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ABSTRACT. Quantification of spatially and temporally resolved water flows and water storage varia-
tions for all land areas of the globe is required 1) to understand the Earth system and 2) to support a
sustainable management of water, food and energy in a globalized world. Global hydrological models
(GHMs) have been shown to be appropriate tools to achieve this quantification as they bring together a
large amount of diverse data with process knowledge. They serve to estimate water resources, water
scarcity as well as flood and drought hazard in a consistent manner, both for current conditions and
under climate change. Still, uncertainties of model output are large due to inaccurate model input and
inappropriate model algorithms. Therefore, multiple GHMs should be used for assessing the impact of
climate change on the global freshwater system. To reduce uncertainty and to achieve an improved
understanding of the global freshwater system, a methodology for calibration and data assimilation of
GHMs using multiple types of in-situ and remotely sensed observations should be developed.

Pe3ome. KonnyecTBeHHasi OlEHKAa NWHAMHUKH PEajbHBIX M IMOTCHIUATBHBIX BOIHBIX OOBEKTOB IS
BCEX 3€MEIBHBIX YrOAWil 3eMHOTO miapa HeoOxomuma 1) [Uisd MOHMMaHWs CHCTEMbI 3eMIM M 2) IS
o0ecreueHus] yCTOMYUBOrO YIIPABICHUS BOIHBIMH PECYPCaMH, MPOJOBOJIBCTBUEM W SHEPTHEH B IJIO-
Oanu3zoBanHoM Mupe. [TokazaHo, 4to riodaibHbie ruaposorudeckue moaean (GHM) sisastrorest mos-
XOJSIIIMMY WHCTPYMEHTAMH JJIS1 TOCTHYKCHHUS STOW KOJMYECTBEHHON OIIEHKH, TIOCKOJBKY OHU O0OBEIH-
HSIOT OOJIBIIOE KOJIMYECTBO Pa3HOOOpPAa3HBIX JaHHBIX ¢ MH(popManuen o mporecce. OHU CITyKaT JUIs
OLICHKU BOJHBIX PECYPCOB, HEXBATKU BOJbI, a TAKKE PUCKA HABOAHEHUH U 3aCyXH B COTJIACOBAHHOM
MOPSIAKE KaK Uil TEKYIIUX YCIOBUHM, TaK M B YCIOBUAX U3MEHEHMs KIMMarta. TeM He MeHee, Heolpe-
JICJICHHOCTH BBIBOJIa MOJICTH BEJIMKH M3-32 HETOYHOCTH BXOJHBIX JAHHBIX M HECOOTBETCTBYIONIUX aJl-
TOPUTMOB MojieNd. [103TOMYy JJ1st OLIEHKH BO3JCHCTBHUS M3MECHEHUS KJIIMMAaTa Ha TJI00AJbHYIO CHCTEMY
PECYPCOB IPECHOM BOJBI CIEyeT UCTONb30BaTh Heckoiabko GHM. UToOb! yMEHBIINTL HEOTpeAeieH-
HOCTb M JOOMTHCS JIyUIIETO OHUMaHMs TJI00aIbHOM CUCTEMBI PECYPCOB MPECHOM BOJIBI, CIEAYET pa3-
paboTaTh METOIOJIOTHIO KaIHMOPOBKH U ycBOeHHS AaHHbIX Mo GHM ¢ ucroib30BaHHMEM HECKOJIBKHX
TUTIOB HAOJIFOIEHUI Ha MECTE U JUCTAHIOHHO.

KEYWORDS: global hydrological model, renewable water resources, runoff coefficient
KiroueBble ciioBa: rio0ainbHas THAPOJIOTHYECKAs MOJICNb, BO30OHOBIAEMbIC BOJHBIC PECYpPChl, KO-
(unmeHT croka

INTRODUCTION

While water management and related modeling of water flows and storages have for a long time concen-
trated on the scale of drainage basins, interest in obtaining a consistent quantification of water flows and
storages as well as of human water use for all land areas of the globe has strongly increased in recent
years. On the one hand, such quantitative estimates are required for a better understanding of the Earth
system including the climate system, the carbon and nutrient cycles and the variability of regional and
global sea levels. For example, groundwater depletion all around the globe leads to sea level rise [1]. On
the other hand, in a globalized world, a global-scale estimation of spatially and temporally heterogeneous
water resources and how they are used and impacted by human activities is required to support a sustain-
able development of the human-water system. This is mainly due the strong nexus between water re-
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sources (and use) and energy and food production. In a globalized world, quantitative global-scale data on
water flows and storages inform 1) decisions of companies with globally-distributed production sites or
sources that perform life-cycle analyses/water footprint analyses as part of their corporate sustainability
efforts, 2) decisions of regulatory bodies and consumers as international trade leads to global virtual water
flows where consumer decisions in one country may impact water resources in many others, 3) local and
regional drought management as droughts elsewhere on the globe affect crop production and therefore
crop prices, 4) international investments in support of sustainable development and climate adaptation by
spatially consistent information on hot spots as well as 5) monitoring the achievement of UN Sustainable
Developments Goals until 2030 (in particular goal 6 Ensure availability and sustainable management of
water and sanitation for all, https://sustainabledevelopment.un.org/sdg6) in case of local data scarcity.
During the last three decades, a number of global hydrological models (GHM) have been developed and
improved to quantify water flows and storages at the global scale, mostly with a spatial resolution of 0.5°
x 0.5° (55 km by 55 km at the equator) [2]. As an example for a GHM with a strong focus on modeling
not only water resources but also human water, we present the GHM WaterGAP (Water — Global As-
sessment and Prognosis) as well as some illustrative model results for Europe, Central Asia and Siberia.
We then shortly discuss challenges and prospects of quantifying water flows and storages as well as water
use at the global scale.

THE GLOBAL HYDROLOGICAL MODEL WATERGAP

WaterGAP consists of five sectoral water use models, the linking model GWSWUSE that computes net
abstractions from groundwater and surface water (based on the output of the water use models), and the
WaterGAP Global Hydrology Model (WGHM) [3, 4]. It covers all land areas of the globe except Antarc-
tica with a spatial resolution of 0.5° x 0.5°. Depending mainly on available climate input, WaterGAP
generally covers the time period 1901-2100. It computes human water use in the sectors households,
manufacturing, cooling of thermal power plants, livestock and irrigation. The WGHM calculates daily
water flows (e.g., evapotranspiration, runoff including fast surface and subsurface runoff as well as
groundwater recharge, and streamflow) and water storages in 10 compartments, with time series of cli-
mate variables and net water abstractions from groundwater or surface water as main input (Figure 1).
The impact of the whole landscape on water flows and storage is considered, i.e. not only the land area of
each grid cell but also lakes, man-made reservoirs, wetlands and rivers are modelled, based on the Global
Lakes and Wetland Database (GLWD) [5]. So-called “global” lakes, reservoirs and wetlands are those
that receive water from the upstream cell, while “local” lakes and wetlands are only fed by the runoff
generated within the grid cell. The WGHM is calibrated against observed long-term average annual
streamflow at 1319 streamflow gauging world-wide by adjusting one to three model parameters [3]. Wa-
terGAP has been used, for example, to quantify water scarcity for humans [6], to estimate the ecologically
relevant streamflow alterations due to human water use and man-made reservoir [7], to determine sea
level rise due to groundwater depletion [1] and to estimate the impact of climate change on floods and
droughts [8] and on groundwater recharge [9]

RESULTS FOR EUROPE, CENTRAL ASIA AND SIBERIA

Forced by the EWEMBI climate data set [10], WaterGAP 2.2c was calibrated against streamflow obser-
vations (see Figure 2 bottom). To determine renewable water resources, i.e. long-term annual average
runoff, the model was then run assuming that there was no human water use. Figure 2 (top) shows renew-
able water resources in Europe, Central Asia and Siberia for the time period 1981-2010. Values over 1000
mm/yr are reached in coastal areas of Europe, the Alps and parts of Kamchatka. Negative values occur in
grid cells in dry areas where evapotranspiration is larger than precipitation due to evaporation from sur-
face water bodies that are fed by upstream cells. Fig. 2 (bottom) shows which fraction of precipitation
become renewable water resources, with higher values in cold and/or wet regions. Runoff coefficients
(renewable water resources divided by precipitation) below 0.25 rather occur in semi-arid and arid re-
gions. Values larger than 1 only occur in drainage basins with a streamflow observation that is larger than
precipitation in the climate data set. While EWEMBI is corrected for snow undercatch, in these basins the
precipitation seems to be still underestimated by the climate data set.
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Figure 1 — Schematic of storages and flows as modelled to occur within one 0.5° grid cell in the
GHM WaterGAP [2].
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Figure 2 — Renewable water resources (top) and runoff coefficient, i.e. renewable water resources
as a ratio of precipitation (bottom) during time period 1981-2010, as computed by WaterGAP 2.2c.
In addition, the locations of streamflow observations used for model calibration are shown.

CHALLENGES AND PROSPECTS OF GLOBAL HYDROLOGICAL MODELING

While GHMs have shown to be suitable tools for consistently quantifying the dynamics of water flows
and storages on all land areas of the globe, they still reproduce discharge observations rather poorly in
quite a number of river basins, mainly due to inaccurate input data but also inappropriate model algo-
rithms, e.g. regarding inundation of wetlands and processes in semi-arid regions [2, 3]. Also large-scale
dynamics of total water storage that can be derived from GRACE satellite observations are not simulated
well in many regions [11]. Challenges can be summarized as follows [12]: “(1) Data scarcity makes quan-
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tification of human water use difficult even though significant progress has been achieved in the last dec-
ade. (2) Uncertainty of meteorological input data strongly affects model outputs. (3) The reaction of vege-
tation to changing climate and CO2 concentrations is uncertain and not taken into account in most GHMs
that serve to estimate climate change impacts. (4) Reasons for discrepant responses of GHMs to changing
climate have yet to be identified. (5) More accurate estimates of monthly time series of water availability
and use are needed to provide good indicators of water scarcity. (6) Integration of gradient-based
groundwater modelling into GHMs is necessary for a better simulation of groundwater—surface water
interactions and capillary rise. (7). Detection and attribution of human interference with freshwater sys-
tems by using GHMs are constrained by data of insufficient quality but also GHM uncertainty itself.”

Due to the uncertainties of GHMs (and other hydrological models), a multi-model approach to estimating
impacts of climate change on freshwater is state of the art. In such an approach, bias-corrected output of a
number of climate models is used as input to a number of GHMs, with each model combination assumed
to be equally likely. In this way, a robust mean impact as well as its uncertainty can be quantified [12, 13,
14]. This approach is operationalized in the ISIMIP project (https://www.isimip.org). To achieve an im-
proved quantification of water resources and their use at the global scale, we propose to make better use
of in situ and remotely sensed observations of model output variables not only by multi-criteria validation
but also by model calibration (with adjustment of model parameters) or data assimilation (with adjust-
ment of simulated water storages) [12, 15]. These output variables include streamflow, total water storage
from GRACE [9], elevation of lake, wetland and river water tables (DAHITI database,
http://dahiti.dgfi.tum.de/en/; HYDROWEB database, http://hydroweb.theia-land.fr/?lang=en&) as well as
areal extent of surface water bodies or snow. When using the remote sensing data in particular, the uncer-
tainty of the observations must be taken into account as well as the different “footprints” of the observa-
tions.

CONCLUSIONS

1. Global-scale quantification of terrestrial water flows and storages is necessary for a better understand-
ing of the Earth system and for supporting a sustainable management of water, food and energy in a
globalized world.

2. GHMs are appropriate tools for integrating process knowledge and a multitude of data to allow best
estimates of water flows and storages at the global scale.

3. Due to uncertain input data and inappropriate model algorithms, uncertainty of GHM output remains
high. Therefore, impact of climate change on water resources should be assessed by a multi-model ap-
proach.

4. A methodology for calibration and data assimilation of GHMs using multiple types of in-situ and re-
motely sensed observations should be developed to reduce uncertainty and achieve an improved un-
derstanding of the global freshwater system.
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PE3IOME. Paspaborana maremarndeckas MOJENb paccpemoToueHHoi (muddysHoit) GuoreHHOM
HArpy3KH Ha BOJHBIE 00BEKTHI, cC(HOPMHUPOBAHHAS 32 CUET SMUCCUU a30Ta U Gocdopa B IOKIEBbIC U
Tajble BOJBI C PA3IMYHBIX TUIIOB MOJICTHIIAONIEH MOBEPXHOCTH BogocObopa. Ocoboe BHUMAHUE yie-
JIEHO Harpy3Ke OT CEIbCKOXO3SICTBEHHBIX TEPPUTOPU. MOJenb OpUEHTUPOBAHA HA PELICHUE 3a]1aY,
CBSI3aHHBIX C BBITIOJIHEHHEM pekoMeHarui [Inana Jleictsuii mo bantuiickomy Mopro XEJIKOM mo
CHIDKEHHUIO OMOTEHHOM Harpy3Kd Ha MOPCKYIO akBaTopwro. [[Jisi KpyImHBIX BOJIOCOOPOB UCTOYHHKOM
nH(GOPMAITUH O CTPYKTYpPE MMOBEPXHOCTH MOTYT CIIYXUTh KOCMUYECKHe CHUMKH. B kadecTBe mpumepa
paboThl MOJIENH TPUBEACHBI PE3YJIbTaThl PAcUeTOB PacCPEJOTOYCHHOW OMOreHHOHW Harpy3kd Ha
Omnesxckoe 03epo — BTOPOH M0 BEJIMYMHE NMPECHOBOIHBIA BOA0eM EBpOMBI, pacnooKeHHbIH Ha BOJO-
coope Dunckoro 3amuBa banTwiickoro Mops. B kauecTBe OCHOBHOTO  HamlpaBIICHUS
COBEpIIICHCTBOBAHMUA MOJIENH OIPENEICHO TPOBEACHHE HATYPHBIX HCCIEAOBAaHUM MO JeTaabHON
OILIEHKE TapaMeTpPOB IMHMCCHUU OMOTEHHBIX BEIIECTB C PAa3IMYHBIX €CTECTBEHHBIX M aHTPOIIOT€HHBIX
nmaHamagToB BoA0cOOpa.
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