Introduction

First of all, | want to thank both referees for their constructive comments. In the following document |
have answered all comments and listed the changes in our manuscript based on these comments. The
new manuscript is added together with the final response. This final response is structured as follows:

- Reaction on comments from referee 1 (C5050)
- Reaction on comments from referee 2 (C5257)
- References

Reaction on comments from referee 1 (C5050):
Comment 1

The overall strategy for this study is not clearly explained. Some people use GRACE data
to inform hydrological models in a calibration and/or data assimilation approach (e.g.
(Milzow et al., 2011). Others compare GRACE data to hydrological model output to check
consistency and identify weaknesses in both the GRACE data and the models. What
exactly is the purpose here? This should be explained upfront. If the purpose is to inform
the model, then it is essential to document model improvement in an independent
validation period.

Reaction

The hypothesis and strategy were indeed not given explicitly in our manuscript and improved the overall
strategy and motivation in the new version. The main goal of this study is to show that the water mass
changes in a hydrological model and surface water in the region can explain a large part of the mass
variations, as observed by GRACE. This is in contrast with other papers like (Voss et al., 2013), which
claim that a large part of the water mass changes are caused by anthropogenic groundwater depletion.
Therefore, we want to show that it is also possible to explain the water mass variation largely by
depletion of lakes and reservoirs and by natural groundwater variations.

The main differences between our study and other studies like (Longuevergne et al., 2013; Voss et al.,
2013) are:

- The inclusion of the local geology in our current model, which gives a better insight in the
groundwater flows and storages.

- The use of streamflow measurements for at least part of the catchment, which can be used to
calibrate our model.

- Exclusion of smaller lakes by earlier researches, which still can have an influence on the total
water balance due to large water level variations.

The reason that we included GRACE measurements in the model calibration was because we wanted to
show that a hydrologic model can mimic water mass variations from GRACE. However, for an
independent comparison between the model and GRACE data, this would indeed need a validation



period, which is not available in our case because a similar drought as the one between 2007 and 2009
did not occur during the lifespan of the GRACE satellite mission.

Therefore, in this version of the manuscript we have chosen to use only streamflow measurements as a
calibration for our hydrologic model in first instance, but at the same time we also compare the results
with the case where GRACE data is included in the calibration process. This results in almost identical
results of both calibration methods for the snow reservoir, unsaturated reservoir and fast runoff
reservoir and a difference of about 8 mm EWH for the groundwater reservoir. The total decline from the
calibration with only streamflow data was 39 mm EWH and the total decline including GRACE as a
calibration parameter is 48 mm EWH. This shows that model results are quite consistent for both
methods and lead to the same conclusions, although there is a small difference in water mass decline.

Changes made to manuscript

- Hypothesis/strategy and motivation for research edited in (1 Introduction line 80-90)

- Model approach updated (1 Introduction line 108-119)

- Calibration method explanation added (3.4 Model Calibration line 382-398)

- Method for model selection updated with new calibration method (3.4 Model Calibration line
410-440)

- Comparison two different calibration methods added (4.4 Natural groundwater variations line
524-541)

- Comparison two different calibration methods added (4.6 GRACE and modelled mass variations)

- Model results and figures updated based on new calibration method

Comment 2

GRACE processing: There are basically two ways of processing GRACE data in the
literature: Either the level 1 range rate data is inverted for spherical harmonic
coefficients or for mass changes on a grid. The second approach is usually termed the
MASCON approach (Rowlands, 2005). The method you present here seems to be a
hybrid between the two, in the sense that mascon parameters are fitted to level 2
spherical harmonic coefficients instead of range rate data. | know that GRACE processing
is not the focus of this paper, but it would still be nice to explain the pros and cons of
doing it this way. For instance, | do not understand if you can retrieve the 6 MASCONS
shown in Figure 2 independently of the rest of the planet or if you always have to invert
for a global set of mascons? Also, why do the MASCONS have circular shape, why not

adapt them to the geometry of the basins of interest as for instance in(Krogh et al., 2010)
?

Reaction

To explain the GRACE processing more clearly, the following text is added to the manuscript on line 163-
170:



"This method is based of GRACE level-2 data from the Center of Space Research (CSR) and
includes modifications for the gravitational flattening term C20 from satellite laser ranging.
Furthermore the method also considers degree 1 terms associated with geo-center motions as a
result of geophysical loading phenomena. The used GRACE method is not a spatial averaging
kernel method, instead to obtain equivalent water levels over a region one has to add up the
signal from the individual mascons. The signal at these mascons is obtained via a global
inversion method."

This means that we use a global set of mascons and that the signal at these mascons was obtained by
means of a global inversion method as described in (Schrama et al, 2014). Our original manuscript
lacked a description at this point

A comparison between different GRACE methods for mass calculation can be found in (Shepherd et al.,
2012). As long as the starting conditions of these methods are the same the differences turn out to be
small. The method in (Schrama et al 2014) is an extention of one of the GRACE methods contained in
(Shepherd et al 2012), and it shows nearly identical results.

The advantage of the approach in (Schrama et al 2014) is that resulting EWH values are part of a
standard GRACE product and will be consistent with other regional solution worldwide. The
disadvantage is that we have to adapt our study area to the given mascons. We are thus not able to use
approaches like (Krogh et al., 2010), which adapt the mascons to the geometry of the studied basin.
However, the changes in EWH due to adaption to the exact study area are small. We tested this using a
comparison between the GRACE results for the current dataset and two extended datasets, see Figure 1
in this rebuttal. This shows that the GRACE signal remains largely the same, with only small differences
in yearly fluctuation and water depletion over the whole period. If these relatively large changes in study
area induce only small changes in the total GRACE signal it is likely that the differences due to
adaptation to geometry are negligible.
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Figure 1 - Comparison of EWH values for current and extended areas.



In the old version a method was given to refine our results (page 11538 line 15-22), but it proved to
have negligible influence and was therefore omitted in the new version.

Changes to manuscript

- Description of GRACE processing updated (3.1 GRACE mass calculations line 160-174)
- Comparison between our and other GRACE processing methods added (3.1 GRACE mass
calculations line 175-186)

Comment 3

The purpose and basis of the various corrections described on page 11539 are not really
clear to me. Why does the contribution of the lakes have to be scaled by % and 1/3? How
did these numbers come about? Why is the GRACE region extended into the
southwestern desert, if this is really not part of the study area of interest? All this needs
to be motivated and explained much better.

Reaction

The two corrections made to the GRACE results are those based on the extension of our study area to
the south west and the correction for lakes at the border of the study area, which are both related to
water mass leakage

The water mass depletion of Lake Tharthar is more than 50 % of the total water mass depletion from
lakes in our area (figure Figure 2). Therefore we extended the study area to the south-west to be sure
that the water mass depletion from this lake was fully captured in our GRACE mass calculations.
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Figure 2 - Mass variation from Lake Tharthar compared with total mass variation from lakes in study area



Because Lake Urmia and lake Razzazah have much less impact on the total lake mass, we have chosen to
correct their mass leakage out of our study area based on the method described in (Longuevergne et
al., 2013). In this paper it is demonstrated how point masses within a circular mascon contribute to this
mascon, based on the size of the mascon and the distance from the mascon center. For this correction
we geometry of our whole study area and calculated the correction factors based on the distance of the
lakes from the centre of our region. During the revision of this paper we studied the locations of the
mascons and lake centres in more detail, which resulted in a slightly larger contribution of lake Urmia of
0.6 and a contribution of Lake Razzazah of 0.65. Corrections for other lakes in the region were also
calculated, but the mass changes due to the correction factors of these lakes are negligible.

Changes to manuscript

- More detailed description and motivation of study area extension given (3.1 GRACE mass
calculations line 185-240)

- Explanation and motivation of lake mass correction added (3.1 GRACE mass calculations line
198-204 and Derivation of lake mass line 291-297)

Comment 4

It is stated that the aquifers are karstified, and highly transmissive. Water level and

storage variations in such aquifers are generally suppressed because of the high

transmissivity and water is effectively drained over short time scales. Lines 4-9 on page 11548 seem to
suggest the opposite. It would be nice to discuss if the simulated

groundwater storage variations are reasonable given the available hydrogeological

knowledge and observations from the region.

Reaction

This point indeed deserves an extended elaboration. There is quite some research on this because the
water supply in Northern Iraq is dependent on springs that emerge from these aquifers (Ali and
Stevanovic, 2010; Ali et al., 2009b). These studies show that the discharge from these karstic aquifers
can be split up in two components. The first component is a rapid discharge within a month after rain
events, which is related to channels and large fractures in the limestone aquifer. The second component
is a much slower discharge, which is generally stable till the new wet season. While the first component
is covered by the fast reservoirs in our hydrologic model, the second component is modelled as the slow
groundwater reservoir. The recession value of these groundwater reservoirs is based on the recession
values of three large springs in the area, the Bestansur, Zalim and Sachinar (Ali and Stevanovic, 2010; Ali
et al., 2009a, 2009b), which respective recession coefficients are 0.0049, 0.0032 and 0.0038. The chosen
recession bandwidth is chosen between 0.0035 and 0.0045.

Changes in manuscript:

- More elaborate description about groundwater flow added (3.3 Rainfall Runoff model 359-377)



Comment 5

Throughout the manuscript, language and grammar should be checked and clarity of the
wording should be improved, see also details listed below. Please always call the same
things by the same names. For example, the manuscript sometimes talks about the
“Lesser Zab catchment” and sometimes about the “smaller Dukan area”, although, |
believe, those two names refer to exactly the same thing.

Reaction

Detailed comments are corrected and paper is checked for grammar and inconsistent wording. Also,
tributary names and lake names are added to figure 2 and figure 5 of the manuscript. The Dukan area
referred to in the text is a part of the Lesser Zab catchment upstream from Lake Dukan, which is now
explained in the text and caption of figure 5 of the manuscript.

Changes in manuscript

- Lake names added to figure 2
- Tributary names added to figure 5

A lot of place names are used in the text, but cannot be found on any of the maps. | think
the paper would benefit from a detailed base map that shows and names all places,
rivers and lakes referred to in the text.

Reaction
tributary names are added in figure 2 and lake names are added in figure 5
Changes in manuscript

- Lake names added to figure 2
- Tributary names added to figure 5

Comment 7

Please explain how the uncertainty bands for the surface water storage and snow
storage in fig 8 were derived.

Reaction

The errors due water level measurements are derived based on the estimated errors in lake levels given
by (Crétaux et al., 2011; USDA/FAS, 2013). These time series of water level errors are then multiplied
with the total area of these lakes and added up:
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Where n is the number of lakes, ait is the estimated error in water level for one of the lakes at time ¢t
and A! and the calculated lake area of a particular lake at time ¢.

This uncertainty does not include the errors in lake area calculation, but these are difficult to quantify
and are likely small due to the use of stage-area curves. For example, the difference in lake size from
Lake Mosul and the derived values from (Issa et al., 2013) are about 10 km? but it only causes significant
differences in the stage-volume curve for high water levels. Additionally, the relative error for larger
lakes is much smaller because the ratio between lake shore length and lake area becomes smaller with
increasing lake size. In figure Figure 3 this is illustrated using the resulting stage-area curve from lake
Tharthar and Lake Qadasiyah, which have an large contribution to the total water mass depletion.
Through the use of a linear/cubic fit of 192 measurements, most of the errors due to lake area and lake
level calculations are filtered out.
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Figure 3 - Stage-area curve Lake Tharthar and Lake Qadisiyah

We replaced the lake mass graph with a new one based on a 95% confidence interval instead of 68%, to
ensure consistency with the GRACE graphs. This error does not include the leakage of water mass of
lakes outside the study area due to GRACE mass calculations, because these values cannot be clearly
guantified.

The uncertainty of the snow storage is based uncertainties in the precipitation from the GLDAS model.
These uncertainties were derived from the comparison between monthly rainfall from the GLDAS model
and four rainfall stations in the region. In the new version, snow mass is added to the rainfall-runoff
model, although differences are small compared to the original method.

Changes in manuscript

- Derivation of lake mass uncertainty added (3.2 Derivation of lake mass line 274-281)



- Description of possible additional uncertainties in lake mass derivation added (3.2 Derivation of
lake mass line 282-297)

Comment 8

Why use snow from GLDAS? Why not run a simple snow accumulation and melt routine
on top of the hydrological model? At least that would ensure consistent precipitation
input. How exactly is the TRMM product corrected for snow from GLDAS?

Reaction

Snow mass from the GLDAS model was used because snow mass in the study area does not have much
effect on the total mass decline and it is not likely that a snow accumulation and melt routine would
have much effect on the total modelled snow mass. Therefore, the simplest approach was used.
Together with the addition of snow mass, the snowfall from GLDAS was subtracted from TRMM
precipitation and the snowmelt was added to TRMM precipitation.

Addition of a snow accumulation and melt routine would add to the consistency of the model and was
therefore added in the new version. Figure Figure 4 shows a comparison between the snow mass
derived from GLDAS with our rainfall-runoff model, which confirms that the results are similar. The
added variables are a threshold temperature and a melting coefficient (mm/C/day), which were kept the
same for all three geologic zones. Temperature values were derived from GLDAS on a daily basis (Rodell
et al., 2004). Because temperature differences are large due to height differences in the basin, it was not
possible to model this in a lumped approach. Therefore a semi-distributed model setup is used, with a
distributed approach for the snow and unsaturated reservoir.
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Figure 4 - (left) Snow mass from GLDAS. (right) Snow mass based on a snow accumulation and melting routine

Changes in manuscript:

- Description about snow mass derivation from GLDAS removed



- Description of snow mass reservoir and distributed model approach added (3.3 Rainfall-runoff
model line 339-348)

Comment 9

Very little is said about how the uncertainties of the simulated storages have been
determined (fig 9). To me, these uncertainty bounds look very narrow. Can they be
justified? For instance, were the errors due to parameter transfer from gauged to
ungauged parts of the catchment taken into account? Can these uncertainty estimates
be hold up against real observations? It would be nice to see the comparison of
simulated and observed hydrographs at least for the single available station...

Reaction

The uncertainty band are formed by the ensemble of all models on the pareto front (like in Werth et al.,
2009), which is based on the Nash-Sutcliffe and log Nash-Sutcliffe performance. We used the difference
between the maximum and minimum values of the ensemble as the uncertainty band. A discharge
graph for 2005-2008 is given in figure Figure 5 and shows an ensemble of all model runs from the pareto
front. This graph shows that the differences between modelled and measured values can still be
substantial, but the baseflow values during the dry season are mainly within the minimum and
maximum discharge bands. The pareto ensemble is a measure of uncertainty of the parameter values of
the model, but does not represent other uncertainties based on the forcing, up scaling or model

structure.
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Figure 5 - Modelled and measured discharge at inflow of Lake Dukan

For instance, the effect of errors in rainfall and temperature measurements is not included in this
procedure. Also, the spreading of rainfall varies over each TRMM pixel, which could cause lower peak
flows in our model. Another influencing factor is the water use upstream from our gauging station,
which likely causes a reduction in streamflow, but was not considered in our model. This can result in an



underestimation of the groundwater variation, because baseflow values are likely higher than those

used in our model calibration.

Because the mixture of uncertainties between GRACE, lake mass and the model output is questionable

the residual graph is removed.

Changes in manuscript:

Details

voe

o N

10.
11.

Section on model discharge is added (4.3 Modelled discharge Dukan catchment line 500-522)
Uncertainty bands of rainfall runoff model explained (3.4 Model Calibration line 435-438)
Added figure 8 about modelled and measured discharge.

Removed figure about residual water mass

Discussion about upscaling of catchment added (4.4 Natural groundwater variations line 563-
571)

Page 11534, line 11: “Corrected for” should probably be “estimated”. Total mass variation
should include lakes. > Sentence changed

Page 11534, line 19: “Depletion of geology”? Please re-word. | guess you refer to natural
depletion of groundwater. > Sentence changed

Page 11535, line 6: Is this predicted decrease due to anthropogenic climate change? > changed
to climate models

Page 11535, line 20: “riparian” should be “upstream”. > Changed

Page 11537 line 9: Please give the version of the TRMM 3B42 product used here. Versions 6 and
7 are quite different in other parts of the world, here too? > V7 added

Page 11537 line 22: Please reword. The lakes influence the GRACE signals. > Changed

Page 11538 line 9: “dises” should be circles?? > This part is removed.

Page 11542, line 5: “bias-corrected” may be better than “calibrated” > Changed

It is not unambiguously stated in the text how GRACE and the model are compared (e.g. page
11546, line 23). It is stated that GRACE and the model are compared, while in fact the
comparison is between GRACE minus surface water storage and the model. > Changed

Figure 1: Both maps should have coordinate systems/scale bars and colorbar legends. > Added
Figure 2: Needs coordiates/scales > Added



Reaction on comments from referee 2 (C5257):
Comment 1

The method should generally be explained in more detail, especially the
assumptions/constraints, etc. The way of GRACE processing using the mascon
approach is only vaguely given. Moreover, GRACE is used for calibration and data
reduction. Does this not imply internal correlations?

Reaction

The assumptions/constrains for several model steps were indeed only shortly discussed. In the new
version of our manuscript modelling steps are explained in more detail and assumptions are given
explicitly.

To explain the GRACE processing more clearly, the following text is added to the manuscript on line 163-
170:

"This method is based of GRACE level-2 data from the Center of Space Research (CSR) and
includes modifications for the gravitational flattening term C20 from satellite laser ranging.
Furthermore the method also considers degree 1 terms associated with geo-center motions as a
result of geophysical loading phenomena. The used GRACE method is not a spatial averaging
kernel method, instead to obtain equivalent water levels over a region one has to add up the
signal from the individual mascons. The signal at these mascons is obtained via a global
inversion method."

The reason that we included GRACE measurements in the model calibration was because we wanted to
show that a hydrologic model can mimic water mass variations from GRACE. However, for an
independent comparison between the model and GRACE data, this would indeed need a validation
period, which is not available in our case because a similar drought as the one between 2007 and 2009
did not occur during the lifespan of the GRACE satellite mission.

Therefore, in this version of the manuscript we have chosen to use only streamflow measurements as a
calibration for our hydrologic model in first instance, but at the same time we also compare the results
with the case where GRACE data is included in the calibration process. This results in almost identical
results of both calibration methods for the snow reservoir, unsaturated reservoir and fast runoff
reservoir and a difference of about 8 mm EWH for the groundwater reservoir. The total decline from the
calibration with only streamflow data was 39 mm EWH and the total decline including GRACE as a
calibration parameter is 48 mm EWH. This shows that model results are quite consistent for both
methods and lead to the same conclusions, although there is a small difference in water mass decline.

Changes in manuscript

- Description of GRACE processing updated (3.1 GRACE mass calculations line 163-170)



- Description of GRACE processing updated (3.1 GRACE mass calculations line 160-174)

- Hypothesis/strategy and motivation for research edited in (1 Introduction line 80-90)

- Model approach updated (1 Introduction line 108-119)

- Calibration method explanation added (3.4 Model Calibration line 382-398)

- Method for model selection updated with new calibration method (3.4 Model Calibration line
410-440)

- Comparison two different calibration methods added (4.4 Natural groundwater variations line
524-541)

- Model results and figures updated based on new calibration method

Comment 2

The limitations and error contributions of the various model reductions and assumptions
should be given explicitly. Only then the usefulness and quality of the proposed
“rainfall-runoff” model can be evaluated.

Did the authors compare their results with independent GRACE-based estimates of
mass changes in that region (see, e.g., Sneeuw et al. 2014 for lake Urmia).

Reaction

Uncertainty of the rainfall-runoff model is given explicitly in the new version of the manuscript. Also,
limitations and possible errors in the model are added.

The uncertainty band of the rainfall-runoff model are formed by the ensemble of all models on the
pareto front (like in Werth et al., 2009), which is based on the Nash-Sutcliffe and log Nash-Sutcliffe
performance indexes. We used the difference between the maximum and minimum values of the
ensemble as the uncertainty band. A discharge graph for 2005-2008 is given in figure Figure 6 and shows
an ensemble of all model runs from the pareto front. This graph shows that the differences between
modelled and measured values can still be substantial, but the baseflow values during the dry season
are mainly within the minimum and maximum discharge bands. The pareto ensemble is a measure of
uncertainty of the parameter values of the model, but does not represent other uncertainties based on
the forcing, up scaling or model structure.
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Figure 6 - Modelled and measured discharge at inflow of Lake Dukan

For instance, the effect of errors in rainfall and temperature measurements is not included in this
procedure. Also, the spreading of rainfall varies over each TRMM pixel, which could cause lower peak
flows in our model. Another influencing factor is the water use upstream from our gauging station,
which likely causes a reduction in streamflow, but was not considered in our model. This can result in an
underestimation of the groundwater variation, because baseflow values are likely higher than those
used in our model calibration. Because the mixture of uncertainties between GRACE, lake mass and the
model output is questionable the residual graph is removed.

We did compare our GRACE result with different other GRACE-based estimates from (Crétaux et al.,
2011; Longuevergne et al., 2013; Voss et al., 2013). These studies obtain similar results, but the extent of
our study area is not exactly the same. Also, comparison between our method and other common
methods by (Shepherd et al., 2012) showed that differences are generally small. Comparison with

results from (Tourian et al., 2015) ,which represents a part of our study area were not made. Figure
Figure 2 gives a comparison between the resulting lake mass variation from our study and from (Tourian
et al., 2015). This shows that although yearly variations between those models differ (especially 2006-
2008), the trend in mass decline is almost the same. Differences between the results from different
study are possibly related with the used satellite data, which was mainly from Envisat in (Tourian et al.,
2015) and Jason 1&2 in our study.
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Figure 7 - Modelled water mass from Sneeuw and this study

Changes in manuscript

- Section on modelled discharge is added. In this section the derivation of the uncertainty band of
the rainfall runoff model is given. Also other possible sources of uncertainty are discussed. (4.3
Modelled discharge Dukan catchment line 500 - 522)

- Uncertainty bands of rainfall runoff model explained (3.4 Model Calibration line 435-438)

- Discussion about upscaling of catchment added (4.4 Natural groundwater variations line 563-
571)

- Added figure 8 about modelled and measured discharge.

- Removed figure about residual water mass

Comment 3

Throughout the paper starting with the abstract, the authors use different (partly
incomplete) units for representing mass variations. For example, mass loss is
represented sometimes in mm and sometimes in km3, for the first probably mm in EWH
is meant, where the second is a volume change. It should be used consistently.

Reaction

Mass variations are always given as mm EWH in the new manuscript. Masses in km?® are also givenin
some cases, but always together with a value in mm EWH.

Comment 4

On page 11539 (lines 8-9), the reason for selecting the weight 1/2 for the lake mass of
Urmia and 1/3 for lake Razazzah is not obvious. Do these coefficients come from some
empirical model?

Reaction



The correction for the lake masses of Lake Urmia and Lake Razzazah are based on work from
(Longuevergne et al., 2013). In this paper is demonstrated how point masses within a circular mascon
contribute to this mascon, based on the size of the mascon and the distance from the mascon center.
For this correction we geometry of our whole study area and calculated the correction factors based on
the distance of the lakes from the centre of our region. During the revision of this paper we studied the
locations of the mascons and lake centres in more detail, which resulted in a slightly larger contribution
of lake Urmia of 0.6 and a contribution of Lake Razzazah of 0.65. Corrections for other lakes in the
region were also calculated, but the mass changes due to the correction factors of these lakes are
negligible.

Changes in manuscript

- Explanation and motivation of lake mass correction added (3.1 GRACE mass calculations line
195-205 and 3.2 Derivation of lake mass line 291-297)

Comment 5’
Are the estimated lake mass variations reliable and accurate?
Reaction

The errors due water level measurements are derived based on the estimated errors in lake levels given
by (Crétaux et al., 2011; USDA/FAS, 2013). These time series of water level errors are then multiplied
with the total area of these lakes and added up:
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Where n is the number of lakes, af is the estimated error in water level for one of the lakes at time ¢t
and A! and the calculated lake area of a particular lake at time ¢.

The estimated errors are based on the footprint from the different satellites and comparison between
in-situ measurements and satellite altimetry . Because the error estimates came with the data from
(Crétaux et al., 2011; USDA/FAS, 2013), it is quite difficult for us to give an idea of the accuracy of the
estimated errors. For example, the graphs in figure Figure 2 show that the water levels difference of two
separate satellite products can be much larger than the estimated errors in those products.

The presented uncertainty does not include the errors in lake area calculation, because these are
difficult to quantify and are assumed to be relatively small due to the use of stage-area curves. For
example, the difference in lake size from Lake Mosul and the derived values from (Issa et al., 2013) are
about 10 km? but it only causes significant differences in the stage-volume curve for high water levels.
Additionally, the relative error for larger lakes is much smaller because the ratio between lake shore
length and lake area becomes smaller with increasing lake size. In figure Figure 3 this is illustrated using
the resulting stage-area curve from lake Tharthar and Lake Qadasiyah, which have an large contribution



to the total water mass depletion. Through the use of a linear/cubic fit of 192 measurements, most of
the errors due to lake area and lake level calculations are filtered out.
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Figure 8 - Stage-area curve Lake Tharthar and Lake Qadisiyah

We replaced the lake mass graph with a new one based on a 95% confidence interval instead of 68%, to
ensure consistency with the GRACE graphs. This error does not include the leakage of water mass of
lakes outside the study area due to GRACE mass calculations, because these values cannot be clearly
guantified.

Changes in manuscript

- Derivation of lake mass uncertainty added (3.2 Derivation of lake mass line 274-281)
- Description of possible additional uncertainties in lake mass derivation added (3.2 Derivation of
lake mass line 282-297)

Comment 6

For the snowfall and snowmelt calculations, the authors used the GLDAS model. How
reliable is that model for such calculations?

Reaction

Snow mass from the GLDAS model was used because snow mass in the study area does not have much
effect on the total mass decline and it is not likely that a snow accumulation and melt routine would
have much effect on the total modelled snow mass. Therefore, the simplest approach was used.

Addition of a snow accumulation and melt routine would add to the consistency of the model and was
therefore added in the new version. Figure Figure 4 shows a comparison between the snow mass
derived from GLDAS with our rainfall-runoff model, which confirms that the results are similar. The
added variables are a threshold temperature and a melting coefficient (mm/C/day), which were kept the
same for all three geologic zones. Temperature values were derived from GLDAS on a daily basis (Rodell
et al., 2004).
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Figure 9 - (left) Snow mass from GLDAS. (right) Snow mass based on a snow accumulation and melting routine

Changes in manuscript

- Description about snow mass derivation from GLDAS removed

- Description of snow mass reservoir and distributed model approach added (3.3 Rainfall-runoff

model line 339-348)

Comment 7

For groundwater level estimation, how many stations are used and how reliable are the data?

Reaction

Groundwater levels are based on the groundwater reservoirs in our rainfall-runoff model, which was

stated on line 20-25 of page 11545 and in the caption of figure 9.

Uncertainty of these groundwater levels are therefore based on the bandwith of the pareto ensemble.

Details

1. All abbreviations (e.g. GRACE) should be explained at the first time of appearance. For example,
GRACE is explained more often, see page 11535, line 28. But other abbreviations were never
defined, e.g., WGHM, GGP and SD, etc. > Checked and changed

2. All data used, incl. background models should be summarized in a table. > Added
On page 11537 (line 12), there is one more “and” that should be removed. > Changed

4. The word “River” is sometimes written in capital and sometimes in small letters. > Checked and

changed

5. Inthe section 3.1, the title “GRACE mass calculations” should be changed to “GRACE mass
variation calculation” or to something similar. In addition, it should be said which GSM model
from which analysis center has been used in the GRACE calculations. > Changed and added



6. On page 11543 in the formula section, punctuation should be used at the end of the formulas. >
This comment is not clear for me. Should | add a dot to end the formula?

Figures

1. InFig. 1, the legend for the colours should be included to specify the range of rainfall and
topography variations. > Changed

For Fig. 6, it should be explained how to read and how to understand what is shown there. What
can be learnt from such a representation?

N

The pareto front is a measure for the uncertainty in model parameters, based on
different performance indicators. Description of the pareto front/ensemble is added in
section: 4.3 Modelled discharge Dukan catchment.
3. The x-axis of Fig. 8 is not labelled and has to be corrected for the starting year (year 2004 is used
two times). > Changed
4. The words “Left” and “Right” in the caption of Fig. 9 are differently used as in Fig. 5. > Changed
5. The residuals in terms of EWH that are represented in Fig. 10 are rather big. Any explanation for
this? Did the authors consider soil moisture at all levels down to the depth of 2 m?
Differences in soil moisture could indeed be the reason of these residuals as is stated in
section GRACE and modelled values. Other causes could be errors in rainfall data, model
structure, anthropogenic activities and errors the mass leakage from lakes in the region.
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Abstract. Observations acquired by Gravity Recovery And
Climate Experiment (GRACE) mission indicate a mass loss
146 + 6 mm equivalent water height (EWH) in Northern Iraq
between 2007 and 2009. This data is used as an indepen-
dent validation of a hydrologic model of the region including
lake mass variations. We developed a rainfall-runoff model
for five tributaries of the Tigris River, based on local geology
and climate conditions. Model inputs are precipitation from
Tropical Rainfall Measurement Mission (TRMM) observa-
tions, and climatic parameters from Global Land Data As-
similation Systems (GLDAS) model parameters. Our model
includes a representation of the karstified aquifers and is
calibrated with observed river discharge. model. Lake mass
variations were derived from Moderate Resolution Imaging
Spectroradiometer (MODIS) in combination with satellite al-
timetry and some in-situ data. Our rainfall-runoff model con-
firms that Northern Iraq suffered a drought between 2007 and
2009 and shows the same patterns as the observed GRACE
data. Also, GRACE observed the annual cycle predicted by
the rainfall-runoff model. The total mass depletion seen by
GRACE between 2007 and 2009 is mainly explained by
a lake mass depletion of 75 + 3 mm EWH and a natural
groundwater depletion of 39 = 8 mm EWH. Our findings in-
dicate that anthropogenic groundwater extraction has a mi-
nor influence in this region, while a decline in lake mass and
natural depletion of groundwater play a key role.

1 Introduction

During 2007 till 2009, Northern Iraq suffered a severe
drought, with rainfall rates 40% below normal levels (Irigo
et al., 2010; [Fadhil, 2011). In the same period, discharge
of large springs and rivers decreased substantially and data
from the GRACE satellite mission indicated a permanent loss

60

of water mass in the region (UN-ESCWA and BGR| 2013}
Voss et al., 2013)). Decrease in rainfall and water availabil-
ity directly affected the water supply of towns and villages
(Michel et al., [2012) and caused a strong decline in crop
yields in Northern Iraq (Trigo et al.l 2010). About 100,000
people have left their homes in Northern Iraq as a conse-
quence of depleted water sources (McLeman, 2011). From
2009 onwards, rainfall rates have been rising, but are still
lower than before the drought period. Moreover, a permanent
decrease of rainfall rates in the region is predicted, based on
climate models (Gibelin and Déqué| 2003} |Giorgi and Li-
onello, |2008; [Mariotti et al., [2008).

Concurrent with decreasing water availability in the re-
gion, water demands are fast increasing due to popula-
tion growth and increase of irrigated agriculture (Altinbilek),
2004; Beaumont, 1998)). Especially in Turkey, water de-
mands increase rapidly due to the Southeastern Anatolia
Project (GAP), which includes the construction of dams and
irrigation schemes in the upstream Tigris catchment. At this
moment, about 42,000 ha of this irrigation scheme is op-
erational, with 53,400 ha under development and another
500,000 ha planned in future years (Altinbilek} 1997)). Addi-
tionally, several dams and irrigations projects are under con-
struction in the Iranian headwaters of the Tigris, which will
reduce river flows in Northern Iraq permanently (Ali, [2007)).

This means that especially Northern Iraq has to cope with
a permanent decrease of its water resources due to lower rain-
fall and lower river flows from upstream countries. Because
agreements on water between riparian countries are either
hardly effective or non-existent, there are no guarantees that
Iraq will ever receive as much water as before (UN-ESCWA
and BGR| 2013} |Al-Manmil, [2009)).

Several hydrologic studies of the region exist (Chenoweth
et al.| 2011; [Kavvas et al., |2011), but they are generally
coarse due to the lack of ground truth and do not yield spe-



70

75

80

85

90

95

100

105

110

115

2 Mulder et al.: Identifying water mass depletion in Northern Iraq

cific information on hydrology and groundwater storages.
Mass observations from GRACE provide a valuable tool to
give more insight in the terrestrial water storages and are
widely used as a validation of global hydrologic models like
GLDAS, WaterGAP Global Hydrology Model (WGHM) and
Global Geodynamics Project (GGP) (Voss et al., 2013} Werth
et al.| 2009; |Awange et al. [2011 Hinderer et al., 2006}
Schmidt et al, 2008; Ngo-Duc et al.l 2007 [Llubes et al.,
2004). For the Euphrates and Tigris region, a comparison be-
tween GRACE and the GLDAS model was made by |Voss
et al.|(2013)), which showed a large difference in both yearly
and long-term mass variations. This could indicate that an-
thropogenic groundwater extraction is a main cause of water
depletion in the region, but the inability of the GLDAS model
to capture yearly water mass variations makes the outcomes
doubtful. Moreover, the GLDAS model does not contain a
groundwater reservoir, which is important to track natural
groundwater variations.

In this study, independent mass variations obtained from
GRACE data are compared with water mass variation
from lakes/reservoirs and a newly developed rainfall-runoff
model, to show that these are likely the main causes of water
mass depletion in the region. GRACE mass variation is de-
rived using a mascon approach from |Schrama et al.| (2014
and the rainfall-runoff model is based on the general hydrol-
ogy and geology of the region using the topo flex approach
from Savenije| (2010); [Fenicia et al.|(2011). Forcing data for
this model is based on climatic parameters from the GLDAS
model, daily rainfall from TRMM and local rainfall stations.
Calibration of the model is done using local discharge mea-
surements. MODIS surface reflectance data was used in com-
bination with altimetry data from the Environmental Satellite
(Envisat), Jason 1&2 and GEOSAT Follow-On (GFO) satel-
lite missions (Crétaux et al.l 2011) to find lake mass varia-
tions. Local hydrologic and geologic data were obtained dur-
ing fieldwork in cooperation with local water experts. In-situ
data includes discharge data of one of the Tigris River tribu-
taries (Directorate Dokan Dam, unpublished data) and rain-
fall data from four stations in the region (Meteorological de-
partment Kurdistan, unpublished data).

The following modelling steps will be used to com-
pare GRACE data with water mass variations from
lakes/reservoirs and the rainfall-runoff model: Firstly, the to-
tal mass variation from an extended study area is derived
from GRACE using a mascon approach. Secondly, the sur-
face water mass is calculated for the same area and extracted
from GRACE data, to obtain an approximate soil moisture
and groundwater mass variation. Thirdly, the study area is
reduced to Northern Iraq only, using soil moisture data from
GLDAS. Finally, the natural variation in soil moisture and
groundwater mass for Northern Iraq is calculated using a
newly developed rainfall-runoff model.
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2 Study Area

Most of Northern Iraq is part of the upstream catchment of
the Tigris River, which originates in Turkey and flows south-
wards to the Persian gulf. The total yearly flow of the Tigris
at Baghdad is about 50 km® yr'!, of which half originates
from upstream catchments in Turkey and half from tribu-
taries in Northern Iraq (Brooks, 1997; |Altinbilek} |[2004). Fig-
ure[T|gives an elevation map of the total study area, which in-
cludes five main tributaries of the Tigris River, of which four
have headwaters in Turkey or Iran. Figure [T] also presents a
map of the mean yearly rainfall rates between 2002 and 2012,
based on TRMM 3B42 (V7) data (Huffman et al., [2007).
This map illustrates the large climatic variations in this area.
While the south-western part of the catchment has a desert
climate with rainfall rates of about 200 mm yr'l, the north-
eastern part consists of a mountain range with a considerably
colder climate with rainfall rates up to 1000 mm yr''. The
mountainous region in the north and northeast of the catch-
ment is the main source of water of the Tigris River, while
the arid areas in the southwest are totally dependent on up-
stream river water (Beaumont, |1998; Brooks, [1997)). Beside
spatial differences in climates, there are also large seasonal
and yearly variations in rainfall and temperatures. Almost all
rain falls during the winter period, between November and
March, and mean rainfall rates can drop by fifty percent in
dry years.

To ensure water supply in the region during dry periods,
many reservoirs exist and several are currently under con-
struction. Northern Iraq includes the lakes of Mosul, Dukan,
Derbendikhan, Adhaim and Hamrin, which all show a water
mass decline during the 2007-2009 drought. But also water
mass decline from lakes close to our study area, like Lake
Tharthar, Habbaniyah, Qadisiyah, Razzazah, Urmia and Raz-
zazah, are considered in this research (fig. .

3 Methods
3.1 GRACE mass variation calculations

During the last years, several methods have been developed
to calculate mass change based on GRACE data like Swen-
son and Wahr (2006)); Schrama and Wouters| (2011)). Most
methods comprise different processing steps, mainly to re-
duce noise, apply geophysical corrections, add consistency
and improve the ability of GRACE to see spatial details. This
study uses a mascon approach, based on circular mascons
with a radius of approximately one degree, which are evenly
distributed over the Earth’s surface (Schrama et al.l [2014).
This method is based of GRACE level-2 data from the Cen-
ter of Space Research (CSR) and includes modifications for
the gravitational flattening term C20 from satellite laser rang-
ing. Furthermore the method also considers degree 1 terms
associated with geo-center motions as a result of geophys-
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ical loading phenomena. The used GRACE method is not

a spatial averaging kernel method, instead to obtain equiva-
lent water levels over a region one has to add up the signal
from the individual mascons. The signal at these mascons 2z
is obtained via a global inversion method. The advantage of
this approach is that resulting EWH values are part of a stan-
dard GRACE product and will be consistent with other re-
gional solution worldwide. The disadvantage is that we have
to adapt our study area to the given mascons. We are thus not 2s
able to use approaches like Krogh et al.| (2010), which adapt
the mascons to the geometry of the studied basin. However, a
simple test where adjacent mascons where added to our study
area, showed that small changes in study area do not have sig-
nificant effects on the resulting GRACE values. Also, com- 25
parison between our method and other common methods by
Shepherd et al.| (2012) showed that differences are generally
small.

To calculate water mass decline from GRACE data, an ex-
tended study area is used. Figure [2| shows the used area and 20
mascon coverage for the GRACE mass calculations. This
area is about 260 10> km? and includes a large part of the
catchment of Lake Urmia (+45 103 km?) and a part of the
desert to the south-west of North Iraq (95 10° km?). The
desert area was added because we want to make sure that the
mass decline from Lake Tharthar (fig. [2) is fully captured by
our GRACE mass calculation and can be corrected for later 2ss
on. This lake showed a decline in water mass of about 48
mm EWH for the extended study area during the 2007-2009
drought, which is more than 50 % of the total lake mass de-
cline. Other lakes like Lake Razazzah and Lake Urmia are
still close to the border, but these lakes have shown much 250
less water mass depletion between 2007-2009 (tab. [I). This
induces mass leakage of these lakes outside our study area
(Longuevergne et al.l 2013)), which is corrected as explained
in section

To compare the total water mass variation of the rainfall- 2ss
runoff of Northern Iraq with GRACE, the derived GRACE
mass was corrected for soil moisture and groundwater mass
variation of the extended area to the southwestern desert.
Groundwater pumping in these areas is generally small due
to high salt content or deep groundwater tables (Krasny|zso
et al.L[2006) and is estimated around 30-35 1073 krn3yr'1 (UN-
ESCWA and BGR| [2013)) Because recharge and discharge
rates of the aquifers are also very low in this area, we do
not expect significant groundwater variations in this region.
Therefore, we assumed that the soil moisture profile from s
GLDAS [Rodell et al.| (2004) can be used as a measure for
the total water mass variation in the area. The new GRACE
values for Northern Iraq then becomes:

 H A —GaAg e

H A N

Where H is the equivalent water height, A is the total area
and G is the soil moisture variation in water depth from the

GLDAS model. Subscripts ¢ and d indicate total and desert
areas.

This correction assumes a pristine area, which is not true
for the irrigated areas around Baghdad in Central Iraq. This
likely causes an underestimation of the yearly water mass
variation due to the growing season of the crops in this re-
gion. However, water mass decline due to anthropogenic
groundwater extraction is small because of the high salt con-
tent of groundwater in this region |[Krasny et al.[(2006).

Because the influence of groundwater variation is large in
the catchment of Lake Urmia (fig. @) the correction used
for the Desert area cannot be applied here [Tourian et al.
(2015)). Instead, the hydrology of the region is comparable
with Northern Iraq. Therefore, the water mass variation in
mm EWH from the catchment of Lake Urmia are neglected
and assumed to be the same as in Northern Iraq. This intro-
duces an error in the model on a small time scale due to local
rainfall events, but on a longer timescale these errors will be
minor due the similarities between the regions.

3.2 Derivation of lake mass

The total lake mass variations play an important role in
the water balance of the Tigris region (Voss et al., 2013}
Longuevergne et al.,2013). Figure[2]gives an oversight of the
important lakes in the region. To obtain total lake mass con-
tributions in our study area, time series of both lake level and
lake area were calculated. The lake levels are derived from
satellite altimetry by (Crétaux et al.| (2011) and [USDA/FAS
(2013), which includes data from the Envisat, Jason 1&2
and GFO satellite missions. Area calculations were based on
MODIS satellite data to detect water areas, combined with
digital elevation maps (DEM) from the Shuttle Radar Topog-
raphy Mission (SRTM) to distinguish different water bodies.
The actual method uses a 250x250 m grid and comprises of
three steps: First, the possible extend of the lake was calcu-
lated from the DEM using a minimum and maximum ele-
vation. Secondly, the larger lake areas were selected using
MODIS reflectance band 5 (1240 nm, 500 m resolution). Fi-
nally, the exact lake borders were defined using MODIS re-
flectance band 2 (858 nm, 250 m resolution).

From the lake level and lake-area time series stage-area
curves were created using linear or cubic regression. In fig.
Bl a comparison is given of the derived stage-area curve from
our model and a survey of Lake Mosul using sonar by [[ssa
et al.| (2013). To decide whether a cubic regression gives a
significant improvement, the F-test was used for a 95 % inter-
val. Total volume change over time was then derived from the
stage-volume curve, which is the integrated stage-area curve.
Table [T] gives the derived water mass decline between 2007
and 2009 of the main lakes in the region. This water mass
decline is derived by subtracting the average water mass in
2009 from the average water mass in 2006.

Uncertainties in water mass calculations from lakes are
derived from estimated errors in water level measurements
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given by [Crétaux et al.| (2011)) and [USDA/FAS] (2013)). The a2
total error is given by:

[T A o
n

Where o! is the estimated standard deviation of the lake wa-

ter level from lake 7 at time ¢, n is the number of lakes and

Al is the lake area at the same moment.

Another source of uncertainty are the errors in lake area
calculations, but these are generally small and are difficult to
quantify. For example, the difference in lake size from lake
Mosul and the derived values from |Issa et al.| (2013) (fig. E]) 335
are about 10 km? but it only causes significant differences in
the stage-volume curve for high water levels. Additionally,
the relative error for larger lakes is much smaller because
the ratio between lake shore length and lake area becomes
smaller with increasing lake size.

To give an approximation of mass leakage from lakes in
our study area results from [Longuevergne et al.| (2013) are
used. This led to a correction for Lake Razzazah of 0.65 and
a correction for Lake Urmia of 0.6, because these lakes are
located close to the border and far from the centre of the **®
study area. Corrections for other lakes were not significant
and were therefore omitted.

340

3.3 Rainfall-Runoff model

350
In this study, a rainfall-runoff model was used based on the
topo flex approach as proposed by [Savenije| (2010); [Feni-
cia et al. (2011) and a simplified snow routine based on
Lindstrom et al.| (1997). This resulted in a semi-distributed
model structure based on the geology and topography of s
the five main tributaries of the Tigris River in Northern Iraq
(fig. ). Forcing parameters of the rainfall-runoff model are
calibrated daily precipitation data from TRMM (Huffman
et al., 2007), daily temperature values from GLDAS and
daily reference evaporation derived from GLDAS climatic s
parameters (Rodell et al., 2004} |Allen et al., [1998)). TRMM
data was bias-corrected by linear regression with monthly
precipitation from four gauging stations in Sulaymaniyah,
Dokan, Derbendikhan and Penjwen (Meteorological depart-
ment Kurdistan, unpublished data). .
The rainfall-runoff model is identical for all five tribu-
taries, and is based on three geologic zones in accordance
with geologic maps of [Stevanovic and Iurkiewicz (2008)).
The three zones are:

370

1. Infiltrative or karstified zone: About one third of the
surface area of the mountainous zone consists of kars-
tified limestone and is, therefore, highly infiltrative.
These limestones have infiltration rates of more than
50 percent and transmissitivies ranging from 9 to 8000
m? /day (Krasny et al., 2006). 875

2. Non-infiltrative zone: This zone consists of the other
mountainous areas, which are characterised by fast

runoff due to shallow soil layers, steep slopes and im-
permeable underlying formations.

3. Alluvial zone: Most of the soils in the dry south west-
ern part consist of clay and silt sediments. In this re-
gion flash floods are common during the scarce rainfall
events.

For all five tributaries of the Tigris River in Northern Iraq
and the remaining area close to the Tigris River the same
model setup is used, with the total areas of the three geologic
zones as the only difference. For example the flow regime
of the Adhaim River is governed by the alluvial part of the
model, while the Greater Zab is mainly fed by water from the
infiltrative and non-infiltrative zones.

Figure ] gives a detailed oversight of the model reservoirs
and parameters. The snow routine and unsaturated reservoirs
are modelled in a distributed way, using the 0.25 degree grid
from TRMM as a basis. When grid cells are part of two or
more different basins or geologic zones the cell is split up
in different parts, which contribute to their respective zones
or catchments. Parameter values of different grid cells were
kept the same within the geologic zones, while input pre-
cipitation from TRMM and climatic values from GLDAS
were separately assigned to each cell. From the unsaturated
zone, water is either routed via the fast runoff or groundwater
reservoir to the river. A lag function was added to the model
to simulate the routing of water through streams and rivers
to the catchment outflow. The fast runoff and deep ground-
water reservoirs of the infiltrative and non-infiltrative zones
were combined, because the topography and top soils are
comparable and share the same underlying aquifers (Krasny
et all 2006). A total number of eighteen parameters was
used in the model, which were were restricted to minimum
and maximum bounds during calibration to prevent equifi-
nality and ensure realism of the model. Especially the pa-
rameters for the karstified/infiltrative groundwater reservoir
have a strong influence on the modelled water mass varia-
tions. The parameter value for this reservoir is based on the
recession curves of spring discharges, which emerge from the
karstified aquifer in Northern Iraq. Generally, the discharge
from the karstic aquifers in Northern Iraq can be split up in
two components (Stevanovic and [urkiewicz, 2008} |Ali and
Stevanovicl [2010). The first component is a rapid discharge
within a month after major rain events, which is related to
channels and large fractures in the limestone aquifer. The
second component is a much slower discharge with a sta-
ble recession coefficient during the whole dry season. This
coefficient is about 0.004 per day on average, based on dis-
charge time series of several large springs in the region (Ali
and Stevanovicl 2010; |Ali et al., 2009b}, [a). The first compo-
nent is covered by the fast reservoir in our hydrologic model,
while the second component is modelled as a slow ground-
water reservoir. The bounds of the storage and infiltration
rates in the unsaturated reservoirs were based on fieldwork
and personal communication with local hydrologists.
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3.4 Model Calibration

In literature generally two methods are used to integrate
GRACE mass into the calibration and validation process. Fi-
ther GRACE information is used to inform the model as a
calibration parameter like in Werth et al.| (2009), or to val-
idate of the model like in |Syed et al.| (2008)). In our case it
would be best to use the GRACE data to inform the model,
because we want to show that a hydrologic model is able to
mimic the mass depletion observed by GRACE. However, ,,;
during the lifespan of the GRACE satellite only one drought
like in 2007-2009 did occur in our region, which makes it im-
possible to use a separate calibration and validation period.
Therefore, we have chosen to use the GRACE data only as

a validation of the model, but include also the results for the ,,,
case that GRACE was used to inform the model. This ap-
proach shows that the resulting water depletion will increase
due to the inclusion of GRACE data, although it does only
have relatively small impacts on model behaviour.

The primary source for model calibration is river dis-
charge of the Lesser Zab (Directorate Dokan Dam, unpub-
lished data) at the inflow of Lake Dukan (see fig. [5). The
most convenient data to calibrate the model on would be the 43
discharge from the total study area at Baghdad, but this data
was not available for us. Additionally, the discharge at those
points is not suitable for rainfall-runoff modelling, because
it is strongly influenced by the operation of upstream dams
and reservoirs. Therefore, the performance of the model was
first evaluated for the upstream are of Lake Dukan and ex-
panded to the whole of Northern Iraq, to allow comparison
with GRACE. This expansion is possible due to the geologic ,,,
similarities in the region, which are explained in section [3.3]

Model calibration was done using a Monte Carlo sim-
ulation with randomly chosen parameter values for every
model run, within given parameter bounds. Total discharge
for the Dukan area was evaluated by the Nash-Sutcliffe effi- ,,,
ciency (NS) for medium and high flows and by the log Nash-
Sutcliffe efficiency (IogNS) for low flows:

2
s (@z - Q%)
5 3)
Y (Qz —Qo)

NSg=1-

455

2
ST (zOg@z) _ log(@fn))
logNSQ =1-

3 @
5L (te0@t) - to9(@0) )
460
Where @, represents the observed daily discharges, @,
is the average observed daily discharge and @, the mod-
elled daily discharge. In the case that GRACE mass was also
used as a calibration parameter, model mass performance

was evaluated using the Nash Sutcliffe efficiency for water
mass variation:

2
s (Mzs - M:n)

NSy =1- (&)

2
s (Mg —Mo)

Where M, represents the observed mass variations from
GRACE, M, is the average observed GRACE mass and
M,,, the modelled mass variation from lakes and the rainfall-
runoff model. Figure 9] gives the pareto front for the average
NSg and ;,, N Sg of the river discharge. In the same fig-
ure the N.Sg and ;,, NS¢ values are given of the additional
models from the pareto front if N.S;; would be added as
a third objective parameter. The presented optimal solution
was chosen based on the following condition:

maX(NSQ +log NSQ) (6)

In the result and discussion section, the model ensemble of
the models from the pareto front are given as an uncertainty
band, beside the optimal solution.

4 Results and discussion
41 GRACE

Figure [6] shows the resulting GRACE values in terms of
equivalent water height, with an estimated 95 % confidence
band of 20 mm (Schrama et al., 2007). Water mass deple-
tion between 2007 and 2009 is 146 + 6 mm EWH. These
values are based on average GRACE values before and af-
ter the drought, which show more or less constant values.
Yearly variation is 286 + 24 mm based on the yearly min-
imum and maximum values between 2003 and 2011. In the
lower graph of fig.[6] the average monthly rainfall is given for
the same period to show the relation between GRACE values
and rainfall. The periods with more than average rainfall gen-
erally coincide with increasing GRACE values, due to of ac-
cumulation of rainwater in the catchment areas. The drought
period between 2007 and 2009 coincides with an overall de-
crease in water mass, while the water mass is more or less
stable during the periods before and after the drought. The
magnitude of the yearly variations in water mass follows the
yearly rainfall trend and is therefore largest before 2007 and
smallest during 2007-2009. The GRACE data after 2009 is
more or less stable, with almost no difference in average wa-
ter mass. This could indicate that a new equilibrium state is
reached after the drought, where the outflow of the system is
in balance with lower precipitation values.

The given GRACE values could also be influenced by
leakage of mass over the borders of our study area, due to
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large soil water or groundwater mass variation just inside or
outside our study area. But because the GRACE signal for a
larger region, as given by |Voss et al. (2013) are comparable
to the signal we found, the effect of this mass leakage will be
limited. 520

4.2 Lakes and Reservoirs

To compare the total lake mass change with GRACE, all lake
mass variations were added up and divided by the total area
of the region. Figure[7]shows the surface water mass variation

in terms of EWH, with a 95 % confidence interval. The total ses
lake mass accounts for 75 + 3 mm of the water mass deple-
tion between 2007 and 2009 and 55 + 6 mm of the yearly wa-
ter mass variation during 2003-2011. This means that more
than 50 % of the total water mass depletion is caused by a
decline of surface water mass. Such declines in surface wa- s
ter mass were already claimed for the whole Euphrates and
Tigris basin by |[Longuevergne et al.| (2013), but their values
are higher than those given by [Voss et al.| (2013)). Different
results between our and other researches are likely caused by
differences in the size of the studied basins, but exclusion of sss
mostly smaller lakes can also play an important role. For ex-
ample, lakes Hamrin, Adhaim, Dukan, Habbaniyah and Mo-
sul, had a total volume decline of about 13 mm EWH during
the study period, but are not considered by |[Longuevergne
et al. (2013)) and |Voss et al.| (2013)). Beside exclusion of sev- s«
eral lakes, also mass leakage from lakes in the study area can
lead to different results.

Figure|/|also shows that large lake mass variations are not
uncommon in this region, which is due to large differences in
rainfall from year to year and recurring droughts [Trigo et al.|ss
(2010). However, increasing water use in upstream countries
like Turkey and Iran will hinder replenishment of lakes and
reservoirs in Northern Iraq|Ali| (2007); |Beaumont] (1998)).

4.3 Modelled discharge Dukan catchment 550

Figure [§] shows the modelled and measured discharge at the
inflow of Lake Dukan from 2005 till 2007. Generally, the low
flows are captured quite well with discharge values within
the given bands, while the modelled high flows deviate much sss
more from the measured ones. This is likely related with fast
and slow runoff mechanisms in the model, represented by the
fast runoff and groundwater reservoirs respectively. The fast
runoff reservoir is mainly fed by heavy or local rain events
on short time scales, which are not well represented by the sso
TRMM data. The slow runoff or groundwater reservoir has a
much longer timescale and relies more on seasonal rainfall,
which is captured much better by TRMM |Almazrouil (2011).
The modelled results are given as a pareto ensemble based
on the pareto optimal solution for the NS and logNS perfor- ses
mance indicators (fig. [0). This ensemble is mainly a measure
for the uncertainty of the model due to the model parameters.
Uncertainty of the model due to forcings like rainfall or po-

tential evaporation were not evaluated. Further, we assume a
pristine catchment, but in reality the flows will be somewhat
higher because of water use upstream. This mainly affects the
baseflow and will result in higher groundwater variations. It
is therefore more likely that we underestimate the water mass
variation in the Dukan catchment.

4.4 Natural groundwater variations

The natural groundwater mass variations derived from the
rainfall-runoff model is given in fig. [I0] This figure shows
the optimal solution based on formula [6] together with the
pareto ensemble for the NS and ;,4/NSg performances
and the pareto ensemble based on the NSg, 10,V Sg and
NSy, performances. Note that the pareto ensemble where
GRACE mass is included also covers the other pareto ensem-
ble and includes both the red and the blue bands. Modelled
groundwater variations from the V.Sg and ;,4 /NS¢ ensem-
ble contribute 42 £ 5 mm EWH to the yearly water mass
variations and 26 + 8§ mm EWH to the water mass depletion
between 2007 and 2009. Modelled groundwater variations
from the NS, 10N Sq and NSy ensemble contribute 49
+ 7 mm EWH to the yearly water mass variations and 34
+ 14 mm EWH to the water mass depletion between 2007
and 2009. This shows that modelled water mass depletion
does increase when GRACE data is used as a calibration pa-
rameter, but model results are consistent. The contribution
of the natural groundwater mass explains why those values
where not reproduced by the GLDAS model, which does not
include groundwater storage. The time series for the ground-
water reservoir as given in fig. comprises a period with
slowly decreasing groundwater levels till 2007, followed by
a period with a strong groundwater depletion from 2007 till
2009, and a period with slowly increasing groundwater lev-
els from 2010 till 2012. Groundwater from the karstified
aquifers plays an important role in the groundwater deple-
tion between 2007 and 2009, because of its high recharge
during wet periods and fast discharge through springs during
dry periods. While the aquifers still discharge water through
springs during dry years, there is much less replenishment
of the groundwater and groundwater levels will drop. In the
governorates of Sulaymaniyah and Duhok alone, about 1.5
km?/year water emerges every year from springs (Stevanovic
and Markovic), [2004; UN-ESCWA and BGR| 2013)). After
2009, modelled groundwater levels remained almost stable
because rainfall rates were still below average, but a se-
quence of years with higher rainfall will result in a rise of
groundwater levels and a revival of spring discharge.

To convert the groundwater mass variation from the Dukan
area only to the whole of Northern Iraq, the model was
extended using the similarities between geological regions.
These assumption is based on the identical geological back-
ground of these regions [Stevanovic et al.| (2009). We do not
know exactly whether the related aquifers developed in the
same way, but because of the occurrence of springs in the
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region with similar characteristics we think this assumption ez
can be made.

4.5 Mass variations model reservoirs

Beside the groundwater reservoir the model consist of three
additional reservoirs to model the snow layer, unsaturated
zone and fast runoff (fig. [TT). These reservoirs mainly con- ez
tribute to the yearly mass variation of 122 + 7 mm EWH
and have only a small contribution to the water mass decline
with 10 + 1 mm EWH. The unsaturated reservoirs show a re-
curring pattern every year where the soil layers get saturated
during the wet season and dry out during the dry periods. The sz
yearly variation of these reservoirs is 65 £ 8 mm EWH. The
fast runoff reservoir, which represents overland flow and in-
terflow in the basin, shows peaks up to about 60 mm EWH
during and shortly after intense rainfall events. The average
yearly variation of the fast reservoir is 38 + 7 mm EWH and e
the decline after the drought is negligible. The snow reser-
voirs show the largest differences between dry and wet years,
because it accumulates precipitation for a whole rainy sea-
son. Still, almost all snow melts away during summer due to
the strong temperature differences between seasons. The av- e
erage yearly variation of the snow mass is 25 £+ 4 mm EWH
and the average decline 6 1 mm EWH.

4.6 GRACE and modelled values
645
Figure [12] compares the total water mass variation from
GRACE and the lakes plus the rainfall-runoff model.
GRACE values indicate a mass depeletion 146 + 6 mm EWH
between 2007 and 2009 and a yearly mass variation of 286
+ 24 mm EWH. The combined water mass variation of lakes eso
and the rainfal-runoff model result in a water mass decline
of 114 £ 9 mm EWH and an average yearly variation of 225
+ 9 mm EWH. The two graphs differ mainly in the winter
and summer peaks, but also a part of the water mass decline
remains unexplained. 655
Possible causes for the differences in yearly water mass
variations are an underestimation of accumulated snow wa-
ter or random errors in rainfall rates from TRMM data, which
are 23 % on average. Also the impact of anthropogenic activ-
ities can cause higher peaks. This can be due to surface water
irrigation and groundwater use, which is replenished during
the wet season. Other possible causes are additional water eco
storage in depressions or water mass variability of smaller
lakes. In theory, we could have changed the maximum stor-
age of the unsaturated zone to fit the given curves better, but
this would create a large difference between the modelled
and the literature values. 665
Possible causes for the differences in mass decline are an-
thropogenic groundwater extraction or lakes, which were not
included in the model. But also model uncertainties for due
to mass leakage or the groundwater reservoirs can be a main
cause. 670

5 Conclusions

5.1 Water masses in Nothern Iraq

The presented approach offers the possibility to quantify dif-
ferent hydrologic processes in the region as well as the shares
of surface water, soil moisture and groundwater in the total
water mass variation. More importantly, the overall model
shows that natural variation of groundwater, snow depth and
soil moisture have a share of about 25 % of the total water
mass decline. With a depletion of 39 = 8 mm EWH it also
explains more than half of the remaining mass decline if lake
masses are extracted from GRACE results. This shows that
natural groundwater variation has to be taken into account
when GRACE mass values are used to determine overdraft
of aquifers.

Especially, in the limestone aquifers of Northern Iraq,
strong groundwater variations are common due to exten-
sive karst networks with high transmissivities and infiltra-
tion rates, feeding numerous springs in the region. Therefore,
overpumping of these aquifers is unlikely, as the groundwa-
ter table can vary strongly and the regional water supply is
mainly supported by surface water. Additionally, almost all
irrigation schemes in those areas are directly linked to large
reservoirs.

The dependency of this region on surface water is also re-
flected by the large water mass variations of the surface wa-
ter, which contributed about 75 mm out of 146 mm EWH ob-
served by GRACE. With decreasing water availability and in-
creasing water demands from riparian countries in the Tigris
River catchment, the need for reliable water management
tools is growing, including transboundary models. The de-
veloped model helps to give insights in the available water
resources and water flows between concerned countries and
can be used as a base for water allocation and water agree-
ments. Contrary to other studies like (Chenoweth et al., 2011}
Kavvas et al.| 2011} Voss et al., 2013), main aquifers and
water storages were modelled seperately. Results are, there-
fore, more useful to water managers. Moreover, the model is
based and calibrated on both satellite and in-situ data, which
enhances its reliability and predictive power.

5.2 Model structure and input data

This research showed that GRACE can be an important data
source in rainfall-runoff models because it gives direct mea-
surements of the total water balance of a larger region. Es-
pecially in Northern Iraq, where water resources and data on
water resources are scarce, this is valuable information. How-
ever, it is not possible to determine what causes the water
variations in these regions without additional data on precip-
itation, geology and river discharges. This data can partly be
obtained from satellites, but the use of in-situ data is still of
vital importance. In our situation, there was only little data
available, but it could be used for both model structure and
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calibration. Additionally, knowledge from local water ex-
perts and field observations gave important information on
governing hydrologic processes.

In our case, the rainfall and discharge stations covered only 7*°
a part of the region, which resulted in increased model uncer-
tainties. For example, the uncertainties in the total ground-
water values are mainly caused by the alluvial groundwater
reservoirs, which have only a small contribution to the total
flow at lake Dukan. Inclusion of discharge data series from
other tributaries would reduce these uncertainties and give
a better insight in the spatial variability of the region at the
same time.

740
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Table 1. Oversight of water mass decline of lakes within the ex-
tended study area in km® and mm EWH. Note that the mass decline
of Lake Urmia and Lake Razzazah is part of a more gradual mass
decline, while the water mass decline of other lakes mainly occurred
during the 2007-2009 drought due to lake management.

Mass Decline 2007-2009

Lake km?® mm EWH

Tharthar 12.45 £0.04 479 +0.14
Habbaniyah 0.66 +0.04 2.53+0.15
Razzazah 1.18 £0.10 4.57£0.39
Hamrin 0.55 +0.02 2.11 £0.08
Adhaim 0.19+0.10 0.73 +£0.38
Dukan 0.94 +0.06 3.60 +£0.21
Qadisisyah 5.08 £0.05 19.5+0.2

Urmia 4.06 +0.14 156 +£0.6

Mosul 0.97 +0.06 3.74+0.22

Table 2. Summary of data used in this study

Variable Dataset Product Resolution Period
Spatial Temporal
Water mass variation GRACE CSR - - 1 mo 2003-2012
Precipitation TRMM 3B42 V7 0.25° x 0.25° 1d 1999-2012
Precipitation Data Met.ereologlcal depart- - 1d 2001-2012
ment Kurdistan
Streamflow Data Directorate Dukan Dam - - 1d 2001-2012
Temperature GLDAS NOAH V2.7 0.25° x 0.25° 3h 2001-2012
Climatic parameters GLDAS NOAH V2.7 0.25° x 0.25° 3h 2001-2012
Soil moisture GLDAS NOAH V2.7 0.25° x 0.25° 3h 2001-2012
Lake levels ENVISAT - - 35d 2002-2010
Jason 1&2 - - 10d 2002-2015
Lake area MODIS MOD09Q1 250 x 250 m 8d 2002-2012

Lake area MODIS MODO09A1 500 x 500 m 8d 2002-2012
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Figure 1. (left) Topographic map of Northern Iraq based on SRTM data and (right) the average yearly rainfall between 2002 and 2012 (mm
yr'") based on TRMM data
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Figure 2. (left) Mascon coverage area for GRACE calculations. In the south-west the included desert area and in the north-east the included
Urmia catchment. The blue circles show the coverage of the used mascons and the red circles mascons outside the study area. (right) Map of
the total study area including the used mascons and lakes.
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Figure 3. Linear regression stage-area curve for lake Mossul. The
curve is compared with a survey in 2011 using sonar by
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Figure 4. Setup of the rainfall-runoff model based on the three main land classes in Northern Iraq. The upper three reservoirs (Ss) represent
the snow accumulation in the basin based in precipitation and temperature. The second layer of three reservoirs (Su) represent the water
storage in the unsaturated zone and routes runoff to the fast runoff (Sf) and groundwater (Sg) reservoirs. The third layer of two reservoirs (Sf)
represent the water storage related to fast runoff processes, which consist of overland flow and interflow. The two bottom reservoirs represent
the groundwater storage, which is the main focus in this study. The water fluxes, indicated with arrows, are calculated based on reservoir
levels and model parameters.
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Figure 5. (left) Approximate division of Northern Iraq into three geologic zones, mainly based on (Stevanovic and Turkiewicz} [2008). (right)
Boundaries of main tributaries of the Tigris in Northern Iraq. The Dukan catchment, which is the upper part of the Lesser Zab catchment, is
indicated in red. Calibration on streamflow is based on measurements from the Dukan area and calculation of water mass for the whole of
Northern Iraq is based on all catchments.
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Figure 6. GRACE values and monthly precipitation for extended
study area. During the wet winter periods, water accumulates in the
region and total water mass increases. Largest water mass depletion
occured during seasons of 2007/2008 and 2008/2009.
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Figure 7. Lake mass variation.
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Modelled and Measured Discharge at Dokan
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Figure 8. Discharge curves for the Dukan catchment between [Oct 2005 and Oct 2007]. (left) Measured discharge in blue against modelled
discharge in red. The red line gives the optimal solution and the bandwith represents solutions within the pareto ensemble. (right) Identical
to left graph but here on a log scale, which gives a better view on the low flows during the dry season.
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Figure 9. Pareto front for the performance indicators for river flow
at the inflow of lake Dukan. The NS model performance is given
on the y-axis and the logNS model performance z-axis. The blue
dots represents the models which form the pareto front and the red
dot the chosen optimal solution. These solution are used to calcu-
late pareto ensembles for model mass and discharge. The green dots
represent the models which would be added to the current pareto
front if the model is also calibrated using the NS performance of
GRACE. The relative little spread of the resulting performances in-
dixes shows that the model produces consistent results for low/high
discharges and GRACE values.
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Figure 10. Water mass of groundwater reservoir smoothed over 10
days, showing a permanent decline of groundwater between 2007
and 2009. The red line and bandwith represent the pareto ensemble
based on the NS and 1ogNS of streamflow, while the blue bandwith
shows the extension of the pareto ensemble when the NS for water
mass is added as a third objective.
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Mass variation of modelled unsaturated, fast runoff and snow reservoir
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Figure 11. Water mass of the snow, unsaturated and fast runoff
reservoir smoothed over 10 days. Lines represent optimal model
and the bandwith the pareto ensemble based on NS and logNS of
streamflow.
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Figure 12. Comparison between resulting mass variation from
GRACE and mass variation from lakes and rainfall-runoff model.



