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model: case of Sarimsakli creek, Turkey
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Abstract

Natural channel’s roughness determination constitutes one the most challenging procedure towards the development
of hydraulic models for flood prediction and flood hazard mapping. Therefore, it is essential to calibrate and validate
the channel’s Manning’s n roughness coefficient using simulation models. In this study, we calibrated and validated
Manning’s n roughness coefficient using HEC-RAS for Sarimsakli creek that is tributary of the Kizilirmak river in central
Anatolia, Turkey. For calibration of Manning’s n-values, six different flow regimes were considered based on mean daily
flow records between 2005 and 2010. We found that calculated water surface profiles for different Manning'’s n are slightly
lower than the measured one, that indicates a continuous underestimation of the roughness coefficient n by the model.
Therefore, our results suggest that higher values of Manning’s n should be considered in case of the intermittent rivers.
A polynomial relationship was proposed between roughness values and Froude numbers. Finally, a linear relation was
established between calculated and measured Manning'’s n roughness coefficient. Nevertheless, results showed that
careful attention should be given to higher n-values because the differences between HEC-RAS and Manning's n becomes
larger. Solution-oriented results obtained and the methodology applied to the Sarimsakli creek may serve as a practical
reference for HEC-RAS modelling and flood prediction in intermittent rivers.

Keywords Ecohydraulics - Flood risk - Flooding - Hydraulic model - Riparian vegetation - River restoration

List of symbols Prneas Measured depth (m)
HEC-RAS  River Analysis System (RAS) developed by haic Calculated depth (m)
Hydrologic Engineering Center (HEC) of U.S. S, Channel bottom slope (m/m)
Army Corps of Engineers S¢ Friction slope (m/m)
1D/2D One dimensional/two dimensional t Time (s)
n Manning'’s roughness coefficient (s/m'’3) q Lateral inflow (m3s™")
Q Flow discharge (m*s™") X Longitudinal coordinate (m)
v Flow velocity (m s~
A Submerged cross-section’s area (m?)
R Hydraulic radius (m) 1 Introduction
P Wetted perimeter (m)
Sws Water surface slope (m/m) Among various channel’s hydraulic parameters, the
Fr Froude number (-) channel’s roughness plays a crucial role in the study of
g Gravitational acceleration (ms™) open-channel flow, particularly in the hydraulic model-
S Friction slope (m/m) ling of natural rivers. Channel roughness of the natu-
3 Average difference (%) ral rivers it varies among cross-sections and along the
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longitudinal direction of the river [1, 2]. It changes in
space and time and depends upon some factors like;
river bed geomorphology, vegetation cover, channel’s
local irregularities and alignment [3, 4]. The roughness
coefficient is a significant parameter for calibrating and
validating the hydrodynamic models in the case of open
channel modelling and in particular, potential floodplain
mapping [5]. Floodplain modelling constitutes several
different areas, including preparation of comprehensive
floodplain studies related to transportation infrastruc-
ture (e.g., culvert and bridges), floodway development,
and structural and non-structural solutions related to the
flooding problems. Model-based floodplain studies pro-
vide water surface profiles and floodplain maps for land-
use planning and flood-prone areas [6-8]. It is import to
mention that floodplain studies are complex cases where
roughness coefficient should be set in part rather than
one representative value for the entire river reach [9].
The Manning roughness coefficient n in natural chan-
nels is difficult to determine in the field. A summary of
the empirical equations for assessing Manning’s rough-
ness coefficient can be found in Papaioannou et al.
[5]. Literature suggests different ways of estimation of
Manning’s roughness coefficient, but in general, they
can be applied to channels in normal conditions such
as steady uniform flow [10]. However, natural chan-
nels have dimensional heterogeneity, both regarding
cross-sections and longitudinal direction. Therefore,
several aspects related to inertia, diffusive and kine-
matic waves are neglected in Manning's equation [11].
Hydraulic models like HEC-RAS provide access to quickly
modify the critical parameters, such as Manning’s n, by
also performing sensitivity analysis, thus assessing the
importance of each parameter and providing water sur-
face elevations close to the observed one [12, 13]. The
understanding of the river’s hydraulic behaviour has
been significantly enhanced in recent years thanks to
computer programs that simulate the hydraulic behav-
iour and other river’s related processes as well. Detailed
information about the most popular hydraulic models
used for open channel modelling and advantages/dis-
advantages between them is reported by Leandro et al.
[14]. Computer hydraulic models are being used all over
the world to understand the magnitude and frequency
patterns better by assisting in the preparation of poten-
tial flood scenarios, at vulnerable zones [12]. HEC-RAS, a
worldwide applied hydraulic model, developed by U.S.
Army Corps of Engineers, it computes water surface pro-
file and several hydraulic parameters for both steady and
unsteady, 1D/2D dimensional, gradually varied flow in
both natural and human-made channels [15]. Also, HEC-
RAS allows for sediment transport/mobile bed computa-
tions and water temperature modelling as well [9, 15].
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To properly evaluate the sensitivity of Manning's n
roughness coefficient using HEC-RAS, it is necessary
to model a river with relatively uniform geometric and
hydraulic conditions [5]. The idea is to limit the potential
variance of other relevant hydraulic variables. Therefore,
the channel under consideration should be relatively
straight, neither contracting nor expanding. Channel
cross-sections need to be stable. High watermarks must
be present near the surveyed cross-sections, and stream
discharge data is needed at or near the study site. Many
types of research applied the HEC-RAS model to estimate
roughness either in the main channel or floodplain and in
different climate conditions. Ramesh et al. [1] estimated
single-channel roughness value for open channel flow
using optimisation method, taking the boundary condi-
tion as constraints.

Moreover, Hicks and Peacock [11] and Kurigi and
Ardiclioglu [4] used Manning’s n roughness coefficient as
the calibration parameter and found that performance
of HEC-RAS was as good as with another one-dimen-
sional model through its application respectively to the
Peace River in Alberta (Canada) and Loire river in France.
Whereas, Timbadiya et al. [16] developed an integrated
hydrodynamic model for the lower Tapi River, India.
Firstly, the one-dimensional hydrodynamic model was
calibrated for Manning'’s n roughness of river channel and
subsequently one-dimensional, and two-dimensional inte-
grated MIKE 11 hydrodynamic models were used to ascer-
tain the sensitivity of Manning's n at the coastal part of the
floodplain depth in lower Tapi River. Mowinckel [17] used
the HEC-RAS to modify the downstream artificial reach of
San Jose Creek in Goleta, California, to improve the flood
conveyance capacity of the reach. This study was an effort
to suggest a channel geometry that could facilitate the
flow discharge of a 100-year flood better than the existing
channel, thus preventing damages like those caused by
historical flood events by affecting the surrounding area.

Parhi et al. [18] applied the HEC-RAS to calibrate the
channel roughness coefficient along the river Mahanadi,
Odisha. The authors concluded that Manning’s n-value
of 0.032 gives the best result for Khairrmal to Munduli
reach of the Mahanadi River. The calibrated model,
regarding channel roughness, was used to simulate the
flood event for the year 2006 in the same river reach.
The performance of the calibrated and validated HEC-
RAS based model was tested using Nash and Sutcliffe
efficiency, which eventually showed high efficiency.
Also, Timbadiya et al. [16] used two experimental data
on the physical model of lower Tapi River, optimised
Manning’s n roughness coefficient for efficient predic-
tion of the flood in lower Tapi River using HEC-RAS. They
concluded that calibrated HEC-RAS model for a specific
prototype has been able of providing reasonable results
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in simulating the flood event for the year 2003 at lower
Tapi River. While Boulomytis et al. [19] compared HEC-
RAS and MIKE11 models for Bashar River and observed
slight differences between the results, they detected that
selection of the same Manning'’s n roughness coefficients
for different hydraulic models causes an error in the flow
simulation process. Therefore, close attention should be
given to Manning's n roughness calibration when differ-
ent hydraulic models are applied. Gunawan et al. [20]
propose to test the use of HEC-RAS software on a river
with scarce flow data measurements and designing spe-
cific height and location of flood protection embank-
ments to Air Manjuto Bengkulu province. The Rational
Method was used to calculate flood discharge for differ-
ent return periods 2, 5, 10, 25, 50 and 100 years consider-
ing long records of mean daily flow data. Water profile,
height and position of the embankment was analysed
using computer program HEC-RAS. Although there is a
handful of studies related predominantly to perennial
rivers, to the best of our knowledge, at least in Turkey,
there is no study regarding the estimation of the Man-
ning’s n roughness coefficient in intermittent rivers using
hydraulic models. Intermittent rivers are characterised
by substantial variability, and during a specific period
of the year, they go completely dry [21]. Nevertheless,
it is essential to study this type of river because they
are often exploited for irrigation or hydropower produc-
tion. In such circumstances correct determination of the
maximum water level is crucial information for sizing and
positioning of the respective hydraulic structures and
also to establish adequate environmental flows [22].

Furthermore, because this type of rivers goes dry dur-
ing a certain period of the year, they are characterised by
overgrown vegetation, mainly macrophytes, which influ-
ence the roughness of the river reach significantly [23,
24]. Because of several factors influencing the Manning
n roughness coefficient, accurate measurement is a chal-
lenging task, and it demands very extensive work. Thus, a
well-established equation facilitates computation of the
Manning's coefficient n for any discharge at any location
[25]. Therefore, the main objective of this study is to inves-
tigate how the roughness coefficient is affected due to
continues change of the stream conditions and establish-
ing a reasonable relationship between measured and HEC-
RAS model results regarding the roughness coefficient to
estimate as accurate as possible the water surface profile.

The paper is organised as follows: Sect. 2 presents infor-
mation about the study site, field measurements, hydraulic
modelling, and the way how these procedures were con-
ducted. Section 3 shows the main results obtained from
this study and discuss the relevance of the main findings.
Finally, the main conclusion and some outlook for future
works are given in Sect. 4.

2 Materials and methods
2.1 Field measurements

Field measurements and flow characteristics have been
carried out at Sarimsakli creek, which is a tributary of
Turkey’s longest river Kizilirmak, located in the central
Anatolia. The measurement station is located on the
upstream side of the east of Kayseri, which is one of the
important cities of inner Anatolia. Floods events occur
very often in this region, which has a semi-arid, conti-
nental climate, especially during the spring season. To
prevent flood damages at Kayseri area, the flow in Sarim-
sakli creek should be continuously monitored although
itis an intermittent river. Sarimsakli creek is prone to sev-
eral flash floods during the year, especially flash floods
during the early summer season [26]. Fields measure-
ments were obtained at Barsama station on Sarimsakli
creek, which runs out to Kizilirmak river (Fig. 1).

Also, to understand the influence of the vegetation,
Barsama station was visited six different times between
2005 and 2010, as given in Table 1. The water levels were
below the bank-full stage at each measurement. Dur-
ing flow measurements, according to the water surface
width, cross-sections were split into several vertical slices
for each flow condition. Point velocities were measured
in the vertical direction, starting 4 cm from the river bed
for each vertical profile [27]. A typical representative
cross-section typology obtained during the measure-
ments is given in Fig. 2.

Cross-sections velocities were measured almost in the
middle of the river reach, at 30 m distance (Fig. 4). Chan-
nel bed and water surface slopes were determined by
measuring elevations with a level for different numbers
of the upstream and downstream cross-sections. Namely,
upstream of the station, water depth was measured at
10 verticals per cross-section with 3 m intervals for given
slope. While downstream of the station, water depth was
measured at 12 verticals per cross-section, again at 3 m
interval for the given slope. For all flow conditions, bed and
water surface slopes were found close to each other, and
nearly uniform flow condition was observed. The hydraulic
regime in the creeks is dynamic and vary depending on
time and space. The channel cross-sections profiles and
slope vary depending on the flow regime characteristics
which induce continues changes of the river geomorphol-
ogy. For this purpose, measurements were performed in
six different periods and current states as well. Inevitably,
considering the different current characteristics will affect
the sensitivity of the study.

The velocity measurements were conducted with
"SonTek/YSI FlowTracker Handheld Acoustic Doppler
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Fig. 1 Kizilirmak river basin with the location of a measuring station, Barsama and b a random picture was taken during the field measure-

ment day

Table 1 Flow properties obtained during the field measurements and some results obtained after hydraulic modelling

No Date Qm3s™) Vms' R(m) S, (m/m) Fr n(s/m"®)  Manning(n) &(%)Man. & (%)HEC-RAS
HEC-RAS

Barsama 1 28.May.05 1.81 0.89 0.24 0.0091 0.57 0.042 0.050 2.65 2.07
Barsama2 19.May.06 2.44 1.05 0.25 0.0036 0.66 0.023 0.020 4.09 1.45
Barsama3  19.May.09 3.93 1.21 0.34 0.0094 0.66 0.039 0.042 5.03 4.74
Barsama4  31.May.09 0.96 0.59 0.19 0.0092 043  0.054 0.050 4.04 3.77
Barsama5 24.Mar.10 1.50 0.80 0.21 0.0097 0.55 0.044 0.040 4.06 3.83
Barsama6  18.Apr.10 2.148 0.86 0.28 0.0122 0.52  0.055 0.065 3.89 259

Mean 0.043 0.045 3.96 3.08

Velocimeter (ADV)” (https://www.sontek.com/flowtracke
r). The flow characteristics are summarised in Table 1.
Where Q is the cross-sectional discharge calculated
by velocity-area method, V (= Q/A) is the mean velocity,
Ais the submerged cross-section’s area, R is the hydraulic
radius, P is the wetted perimeter, S, is the water surface
slope, Fr (= v/(gR)O'S) is the Froude number, and g is the
gravitational acceleration. The well-known Manning’s
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equation relates flow velocity (V), the friction slope (),
and hydraulic radius (R) through the Manning's roughness
coefficient n. The equation can be written as (Eq. 1):

V= %R2/3S1/2 (.I)

The Manning's roughness coefficient n-value can be
determined after the V, R, and S are known. The average
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difference (€) between the measured (h,,,.,,) and calculated
(h_,) water surface depth was computed by using Eq. 2.

( (hmeas - hca/C )/hmeas)

ca/c)

(%) = * 100 )

2.2 Hydraulic modelling

The gradually varied flow was simulated using the HEC-
RAS 1D model, which simulate the hydraulic regime by
solving Saint-Venant equations (Egs. 3-4).

e Continuity equation

oA, 0Q _

5 o =q, (3)

e Momentum equation

o(¥/a
@+u+gA% +gA(S, - S;) =0 (4)

ot ox
where H is the water surface elevation; t denotes temporal
coordinates; x represents the longitudinal coordinate; g,
is lateral inflow from tributaries, which in our case is 0; S,
is the channel bottom slope, and S;is the friction slope.
Saint-Venant equations were solved using the four-point
implicit box finite-difference principle [15]. Although
finite-difference principle has limited ability in conduct-
ing the transitions between subcritical and supercritical
flow regime because this process requires a different solu-
tion algorithm for different flow conditions. Nevertheless,
the above limitation is overcome by using a mixed-flow
regime option in the HEC-RAS model; by doing this, HEC-
RAS can provide patching solution in the sub-zones of the
river reach [11, 15, 16]. To conduct the hydraulic simula-
tion following input data are needed: channel geometry;
boundary conditions; discharge data; and roughness [11,

T T T T T T T
] ] ]

Width (cm)

15]. During the simulation stage, Manning'’s n-values were
introduced according to Brunner [15] and Arcement, Sch-
neider [9]. Since the flow condition at study river reach was
nearly steady uniform, the downstream boundary condi-
tion was set at normal. The river reach geometry in the
HEC-RAS was drawn based on the geometry data obtained
in the field, considering the most representative cross-sec-
tions. Then, the calculated water depth in the HEC-RAS was
compared with the observed one.

3 Results and discussion

Deep understanding of the fluvial processes, particularly
in the case of highly fluctuating rivers is essential because
water is one of the main drivers of several abiotic and
biotic processes [25]. In this context, hydraulic models
are being considered more and more as useful tool for
water management and playing. The Manning roughness
equation is one of the most commonly used empirical
equation for open channel flow discharge calculations,
flood forecasting and flood inundation mapping studies.
Although they are simple, none of those empirical equa-
tions poses the ability for universal application, namely
they are site-specific.

Furthermore, they are all very sensitive to the rough-
ness parameters and are not easy to determine [9, 25]. The
calibration of water surface profiles includes the choice
of an appropriate Manning’s n-value, such that simulated
water depth from the HEC-RAS model should be close to
the observed water depth along the river. In this study,
Manning’s n-values wide-ranging between 0.023 and
0.055 for six different flow conditions (Table 1), this is due
to river bed vegetation among other, which has a signifi-
cant influence on the overall roughness [19]. The average
value of the Manning roughness coefficient for six meas-
urements at Barsama station is found to be =0.043. Similar
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results were obtained by Boulomytis et al. [19] in the case
of the vegetated channel.

When Manning’s n and Froude numbers are plotted
on the graph for each flow conditions, it is observed that
there is a polynomial relationship (R*=0.77) between
them (Fig. 3).

Manning’s n can be determined using a second-order
polynomial equation given below (Eq. 5).

n = —0.365Fr* + 0.291Fr — 0.003 (5)

Using the Manning'’s n roughness coefficients, water
surface profiles were determined with HEC-RAS along the
measured cross-sections for six different flow conditions.

Figure 4 shows Barsama 6 measured flow water surface
profiles and calculated one with HEC-RAS by using Man-
ning’s n coefficient. As shown in Fig. 4, the calculated water
surface profiles are slightly lower than the measured one.
The average difference between the measured and cal-
culated water surface heights of the sections studied in
this measurement is 3.89%. This difference in water depth

0.07
0.06 -
0.05 -
0.04 - (¢]
0.03 -

0.02 ~

0.01 4 v=-0.365x2+0.291x - 0.003
R2=0.77
0.00 T T T
0.00 0.20 0.40 0.60 0.80
Fr(-)

Fig.3 Polynomial relation between Manning's n and Fr number

occurs mainly due to the presence of micro patches in the
river bed, which in reality have different roughness but
very challenging to model correctly in the HEC-RAS [28,
29]. The differences in the water profiles and measured
profiles calculated by Manning’s n-values of the other five
measurements are given in Table 1. The mean difference
of six measurements was determined as=3.96% (Table 1).

The roughness values that give the nearest water sur-
face profile calculated using the HEC-RAS to the measured
profile was determined as=0.065 for Barsama 6 flow con-
dition. The difference between the observed and com-
puted water profile in the analysed section is 2.59%. While
the water surface profile calculated for n=0.065, as seen
in Fig. 4, is closer to the measured values.

Roughness coefficients, which gives the closest value
to the measured profiles of those determined by HEC-RAS,
are calculated, and given in Table 1. As shown in these val-
ues, HEC-RAS roughness parameters vary between 0.020
and 0.065 for six different flow conditions. A similar range
of roughness was observed by other authors as well [2,
19, 30]. Average of the roughness coefficients determined
by the HEC-RAS for six measurements is found as =0.045.
This value is slightly more significant than the average of
the Manning’s n roughness coefficient for the six meas-
urements. The differences in the measured and calculated
water profiles by the HEC-RAS, also n-values of the other
five measurements are given in Table 1. The mean differ-
ence of six measurements was determined as=3.08%
(Table 1). As can be understood from this value, the rough-
ness values estimated with HEC-RAS could more accu-
rately determine the water surface profiles. Mowinckel
[17] concluded similar results with the results presented
in this study.

Fig. 4 Measured and com- 1001
puted water surface profiles
for station Barsama 6. Channel 1000.8 A
bed is characterised by vegeta-
tion, mainly macrophytes and 1000.6 -
pebbles of different sizes

1000.4 1 -

1000.2

1000

Elevation (m)

999.8
999.6

999.4
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When HEC-RAS n-values and Froude numbers are plot-
ted on the graph for each flow conditions, a similar poly-
nomial relationship was observed between them (Fig. 5).
This second-order polynomial equation is given below
(Eq. 6). Determination coefficient of this equation is found
as R?=0.57, which is smaller than the Manning’s n relation.
As mentioned above, this difference occurs because of
roughness generalisation in the HEC-RAS model, difficul-
ties of micro patches modelling [28] and also irregularities
present in the river [13].

n = —0.884Fr? + 0.871Fr — 0.160 (6)

Nevertheless, as seen in Fig. 6, overall there is a strong
relation between Manning'’s n and HEC-RAS n, where the
determination coefficient is, R2=0.83. This result indicates
that although some hydraulic parameters (e.g., Fr) were
not strongly correlated with Manning’s n, still HEC-RAS
model as one of the most frequently upgraded hydraulic
model [15], is capable to accurately estimate the n-values
[4,19].

The relation between Manning's n and HEC-RAS n can
be written as given in the equation below (Eq. 7).

nHEc_RAS =1.1 SgnMannmg —0.005 (7)

Thus, by using Eq. 5, roughness parameter n can be cal-
culated on flow Froude numbers. Moreover, by using Eq. 7,
HEC-RAS n can be calculated easily and more precisely.

Furthermore, from this plot, we can conclude that
for higher n-values, the differences between HEC-RAS
and Manning’s n is increasing. Estimation of Manning’s
roughness coefficient in natural channels is a challenging
process because of the flow discharge and also channel
geomorphology features (i.e., local slope, cross-section
shape) change in space and time [11]. Furthermore, the
estimation procedures become even more complicated
when rivers are characterised by high flow discharge sea-
sonality and overgrown vegetation in the main channel
[19, 30]. These circumstances make the accurate estima-
tion of the Manning’s roughness coefficient more com-
plex. However, as reported by several authors [1, 3, 4, 25],
HEC-RAS represents a powerful tool that has the capability
of providing robust results about Manning’s n-value esti-
mation. Although there is a lack of literature concerning
the estimation of the Manning’s n roughness coefficient in
intermittent rivers, this study shows quite rational results
in this regard. The methodology applied in this study and
also solution-oriented results might help water managers
and hydraulic modellers to estimate Manning’s n-values in
intermittent rivers regardless climate conditions, and con-
sequently allowing them to make a more accurate predic-
tion concerning mainly flood inundation hazard and so on.

4 Conclusions

The present study attempted to calibrate the channel
roughness coefficient Manning's n-value along the Sarim-
sakli creek, through simulation of water depth using
HEC-RAS Model. For this purpose, six different flow condi-
tions were considered, and the following results can be
summarised:

e Average of the Manning roughness coefficients are
found as 0.043 for six measurements at Barsama sta-
tion.

o The average difference between the measured and cal-
culated water surface heights of six measurements was
determined as 3.96%.

e Analysis of measured data in the creek indicates that
Manning'’s n-values wide-ranging between 0.023 and
0.055 for six different flow conditions.

e Using HEC-RAS package, mean roughness coefficients
are found as 0.045 for six measurements at Barsama
station.

e The roughness values estimated with HEC-RAS can
more accurately determine the water profile profiles.
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The average difference of six measurements was deter-
mined as 3.08%

This work demonstrates the capability of the HEC-RAS
model to analyses the flow regime in Sarimsakli creek by
using distributed data obtained from several cross-sec-
tions upstream and downstream of the reference station.
So, a part of the model performance and regardless the
type of the model that we chose to conduct the analysis,
still we should be aware of the parameters required by a
model and interpretation of the analysis results obtained
by the model. It is worth remarking that the computed
values are affected by several uncertainties, including but
not limited to the simplification of the geometry of the
cross-section, accuracy of the velocity measurement, accu-
racy, representativeness of the water surface slope and so
on. Moreover, the real water surface profile could also be
affected by small localised changes in geometry and 2D
effects due to the curvature of the channel. Concerning
the future work, it would be interesting of investigating
the economic impact that has the accurate estimation
of the Manning’s n roughness coefficient in developing
detailed flood hazard maps or on infrastructure design
(e.g., culvert, bridges).
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