Responses to Referee #2

Dear Referee,

We are very grateful to the referee for constructive comments of the manuscript. We totally
agree with all her/his recommendations and we give in this letter our responses in blue.

For the authors,

Camille Jourdan

Anonymous Referee #2
Received and published: 30 June 2019

The scope of this paper is to develop a combined approach of data acquisition and the development of
a new semi-distributed model taking into account land-use changes to reconstruct and predict annual
runoff on a catchment exposed to high urban increase. The research question is interesting, and the
methods used in this study are well explained.

Thank you.

However, | have some major comments listed below.

1. Lines 122-123: How about potential evaporation? The effect of potential evaporation on annual runoff
may need to be incorporated into the model.

In equatorial climate, inter-annual variability of potential evaporation is quite low and variability
through the year is also limited by low variation of temperature and available water. We use the global
ET product GLEAM (Global Land Evaporation Amsterdam Model; Miralles et al., 2011) to estimate the
potential PET and actual evapotranspiration AET since 1997 over the region of Yaoundé. This product
is known to perform well is African equatorial climate (Trambauer et al., 2014). Figure R2.1a shows the
mean daily PET and AET with inter-annual variability and Figure R2.1b shows the annual PET and AET
estimated over the period 1997 — 2017 (estimation from GLEAM product). The variation of annual
values of estimated PET is low with a minimum of about 1010 mm and a maximum of 1125 mm. In
equatorial regions covered by natural humid forest, AET is usually very close to the PET because of
high water availability, with for example AET near from 1300 mm for Congo forest where PET is about
1400 mm (Rodier, 1964). The simple Thornthwaite method gives an annual PET of about 1200 mm on
the Yaounde region. In natural condition, Olivry (1979) estimated a value of AET of 1200 mm in the
Nyong basin using the water balance method with an AET very close to PET. In natural conditions, PET
is satisfied during the both wet seasons and the first (the smallest) dry season.

The main conclusion is low inter-annual and intra-annual variabilities of PET over the basin.
We propose to include a deeper analysis of PET data in the Section 3.2 of the new suggested outline
paper (see the new suggested outline at the end of this response).
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Figure R2.1. a) Annual PET and AET estimated from the satellite-based product GLEAM over the period 1997—
2017. b) Mean daily PET and AET estimated over the period 1999-2017 from the product GLEAM.

2. Line 139 equation (1): how is this equation obtained from SCS curve number method applied to the
annual scale?

The proposed model (Eg.1 in presented paper) is an approximation of the annual model
proposed by Ponce and Shetty (1995) on similar mathematical equations as for the SCS model.

Ponce and Shetty (1995) proposed a relationship between the surface runoff S and precipitation
Psuchas:

(P—2AsWp)

= — > i = .
Pr(—2ag)w, if P>AsW, otherwiseS=0 (R2.1)

with S, annual surface runoff; P, annual precipitation; As and W, two parameters.

The model has two parameters, As and W,, to be calibrated using annual data. The model
suggests that if precipitation is lower than a threshold (4s Wp) then S = 0, while if precipitation is superior
than the threshold Eq.(R2.1) is used.

After separation of baseflow and surface runoff from total runoff by two parameters Boughton
method (Boughton, 1993; Chapman, 1999), we calibrated the two parameters of the Eq.(R2.1) for the
period 1965-1978 for the Mefou basin at Nsimalen outlet (421 km?). We obtain 4s = 0.05 and W, = 9830
mm. Figure R2.2 presents the calibrated Eqg.(R2.1) on the observed annual runoff for the period 1965-
1978 on the Mefou basin at Nsimalen outlet.

I
a
=
=
T
1

200 1000 1500 2000 2500
Precipitation (P) [mm]

Figure R2.2. Simulation of surface runoff S for the Méfou basin at Nsimalen outlet, using Ponce and

Shetty (1995) model (Eq. R2.1 noted PS_S on the Figure) calibrated on observed annual surface runoff

(red points) for the period 1965-1978.




For the baseflow U, Ponce and Shetty (1995) proposed the following relationship:

P— A,V
U= _(P=Auly) if P> A,V, otherwise U=0 (R2.2)
P+(1-22,)Vp

with A, and Ve the two parameters.
The total annual runoff simulated is :
R=U+S (R2.3)

We calibrated the two parameters of the Eq.(R2.3) for the period 1965-1978 for Mefou basin at Nsimalen
outlet (421 km?); we obtain A, = 0.01 and V, = 5300 mm.
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Figure R2.3. Simulation of baseflow U for the Méfou basin at Nsimalen outlet using Ponce and Shetty
(1995) model (Eg. R2.2 noted PS_U on the Figure) calibrated on observed annual surface runoff (red
points) for the period 1965-1978.

In our study case, annual precipitation ranges between a minimum (P,) and a maximum (Py)
values, and surface runoff is observed for all the years. We extrapolate the relationship to the total runoff
by simplifying the SCS Eq(R2.1) to a simple polynomial relationship AP2 + BP (Eq.1 of the proposed
paper).

Figure R2.4 shows the model estimation of total annual runoff for the Mefou basin at Nsimalen
outlet for the period 1965-1978(few impacted by land-use changes) by :

- The four parameters model (4s, Wp, A, and Vp) of Ponce and Shetty (1995), noted PS_U+S
(EqR2.1 to R2.3)

- The simplified two parameters model from Ponce and Shetty (1995) equation, noted PS¥*,
extrapolating the Eq.(R2.1) from an application to surface runoff S to the total runoff R.

- The proposed two parameters model (Eq.1 of the proposed paper), only operable between
P» and Py but leading to very similar results to the two models PS_U+S and PS*.
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Figure R2.4. Simulation of the total runoff R using: i) the four parameter Ponce and Shetty (1995) model (PS_U+S);
ii) the two parameters modified Ponce and Shetty (1995) mode (PS*); iii) the model proposed in Eqg.1 of the
proposed paper. All three models are calibrated on the observed annual runoff for the Méfou basin at Nsimalen
outlet.

We propose to add a comparison of the proposed model (Eq.1) with different formulations of
annual rainfall-runoff models (PS_U+S, PS*) in the section 4.2 of the new suggested outline paper in
order to show the validity of the proposed equation for the study site.

3. The effect of inter-annual soil water storage carry-over is not considered. As shown in Lines 357-358,
there are humid (1960-1970, 1980-1990, and 2006-2013) and dry (1935-1950, 1970-1980, and 1990-
2000) periods. The storage carry-over from the transition between wet and dry periods may be not
negligible.

We agree that the storage variation between humid and dry years worths further analysis.

First we studied the precipitation at a daily time step. Figure R2.5 shows an analysis of the
precipitation seasonality over the period 1950-2014 comparing the 11-day moving average value of the
10-wettest and the 10-driest years. Note that there are two wet seasons (in blue) and two dry seasons (in
orange). We observe that the second dry season is the longest and the driest of both dry seasons.
Therefore, we decided to set the beginning of the hydrological year at the 1% of March, directly after the
main dry season. The inter-annual variability of precipitation is quite low for the second dry season as
shown in Figure R2.5 presenting the seasonality for the ten wettest and the ten driest years. The low
precipitation variability on the main dry season led us to make the hypothesis that inter-annual soil water
storage variation is small and doesn’t play a key role in annual runoff value.
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Figure R2.5. Seasonal precipitation for the period 1950-2014:11-day sliding average value of the ten wettest
years and the ten driest years. Note that there are two wet seasons (in blue) and two dry seasons (in orange).

Second, and in order to test the hypothesis of negligible inter-annual soil water storage variation,
we used the monthly model GR2M (Mouelhi, 2003). The GR2M model structure is available at
following url link: https://webgr.irstea.fr/modeles/mensuel-gr2m/

The model structure is shown below:
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The model has two reservoirs, the reservoir S for production and the reservoir R for routing.
The soil storage is represented by the depth S of the reservoir S. The model has as input monthly
precipitation and potential evapotranspiration. The model simulates monthly discharge and has two
parameters to be calibrated: X; which represents the depth of the reservoir S and X, which represents the
flow exchanged outside the catchment. GR2M was largely applied on west and central Africa (Louvet
et al., 2016; Ardoin-Bardin et al,. 2005).


https://webgr.irstea.fr/modeles/mensuel-gr2m/

The model was first calibrated on the period 1968-1978 with low impact of urbanization, and
we obtained a Nash-Sutcliffe Efficiency criteria NSE = 0.72, with X1 = 8.50 and X, = 0.67 (Figure R2.6).
Figure R2.7 shows the variation of the inter-annual storage component (Delta Storage AS = difference
of the levels of reservoir S in Figure R2.8 between the end and the beginning of the hydrological year
at the end of February). Figure R2.8 shows the monthly variation of the soil storage component for the
calibrated period. For these ten studied years, the average annual variation A4S is about 59 mm with a
mean annual precipitation P of 1600 mm; this result A4S /P < 3 % confirms the low impact of inter-
annual soil water storage variation. The second dry season has very low precipitation, and most of the
annual storage is consumed by evaporation and discharge. However some specific years could present
higher inter-annual soil water variation that could impact the annual runoff.

We observe a low inter-annual variation of soil water storage leading to the hypothesis to neglect
this term in the first version of proposed model. In a revised version, we will make a sensitivity analysis
of the model taking into account AS which can be added/subtracted to annual rainfall.
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Figure R2.6. The monthly hydrological model GR2M applied on the Méfou at Nsimalen. a) Monthly precipitation,
and the observed and simulated monthly discharges. b) Comparison of simulated and observed monthly discharge.
Qsim and Qobs are respectively the simulated and the observed annual runoff for the Mefou basin at Nsimalen
outlet.
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Figure R2.7. Inter-annual values of the variation of the storage components (4S) of the GR2M model on the
period 1968-1978 using the calibrated parameters (with NSE = 0.72).
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Figure R2.8. Monthly values of storage components (S) of the GR2M model over the period 1968-1978 from
calibrated parametrization over monthly discharge (NSE = 0.72). We observe the low variation of the soil water
storage at the end of the hydrological year by the end of February.

We propose to add a deeper analysis of available data integrating the inter-annual variation of
soil water storage in the Section 3.4 and 3.5 of the new proposed outline.

The GR models (GR1A and GR2M) are not adapted to take into account land-use changes over
time. As presented in the response to comment n°3 of referee #1, calibrated parameter X of the GR1A
model varies from 0.90 for the period 1964-1976 to 1.15 for the period 2005-2013. Similarly, the
calibrated parameters of GR2M (X1 and X») changes with urbanization and land-use changes. That’s
why there is a need to a simple parsimonious model taking into account land-use change as suggested
in the model developed.

4. Lines 358-362: The change of seasonal rainfall pattern will affect the annual runoff. It will be good
to explore or discuss the potential impact.

Changes in seasonal rainfall are highlighted in Figure R2.9a with the analysis of two seasonal
patterns for the period 1964-1976 with no impact of urbanization, and a recent period 2005 — 2014 with
high impact of urbanization. For both periods, we present the 11-day sliding average (five days before
and five days after) of the daily average precipitation. The analysis shows that the first dry season (noted
DS-I) trends to be shortened with more precipitation during August for the recent years. A smaller
change can be observed on the second dry season (noted DS-I1) with less precipitation for this already
very dry season. These limited changes observed in seasonal precipitations pattern don’t enable to
explain very high changes in seasonal discharge observed between the two periods as shown in
Figure R2.9b. Impacts of observed land-use changes over the discharge seems widely override changes
in seasonal precipitation. Even if impacts of changes in precipitation seem limited compared to the
changes in land-use, both changes can be combined for the first dry season with a reduction of the length
of the dry season before the main wet season (WS-11). One of the impacts can be a higher saturation of
soil and groundwater storage before the main humid season with impacts on high flows, overflows and
the total volume of runoff.
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Figure R2.9. a) Seasonal precipitation for 1964-1976 and for 2005-2014 at the historical raingauge P1 (See the
location on Figure 3). b) Seasonal runoff at the Mefou basin outlet at Nsimalen for 1964-1976 and 2005-2013. We
observe two wet seasons in blue (WS-I and WS-11) and two dry season in orange (DS-1 and DS-I1).

Changes in seasonal precipitation seem quite limited and don’t let to explain major changes
observed for discharge. However, precipitation changes could be combined with land-use changes and
could participate to increase impact on discharge because of land-use changes. We propose to add a
deeper analysis of available data integrating seasonal rainfall changes impacts in the section 3.5 of the
new proposed outline (see the outline proposed at the end of this letter).

5. Figure 7: Considering the annual runoff coefficient, the uncertainty for the linear model between
runoff coefficient and precipitation is large (i.e., the scatter of data points around the line). This is due
to the following potential reasons:

Uncertainties observed on Figure 7 should also be due to uncertainties on input data of
precipitation and discharge. In this sparse-data context, the use of only two available rain-gauges for a
catchment of 421 kmz2 (for the Mefou basin outlet at Nsimalen) may lead to significant uncertainties
because of the (limited) heterogeneity of spatial precipitation and its inter-annual variabilities. Data
presented in Figure 7 are the only available data letting us to assess the value of Si. Despite of the
uncertainties due to precipitation estimation, we notice clear increasing trends of the runoff coefficient
o with the precipitation P, and the regression enables to calculate £ = 15% at Nsimalen (red points).
Increasing trends is also observed for Etoa (blue points) and Mfoundi upst (green points). Due to
uncertainties of precipitation on Nsimalen and most of the points of Etoa (except for one year), we didn’t
use these data in donors database but only in validation (Figure 11 for Etoa, Figure 12 for Nsimalen).

1) the validity of equation (1);

See details in the response to comment n°2.

2) the effect of potential evaporation;

As answered for the comment n°1, PET is characterised by very low inter-annual variability of
about 100 mm but could explain part of the uncertainty observed in Figure 7. PET is difficult to estimate
and varies a lot depending of the global product used. An annual value of a constant PET = 1200 mm
seems to be a first satisfying assessment.

3) the effect of inter-annual soil water storage change;

As answered for the comment n°2, inter-annual soil water storage seems limited because of the
long dry season before the beginning of the hydrological year. Moreover, the variability of precipitation
over the second dry season is very small and limits inter-annual variability in soil water storage. In order
to assess the impact of potential higher inter-annual soil water storage, we analysed runoff coefficient p
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of years with comparable yearly precipitation values P but presenting contrasting antecedent
precipitations values (noted Pa and characterized by the annual precipitation of the preceding year) in
homogeneous land-use conditions.

Years 1967 and 1969 are characterized by comparable annual precipitation values with
Ps7 = 1622 mm and Pso = 1581 mm but by very contrasting antecedent precipitation with respectively
Pas7 = 2180 mm and Page = 1715 mm. Both years present very comparable p values with respectively
0.28 for 1967 (with more humid antecedent conditions) and 0.32 for 1969 (with drier antecedent
conditions).

4) the effect of seasonal variation of precipitation.

The seasonal variability of precipitation is presented in Figure R2.5 with seasonal precipitation
for the ten wettest years, the ten driest years and the whole period. Variability is lower for the second
humid season than for other seasons limiting the impact of inter-annual soil water storage. Higher
variability is observed for the second dry season and may have an impact on rainfall-runoff response on
the second humid season.

In order to assess the impact of variability on seasonal precipitation over “rainfall-runoff”
response, we select, over the available period 1964-1976, years with annual precipitation between
1550 mm and 1650 mm. Eight years were selected which present high heterogeneities of seasonal
precipitation variability. For example, the year 1973 presents a high portion of precipitation during the
first humid period (52%) compared to the year 1968 (38%) but they present the same annual runoff
coefficient (0.27). The year 1967 present very few portions of precipitation during both dry seasons
(7%) compared to the year 1973 (21%).

However, runoff coefficients varied only from 0.25 to 0.33 without a significant impact of
seasonal variability. However, the highest value of p (0.33 for 1970) corresponds to a high portion of
precipitation over the two humid seasons (87% against 83% in average) and could explain part of the
uncertainty observed in Figure 7.

In a revised version, we propose to compare various versions of the model (and/or the index 1) taking
into account all points suggested by referee #2: model equation, PET, AS and seasonality (in the sections
5 and 6 of the new proposed outline at the end of this letter).

6. In this paper, the temporal change of | is used to model the effect of land use change. However, agree
the land use change may be better to be reflected in the parameters of the rainfall-runoff relation (e.g.,
A and B parameters). What are the estimated values of A and B? The parameters A and B have physical
meanings. For example, soil water storage capacity is an important parameter in the SCS curve number
method, and it is a function of land cover and land use. Land use change will cause the change of soil
water storage capacity.

We agree that this point is a hypothesis of the model in order to simplify the model. The index
I is linearly linked to the parameter B (See Eq. 19 of the paper), but A is not impacted by the variation
of 1. The index | depends only on the value of the parameter £, and the extreme precipitation values Py
and P, (EQ.19). The parameter A is the slope of the relation between precipitation and runoff coefficient,
its unit is the mm, and B is dimensionless. For the study case of the paper, A is equal to 1.3x10* mm-
Land B is characterize by the following equation, with I varying between 0 and 1.

B =0.74-1-10.09
B is ranging from -0.09 and 0.65.

In a revised version, we propose to compare the present version of the model (which is simple
and parsimonious) to various versions of the model structure: i) A depending on | and B independent of



I; ii) A and B depending on I. This analysis will be incorporated in the sections 5 and 6 of the new
proposed outline at the end of this letter.

Some minor comments:

Lines 29 and 117: km"2? Same for other places.
Ok.

Line 30: change “an” to “a”
Ok.

The Abstract section could be shortened.
Ok, the Abstract will be shortened.

Line 59: change “anthropic” to “anthropogenic”?

Ok.

Line 72: delete “people”
Ok.

Line 95: change “as” to “of”?
Ok.

Line 103: change “recently” to “recent”
Ok.

Line 124: “short-terms” to “short-term”?
Ok.

Line 139: AP™2
Ok.

Line 175 and Figure 1: Why is _2 similar for all values of P?

As a first hypothesis, we supposed that the impact of the index | on runoff coefficient is independent
from the precipitation P. The donors’ database doesn’t present enough element to study the impact for
different ranges of precipitation.

Why are the upper bound and lower bound of Figure 1a in parallel?
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Because 3_2 is supposed similar for all values of P. In a revised version, we propose to compare various
hypotheses of the model (see details in the response to comment n°6).

Line 396: Px=200mm? May be a typo.
Yes, it’s a typo. Px = 2200 mm.

Line 433: change “(U” into “U”
Ok.

Line 461: “quite clear in term of runoff with for D14 runoff value up to 160 mm. . .” There is a typo, it
should be D12 not D14.

Ok.

Line 499: A “” is missing after “consequently”.

Yes, a “p” is missing.

Line 531: There are 12 donors totally, but only 10 donors were considered. Which two were excluded
and why?

The donor Dy; measures discharge from the dam for the hydrological year 2017-2018, and is only used
as a reference to estimate the discharge value from the area controlled by the dam after its construction
in 1970. The donor Dis covers only the period from September to December 2017 and should not be
included in the donors. This donor cannot be integrated in the model but enables to analyse the
hydrological behaviour of catchments with low slope by comparison with similar donors with other
characteristics (D).

Lines 542-544: According to this sentence, i.e., “From the sensitivity analysis, we calibrate a and b,
choosing the set of 8 from 10 donors giving the lowest values of RMSE on the 15 years calibrated
period”, we know that 8 donors were used to determine the value of a and b. But the following sentence
says you used 9 donors: “We use the 9 donors DH2, DH3, DH4, DH6, D12, DI3, DI4, DI5 and DI16”. So
it is not clear how many donors were used.

We agree that this sentence is not clear, there are some typos.

The sensitivity analysis shows that using only 8 of the 10 donors leads to satisfying results. We decided
to select 8 donors and we used the remaining two donors for the first validation step. So, this is an error
in the text, we selected 8 donors and not 9 donors.

We selected randomly these following 8 donors: Dy, D2, DHa, Dhs, Dhe, Dis, Dis and Dis

We used the following two donors in validation: Dys, D2,

Lines 548-550: Is there any specific reason for plotting the points of Etoa in Figure 11?

The points plotted of Etoa were not all used as donors due to high uncertainties in precipitation.
However, we noticed that the points plotted for Etoa in Figure 11 are very close from the estimated |
value at Etoa (0.11) for all the points (0.08 to 0.13).
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Lines 550-552: When DH3 and DI2 are used for the first level of validation, both E are larger than 0, is
that because using the calibrated a and b would overestimate the hydrological index?

The donors Dy, and Dys are both located below the regression line on Figure 9 leading to an
overestimation of annual runoff when they are used in validation. If the hydrological index is
overestimated, it is not caused by the parameters a and b, but by the procedure of hydrological index
construction.

We propose to select one donor below and another one above the regression line in the new version.

Lines 582-583: T2 and T8 also have different precipitation according to Figure 6d. Therefore, how much
difference in runoff between T2 and T8 is caused by the difference in precipitation?

If we apply for both target basins a precipitation of 1600 mm (mean annual precipitation over the Mefou
basin), the annual runoff difference between T2 and T8 (with land-use condition of 2017) is about 265
mm. After an adjustment of precipitation according to heterogeneities observed for some specific years
the annual runoff difference increase to 450 mm. Heterogeneities of precipitation and land-use are
combined and lead to major differences of annual runoff.

In summary

We propose to substantially modify the paper outline taking into account the points stated by both
referees. We suggest the new following outline

1. Introduction
2. The study site
3. What we learn from data
3.1 Precipitation
3.2 PET temporal analysis
3.3 The Budyko model
3.4 The annual GR1A and the monthly GR2M models
3.5 Constraints for modelling
4. The annual rainfall-runoff model
4.1 General model structure
4.2 Sensitivity analysis and comparison of different formulations
5. The hydrological index
5.1. The present model
5.2. Comparison of different approaches taking into account AET, AS, and seasonality.
6. Applications
6.1. The present model
6.2. Comparison of different approaches of the model structure and the index |

In comparison to the original version, we propose to add sections and to reverse the order of
other sections:

First, the introduction will be substantially reinforced in order to show the main novelty and
sciences questions of this work.

Second, the study site is presented (similar to the original paper)

Third, we propose to add a detailed data analysis section called “3. What we learn from data”.
In this section, we keep the subsection on the spatio-temporal analysis of precipitation (hoted 3.1). We
propose to add four new sub sections: 3.2 PET temporal analysis (see response to referee #2); 3.3. The
Budyko model (see response to referee #1); 3.3. The annual GR1A model (see response to referee #1)
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and the GR2M model (see response to referee #2); 3.4. Constraints for modelling explaining the
originalities of the new approach in comparison to classical ones (see responses to both referees #1 and
#2).

Fourth, we propose to modify substantially the section concerning the model in order to show
the hypotheses of the new approach (see response to referee #2) and to add a sensitivity analysis and a
comparison between the different modelling approaches (see responses to referees #1 and #2).

In Sections 5 and 6, we propose to compare various structures of the model taking into account
the model general equations, but also introducing potential evapotranspiration PET, inter-annual stock
variation and seasonality (see details in the responses to referee #2).

The conclusion will be modified and adapted.
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