.9649), respectively. However, the dominant discharge
obtained when the log-Gumbel distribution is considered is
very low: Op = 0.64m>s~! for the subdivision into equal
classes of amplitude 1 m3s~! (with b = 0.8031), and Qp =
0.62m3s~! for the subdivision into geometric progression
(with b = 0.7917). The use of a log-normal distribution leads
to slightly higher values for Op: 0.92m3 s~! for the subdivi-
sion into classes of 1 m®s~! and 1.02m?>s~! for the subdivi-
sion into geometric progression, far from the dominant dis-
charge obtained from the histograms, 29.5 and 29.01 m3 s~!
(Table 1).
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5 Discussion
5.1 Pre-processing of data of the gauging station

Half-hour sampling carried out by the ANRH is unsuitable
during the Wadi Sebdou flash floods, which produce more
than 80 % of the total sediment load in 1 % of the time, with
an estimated average concentration of 10.3gL~!. To over-
come the presence of empty classes, Biedenharn et al. (2001),
Goodwin (2004), and Crowder and Knapp (2005) propose
to downgrade, subjectively, the number of classes by read-
justing their amplitude to cover all classes in the informa-
tion. Another alternative applied in this study is to refine the
dataset, by interpolation between measurements. The refine-
ment tested in this study has the advantage of not modifying
the water and sediment budgets brought by the Wadi com-
pared to the original series, since the interpolation is linear.
The discharge step chosen for the interpolation, close to the
low flow at the hydrographic station, also makes it possi-
ble to cover all classes of the different considered subdivi-
sions and thus to make it possible to calculate the effective
discharge. Note that a similar method has already been ap-
plied by Biedenharn et al. (2001) and Gray et al. (2015) to
refined data from monthly steps to daily steps, and by Simon
et al. (2004) and Lenzi et al. (2006) from daily and hourly
measurements to a finer time step of 15 or even 5Smin. In
other studies, for which the frame of reference is the daily
time step, instantaneous measurements are replaced by daily
averages (Andrews, 1980; Nolan et al., 1987; Emmett and
Wolman, 2001).

5.2 Methodology to identify the dominant class in the
empirical approach

The quality of graphs and the error on water and sediment
supplies made it possible to compare subdivisions and se-
lect those that are able to represent the flows and to identify
the effective discharge. Several studies dedicated to dom-
inant discharge class focused exclusively on the graphi-
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Figure 9. Adjustment of the frequency distribution of flows to the log-Gumbel probability distribution: (a) according to a subdivision into
equal classes of amplitudes 1 m3s~!, (b) according to a subdivision into geometric progression of common ratio 1.2.

cal aspect by readjusting the interval amplitude with equal
classes until a dominant class appears outside the first and
last classes (Benson and Thomas, 1966; Pickup and Warner,
1976; Andrews, 1980; Hey, 1997; Lenzi et al., 2006; Roy
and Sinha, 2014). However, this approach remains subjec-
tive (Sichingabula, 1999; Biedenharn et al., 2001; Goodwin,
2004) and poses a dilemma. Reducing the class amplitude
can make the dominant class emerge outside the two ex-
treme classes, but this can bring up empty classes which,
conversely, require the amplitude for each class that is to
be covered to be increased. Where appropriate, the series
is considered non-compliant with the selection criteria and
does not allow the dominant class to be identified (Crow-
der and Knapp, 2005). To avoid such situations, Bienderhan
et al. (2000) recommended the use of adequately provided
datasets covering at least 10 years of measurements.
Yevjevich’s (1972) proposal, based on statistical concepts,
to use between 10 and 25 classes of amplitude less than s/4,
where s is the standard deviation of the flow series, is dif-
ficult to apply to the Wadi Sebdou. The standard devia-
tion, which can be calculated from s = %ZAI,'(Q,- - 0)?,
1

where Q = %ZAQ Q; and Ay; is the elementary time inter-
i

val (Eq. 1), gives s/4=0.77m>s~! for the Wadi Sebdou.
Subdivision into classes of equal s/4 amplitudes would re-
quire 355 classes to cover the range of flows. In a stream
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with such high flow variability, the strong flow asymmetry
has a negative impact on the representativeness of flows and
sediment discharge, especially for low flow classes that cover
most of the water supply. This suggestion does not seem ap-
propriate for wadis.

In this study, two types of subdivisions other than the clas-
sical subdivision with classes of equal amplitude were ex-
amined: discharge classes corresponding to equal water sup-
ply, and a geometric progression of flows. The subdivisions
into classes of equal amplitude 1 m?s~! and the subdivision
into classes with geometric progression best represented lig-
uid and sediment supplies (Table 1) and are used to char-
acterize the Wadi Sebdou flows. They give dominant dis-
charge (Qp =29.5 m3s~! and Op=29.0 m3s~, respec-
tively) very close to each other and to the half-load discharge
Qys, =29.8m? s~ This result is in perfect agreement with
Vogel et al. (2003). The half-load discharge, which is simple
to compute, is used by several authors (Doyle and Shields,
2008; Klonsky and Vogel, 2011; Ferro and Porto, 2012; Gray
et al., 2015) and has been generalized to identify the domi-
nant discharge conveying a variety of solid or dissolved mat-
ter (nutrients, sand, accidental pollution, etc.), especially for
the study of ecological aspects and environmental manage-
ment (Vogel et al., 2003; Doyle et al., 2005; Wheatcroft et
al., 2010).
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Figure 10. Comparison between the analytical sediment supply by class given from the rating curve (Q’; =aQ*®+D in ordinate) and the

AYK

elementary contributions Qg ops = 106W’

where AYK (unit: 103 t) and ATK (unit: s) are obtained from Eq. (3) (in abscissa): for a

subdivision into classes of equal amplitudes 1 m3s~! (a) and with a geometric progression of common ratio 1.2 (b).

5.3 Limits to the use of a rating curve Qs = g(Q) in
the Wadi Sebdou

The sediment supply calculated from data (¢;, Q;, C;) (re-
minder: the supply is the same with the 6947 initial val-
ues as with the 40081 values, linearly interpolated) pro-
vided a reference to evaluate the ability of a rating curve to
estimate sediment discharge from water flows. This rating
curve g(Qk) = Q]S‘ = a Q¥®+D established from the series
(QF, C*) generates errors we call hereafter “of the first type”,
which we must specify. The sediment supply associated with
the kth discharge class is as follows:

AYK =100 (Qk) ATK, (28)

where QF and AT are the centre and the duration of flows
corresponding to a given class.

In the Wadi Sebdou, despite a correct estimate of the total
sediment supply for the two subdivisions of equal amplitude
1 m3s~! and in geometric progression (Fig. 10, Table 1), the
rating curve Q’S‘ = aQFl*D generates errors that induce a
shift in the class of dominant discharge (Fig. 11). The sub-
division into classes of equal amplitude leads to a value of
effective discharge, Op = 1.5 m3 s~!, which is very low in
comparison with the one calculated from initial data using
Eq. (5) (29.5 m?3s~1). The use of a rating curve for Qg with
the subdivision in geometric progression results in an effec-
tive discharge of 72.2 m3 s~!, well above the value obtained
directly (29.01 m3s~!). These offsets are explained because
the actual sediment discharge associated with each class is
around the rating curve g(Qx), sometimes below or some-
times above (Figs. 4 and 7). For both subdivisions, the em-
pirical average sediment concentration observed in the dom-
inant class is well above the rating curve. As a result, the
rating curve greatly underestimates the sediment supply in
this class. Combined with the flow frequency, the supply is
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lowered compared to other classes where the model overes-
timates the average concentration.

This result may be site-specific. Indeed, sediment—
discharge rating curves fail to properly reproduce the dy-
namics of suspended sediment flows in the Wadi Sebdou
due to the hysteresis phenomena, studied in Megnounif et
al. (2013). Such errors “of the first type”, high in the wadi
Sebdou, may be reduced in other semiarid basins.

5.4 Limits to the application of the analytical solution
in semi-arid environments

When the flow frequency is represented by a probability
distribution, the sediment load histogram can be built from
this distribution and the sediment rating curve. However, it
should be remembered that for a continuous random vari-
able such as water discharge, the theoretical probability at a
point does not exist in the probabilistic sense, but necessarily
refers to an interval. Thus, the contribution of a class, I, can
be quantified by the following:

art=10%(0")| [ | 29)

I

where Qk is the centre of the I interval, f is the probabil-
ity density function, and T is the total duration of the study
period.

Since the function f increases until the mode, Qmode,
where it reaches its maximum, the dominant discharge QOp
is greater than Qpege by construction (Fig. 1). The differ-
ence between Op and Qpode depends on the growth of the
function g and the decrease of the function f. However, for
wadis, the scarcity of flood events and the dominance of low
flows (80 % of flows are less than 1 m3 s~! in the Wadi Seb-
dou) require the use of a probability density function with a
pronounced dissymmetry where, after the mode, the decay is
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rapid. In this context, only the log-normal and log-Gumbel
distributions have apparently shown a satisfactory fit to sub-
divisions in classes of equal amplitude 1 m®s~! and in geo-
metric progression (Fig. 9).

However, the analysis of errors associated with the sub-
division in geometric progression and the log-normal distri-
bution (Fig. 12) shows that above 18.3 m3 s~!, the ratio ac-
tual frequency on analytical frequency is very high and varies
from 11.6 to more than 10° for the log-normal distribution.
Consequently, the analytic supply is minimal compared to
the load calculated from elementary contributions for these

www.hydrol-earth-syst-sci.net/22/6335/2018/

flows, and the total analytical supply given by Eq. (29) un-
derestimates by 79 % the sediment supply established by
Eq. (5). With the log-Gumbel distribution, the ratio varies
between 0.16 and 1.69 and the total analytical yield over-
estimates by 35 % the one deduced from elementary con-
tributions (Eq. 5). The offset is also high when flows are
subdivided into equal classes of amplitude 1 m?s~!. Com-
pared with the total analytical yield, low flow rates seem to
be the most effective. The class [1, 2 m3 s~![ dominates with
a contribution of about 6 % for the log-normal distribution
and 15.7 % for the log-Gumbel distribution. In this case, the
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total sediment load estimated from the log-normal and log-
Gumbel distributions underestimates by 84 % and 66 %, re-
spectively, the empirical load. This example shows that the
product of the theoretical frequency distribution generates er-
rors of a second type which are not taken into account in the
construction of the sediment load histogram, which, as a re-
sult, poorly represents the distribution of the sediment supply
(Fig. 13). This type of error may likely be frequent in semi-
arid environments, since the frequency of flash floods that
carry high sediment supplies is not well represented by pro-
nounced asymmetric flow frequency distributions.

The analytical expressions giving Omode and Op (Egs. 21,
22,26 and 27) partly explain the low value of the dominant
discharge found for the Wadi Sebdou, which is mainly de-
pendent on the low value of the u parameter due to the spe-
cific hydrologic regime in semi-arid environments, where the
annual modulus is very low, often below 1 m3 s~!. The dom-
inant discharge is thus very close to the mode. As a result,
the analytical approach seems to be suitable only for rivers
where extreme flows are less distant from the mode than on
wadis.

In summary, the pronounced asymmetric probability dis-
tributions which seemed to be adapted to the Wadi Sebdou
failed to reproduce good frequencies of high discharge asso-
ciated with flash floods. Consequently, the empirical method
by decomposition of histogram classes is the most suitable
in a semi-arid environment. This had never been tested in the
literature. It is an original result of this paper.

Another point deserves a remark in the calculation of
the effective discharge from f and g, for the general case.
Whatever the probability density function f, the sediment
transport efficiency curve is given by h(Q) = a 0D £(0).
Thus, the effective discharge, solution of the derived func-
tion A'(Q) =0, is independent of the parameter a and de-
pends only on the parameter b. In other words, the dominant
discharge depends exclusively on characteristics of the wa-
tercourse since parameter b is commonly considered as an
indicator of the erosive power of the watercourse (Leopold
and Maddock, 1953; Roehl, 1962; Fleming, 1969; Gregory
and Walling, 1973; Robinson, 1977; Sarma, 1986; Reid and
Frostick, 1987; Iadanza and Napolitano, 2006; Yang et al.,
2007). However, the suspended sediment load in rivers is
strongly influenced by characteristics of the basin as well,
where slope contribution to sediment supply is high (Meg-
nounif et al., 2013), and even sometimes higher than the
one of the hydrographic network (Roehl, 1962; Gregory and
Walling, 1973; Duysing, 1985; Asselman, 1999). The debate
on the relationship between a and b (see for example Achite
and Ouillon, 2016) is still open.

Finally, it should be noted that introducing a density func-
tion necessarily gives a monomodal sediment transport ef-
ficiency curve, whereas this is not necessarily the case.
Pickup and Warner (1976), Carling (1988), Phillips (2002),
Lenzi et al. (2006) and Ma et al. (2010) reported the ex-
istence on some sites of a bimodal dominant flow. Hud-

Hydrol. Earth Syst. Sci., 22, 6335-6355, 2018

A. Megnounif and S. Ouillon: Empirical and analytical methods to characterize the efficiency of floods

son and Mossa (1997) pointed out that sediment load his-
tograms present a variety of forms, including bimodal and
complex forms, that differ from the unimodal form identified
by Wolman and Miller (1960). In addition to the monomodal
sediment load histograms, Ashmore and Day (1988) dis-
tinguished three other kinds of histograms: bimodal, multi-
modal and complex. Of the 55 basins studied by Nash (1994),
29 are bimodal and 9 are multimodal.

5.5 Sensitivity of the dominant class to the environment

Biedenharn et al. (2001) suggest to carefully study long
(over 30 years) data series (liquid flow, sediment concen-
tration and flow frequency) and to ensure that the hydro-
logical regime of the watershed did not undergo a signifi-
cant change in flow rates or sediment production in the long
term. Change can be attributed to climate change (Zhang and
Nearing, 2005; Ziadat and Taimeh, 2013; Liu et al., 2014,
Achite and Ouillon, 2016) or anthropogenic actions (Cerda,
1998a, b; Liu et al., 2014), such as intensification of agricul-
ture (Montgomery, 2007; Lieskovsky and Kenderessy, 2014),
deforestation (Walling, 2006), forest fires (Gonzélez-Pelayo
et al., 2006; Cerda et al., 2010) or urbanization (Graham et
al., 2007; Whitney et al., 2015). In the study area, and like
northern Africa and the Maghreb, there has been a continu-
ous drought since the mid-1970s (Giorgi and Lionello, 2008;
Achite and Ouillon, 2016; Zeroual et al., 2016). Overall, de-
creasing rainfall is more concentrated over time (Ghenim and
Megnounif, 2016), which increases the susceptibility of soils
to erosion (Shakesby et al., 2002; Bates et al., 2008; Vacht-
man et al., 2012). Megnounif and Ghenim (2016) showed
that sediment production, which is increasing with increasing
rainfall variability (Achite and Ouillon, 2007), increased sig-
nificantly in the late 1980s, with a pivot in 1988. After 1988,
the annual sediment yield was on average 7 times higher
compared to the previous period (Megnounif and Ghenim,
2013).

The application of a subdivision of discharge classes into
geometric progression at the Wadi Sebdou for the two pe-
riods 1973—-1988 and 1988-2004 confirmed the change in
the watershed functioning, with a bimodal sediment supply
distribution for the first period (Fig. 14). For 1973-1988,
the class [6.1; 7.4 m3 s_l[, which includes the effective dis-
charge Op = 6.7 m3 s~!, contributed 7.5 % of the total sed-
iment yield. These relatively frequent flows last on aver-
age 0.5 % of the annual time, i.e. 1.83 days, or 6.3 % of
the annual duration of floods which, for this period, lasted
7.65 % of the annual time. The second peak was observed for
Q =34.8m3s~!, representing the class [31.7; 38.0m> s ![.
Flows of this class were rare and lasted only 0.09 % of the
annual time (7 h and 45 min per year), but carried 5.9 % of
the total sediment yield. Over the period 1988-2004, the dis-
tribution of sediment supply became essentially monomodal
(Fig. 14) with a dominant flow QOp =29.0m>s~!. Dur-
ing this second period, an increasing sediment contribution
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Figure 14. Sediment supply by class for the subdivision in geometric progression: for 1973—1988 (a) and for 1988-2004 (b).

was also observed at high discharge (> 110m3s~!, up to
273 m3 s~ 1) that was not sampled during the period 1973—
1988.

The half-load discharge in 1973-1988, Qys,
(7.68 m3 s™1), was close to the dominant discharge Op
(6.7m3s™1) and not far from the modal class [6.1;
7.4m3s~[; in 1988-2003, Qy, (31.80m*s™!) was very
close to the modal class [26.4; 31.7m3s~![, whose centre
was defined as the effective discharge (Qp = 29.0 m3s1).
Thus, in the Sebdou Basin, the half-load discharge can be
seen as a robust proxy for the effective discharge. This result
warrants further study in other basins.

6 Conclusion

From a time series of flow and concentration data, a direct
calculation provides estimates of water and sediment sup-
plies by summing the elementary contributions. This gives
access to seasonal or annual values, and to the analysis of
their variability. Sediment dynamics can also be analysed
from discharge and sediment yield histograms by water dis-
charge classes. In the Wadi Sebdou, we have shown that
an appropriate choice of subdivisions makes it possible to
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minimize the difference between the flows estimated and
measured at less than 10 % (ty = tg = 8.8 % for classes of
equal amplitude 1 m>s~!, Table 1) or even less than 1%
(ty =tr = 0.3 % for classes in geometric progression of
common ratio 1.2, Table 1). Classes thus defined make it
possible to determine a dominant class in the sense of sed-
iment yield Op (29.5 or 29 m3s~! according to the two clas-
sifications mentioned above), which is similar to the median
flow in the sense of sediment yield Qy,, (29.8 m3 s_l) in the
Wadi Sebdou. Other classifications have proved to be able to
estimate the effective discharge (with a lesser precision) but
unable to provide good estimates of the water and sediment
supplies (classes of equal amplitude greater than 1 m3s~1),
or able to estimate these supplies but unable to estimate the
effective discharge (classes with equal water supplies).

The introduction of a rating curve between the Q% and
CF series considered to build the histogram induced an addi-
tional bias with respect to the direct calculation for the sedi-
mentary yield. In the Wadi Sebdou, this bias, which depends
on the choice of subdivisions, can be reduced by 6 to 7 %, as
indicated by t)sy (Table 1), which is acceptable with regard
to either the uncertainties of measurements, or sometimes of
inappropriate or insufficient sampling (Coynel et al., 2004).
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Previous work (Megnounif et al., 2013) has shown the impor-
tance of hysteresis phenomena on this basin, which induces
a strong dispersion of instant parameter pairs (Q, C) and a
bias in the estimation of supplies using a rating curve. The
rating curve based on average values by flow class, of defined
length in geometric progression, appreciably improves statis-
tical performances in the computation of the sediment supply
(higher value of RZ,0.95, and better Nash—Sutcliffe criterion,
0.93, compared to any other method — see Table 1). It will be
interesting in future works to analyse whether this is a singu-
lar phenomenon or whether the use of a rating curve based
on subdivision classes rather than on instantaneous measure-
ments makes it possible to improve the calculation of sedi-
ment yield compared with more conventional methods.

In the Wadi Sebdou, the coupled use of a sediment rating
curve and the log-normal and log-Gumbel probability distri-
butions were most likely to reproduce the observed regime,
characterized by a very weak mode. However, they failed to
properly estimate the flow frequency of flash floods which
are typical in semi-arid environments, and the corresponding
sediment yield.

Two return periods of the effective discharge were identi-
fied: one (from the annual maximum flow rate series, Omax)
for the interval between two hydrological years with occur-
rence of the effective discharge, and one (from the Qy,, an-
nual half-load discharge series) for the duration between two
hydrologic years for which Qy,, > QOp, i.e. such than half of
the sediment supply at least is carried by flows higher than
the effective discharge.

Flows of the dominant class carry the most sediment in
the watercourse. It should be possible to link them to ma-
jor processes of erosion, transport and deposition that occur
in the watershed. Lenzi et al. (2006), who have observed a
bimodal sediment contribution for a mountain river in the
Alps in Italy, attributed the first modal class, of low but more
frequent flow, to the shaping of channel and suggested that
the second-class flows, larger in magnitude but of low oc-
currence, would be responsible for the macroscale shape of
the watercourse. In the Wadi Sebdou, we also observed a bi-
modal distribution. However, it is difficult to conclude be-
cause the secondary mode of distribution obtained for the
first period (1973-1988) became the dominant mode of dis-
tribution later (1988-2004). The modes moved with the hy-
drological regime towards higher and higher sediment yields,
in line with what has been observed in most watersheds stud-
ied over recent decades in the semi-arid environments of Al-
geria (e.g. Achite and Ouillon, 2016). Applying this method
to other watersheds will undoubtedly allow us to go further
in the analysis of dominant discharge and in their dynamics,
in a context of global change.

Data availability. Discharge and suspended sediment concentra-
tions are available on request for scientific purposes from the Na-
tional Agency of Hydraulic Resources of Algeria (locally called
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