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Dear referee,

Thank you very much for reviewing our paper titled “Simulating human water impacts on global water
resources using VIC-5” and for your valuable comments and suggestions. Below we address your

comments (shown in italic), with our responses in blue.

Model performance

The referee suggests that we should further evaluate model performance, such as “flow regulation and
overall redistribution of water resources and performance of the model in meeting sectoral demands .
Later it is mentioned with respect to water stores and/or fluxes: “there is no evaluation of the terrestrial
water storage with respect to GRACE as performed in other equivalent models valuations, or in flow
(Yassin et al., 2019), or in supply deficit metrics as “accounting for supply from unsustainable sources”
(Doll et al., 2012) or as unmet demand (Voisin et al., 2013), which allows to evaluate the overall
performance of the sectoral water management model 7, and with respect to sectoral water demands:
“The sectoral demand models: (Huang et al., 2018) provides an evaluation of the different water
demand models for different sectors. The set up and computed sectoral water demands would need to
be further evaluated to support the sectoral water demand models in VIC5-WUR ”, and with respect to
reservoir operation: “Appropriate figures and validation should be provided”. These suggestions were
also addressed by the other reviewer.

We agree with these suggestions and will include a rigorous evaluation of the hydrological model
performance. More specifically we will compare model simulations with observations and/or reported
data on discharge, total water storage, reservoir storage and sectoral water demands. The following

approaches are proposed:

1. Simulated discharge will be compared with monthly timeseries and multi-year average
discharge from the GRDC dataset, between 1980 and 2010. Stations are selected within the
major river basins of the original VIC calibration paper of Nijssen et al. (2001b). Naturalized
discharge as well as human-modified discharge simulations will be compared in this manner.

2. Simulated total water storage will be compared against monthly timeseries, multi-year-average
total water storage and inter-annual water storage trends from the GRACE satellite dataset,
between 2004 and 2016. To do so, a 300km gaussian filter will be applied to the simulated total
water storage, as it is in the GRACE dataset. Total water storage will be compared for the same
river basins as in the discharge comparison. Naturalized discharge as well as human-modified

total water storage simulations will be compared in this manner. These results will also include



34
35
36
37
38
39
40
41
42
43
44

45

46
47
48

49
50
51
52
53
54
55

56
57
58

59
60
61

62
63
64
65

66
67

the unmet water demands, subsequent non-renewable groundwater abstractions and long-term
total water storage exploitation.

3. Simulated sectoral water demand will be compared with monthly timeseries from the Huang et
al. (2018) dataset. This is in addition to the comparison to the Shiklomanov (2000) dataset and
FAOSTAT (FAO, 2016), EUROSTAT (EC, 2019) and WWDR (Connor, 2015) datasets already
used in the paper. Sectoral water demands will be compared for the world and for the 5 regions
used in this paper (Africa, Americas, Asia, Europe and Oceania); and separately for each sector
(irrigation, domestic, industrial and livestock) separately.

4. Simulated reservoir inflow, storage and release will be compared with monthly timeseries from
Yassin et al. (2019) (assuming this data is shared), Rougé et al. (2019) and Hanasaki et al. (2006)
datasets. Dams are selected based on data availability and evaluation will focus on large dams.

Specific comments

“Please note that the assumption for power plants to run at maximum capacity constantly is not realistic.
Capacity factors (ratio of generation over maximum capacity) and generation portfolio are available
through the EIA and IEA datasets”

Thanks for this comment. Capacity factors on a per-plant basis as mentioned by the referee are not fully
available to us, unfortunately. Country-based analysis, based on the EIA dataset, shows that the capacity
factors vary per country (fossil: between 1% and 73%; nuclear: between 37% and 88%; biomass:
between 15% and 100%) and over time (fossil: between 44% and 48%; nuclear: between 56% and 82%;
biomass: between 53% and 58%). These factors may also be cooling system dependent. Due to these
data limitations we will use a global mean factor of 46% for fossil, 72% for nuclear and 56% for biomass

based power plants.

Line 669-671: “Since there was no observed data about the actual annual generation, each plant was
assumed to be running at its installed generation capacity throughout the year, similar to van Vliet et al.
(2016).”

Will change to: “Actual generation is estimated by adjusting the installed generation capacity by 46%
for fossil, 72% for nuclear and 56% for biomass power plants (based on country-based data of the EIA
(EIA, 2013)).”

Line 677-681: “In cases where even the national industrial water demands were less than the national
energy water demand (5 countries), the energy water demands were lowered instead. This could be the
case in countries where power plants do not operate at their installed capacity, as globally around 45%

of the installed capacity is actually generated (based on data of van Vliet et al. (2016)).”

Will change to: “In cases where even the national industrial water demands were less than the national

energy water demand (4 countries), the energy water demands were lowered instead.”
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“Enhancement of reservoir releases based on storage levels. (Yassin et al., 2019) and (Rougé et al.,
2019) provided a new reservoir operation formulation that modulates releases based on storage levels.
While the manuscript is not a review of existing models, the proposed citations should help further

support the “model enhancement and improvement” with respect to existing models”

We have included the citations mentioned by the referee, which also describe generic dam operation

schemes developed for large-scale hydrological modelling.

Line 197-199: “Due to the lack of globally available information on local dam operations, several
generic dam operation schemes were developed for macro-scale hydrological models to reproduce the
effect of dams on natural streamflow (Haddeland et al., 2006; Hanasaki et al., 2006; Zhao et al., 2016)”

Will change to: “Due to the lack of globally available information on local dam operations, several
generic dam operation schemes were developed for macro-scale hydrological models to reproduce the
effect of dams on natural streamflow (Haddeland et al., 2006; Hanasaki et al., 2006; Zhao et al., 2016;
Rougé et al., 2019; Yassin et al., 2019)”

“(Nazemi & Wheater, 2015a, 2015b) provides an overview of existing challenges in large scale water
management models. Those papers should be cited in the introduction to complement the authors

identified challenges ( the environmental flow) with other identified challenges”

We have included the citations mentioned by the referee, as well as Pokhrel et al. (2016) to include a

wider range of review papers that identify the challenges in large-scale hydrological modelling.

Lines 53-54: “However, further advancements are needed to improve the integration of anthropogenic

impacts into hydrological models (Déll et al., 2016)”

Will change to: “However, further advancements are needed to improve the integration of anthropogenic
impacts into hydrological models (Nazemi and Wheater, 2015a, b; Déll et al., 2016; Pokhrel et al.,
2016)”

“The allocation of sectoral water demand to surface and ground-water systems as well as the sectoral
return flow into the surface water system seems to be equivalent to (Voisin et al., 2017), which should
then be cited. ”

We have included the citation mentioned by the referee, as well as other studies (Hanasaki et al., 2018)

that used the same approach in allocation sectoral water demands to surface and groundwater systems.
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Line 150-153: “The partitioning of water withdrawals between surface and ground water resources was
based on the study of Dd&ll et al. (2012), who estimated the groundwater withdrawal fraction for each

sector in around 15.000 national and sub-national administrative units.”

Will change to: “The partitioning of water withdrawals between surface and ground water resources is
data driven, similar to other studies (e.g. Doll et al., 2012; Voisin et al., 2017; Hanasaki et al., 2018).
Groundwater withdrawal fraction were based on the study of D6ll et al. (2012), who estimate fractions

for each sector in around 15.000 national and sub-national administrative units.”

“The description of how the supply is allocated to the different sectoral water demands needs to be
specified in this manuscript. A missing description is how the priority is set between sectoral demands.
For example , are thermo-electric plants getting their demand met first before domestic or irrigation

demand?”’

The priority between sectoral water demands was described in section 2.2.1 (water withdrawal and
consumption) on lines 162-163: “When water demands cannot be met, water withdrawals are allocated
to the domestic, energy, manufacturing, livestock and irrigation sector in that order”. However, we will

make this more clear.

Lines 162-163: “When water demands cannot be met, water withdrawals are allocated to the domestic,

energy, manufacturing, livestock and irrigation sector in that order”

Will change to: “In terms of water allocation, under conditions where water demands cannot be met,
water withdrawals are allocated to the domestic, energy, manufacturing, livestock and irrigation sector

in that order”

“Is there any priority for supply allocation based on spatial location? Which grid cells can request

water from a mainstream if the main channel is not within this grid cell?”

There is no priority for supply allocation based on location, inside or outside the delta. Water requests
from the mainstream (if the main channel is not within the grid cell) are allocated based on demand.

This will be explicitly stated.

Line 159-160: “Therefore, streamflow at the river mouth is available for use in delta areas to simulate

the actual water availability.”

Will change to: “Therefore, streamflow at the river mouth is available for use in delta areas (partitioned

based on demand) to simulate the actual water availability.”

“Was the Hanasaki et al. (2006) “dependence” database used?”
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The Hanasaki et al. (2006) dependence method is not used in this study, which will be explicitly stated.
Rather our study used the controlled discharge fraction as the fraction of downstream demands taken
into account. This is described in section 7.3 (appendix c: dam operation scheme) on lines 566-567:
“Water demands were based on the water demands of downstream cells. Only a fraction of water
demands were taken into account, based on the fraction of upstream area the dam controlled”. However,

there was an error which causes confusion; “upstream area” should read “upstream discharge”.

Line 566-567: “Only a fraction of water demands were taken into account, based on the fraction of

upstream area the dam controlled.”

Will change to: “Only a fraction of water demands were taken into account, based on the fraction of

upstream discharge the dam controlled.”

“While authors indicate that it will be the subject of further research, what is the default implementation

that was used in the presented simulations?”

We are not fully sure if we understand the referee correctly. However, assume the referee is referring to
which modules were used to generate the results in this study. We will explicitly add this information
to section 3.1 (setup).

Line 299: “(...) soil layers per grid cell. Soil and (natural) vegetation (...)”

Will change to: “(...) soil layers per grid cell. The routing, reservoir, irrigation and water-use modules
were all used in the simulations. The environmental flow requirements were only used where this is

specifically indicated. Soil and (natural) vegetation (...)”

“the introduction is missing a range of large scale studies where such a large scale water management
model has been used with the VIC model, albeit not VIC5. While the proposed set up seems more
complete, it seems that the paper should still cite those studies as they represent to a certain extent an
earlier version of this integrated model (Voisin et al., 2017; Voisin et al., 2018; Zhou, Voisin, Leng,
Huang, & Kraucunas, 2018)”

We have included almost all of the citations mentioned by the referee as they represent a wider range of
VIC model applications. Voisin et al. (2017) was excluded since this study seems to use the Community
Land Model (CLM) instead of the Variable Infiltration Capacity model (VIC).

Lines 80-84: “VIC has been used extensively in studies ranging from: coupled regional climate model
simulations (Zhu et al., 2009; Hamman et al., 2016), combined river discharge and water-temperature

simulations (van Vliet et al., 2016), hydrological sensitivity to climate change (Hamlet and Lettenmaier,
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1999; Nijssen et al., 2001a; Chegwidden et al., 2019), global streamflow simulations (Nijssen et al.,
2001b), and real-time drought forecasting (Wood and Lettenmaier, 2006; Mo, 2008).”

Will change to: “VIC has been used extensively in large-scale studies ranging from: coupled regional
climate model simulations (Zhu et al., 2009; Hamman et al., 2016), combined river discharge and water-
temperature simulations (van Vliet et al., 2016), hydrological sensitivity to climate change (Hamlet and
Lettenmaier, 1999; Nijssen et al., 2001a; Chegwidden et al., 2019), global streamflow simulations
(Nijssen et al., 2001b), sensitivity in flow regulation and redistribution (Voisin et al., 2018; Zhou et al.,
2018), and real-time drought forecasting (Wood and Lettenmaier, 2006; Mo, 2008).”

We hope the referee agrees with the changes made, and are open to any further suggestions or comments.
Sincerely,

Bram Droppers on behalf of all co-authors

References

Chegwidden, O. S., Nijssen, B., Rupp, D. E., Arnold, J. R., Clark, M. P., Hamman, J. J., Kao, S.-C.,
Mao, Y., Mizukami, N., Mote, P. W., Pan, M., Pytlak, E., and Xiao, M.: How Do Modeling Decisions
Affect the Spread Among Hydrologic Climate Change Projections? Exploring a Large Ensemble of
Simulations Across a Diversity of Hydroclimates, Earth's Future, 7, 623-637, 10.1029/2018ef001047,
20109.

Connor, R.: Water for a sustainable world, United Nations Educational, Scientific and Cultural
Organisation, Paris, France, 139, 2015.

Doll, P., Hoffmann-Dobrev, H., Portmann, F. T., Siebert, S., Eicker, A., Rodell, M., Strassberg, G., and
Scanlon, B. R.: Impact of water withdrawals from groundwater and surface water on continental water
storage variations, J Geodyn, 59-60, 143-156, 10.1016/j.jog.2011.05.001, 2012.

Ddll, P., Douville, H., Guntner, A., Muller Schmied, H., and Wada, Y.: Modelling Freshwater Resources
at the Global Scale: Challenges and Prospects, Surv Geophys, 37, 195-221, 10.1007/s10712-015-9343-
1, 2016.

Haddeland, I., Lettenmaier, D. P., and Skaugen, T.: Effects of irrigation on the water and energy balances
of the Colorado and Mekong river basins, J Hydrol, 324, 210-223, 10.1016/j.jhydrol.2005.09.028, 2006.

Hamlet, A. F., and Lettenmaier, D. P.: Effects of climate change on hydrology and water resources in
the Columbia River basin, J Am Water Resour As, 35, 1597-1623, DOl 10.1111/j.1752-
1688.1999.tb04240.x, 1999.

Hamman, J., Nijssen, B., Brunke, M., Cassano, J., Craig, A., DuVivier, A., Hughes, M., Lettenmaier,
D. P., Maslowski, W., Osinski, R., Roberts, A., and Zeng, X. B.: Land Surface Climate in the Regional
Arctic System Model, J Climate, 29, 6543-6562, 10.1175/Jcli-D-15-0415.1, 2016.

Hanasaki, N., Kanae, S., and Oki, T.: A reservoir operation scheme for global river routing models, J
Hydrol, 327, 22-41, 10.1016/j.jhydrol.2005.11.011, 2006.

Hanasaki, N., Yoshikawa, S., Pokhrel, Y., and Kanae, S.: A global hydrological simulation to specify
the sources of water used by humans, Hydrol Earth Syst Sc, 22, 789-817, 10.5194/hess-22-789-2018,
2018.



204
205
206
207

208
209

210
211
212

213
214
215

216
217

218
219
220

221
222
223

224
225
226
227

228
229

230
231
232

233
234
235

236
237
238
239

240
241

242
243
244

245
246
247

248
249
250

Huang, Z., Hejazi, M., Li, X., Tang, Q., Vernon, C., Leng, G., Liu, Y., D6ll, P., Eisner, S., Gerten, D.,
Hanasaki, N., and Wada, Y.: Reconstruction of global gridded monthly sectoral water withdrawals for
1971-2010 and analysis of their spatiotemporal patterns, Hydrol. Earth Syst. Sci., 22, 2117-2133,
10.5194/hess-22-2117-2018, 2018.

Mo, K. C.: Model-Based Drought Indices over the United States, J Hydrometeorol, 9, 1212-1230,
10.1175/2008jhm1002.1, 2008.

Nazemi, A., and Wheater, H. S.: On inclusion of water resource management in Earth system models -
Part 2: Representation of water supply and allocation and opportunities for improved modeling, Hydrol
Earth Syst Sc, 19, 63-90, 10.5194/hess-19-63-2015, 2015a.

Nazemi, A., and Wheater, H. S.: On inclusion of water resource management in Earth system models -
Part 1: Problem definition and representation of water demand, Hydrol Earth Syst Sc, 19, 33-61,
10.5194/hess-19-33-2015, 2015b.

Nijssen, B., O'Donnell, G. M., Hamlet, A. F., and Lettenmaier, D. P.: Hydrologic sensitivity of global
rivers to climate change, Climatic Change, 50, 143-175, Doi 10.1023/A:1010616428763, 2001a.

Nijssen, B., O'Donnell, G. M., Lettenmaier, D. P., Lohmann, D., and Wood, E. F.: Predicting the
discharge  of global rivers, J Climate, 14, 3307-3323, Doi 10.1175/1520-
0442(2001)014<3307:Ptdogr>2.0.Co;2, 2001b.

Pokhrel, Y. N., Hanasaki, N., Wada, Y., and Kim, H.: Recent progresses in incorporating human land-
water management into global land surface models toward their integration into Earth system models,
Wires Water, 3, 548-574, 10.1002/wat2.1150, 2016.

Rougé, C., Reed, P. M., Grogan, D. S., Zuidema, S., Prusevich, A., Glidden, S., Lamontagne, J. R., and
Lammers, R. B.: Coordination and Control: Limits in Standard Representations of Multi-Reservoir
Operations in Hydrological Modeling, Hydrol. Earth Syst. Sci. Discuss., 2019, 1-37, 10.5194/hess-
2019-589, 2019.

Shiklomanov, 1. A.: Appraisal and assessment of world water resources, Water Int, 25, 11-32, Doi
10.1080/02508060008686794, 2000.

van Vliet, M. T. H., Wiberg, D., Leduc, S., and Riahi, K.: Power-generation system vulnerability and
adaptation to changes in climate and water resources, Nat Clim Change, 6, 375-+,
10.1038/Nclimate2903, 2016.

Voisin, N., Hejazi, M. I, Leung, L. R., Liu, L., Huang, M. Y., Li, H. Y., and Tesfa, T.: Effects of
spatially distributed sectoral water management on the redistribution of water resources in an integrated
water model, Water Resour Res, 53, 4253-4270, 10.1002/2016wr019767, 2017.

Voisin, N., Kintner-Meyer, M., Wu, D., Skaggs, R., Fu, T., Zhou, T., Nguyen, T., and Kraucunas, .
OPPORTUNITIES FOR JOINT WATER-ENERGY MANAGEMENT Sensitivity of the 2010 Western
US Electricity Grid Operations to Climate Oscillations, B Am Meteorol Soc, 99, 299-312,
10.1175/Bams-D-16-0253.1, 2018.

Wood, A. W., and Lettenmaier, D. P.: A test bed for new seasonal hydrologic forecasting approaches in
the western United States, B Am Meteorol Soc, 87, 1699-+, 10.1175/Bams-87-12-1699, 2006.

Yassin, F., Razavi, S., Elshamy, M., Davison, B., Sapriza-Azuri, G., and Wheater, H.: Representation
and improved parameterization of reservoir operation in hydrological and land-surface models, Hydrol.
Earth Syst. Sci., 23, 3735-3764, 10.5194/hess-23-3735-2019, 20109.

Zhao, G., Gao, H. L., Naz, B. S., Kao, S. C., and Voisin, N.: Integrating a reservoir regulation scheme
into a spatially distributed hydrological model, Adv Water Resour, 98, 16-31,
10.1016/j.advwatres.2016.10.014, 2016.

Zhou, T., Voisin, N., Leng, G. Y., Huang, M. Y., and Kraucunas, I.: Sensitivity of Regulated Flow
Regimes to Climate Change in the Western United States, J Hydrometeorol, 19, 499-515, 10.1175/Jhm-
D-17-0095.1, 2018.



251
252
253

254

Zhu, C. M., Leung, L. R., Gochis, D., Qian, Y., and Lettenmaier, D. P.: Evaluating the Influence of
Antecedent Soil Moisture on Variability of the North American Monsoon Precipitation in the Coupled
MMD5/VIC Modeling System, J Adv Model Earth Sy, 1, 10.3894/James.2009.1.13, 2009.



