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Abstract. The current generation of large-scale hydrolog- ignores the uncertainty of the land surface model output. De-
ical models does not include a groundwater flow compo-spite these limitations, we argue that the results of the current
nent. Large-scale groundwater models, involving aquifersmodel show a promise for large-scale groundwater modeling
and basins of multiple countries, are still rare mainly due practices, including for data-poor environments and at the
to a lack of hydro-geological data which are usually only global scale.

available in developed countries. In this study, we propose
a novel approach to construct large-scale groundwater mod-

els by using global datasets that are readily available. As thg |ntroduction

test-bed, we use the combined Rhine-Meuse basin that con-

tains groundwater head data used to verify the model outGroundwater is a vulnerable resource, and in many areas,
put. We start by building a distributed land surface modelgroundwater is being consumed faster than it is being natu-
(30 arc-second resolution) to estimate groundwater recharggally replenished (e.dRodell et al, 2009 Wada et al.2010).

and river discharge. Subsequently, a MODFLOW transientGiven increased population and heightened variability and
groundwater model is built and forced by the recharge anduncertainty in precipitation due to climate change, the pres-
surface water levels calculated by the land surface modelsure upon groundwater resources is expected to intensify.
Results are promising despite the fact that we still use arThese issues make monitoring and predicting groundwater
offline procedure to couple the land surface and MODFLOW changes, especially over large areas, imperative.
groundwater models (i.e. the simulations of both models are Changes in groundwater resources and their causes can
separately performed). The simulated river discharges combe inferred from groundwater models. A groundwater
pare well to the observations. Moreover, based on our senmodel has the ability to calculate and predict spatio-temporal
sitivity analysis, in which we run several groundwater model groundwater head in a sufficiently fine resolution (e.g. 1km
scenarios with various hydro-geological parameter settingsyesolution). However, large-scale groundwater models, es-
we observe that the model can reasonably well reproduceecially for large aquifers and basins of multiple countries,
the observed groundwater head time series. However, ware still rare, mainly due to lack of hydro-geological data.
note that there are still some limitations in the current ap-Some existing large-scale groundwater models, such as in the
proach, specifically because the offline-coupling techniqueDeath Valley area, USAI¥Agnese et al. 1999, and in the
simplifies the dynamic feedbacks between surface water levMIPWA region, the NetherlandsSpepvangers et a2007),

els and groundwater heads, and between soil moisture statggere developed on the basis of highly detailed information
and groundwater heads. Also the current sensitivity analysige.g. elaborate 3-D geological models). Such information

may be available in developed countries but is seldom avail-
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In this paper, we propose a novel approach for construct-
ing a large-scale groundwater model by using only readily
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Groundwater model for the Rhine-Meuse basin
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available global datasets. Note that by large scale, we mean At &R ot
large extent area sizes, as definedBigrkens et al(2000), oz

and not map scale or resolution. Here the model proposed Py S
is a MODFLOW transient groundwater model that is cou- T e
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pled to a distributed land surface model. The latter is used to
estimate groundwater recharge and surface water levels that
are used to force the groundwater model. As the test bed
of this study, we use the combined Rhine-Meuse basin (total
area:£=200 000 kmd). This basin, located in Western Europe
(see Fig.1), is selected because it contains ample ground- |
water head data that can be used to verify the model out-
put. However, while constructing the model, we use only
globally available datasets that are listed as follows. We
use the Global Land Cover Characteristics Data Base Ver-
sion 2.0 (GLCC 2.0http://edc2.usgs.gov/glcc/globet.php)
and FAO soil maps 1995 in order to parameterize the
land cover and upper sub-surface properties. For mapping
hydro-geological features and estimating their aquifer prop-
erties, we make use of the global digital elevation model
of HydroSHEDS Lehner et al. 2008 and an estimate of
groundwater depth based on a simple steady-state ground-
water model (see SecR.?2). For climatological forcing,
we use the global CRU datasetdi{chell and Jones2005
New et al, 2009 that are combined with the ECMWF re-
analysis data of ERA-40Uppala et al. 2005 and opera-
tional archive fttp://www.ecmwf.int/products/data/archive/
descriptions/od/oper/index.htiml

The goal of this paper is then to construct a large-
scale groundwater model on the basis of readily available
global datasets and to evaluate the model performance us-
ing groundwater head observations. Here we do not intendrig. 1. The combined Rhine-Meuse basin used as the test bed for
to calibrate the model yet. Rather, we conduct a sensitivitythis model. The bold black line indicates the scope of the model
analysis to study how changing aquifer properties influencearea while the bold dashed line indicates the approximate border
the model outcome, specifically the resulting groundwaterPetween the Meuse and Rhine basins. The major rivers and large
head time series. By this sensitivity analysis, we expect tgakes are mdmgted in blue. The map shown in the upper part indi-
gain insights into the model behaviour that can be used a§ates the location of the study area in Europe.
the basis for improving the current model.

The paper is organized as follows. In the following sec-
tion, we explain the model concept and structure used in thif\Ppendix A), which conceptualizes the hydrological pro-
study. Then, we present the methodology to evaluate th&€SSes on and in the upper-soil or unsaturated-zone layer; and
model outcome, including the sensitivity analysis procedure (2) the groundwater model (Se@.3), which describes sat-
Subsequently, the results and their analyses follow. The las¢rated flow in the deeper underground. The land surface
part of this paper is mainly devoted to a discussion about thénodel was adopted from the global hydrology model of
prospects of large-scale groundwater assessment in data-poBFER-GLOBWB Yan Beek and Bierkens2009 Van Beek
environments and at the global scale, and to suggest ways @t al. 2011 having two upper soil stores and a sim-

further improve this large-scale model. ple linear groundwater store (see FRp). In this study,
we replaced the latter by the MODFLOW groundwater

model (McDonald and Harbaugl1989.

We started this modeling exercise by modifying PCR-
GLOBWB and performing the daily simulation of it to cal-
culate groundwater recharge and river discharge. The river
The hydrological model developed in this study consistsdischarge was translated to monthly surface water levels
of two parts: (1) the land surface model (Se2t2 and by assuming channel dimensions and properties based on
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2 Model description

2.1 General modeling procedure
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a) PCR-GLOBWB Qcin b) Coupling PCR-GLOBWB and MODFLOW
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Fig. 2. The modeling structure and strategy for this stu@y:the concept of the land surface model of PCR-GLOBW@EN Beek and
Bierkens 2009 Van Beek et al.2011): on the left, the soil compartment, divided in the two upper soil stofgesand So, and the linear
groundwater store§s, that is replaced by the MODFLOW/cDonald and Harbaugl1988 groundwater model; on the right, the total local

gains from all cells are routed along the local drainage direction to yield the channel disaigrge(b) The modeling strategy used to
couple the PCR-GLOBWB and MODFLOW: first, we run the PCR-GLOBWB to calculate the monthly net re@hggde groundwater

store and channel discharg@k ., that can be translated into surface water levels by assuming channel dimensions. Then, the monthly net
recharge and surface water levels are used to force MODFLOW.

geomorphological relations to bankfull dischardeadey, The full description of PCR-GLOBWB-MOD is pro-
1930. These surface water levels and groundwater recharggided in Appendix A, which mainly discusses the hydrolog-
were used to force a weekly transient groundwater modeical processes above and in the first two upper soil stores.
built in MODFLOW. The whole modeling procedure can be These upper soil stores respectively represent the top 30 cm
considered as an offline-coupling procedure between PCRef soil (thicknessZ; <30cm ) and the following 70cm
GLOBWB and MODFLOW because we separately and se-of soil (Z2 < 70cm), in which the storages are respec-
quentially run both of them (see Figb). We chose tively symbolized asS; and Sz [L]. In both versions of
this offline-coupling method to avoid expensive computa- PCR-GLOBWB (hereafter “PCR-GLOBWB"” refers to both
tional costs. This version, which takes about 1.0 h for one-“PCR-GLOBWB-ORI” and “PCR-GLOBWB-MOD"), the
year model simulation in a single PC with AMD Athlon states and fluxes are calculated on a daily basis. Climate
Dual Core Processor 5200+2.71 GHz 2GB RAM, is theforcing data are also supplied on a daily resolution (see Ap-
first step into developing a fully coupled one. Using this pendix B about the forcing data used in this study). Follow-
offline-coupling version, we evaluated computational loadsing Fig. 2a, the specific local runoffoc [L T~1] in each

and identified weaknesses and possibilities in the modelindand surface cell of PCR-GLOBWB consists of three com-

structure. ponents: direct runof®q, [L T 1], interflow Q< [L T 1] and
baseflowQps [LT~1]. Note that as the consequence of the
2.2 PCR-GLOBWB land surface model offline-coupling procedure between the land surface model

i and MODFLOW, the linear reservoir concept of groundwa-
PCR-GLOBWB Van Beek and Bierken22009 Van Beek o1 store (in which the storage is symbolizecsaéL]) is still

et al, 201)) is a raster-based global hydrological model seq in PCR-GLOBWB-MOD, specifically for estimating
coded in the PCRaster scripting languanigie¢seling etal. .y addition to Fig2, some tables related to the model
1999. Here we briefly describe its main features and modifi- e provided: Tablé listing the model parameters, including
_catlons implemented for the purpose of this paper. The origyye global datasets used to derive them; Tablisting the
inal PCR-GLOBWB (hereafter called as "PCR-GLOBWB- giate and flux variables; and Tat8esummarizing the most

ORI") has 30x 30 cells, while the modified one used in this important changes introduced in PCR-GLOBWB-MOD. It
study (hereafter called as "PCR-GLOBWB-MOD") has the jg jmnortant to note that contrary to a’3030 cell in PCR-

resolution of 30 x 30" (approximately equal to 1 km 1 km GLOBWB-ORI. a 30 x 30" cell in PCR-GLOBWB-MOD
atthe equator). has a uniform type of land cover, a uniform type of vegetation
and a uniform type of soil. PCR-GLOBWB-MOD considers
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only the sub-grid elevation variability (based on tHeigital
elevation map of HydroSHEDS, see E49)) to estimate the
fraction of saturated soil contributing to surface runoff.

As illustrated in Fig.2a, besides precipitatioR [LT 1]
and evaporatior® [L T 1] fluxes, important vertical fluxes
are water exchanges between the stores 1 agd 2L T 1],
and between the stores 2 and @3 [LT~1]. Note that
both 012 and Q23 consist of downward percolation fluxes,
Q1.2 and Q»_,3 [LT~1], and upward capillary rise fluxes,
02,1 and Q3_,» [LT~1]. However, in the current PCR-
GLOBWB-MOD, to force one-way coupling from the land

E. H. Sutanudjaja et al.: Groundwater model for the Rhine-Meuse basin

in the central part of the study area, is inaccurate. Moreover,
the first map does not include small aquifer features that are
often located surrounding rivers in narrow valleys. Although
the second map includes these small aquifer features, it is as
yet only a scanned map (not a digital one) with all its geocod-
ing problems.

To overcome these difficulties, we developed a proce-
dure that classifies the model area to shallow permeable
sedimentary basin aquifers and deep less permeable moun-
tainous aquifers. Briefly stated, the method uses a steady-
state groundwater model to calculate steady-state groundwa-

surface model to MODFLOW, we inactivate the upward ter heads, a digital elevation map (DEM) to estimate ground-
capillary rise from the groundwater to second soil storeswater depths and a drainage direction map (LDD) to incorpo-
(032 =0), which is one of the limitations of the current rate the influence of river networks, that are closely related to

modeling approach.

The land surface model simulation was performed for the
period 1960-2008. In this study, we limited the channel dis-
charge calculation of PCR-GLOBWB-MOD to monthly res-

olution. Therefore, we could neglect water residence time
in channels (less than a week) and obtain monthly channel

discharge time serieg)chn [L3 T~1] by simply knowing the
surface areadce) [L2] of each cell and accumulating the
monthly values of the specific local rundaffioc from all cells
along the drainage network.

2.3 Groundwater model

As mentioned earlier, a MODFLOWMcDonald and Har-
baugh 1988 based groundwater model is used to replace
the groundwater storeS§) in the land surface model. Here
we built a simple MODFLOW model that considers only
a single upper aquifer (see Se2t3.1). The MODFLOW
model was forced by the output of PCR-GLOBWB-MOD,
particularly the monthly recharg@23 (see Sect2.3.2 and

the monthly channel discharg®.n, that is beforehand trans-
lated to surface water levels (see S@c8.3. We performed
groundwater flow simulation for the period 1965—2008 using
a weekly time step and monthly stress period, within which
specific groundwater recharge and surface water levels ar

the occurrence of groundwater bodies in their surroundings.
The method is summarized as follows:

1. First, for the entire model area, we assumed a
set of uniform aquifer properties, transmissivity
KD =100 n? day ! and specific yield®y= 0.25, specif-
ically for calculating the groundwater recession coeffi-
cientJ in Eq. (A28) of the land surface model.

2. Next, we ran the PCR-GLOBWB-MOD land surface

model for a long period (1960-2008).

. Subsequently, using the output of s&pghe long-term
average recharge and discharge fields were calculated.
The latter was translated to surface water level fields by
using relations between discharge and channel dimen-
sions (see Sec2.3.3.

4. The average water level and discharge fields derived in
the step3 were used to force the groundwater model
in order to estimate a field of steady-state groundwater
head. Furthermore, using the DB [L] (where the
subscript 30 indicates the spatial resolution), we could
derive a steady-state field of “groundwater depthy

[L], which is the difference between the surface level
elevation and the calculated steady-state groundwater

€ head.

constant. Note that as there are no readily available global

datasets about groundwater extraction by pumping, we did 5.

not include groundwater abstraction in our model yet.
2.3.1 Aquifer properties

To characterize the properties of the aquifer, we initially
turned to two maps: (1) the global lithological map of
Durr et al. (2005 and (2) the UNESCO international
hydro-geological map of Europehttp://www.bgr.de/app/
fishy/ihme1500. However, both maps are imprecise at 30
resolution employed here. The locality of units of the first
map is not accurate, particularly after being checked with
the 30 digital elevation map of HydroSHEDS that we used.
For example, we found that the position of the Upper Rhine
Graben area, a large and important groundwater body locate

Hydrol. Earth Syst. Sci., 15, 2913935 2011

We assumed that cells with steady-state groundwater
depthsdg, of less than 25m have productive aquifers.
These shallow groundwater cells, located in valleys,
were classified as the “sedimentary pocket/basin” cells
that most likely contain permeable materials and pro-
ductive groundwater bodies. To avoid the occurrence
of isolated cells due to errors and limitations in the
DEM3y (such as “blocked” rivers in narrow valleys
or gorges), we used the LY to assure that down-
stream cells of a sedimentary basin cell are also clas-
sified as sedimentary basin cells. Moreover, because
MODFLOW uses a discretization that does not allow
diagonal flow across the corners (see &\plf et al,
2008, we made sure that a sedimentary basin cell must

d have at least one neighbor in its left, right, upper, or

www.hydrol-earth-syst-sci.net/15/2913/2011/
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Table 1. List of model parameters used in the model.
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Symbol Description Source or estimation method Values Unit

B empirical exponent in the soil FAO soil map9952 distributed -
water retention curve

b sub-grid elevation parameter E4\9) distributed -

Bchnand Dehn channel width and depths Eqd) @nd 6) distributed m

BRES river and drainage bed resistance Best guess estimate 1 day

Ct min andCt max minimum and maximum GLCC 2.0 land cover rRap distributed -
vegetation cover fractions

CFR refreezing rate in the snow pack Best guess estimate 0.05 —lday

CRDR river and drainage bed conductance By. ( distributed n? day—1

CWH liquid water holding capacity per Best guess estimate 0.10 -
unit snow storag&s

DDF degree-day factor in the snow pack Best guess estimate 0.0055 °Cmday?

DEM elevation value from the digital HydroSHEDBehner et al.2008  distributed m
elevation map/model

fi a parameter updatingp o after Best guess estimate 1 -
interception flux

fwat a boolean map indicating water GLCC2.0andlevels1 &2 Oorl -
bodies (1) or land surface cells (0) of GLWDghner and BIl, 2004

hveg vegetation height GLCC 2.0 land cover miap distributed m

Inv andlyeqg interception capacities per unit Best guess estimate 0.001 m
surface area in non vegetated and
vegetated areas

J groundwater recession coefficient E427) distributed day?

Kci, Kewat crop factors for wet interception, Best guess estimate 1 -

andKcg surface water and bare soil areas

Ker crop factor for vegetation area Ed\Z6) distributed, -
based on the land cover type monthly varying

KD transmissivity Best guess estimate Se28.1and3  m?day !

Ksat1 andkK. sat2d saturated hydraulic conductivities FAO soil md®95 distributed mday?

L hillslope length DEM of HydroSHEDS distributed m

LAl min and LAlmax ~ minimum and maximum leaf area indexes Tablélagemanr{2002 distributed -

n Manning coefficient Best guess estimate 0.045 “ds

Y50% soil matric suction at which Best guess estimate 3.33 m
transpiration is halved

Yic soil matric suction at field capacity Best guess estimate 1 m

VYsat1 andysato soil matric suctions at saturation FAO soil map99 distributed m

SC andSG soil water storage capacities (6sat1x Z1) and(fsar2x Z2) distributed m

RBOT and DELV river bed and drain elevations SécR.3 distributed m

Simax interception capacity EqAQ) distributed, m

monthly varying

Sl channel longitudinal slope DEM of HydroSHEDS distributed -

Sy aquifer specific yield or storage Best guess estimate S2@tdand3 -
coefficient

Osat1 andosat2 effective soil moisture contents at saturation =~ FAO soil mk39§ distributed

tan(«) grid-average slope DEM of HydroSHEDS distributed -

LR temperature lapse rate Best guess estimate —0.65 °ccmt

Wrmax grid-average soil storage SG +SG distributed m

Wmin grid-minimum soil storage Best guess estimate 0 m

Z1andZo soil thicknesses FAO soil mafi995 distributed m

2 The parameterization of FAO maph995 based on Table ofan Beek and Bierken009. b The parameterization of GLCC 2.0 land cover map based on Taltlagémann
(2002. © The parameterization of the vegetation heiglg based on Table ofan Beek(2008. d The subscripts 1 and 2 indicate the first and second soil stores.

lower extents. This is done in order to ensure the flow

we mean real groundwater bodies, not perched ground-

connectivity among the cells.

water storage in regolith, which is modeled in the inter-
flow module of the land surface model (see SA&).

6. The remaining cells were subsequently classified as
“mountainous area” cells, where groundwater bodies
are most likely located at greater depths. Note that here

www.hydrol-earth-syst-sci.net/15/2913/2011/
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Table 2. List of state and flux variables defined in the model.

Symbol Description Unit
dgw groundwater depth, difference between surface level elevation m
and groundwater head DEM — h
Ej evaporation flux from the intercepted water mday
Epo reference potential evaporation energy (forcing data) nTday
Epji potential evaporation energy for wet interception areas rmiay
Eps potential evaporation energy for bare soil areas nrday
Es total soil evaporatios- Es; + Esg) mday !
Es soil evaporation from the first soil store m daly
Esg soil evaporation from the melt water store in the snow pack nday
Ewat surface water evaporation m
h groundwater head m
HRIV monthly surface water levels/elevations m
K1(s1) andK2(sp)  unsaturated hydraulic conductivities at specific degree of saturatjcareds,™ mday !
¥1(s1) andyo(sp)  soil matric suctions (at specific degree of saturatignands») m
P total precipitation (forcing data) m day
Po1 infiltration flux to the first soil layer m dayt
Pn net precipitation flux transferred to the soil m ddy
Prain liquid rainfall flux mday 1
Q12andQr3 net vertical fluxes from the first to second soil stor@3>= 01_,2— 02_.1; mday !
and from the second soil to groundwater sto@sz = Q»_,3— 03,2
Q1..2andQ> .3 downward components of percolation fluxes, from the first to second soil miday
stores and from the second to groundwater stores
Qo ,1andQ3 .2 upward seepage (capillary rise) fluxes, from the second to first soil stores Thday
and from the third groundwater to second stores.
For this study, the latter is inactivate@4_. > = 0).
Obi baseflow m day?
Ochn monthly average discharge from the land surface model output 3sh
Odr direct runoff mday?
Oloc total local runoff from a land surface cell m o*akl
Ost interflow or shallow sub-surface flow m day
Otot total local runoff expressed as a fluid volume per unit time 3 day 1 or m3s~1
Owat change in surface water storage mday
s1 andso degrees of saturatios{/SC1 andS»/SC>) -
S1 andS» upper soil storages (first and second soil storages) m
S3 groundwater storage m
Si interception storage m
Sn snow flux mdayl
Ss snow storage m
Sg melt water storage in the snow pack m
t andAt time and timestep day
Ta atmospheric temperature (forcing data) Kar
Wact grid-average actual soil storage (Improved Arno SchengH=S> m
X fraction of saturated soil -

* The subscripts 1 and 2 indicate the first and second soil stores.

7. For the sedimentary basin class, we assigned relatively 8. Using the aquifer properties defined in the stép

high values of transmissivitykD = 100 nf day 1) and
specific yield or storage coefficiengy=0.25), while
relatively low ones are assigned for the mountainous
area classD = 25 n? day 1 andSy=0.02).

Hydrol. Earth Syst. Sci., 15, 2913935 2011

we repeated step8-7 to approximate the steady-
state groundwater depth (shown in Fg).and to sub-
sequently define the final classification map — that
was verified with the UNESCO international hydro-

geological map of Europdaftp://www.bgr.de/app/fishy/
ihme1500) — and itsKD andSyfields.
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Table 3. Important changes in PCR-GLOBWB-MOD (compared to the original PCR-GLOBWB-ORY).

Item Parameters PCR-GLOBWB-ORI PCR-GLOBWB-MOD Explanations of change
or variables
Cell size - 30x 30 30" x 30" A fine resolution is needed
to provide groundwater head
fields.
Sub-grid variabilities - Considering variations of Only sub-grid elevation The sub-grid variations of land cover
of elevation, land cover variation is considered. vegetation and soil types are less
vegetation and soil. important for a’38 30" cell.
Improved Arno Scheme Wmin Wmin=>0 Wmin=0 Wmin is less important for
a 30" x 30" cell.
Interception module fir Inv andlyeg Only Iyeg is used. Iy and fj are introduced. A broader definition of interception
is used in PCR-GLOBWB-MOD
(see SectAl).
Surface water routing Ochn Using the kinematic wave We limit the discharge To avoid expensive computational
(channel discharge) method, dainn Ochn analyses to cost (needed by the kinematic
can be obtained. monthly resolution. wave method).
Upward capillary rise 03,2 03.,2#0 03.,2=0 To force one-way offline coupling
from the groundwater between the land surface model
to soil stores and MODFLOW.

The fields of KD and Sy were stored in the “Block-
Centered Flow” (BCF) package of MODFLOW (s&c-
Donald and Harbaughl988 Chapter 5). Here we de-
BELGIUM fined a single aquifer layer, in which two conditions apply
throughout the simulation:

NETHERLANDS

GERMANY 1. The transmissivitKD is constant in time, independent
of the actual thickness of the water table or the satu-

FRANCE rated zone. This condition is suitable for our model
as groundwater head fluctuation is mostly expected to

g;:mmter be only_ a small fra<_:tion _of the thickness_of the _s_in-

gle aquifer layer defined in the model. This condition

=05 also implies that our MODFLOW cells are never ‘dry’
(i.e. the simulated groundwater heads never fall below

1
2
3 the aquifer bottom elevation).
4 GERMANY

5

FRANCE 2. Syis defined as the storage coefficient that remains con-
10 stant in time and ignoring the fact that there might be a
“transition” from a “confined groundwater” situation to
AUSTRIA a “phreatic water table” situation, or vice versa. Here
>75 we ignore the presence of confining layer and assume a
SWITZERLAND 0 100k phreatic groundwater throughout the simulation.
Fig. 3. The approximate steady-state groundwater depth map tha-tl-he main advan'Fage (_)f using this I_ayer type is that it makes
is used for aquifer classification. Here, we classified cells that havethe MODFLOW Iterative solvgr qmckly converge through-
groundwater depth below 25m and their downstream cells as th®Ut the simulation. Moreover, it circumvents the problem of
“sedimentary basin”, where shallow productive aquifer pockets arehaving to define the aquifer top and bottom elevations, the
usually located. Moreover, we also made sure that a sedimeninformation that is not globally available.
tary basin cell must have at least one neighboring cell in its left, ~Attention is needed to convert the storage coefficigyt
right, upper, or lower extents. The remaining cells were classi-for the variable 30 x 30" grid-size cells before using them
fied as “mountainous areas”, where groundwater depths are larggy MODELOW as MODFLOW normally uses a rectangu-
(see Sect2.3.3). lar discretization with appropriate unit lengths (e.g. m). In
the MODFLOW BCF package, the input values 8y are
commonly multiplied by the cell areas to create so-called

www.hydrol-earth-syst-sci.net/15/2913/2011/ Hydrol. Earth Syst. Sci., 15, 29852011
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“storage capacities"YGur, unit: m?) that are used for the 2.3.3 Channel dimensions and surface water levels
calculation (seéMcDonald and Harbaughi988 Chapter 5,
pages 5-24 and 5-25). The MODFLOW groundwater modele used the “RIVER” (RIV) and “DRAIN" (DRN) pack-
that we built has the same resolution as the land surfac@ges of MODFLOW to accommodate (offline) interaction
model: 30 x 30”. It means that our MODFLOW cells, between groundwater bodies and surface water networks.
which are not rectangular, have inappropriate length unitsThis interaction is governed by actual groundwater heads
and varying surface aredse (m?). Given this fact, we have and surface water levels. The latter can be translated from
to modify the input ofSyso thatSGur has correct values and  the monthly discharg€chn by using assumed channel prop-
units: erties: the channel widtB¢nn, [L], channel depthDcnp, [L],

A Manning roughness coefficiemfL ~1/3 T], and channel lon-

cell (1)  gitudinal slopeSI[—].
AmF Bchn is derived using the formula dfacey (1930 who
where San is the input supplied to the BCF package of postulated that the width of a natural channel at bankfull flow
MODFLOW, Sy, is the actual storage coefficient adgye IS proportional to the root of the discharge:
is the ‘apparent’ MODFLOW cell dimension, which is "y . 05
30" x 30". Using theseSyy,, input values, the values of Betn ~ Poii = 4.8 > Opiag “)
SGue (internally multiplied by Ayr in the BCF package) where Py (unit: m) and Qpkr (m3s—1) are the wetted
are: perimeter and flow at the bankfull condition, and 4.8 is a fac-
tor with unit £5m—05 (seeSavenije 2003. In large natural

X AMF (2)  alluvial rivers, Py is slightly larger thamBchn. To calculate
Ovkil, Which, as a rule of thumb, occurs on average once ev-
ery 1.5 yr, we used the monthly time serieghfn calculated
Note that the transmissivitid§D (m?day 1) are not mod-  from the land surface model.
ified because the algorithm in the BCF package of MOD- Dchn is derived by combining the Lacey’s formula with
FLOW never multiplieskD with the MODFLOW cell di-  Manning's formula #anning 1891 and assuming a rectan-

S¥np = Shaet X

Acell

SGur = Synp X AMEF = SSéct X
AvF

= SYet X Acell

mensionsAvr. gular channel shape:
o 3/5
2.3.2 Boundary conditions and recharge Depn = n X ngsfl 5)
4.8 x sSPs

No-flow boundaries were assumed at the boundaries sur-
rounding the basin, thus assuming that topographic andy subtractingDchn from DEMzg, we may estimate the
groundwater divides coincide. For the “large lakes” (seechannel or river bed elevation, RBOT. However, due to er-
Fig. 1), we assumed fixed-head boundary conditions, keep+ors in DEMzy/, a few of pixels may have unrealistic RBOT
ing water levels constant for the entire simulation period. elevations. Here we implemented median filters with various
Here we define “large lakes” by selecting, from the derivedwindow sizes to smooth the longitudinal profile of RBOT.
surface water body\at map (see SecfA8), only the lakes Given the channel properties, RBO%, Bchn and S|,
that have surface areas at least five times ¢f>380" grid- the monthly water levels HRIV can be translated from the
cell. For each of those lakes, constant water levels are asnonthly discharg&cn, by means of Manning’s formula:
sumed based on the DE of HydroSHEDS. 3/5

The monthly time series of groundwater recha@g ob-  HR|vV = RBOT + ( n X Qchn > ©)
tained from the land surface model of PCR-GLOBWB-MOD Behn x SP®

were fed to the “Recharge” (RCH) package of MODFLOW. RpOT and monthly HRIV are used as the input for the RIV
The actual unit ofQ23 is mday 1. In the RCH package cal- package, the principle of which is:

culation, the input values of recharge are multiplied by the

MODFLOW cell dimension so that they are expressed in agryy — {CRDR x (HRIV = h) if h > RBOT @
volume per unit time (sedcDonald and Harbaugh 988 CRDR x (HRIV — RBOT) if h < RBOT

Chapter 7), which is fday ! in our case. Because our
MODFLOW cell dimension is 30x 30" (AwmEg), the input
of 023 must be modified as follows:

where QRIV [L3T1] is the flow between the stream and
aquifer, taken as positive if it is directed into the aquifeis
the groundwater head, and CRDRE[L 1] is the estimated
Acell river conductance:

®3)

Q23,inp = Q23,act X
AwmF

CRDR= ——
whereQ23inp is the input introduced to the RCH package of BRES
MODFLOW andQ23 actis the actual recharge from the land where BRES [T] is the bed resistance (taken as 1 day)

surface model output (unit: m day). [L] is the channel wetted perimeter (approximatedAy)

X Pchn X Lchn (8)
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andLenn [L] is the channel length (approximated by the cell Table 4. List of the sensitivity analysis scenarios including their

diagonal length). performance indicators presented in basin-scale average values.
The RIV package is defined only in cells willynn > 2 m.
To §imulate smaller Qrainage elements, the DRN package iS g arios KD Sy Reor OQREmys
defined for all cells without RIV package:
A00.5B00.1 05xKDref 0.1xSyer NA* NA
QDRN = {CRDR x (h —DELV) if h > DELV ©) A00.5B00.2  Q5xKDyef 0.2 x Syes NA NA
=o if h < DELV A00.5B00.3  05xKDyef 0.3xSyes  0.42 254 %

A00.5B00.5 05xKDyef 05xSye  0.40 190 %
where QDRN [I3 T~1] is the flow between the drainage net- A00.5B01.0 ~ Q5xKDrgf ~ 1xSyer  0.36 133%
work and stream and DELV is the median drain elevation, A00.5B02.0  05xKDref  2xSyer  0.33 103 %

which is assumed to be located half meter below the surface A91.0800.1 LxKDref 0.1 Syef NA NA;
elevation DEM .. A01.0.B00.2 1xKDref 0.2xSyet  0.43 352 %

A01.0.800.3 1xKDpef 0.3xSyer  0.42 276 %
A01.0.800.5 1xKDref 0.5xSyes  0.40 203 %
AO1.0BO1.0°  1xKDyf 1xSyer 0.36 138%
A01.0.802.0 1xKDref ~ 2xSyer  0.32 103 %

: o A02.0.B00.1 2xKDyrgf  0.1x Syef NA NA
In groundwater modeling, the transmissivi§D and stor- A02.0.B00.2 2xKDrof 02xSye 043 339%

age coefficienSyare important parameters which are also 50> 0 g00.3 2xKDyet 0.3x Syt  0.42 261 %
subject to large uncertainty. In this paper, which may be a02.0800.5 2xKDref 05xSyer  0.40 188 %
considered as our first attempt to model groundwater at a A02.0.B01.0 2xKDrgf  1xSyef  0.36 128%
large scale, we did not perform a full calibration yet. How- A02.0.B02.0 2x KDyef 2x Syes  0.32 98 %
ever, we did investigate the sensitivity of the model outcome A05.0.800.1 5x KDref  0.1xSyer  0.43 A472%
to changing aquifer properties. The list of the scenarios A05.0800.2 5xKDref 0.2xSyer  0.43 313%
that we simulated is given in TabK in which the refer- A05.0B00.3 5xKDret  0.3xS¥er  0.42 242%

. A05.0.B00.5 5x KD 0.5x S 0.40 176 %
_ 1 _ ref Yef
ence scenario hasDrer 1 =100 n? day ! and S¥er1=0.25 AO5.0.B01.0 5x KDyof 1xSyy 0.36 116 %

for sedimentary basins anéDyef2= 25nfday ! and A05.0.B02.0 5x KDyef 2x Syer  0.32 89%
S¥er2=0.02 for mountainous area class. The others have A10.0.800.1 10xKDref 0.1xSyes  0.43 437%
different aquifer properties. For example, the scenario A10.0.B00.2 10x KDref 0.2x Syer  0.42 291%
“A02.0_B00.5” has transmissivities 2 KDyet and storage A10.0B00.3 ~ 10xKDrg 0.3xSyer 0.41 222%
coefficients 0.5¢ Syer. A10.0B00.5  10xKDpf 05xSyer 0.40  160%

For the sake of simplicity, we used only one fixed output 218'8*28;8 i& ngﬁ* ;z g*ef 8'22 1;23//0
from the land surface model for all scenarios. The monthly T ref Yef ' °
reCharg@B and surface Wat,er level HRIY time series fields * The scenario A01.801.0 is the reference scenarit: NA indicates the scenarios
are the same for all scenarios. To verify the land surfacenat failed to converge, specifically the ones with low transmissivities and storage coef-
model output we first Compared the modeled discharge iﬁicients. KD: aquifer transmissivitiesSy. specific yields or storage coefficien®¢or:

. ! . . cross-correlation coefficients between calculated and measured groundwater head time
two stations: Lobith and Borgharen, located in the down-seriesQREss the relative error of inter-quantile range of the calculated groundwater
stream parts of Rhine and Meuse, respectively. Note thafead time series (compared to the observation, seelf. (
the baseflow component of the modeled discharge evaluated
here isQpt from the groundwater linear reservoir of the land ) ) )
surface model (Eq.A27)), not (QRIV+QDRN) from the  Series belonging to the top aqun‘e_r. Figutee shows the se-
MODFLOW model (Egs. 7) and ©)). In other words, al- lected measurement station locations. Note that for stations
though they are by definition the same, we ignored the dislocated inthe same pixel, we did not upscale them to the pixel

crepancies between the baseflow values of the land surfadé@solution because they usually have different time spans. It
and groundwater models. means that all measurements are at the point scale, not at

For each scenario, the simulated groundwater levels ofhe 30’ x 30" as the model resolution, and our evaluation is
headsh™d are compared to the piezometer dafs. Wwe  therefore on the conservative side because of lack of scale

have collected more than 30 000 sets of head time series frordjustment.

several institutions in the Netherlands, Belgium, France, To verify the model performance of each scenario, specif-
Germany and Switzerland and some individual partnersically in every measurement station, we compared and eval-
For model evaluation, we selected a subset of over aboutiated modeled and observed head time series using several
6000 time series which are relatively recent (after 1979) andneasures. First, we calculated the bias between both mean
long records exceeding 5 yr that contain seasonal variationgalues,[2™3— /%], and the bias between both median val-
(at least there is a measurement datum for each season: wines, [hg‘od—hgg]. Also, we calculated the cross-correlation
ter, spring, summer and autumn). Moreover, based on the ineoefficientRcor between the model results and measurement
formation from the data suppliers, we only selected the timedata. The latter performance indicator, calculated without

3 Sensitivity analysis of aquifer properties
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NETHERLANDS | e o the discharge can bg reasonqbly simulated by thg model,
except the summer discharge in Borgharen which is gener-
ally overestimated. This overestimation can be explained
BELGIUM by the fact that our model did not include water extraction
Borgharen (b) in Monsin, located about 25 km upstream of Borgharen. In
Namur Liege Monsin, t.aspe_ciallly during the summer, some yvater frqm the
Koblenz GERMANY Meuse River is diverted to sustain the navigation function of
Wiesbaden the Scheldt River, which is located outside the Rhine-Meuse
FRANCE LUX basin De Wit, 2001).
Some examples of comparison of simulated head time se-
ﬁgzlén(mter Mannheim ries to measurement data are presented in9éighg. Here,
<0 instead of plotting actual hea? andr% values, we plotted
;gg the model results and measurement data in their anomalies
00 related to their mean values™ and%. Note that, while
400 CERVANY calculatingz™® and hdt_, we only used the dates for which
500  TRANCE measurement data exist. For the examples shown irbEig.
600 Basel Rekingen 5g, we can conclude that the model is able to capture both
700 the timing and the amplitude of observed heads quite well.
ggg AUSTRIA An alternative straightforward way to evaluate the model
1000 outcome is by making scatter-plots between both mean val-
> 1100 SWITZERLAND 0 - ues,z% andh™d - as shown in Figsa, and between both me-
m

dians kg andrd — as shown in Figeb. From both scatter-

. . Qplots, we see that model result average and median values
Fig. 4. The average calculated groundwater head for the perio Forrelate very well to measurement data average and median
1974-2008, based on the reference scenario ABDDO. The al- y g

phabetical codes shown on the maps indicate the measurement st\éalues' However, these scatter-plo?s ShOUId be_ carefully in-
tion locations for the graphs in Fi§. terpreted because they do not provide information about the
spatial distribution of the biases between the model results
and measurement data. Moreover, such scatter-plots are pre-
considering any lags, evaluates the timing of modeled timedominantly influenced to areas with high densities in mea-
series to measurement time series. Finally, to evaluate theurement stations, which are mainly in the lowland and val-
time series amplitude, we calculated the (relative) inter-ley areas of the basins. Also, some data suppliers supplied
guantile range error, QREys enormous number of data, while others supplied only few
| Q?sdzs 2 Q% ”e points (see Fig7). Areas with.sparse measurement stations
QREygys = — 1925 _ <7525 (10) may not be well-represented in the scatter-plots.
|Q%25 The uneven station location distribution is another rea-

ere Q% ana s are e nerqanteranges ot 29 Y Y PTOTEE he nabses ot e St bee e
model result and measurement data time series. While eva -Iﬁdt—}_lmdb of the reference scenario AOLRDL.0. Here

uating mean and median biases, cross-correlations and inte{' : : .
we observe that there are large biases in some sub-basins.

uantile range errors, we only used dates for which measure- . .
q g y eExplanat|ons for these biases are model structure errors

ment data exist. (e.g. only a single layer aquifer model used and no pump-
With so many observation points used 6000 points), . 9. onvy : 9 yer aq pump
ing activities simulated), parameter errors (e.g. no cali-

we decided to analyze all performance indicators (b'asesbration, only two classes for classifying aquifer and only

cross-correlations and inter-quantile range errors) at the sub- . . .
. 1ter-q 9 ) bnomogeneous aquifer properties assigned for each class)
basin scale. We sub-divided the model areas into several

; . . L and discrepancies in resolutions and elevation references
sub-basins, by using the local drainage direction map. Then
in each sub-basin, we calculated the sub-basin averages

AR 28 HE. Reos and| QRErgd.

b]etween the model results and point measurement data. Re-
Pted to the elevation references, we acknowledge that we did
not do perform any correction to the DEM of HydroSHEDS
used in the model and station elevation information provided
by data suppliers, who most likely do not use the same el-
evation references. This issue may be considered as one
Figure 5a and5b show the river discharges calculated by of the limitations of the current modeling approach. How-
the land surface model and the measurement data in twever, given the nature of a large-scale groundwater model,
locations, in Lobith (downstream of Rhine) and Borgharenwhich covers multiple basins and countries, we have to ac-
(Meuse), both are in the Netherlands. The figures show thatept that it is still difficult to define the same and consistent

4 Results
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Fig. 5. The comparison between measurement data (red) and model output (fdd¢kE discharge in Lobith, located downstream of the
Rhine.(b) The discharge in Borgharen, located downstream of Mefgseél, e, f, and g)Groundwater head anomaly comparisons based on
the reference scenario AO1BD1.0 at several locations indicated in Fig.

elevation reference for the whole model area. Moreover,sensitive. The latter may be due to the fact that although we
the accuracy of the DEM of HydroSHEDS used, which is varied KD and Syfor our MODFLOW groundwater model
the most recent derivation product of SRTM missibittf: input, we used the same land surface model output (the same
Ihwww?2.jpl.nasa.gov/srtny/ should be considered limiting rechargeQ».3 and surface water levels HRIV time series)
since the target value of the SRTM standard accuracy idor all scenarios. It seems that, to achieve better time se-
16 m. In MODFLOW, an accurate DEM is important, par- ries timing, we should have extended our sensitivity analysis
ticularly because it is needed as the input to define drainagéy also looking at the uncertainty of our land surface model
bed (RBOT and DELV) and surface water level (HRIV) el- outcome. The sensitivity diQRE;sps| and the insensitivity
evations, which serve as the model boundary conditions byf Rcor to the aquifer properties variation can be observed
means of RIV and DRN packages (see E@.(7), and 9)). from Table4, that summarizes the (entire) basin-scale av-
) ) erage values for each scenario. Note that to calculate these

Figures9 and 10 show the sub-basin scale averages of hasin-scale average values, we used the surface areas of sub-
Reor, which indicate the timing punctuality, aj@RE;szs|,  pasins as weight factors. From our sensitivity analysis, we
which indicate the magnitude of amphtude. error. Bot.h fig- see that the basin-scale average value@:RE7525| vary
ures present results from several scenarios with different.om 80 9 to above 450 %, while the basin-scale average val-

aquifer properties{D andSy). We see that mostly the ampli- g5 ofR,, vary only from 0.32 to 0.43.
tude errol QREzs,5| (Fig. 10) is sensitive to different aquifer

properties, while the timing agreemeRgo, (Fig. 9) is less

www.hydrol-earth-syst-sci.net/15/2913/2011/ Hydrol. Earth Syst. Sci., 15, 29852011


http://www2.jpl.nasa.gov/srtm/
http://www2.jpl.nasa.gov/srtm/

2924 E. H. Sutanudjaja et al.: Groundwater model for the Rhine-Meuse basin

a) b)
R = 0.9962 I W R =0.9962 I Vi
vz vz
600~ ‘. 600~
| |
number of stations
—_ — 1
» 400~ @ 400~ H o
S g B o
g -] | K
] ° 000
a £
© —
8 200- 3 200-
<] ] y=X
£ £
0- 0-
| I 1 ] I | I 1
0 200 400 600 0 200 400 600
measurement averages (m) measurement medians (m)

Fig. 6. The scatter-plots comparing betweda) model result averages vs. measurement data averdnesiodel result median values
vs. measurement data median values.
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Fig. 7. The sub-basins used to analyze the model performance. Th€ig. 8. The sub-basin averages of absolute mean biases, based on
locations and the number of head measurement stations in each die reference scenario AO1BD1.0.
sub-basin are also illustrated.

oppositely, in the sense that, moving through the parameter
To further explore the results, we plotted the basin scalespace, a performance indicator improves whereas the other
values of|QRE;s,s| against(1— Reop) in Fig. 11 Ideally, deteriorates. This condition can be regarded as an inability
a scenario should have both values near zero or its poindf the model to reproduce simultaneously different aspects
in Fig. 11 is located near the origin of the axes. From of observed groundwater heads, which are related to model
Fig. 11, we encounter that different combinationskdd and  structural limitations that should be investigated in the future.
Syvalues can lead to similar performancerf,. Moreover, Yet, despite the aforementioned limitations, we can still
we also see a pareto optimal front developing while lookingobserve that our groundwater model can reasonably re-
into two performance indicators at the same time. It impliesproduce the time series of observed groundwater head
that the performance indicatorBgor and|QRE7525|, behave time series. Figurd2a and12b shows the histogram of
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Fig. 9. The sub-basin average of timing agreement indicat®gg;, for all scenarios. To distinguish near zero values (white), we use a
yellow background. The lower right corner map is a composite map of the maximum values of all scenarios. Note: some scenarios with
small tranmissivitieD and storage coefficien8yfailed to converge.

the maximum values ofR.or and the minimum values of with deep groundwater heads (see the lower right corners
|QRE7525| that are selected from the sub-basin scale valuedigures of Figs9 and10). These facts indicate that the re-
of all scenarios (from Fig® and10). We observed that more sults of our current model are promising.

than 50 % of sub-basins have relatively good timing agree-

ments Rcor > 0.5), and more than 50 % of sub-basins have

relatively small amplitude error$@RE;ss| < 50 %). They

include not only shallow groundwater areas, but also areas
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Fig. 10. The sub-basin average of amplitude error indicat@RE;ss|, for all scenarios. The lower right corner map is a composite map
of the minimum values of all scenarios. Note: some scenarios with small tranmisgiiiitiaad storage coefficien8yfailed to converge.

5 Conclusions and discussion is not suitable for modeling groundwater flow — PCR-
GLOBWB-MOD can be applied in several areas that con-
tain large sedimentary basins or pockets, such as the basins

This study shows that it is possible to build a simple and ¢ Nile, Danube, Mekong, Yellow and Ganges-Brahmaputra
reasonably accurate large-scale groundwater model by Ujjyers.

ing only global datasets. It suggests a promising prospect

for large-scale groundwater modeling practice, including in  The promising results of this study open an opportunity
data-poor environments. Although the model may not beto improve common existing global large-scale hydrologi-
suitable for karstic aquifer areas — for which MODFLOW cal models, such as the original version of PCR-GLOBWB
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£00.00 We realize that there are several weaknesses in the current
* approach. The most obvious one is the fact that we do not
* use a full coupling between the land surface model and the

400,00 groundwater model parts. Consequently, the soil moisture

of the upper soil stores calculated by the land surface model,
do not interactively correlate to groundwater heads simulated
with the groundwater model (as capillary rise is ignored).
The omission of this interaction makes the groundwater store
not have the ability to sustain soil moisture states and to fulfil
. evaporation demands (especially during dry seasons).
We also ignore the fluctuations of water levels in large
lakes. Moreover, we disable the direct and interactive con-
! nection between the channel/surface water flows and ground-
100.00 * * s water tables. It should be also noted that the current model
ignores the fact that overland flows may occur as the con-
sequence of rising water tables above the land surface ele-
0.00 vation (especially for phreatic aquifer locations). Such over-
0550 0575 0800 0625 0850 0675 0700 land flow might be accommodated by using additional MOD-
1 - Reor FLOW packages (e.drestrepo et al1998. However, they
are currently irreconcilable with PCR-GLOBWB-MOD in
Fig. 11. The scatter-plots of two model performance indicators (in its current form as the capillary rise from the groundwater
(entire) basin-scale average values) from all scenarios with varyingstore has been disabled. All of the aforementioned weak-
aquifer propertiesfQRE;s2g| (y-axis) and(1— Reor) (x-axis). nesses must be addressed while building the next generation
of this model that includes full coupling between the land
surface model and the groundwater model parts.
(Van Beek and Bierkens2009 Van Beek et al. 2011), We also acknowledge that the current version of PCR-
WASMOD-M (Widén-Nilsson et a).2007 and VIC (iang ~ GLOBWB-MOD is still not suitable for areas under heavy
et al, 1999, which do not have the ability to calculate anthropogenic water extraction as there are no global datasets
spatio-temporal groundwater heads; therefore, do not incoron pumping activities that can be meaningfully resolved at
porate any lateral flows in their groundwater compartmentsthe model resolution (30x 30”). As far as we knowWada
Although groundwater heads and lateral groundwater flowset al. (2010 and Wada et al.(2011) are the only studies
may not be important for current common global hydrolog- that estimated global groundwater abstraction, but at a very
ical models, which usually have a spatial resolution of 25—coarse resolution of 3& 30. However, our model is still
50 km, their inclusion is relevant for future global hydrologi- useful to assess impacts under an uncertain future climate,
cal models that may have spatial resolutions of down to 1 kmsuch as changing precipitation and temperature. Moreover,

* %0

* oo

|QRE7525|

200.00

400

(Wood et al, 2011). if such datasets of water pumping abstraction rate are pro-
Several authorsBijerkens and van den Hurl2007 Fan  vided, they can be readily incorporated in our model.
et al, 2007 Miguez-Macho et a).2007 Anyah et al, 2008 In this study, the sensitivity analysis of the groundwater

Miguez-Macho et aJ. 2008 Maxwell and Kollef 2008 head output is still limited to the uncertainty of our aquifer
Fan and Miguez-Macha201Q 2011) have suggested that properties in the groundwater model, not considering the un-
groundwater lateral flows can be important for regional cli- certainty of the land surface model outcome. In a future
mate conditions. For instancBjerkens and van den Hurk study, we may want to extend the sensitivity analysis by run-
(2007 have shown that rainfall persistence may be partly ex-ning several scenarios with varying soil properties of the first
plained by groundwater confluence to discharge zones thaand second soil stores (unsaturated zone) to produce several
remain wet throughout the year to sustain evaporation forecharge and surface water level time series and using them
longer periods of time. However, for our study area that hasto force the groundwater model. However, considering afore-
humid climate and relatively high drainage density, the im- mentioned weaknesses discussed previously, this extended
portance of groundwater lateral flows to regional climate hassensitivity analysis may not be meaningful if we do not use
to be confirmed. In such areas where rainfall may be mostlythe fully coupled model. In such a fully coupled model, the
transferred as hillslope and channel flows, groundwater latdynamic feedbacks between surface water levels and ground-
eral flow or groundwater confluence to discharge zones mayvater heads, and between soil moisture states and groundwa-
only be important during a long dry spell. This issue may still ter heads are expected to influence the behaviour of resulting
not be resolved from our current study, but we argue that anygroundwater head time series.

further investigation about it can be done by using a model Moreover, for such a fully coupled large-scale model,
such as presented here. model evaluation and calibration can be reasonably done by
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Fig. 12. Histograms of maximum values of all maps in Figcross correlatioR¢or) and minimum values of all maps in Fij0 (amplitude

error |QRE7525|). Each bar in the histogram is clustered based on approximate groundwater depths that are calculated by averaging the
34-yr 1974-2008 average modeled groundwater heads of all scenarios. Note that, to calculate these average depths, we used only cells wit
measuring stations.

comparing the model soil moisture states and remote sensin§avenijg2004), asserting that interception accounts not only
soil moisture products, such as AMSR-E (eNjoku et al, for evaporation fluxes from leaf interception, but also any
2003 and ERS Yagner et al.1999, which are also avail- fast evaporation fluxes as precipitation may be intercepted
able for the entire globe. By doing this, we anticipate thaton other places, such as rocks, bare soils, roads, litters, or-
a large-scale groundwater model can be evaluated and cagjanic top soil layers, etc. Thus, the interception capacity is
ibrated without extensive head measurement data that anparameterized as:

hardly available in other parts of the world. Thus, it allows

the construction and verification of large-scale groundwaterSimaxm = [1 = Cim] Inv + Ctm IvegLAIm (A1)

models in data-poor environments. where Sinax [L] is the interception capacity of each grid-

cell consisting of the fraction€; [—] of vegetation cover.

Appendix A Inv and Iyeg [L] are parameters defining the interception ca-
pacities per unit surface area in non-vegetated and vegetated
The land surface model of PCR-GLOBWB-MOD areas. LAl [] is the leaf area index, defined as the ratio

of total upper leaf surface of vegetation divided by the sur-
This Appendix A briefly describes the main features of the face area of the land on which the vegetation grows. Equa-
land-surface model of PCR-GLOBWB-MOD (which has the tion (A1), used in PCR-GLOBWB-MOD, is slightly dif-
spatial resolution of 30x 30”) and explains the modifica- ferent than its original version PCR-GLOBWB-ORI, which
tions from its original version PCR-GLOBWB-ORI (30 limits the interception capacity only to leaf canopies repre-
30), of which Van Beek and Bierken&009 andVan Beek  sented by the second term of EQ1) (Ct,m Iveg LAl m). The
et al. (2011) provide the detailed description. Note that as first term of Eq. A1) ([1 — Ct.m] Iny), introduced in PCR-
stated in Sect2.2, the terms “PCR-GLOBWB-ORI” and GLOBWB-MOD, represents the interception capacity in the
“PCR-GLOBWB-MOD” refer to the original and modified non-vegetated fraction.

versions, while ‘PCR-GLOBWSB'’ refer to both versions. The subscript m, which is the monthly index, indicates that
. Simaxm, Ct.m and LAl show monthly or seasonal variations
Al Interception due to vegetation phenology. Their variations are according

to a growth factorf, [—] which is a function of monthly

PCR-GLOBWSB includes an interception storad#j, [L], temperaturdi, [O]

which is subject to evaporation. Precipitatiah,[L T 1],
which falls either as snowsn[L T 1] (if atmospheric tem- Trmax — Tm 12
perature is below the water freezing temperatlise; 0°C),  fm =1 — [—} (A2)
or liquid rainfall, Prain [L T 1] (if Ta> 0°C), fills the inter-

ception storage up to a certain threshold. In PCR-GLOBWB-whereTax andTmin are the maximum temperature and min-
MOD, we use the interception definition as suggested byimum temperature assumed for the growing and dormancy

Tmax — Tmin
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seasons, and the monthly temperatiize fields are taken
from the 10 CRU-CL2.0 datasefNew et al, 2002, contain-

ing 12 monthly fields representing the average climatology

conditions over 1961-1990. Usinfg,, the seasonal parame-
tersCs m and LAl are modeled as:

LAlm = LAlmin + fm X (LAl max — LAl min) (A3)

Cf,m = Cf,min + fm X (Cf,max - Cf,min) (A4)
The maximum and minimum values of LAl an@ are as-
signed based on the land cover map of GLCC afipf
/ledc2.usgs.gov/glcc/globat.php, the global ecosystem
classification 0fOlson(19944ab) and the improved land sur-
face parameter table éfagemanr{2002.

The fast evaporation flux from the intercepted waftér,
[LT—1], is limited by either available evaporation energy for
wet interception areaBpj [L T 1] or available water irSi:

Ei At = min (Si, Ep; At) (AB)
where Ep o [LT~1] is the reference potential evapora-
tion (FAO Penman-MonteithAllen et al, 1998, Kc; [—]

is the “crop factor” for interception areas and [T] is the
timestep (one day).

A2 Snow pack

If Ta< 0°C, the surplus precipitation abov&inay falls as
snow and feeds the snow storadges[L], which is mod-
eled with a degree-day-factor (DDF fb~1T~1]) method
adapted from the HBV modeBgrgstbm, 1995. Snow may
melt (if Ta> 0°C) and melt water may refreeze Tid< 0°C)
with linear rate CFR [T1] or evaporate (if enough energy is
available). Melt water can also be stored in a liquid water
storage of the snow pacBg [L], up to a certain maximum
holding capacity that is proportionally 8sand controlled by
a factor CWH []. Any surplus above this holding capacity
is transferred to the soil.

A3 Direct or surface runoff

If Ta> 0°C, the net input liquid flux transferred to soi,

[L T 1], consists of the surplus precipitation above the inter-
ception capacityBinax (falling as liquid rainfall) and excess
melt water from the snow pack. In principl®, infiltrates

if soil is not saturated and causes direct runoff if soil is sat-
urated. However, this principle cannot be straightforwardly

2929

of a PCR-GLOBWB grid-cellx [—], as a function of grid-
average value¥ [L]:
b
b1
- ()

where Whin is the grid-(local)-minimum capacityyact and
Wmax are respectively the grid-average-actual water storage
and water capacity for the entire soil profil& 4= S1+ S»2
andWmax= SCG +SG, whereSCJL] is the soil water capac-
ity for each layer).

Based on EQ.A7), the net input fluxP, is divided into
direct runoff, Qgr [L T 1], and infiltration flux into the first
soil layer, Po1 [L T ~1]. The direct runoff is given by:

Wm ax — Wact

— (A7)
Wimax — Wmin

0 if PnAt+ Wact< Win

PnAt — AWactt
1
AW |:<LA“£3C‘) b+l PyAt

QarAr = — BrhAW

]b+1 (A8)

if Wmin < PnAt + Wact < Wmax

PnAt — AWact

with AW = Wmax— Wimin @and A Wact= Wmax— Wact.

Equation A8) states that an eveil,, for a given cell and
a given periodAt, only generates runof@y, if it brings
Wact above Wiin. It implies thatWyin is an important pa-
rameter governing runoff generation response time, espe-
cially for a large and highly variable 3@ 30 cell of PCR-
GLOBWB-ORI consisting of several land cover, vegetation
and soil types. HoweveWniy is less important for a rel-
atively small 30 x 30" cell of PCR-GLOBWB-MOD, for
which we assumed a uniform type of land cover, a uniform
type of vegetation and a uniform type of soil. Here, for
the sake of simplicity, we assuméliyi, =0 for all cells
in PCR-GLOBWB-MOD. However, PCR-GLOBWB-MOD
still considers the sub-grid elevation variability in &'3030"
cell by the existence of parametethat accounts for the fact
that for a given soil wetness, we expect that more runoff is
produced in mountainous regions than in flat regions (see e.qg.
Hagemann and Gate2003 Van Beek and Bierken2009:

, 0.01)

where oy, is the standard deviation of orography within
a 30 x 30" cell calculated from the "3 DEM of Hy-
droSHEDS [ehner et al.2008, andomin andomax are the
model-area minimum and maximum values of the standard
deviations of orography at the grid resolution.

if PaAt+ Wact> Wmax

b = max (Uh — Imin (A9)

Oh + Omax

implemented because we have to account for the variability Through this scheme, the amount of infiltratiBgy trans-

of sail saturation within a 30x 30" cell. Here we adopted
the Improved Arno Scheme conceptaggemann and Gates
2003, in which the total soil water storage capacity of a cell

ferred to the first soil store is equal to the difference between
Pn and Qgr (Po1= Pn— Qqr). However, we also have to
consider that the infiltration rate cannot exceed the saturated

consists of the aggregate of many different soil water storagéydraulic conductivity of the first laye®&sa1 [LT 2. In

capacities. Following this concepfan Beek and Bierkens
(2009 derived Eqg. A7) to estimate the fractional saturation

www.hydrol-earth-syst-sci.net/15/2913/2011/

this case, ifPo1 > Ksat1, itS excess is passed to the direct
runoff Qgr.
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A4 Vertical water exchange between soil and A L [012(t) — 023(1)]
groundwater stores TCL
where (t) and (r — Ar) indicate the actual time and previ-
Net vertical fluxes between the first and second st@es  ous time,L Q«(r) [L2T~1] is the interflow per unit hillslope
[LT~!] are driven by degrees of saturation of both lay- width, andL [L] is the average hillslope length, defined as
ers,s [-]. They are calculated either ag=S1/SC1 and  half the average distance between stream channels. The pa-

52=82/8C2; Of 51=01/0sat1 and so=063/0sar2, Where the  rameter TCL [T] is a characteristic response time given by:
subscript sat indicates saturation ahdl—] is the effective

moisture content defined as the fraction of storage overthick=|. L = L x (GsaIZ - 9fc,2) (A13)
ness ¢1=S1/Z, and6>=S>/Z5). In principle, Q12 con- 2 x ksat2 X tan(o)

sists of a downward percolatiof1_,» [LT 1], and a cap-
illary rise Q»_,1 [LT1]. If there is enough water irfy,
percolationQ1_,2 is equal to the first store unsaturated hy-
draulic conductivityK1 (s1) [L T 1. If 51 < 52, capillary rise
may occur with the amount 08>_.1=K2(s2) x (1—s1),
where K»(s2) [LT~1] is the second store unsaturated hy-
draulic conductivity and1—s1) is the moisture deficit in the
first store. The unsaturated hydraulic conductivity of each
layer, K (s), which depends on the degree of saturatipis

((:fg:?lg?ted based on the relationship suggesteGdiypbel ing windows as outlined b¥evenbergen and Thorii&987).

' Subsequently, by tracking from the most upstredicédls,
K(s) = Kgat x s2P13 (A10) we located “channel head” cells, which are the inflection
points from hillslope landscape cells — that are dominated
by mass wasting and generalized by positW&! — to valley
cells —that are areas of topographic convergence and general-
U = Yeat X s P (A11) ized by negativev Sl (Montgomery and Foufoula-Georgipu

) ) ) ) i _ 1993 Howard 1994. Then, we assumed every cell located

with ¢ being the soil matric suction [L]. Equation10) o ynstream of these channel head cells to have streams with
and @11), in which the subscripts 1 and 2 are removed, aréyhe 1ot length equals to its cell diagonal length. Consider-
used for both soil stores. To assign all soil parametersfj.e. ing errors that may exist in DEM, we added a condition that

ksay Vsay bsarandZ —see Tabld), we used the FAO soilmap .15 having drainage contributing area higher than 2500 of
(1999 and a soil parameter table derived n Beek and 3 51 second cells (about 25 Rrat the equator) are chan-
Bierkens(2009 based on the database @fobal Soil Data  gjeq. Having derived the channel network map, we calcu-

Task(2000. lated L, which is approximately equal to half the reciprocal

Net vertical fluxe\f11 between th_e second anq groundwa-¢ drainage density, /2D, (see e.gRodriguez-Iturbe and
ter stores,Q23 [LT 7], also consist of percolatio®,_, 3 Rinaldg 1997.

[LT~1] and capillary riseQ3_,» [LT~1]. Ideally, the flux

Q3.2 [LT™1] should exist and its amount is controlled by A6 Soil evaporation and plant transpiration

moisture contents and groundwater heads. However, in the

current PCR-GLOBWB-MOD, to force one-way coupling Soil evaporation,Es [LT~1], may originate from two

of the land surface model to MODFLOW, the capillary rise places: (1) from the first store (in which the storage is

from the groundwater store is inactivatadsy_, » = 0), which $1); and (2) from the melt water store in the snow paSkj.

is one of the limitations of the current modeling approach. The flux fromSsy, which is symbolized byEsy [LT 1], is
always prioritized over that fron§y, which is symbolized

A5 Interflow or shallow sub-surface flow by Es; [LT1]. The total of both is limited by the potential

) ) , i __evaporation energy left after interception flugg s [L T 1]
In shallow soil deposits covering bed rocks and in regollth(E%I +Es; < Ep). In addition,Es; in the saturated areais

soil developed in mountainous areas, interflow or sub-surface . i:a by the saturated conductivi®sai1, while the one in
storm flow is an important runoff component as perchedy,q \nsaturated area{dr) is limited by the unsaturated con-

groundwater bodies usually occur during wet periods. 'nductivity K1(s1). In PCR-GLOBWB-MOD, these principles
PCR-GLOBWAB, we model the interflov@s¢ [L T 1], as re- are summarized by:

leasing water from the second store based on a simplified

wherefs: [—] is the moisture content at field capacity and
tan(e) [—] is the grid-average slope for each cell. To de-
rive tan(e) in each cell of PCR-GLOBWB-MOD, we used
the 3 DEM of HydroSHEDS. To derivéd; [—], we used
Eqg. (A11) and assumed the matric suctipp (at field capac-
ity) equals 1 m. To derivé, we derived the channel network
map of the Rhine-Meuse basin using tfe[®EM and LDD

of HydroSHEDS. First, we calculated a generalized diver-
gence mapvSl (a generalized curvature) using<3 mov-

whereg [—] is a soil water retention curve parameter based
on the model ofClapp and Hornbergdi978:

approach oBloan and Moor¢1984): Eps = (Epo — fi Ei) x Kcs x (1 — Cy) (A14)
At
LOst(t) = [1 - TCL} LOst (t — A1 + (A12) By Ar = min (Ssi. Eps Ar) (A15)
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Ess =(1 — x) x min (Kl(sl), Eps — E%|) (Al16) fractions,Rs 1 and Rt 2, and available water storages, and
+x X m|n (Ksat]_, Ep’s — E55|) S2

where fi [] is a parameter for updatingp o after the inter- 7, _ RS x Ti2 (A23)

ception fluxE; (taken as 1) an&cs [—] is a “crop factor” Rf,1 81 + Rt 252

coefficient assumed for bare soil areas. Rios

_ Transpirations occurs due to rqot abstraction frgrP bothT2 _ f,2 92 % Tip (A24)

first and second soil stores. Their total fluk, [L T 4], Ri 151 + Rs 252

is limited to the potential energy left after interception flux, o

Ep7[LT 1] (hereafter called as potential transpiration). Un- Within a time step71 has the same priority &s, and 012,

der fully saturation, roots can experience lack of aeration preWhile T2 has the same priority a1 and Qst. If the avail-
venting themselves to uptake water. Therefore, we considefPl€ storages are limited to accommodate total fluxes, all

that transpiration only takes place in unsaturated grear).  fluxes are reduced proportionally to their sizes.

In PCR-GLOBWB-MOD, these principles are summarized Crop factorsker [—] in Eq. (A17), based on land cover
by: types, are calculated asl{en et al, 1998:

Ept = (Ep,o — fi Ei) Ker Cy (A17) Kerm = KCmin + (A25)

[Kerun — Kemin] x [1 — exp(—0.7 LAl )]
Ti2 = fr Ept (1 — x) (A18)

_ whereKcmin andKcyy are crop factors assumed under min-
whereKcr [—] is the crop factor assumed for each land coverimum and full vegetation cover conditions. The first was

type andft [—] is a reducing factor due to lack of soil mois- taken as 0.2, while the latter was calculated/lteq et al,
ture (water stress) that was derived based on the Improvedggg:

Arno Scheme concept Byan Beek and Bierken&009:

fr= — (A19) . . .
1+ (Be/0509p) > Po0% wherehyeg is the height of vegetation in meter based on the
) table ofVan Beek(2008.
_ b+1 ([ AWac b+1
Wiax + bAW [1 b ( AW } A7 Baseflow and specific runoff from a land surface cell
O = = (A20)
Wmax + b AW [1 - (AALWE}CI) b“} In the land surface model part of PCR-GLOBWB-MOD, we
still use the groundwater linear reservoir (in which the stor-

age isS3 [L]) in order to calculate the baseflow component

where the parameteégp o, [—] and 509, [—] are the degree LT-1
bf :

of saturation at which the potential transpiration is halved €
and the corresponding coefficient of its soil water retention

curve, andg [—] is a state variable representing the aver- Qb = S3.J (A27)
age degree of saturation over the unsaturated fractien).  \yhere y [T-1] is the reservoir coefficient parameterized

Note that allog, 6509, and Bso g, are the effective values for  pased orKraaijenhoff van de Leuf1958:
the entire soil profile (the first and second soil stores). The

values ofp and are given as: 2(KD
509 andBso o are g J_Z (KD) (A28)

veoos\— 3 veoos\~ 4 Syl 2

50% 50 %
SC1Rr1(422%) 7+ 5CaRp 2 (F22) _ 1 . o
0500 = (A21) with KD [L< T~*] being the aquifer transmissivity asy[ —]
SC1R1 + SC2Ry2 being the aquifer specific yield. To parameted® andSy,
we refer to Sect2.3.10f this paper.
Beoos= SC1 Ri1 B1+SC2 Re2 B2 (A22) From the three component@gr, Qsf, and Oy, the local
S0%= TTGC1R 1 + SCaR1 2 runoff in a land surface celjoc [L T 1], is given as:

whereyso 9 [L] is the matric suction at which potential tran- Oloc = Odr + Ost + Ob (A29)

spiration is halved (taken as 3.33m), aRd[—] is the root

fractions per soil layer. Here we simplified that the root For the cells with “urban” and “glacier ice” land cove3oc

fractions are proportionally distributed according to the layerconsists of onlyQqr because they are considered as imper-

thicknessesRs 1=21/(Z1+ Z2) andRt 2=Z2/(Z1+ Z>). meable areas where no infiltration can occur. Equati@9)
The distribution of the total transpiratidh » to the fluxes  is not valid for a “surface water” cell, which is described in

from both stores]; and 7> [LT 1], is based on the root Sect.A8.
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A8 Surface water bodies and surface water 20032, containing 12 monthly fields representing the average
accumulation in the land surface model climatology over the period 1961-1990. For precipitatign
this algorithm is summarized by:
For cells classified as surface water bodies, we assumed that

the local storage chang@wat [LT 1] is only influenced PeRA-40, 30 .d

by the precipitation,P, and open water evaporatiofyat P00 = PERA-40 30.m X FeruTs2130,m (B1)
-13. -40, 30',m

[LT]:

Owat = P — Ewat (A30) PCRU-CL20,10.m

Pin10.d = x P3g g (B2)

Pcru-cL20,30,m
Ewat = Epo % KCpat (A31)
where the subscripts 1@nd 30 indicate the spatial reso-
. lutions, the subscripts m and d indicate the monthly and
surface yvater bodies. . 2 daily resolutions, the subscripts CRU-CD2 CRU-TS21
Knowing the cell areas for all grid-cellsicen [L7], and {'ep A 40 indicate the dataset names and the subscript fn

Comb'F"”g Qwar and Qioc, We can eXpreSg tr_‘? total local o145 for the final derived forcing data supplied to the
runoff in a water volume per unit tim@io [L° T~ ]: model

Otot = Acell X [(1 — fwap Qloc + fwat Owail (A32) Equation B1), used for temporal downscaling from
monthly to daily fields, and EqBQ), used for spatial down-

where fwat [—] is either one for surface water cells or zero scaling from 30to 10, were also used to derive the daily

for non-surface water cells. To get thfga: field, we inte- 10 forcing temperature fieldSayy q. For this temperature

grated the surface water bodies identified in the GLCC 2.0downscaling, the unit must be in Kelvin (K) in order to avoid

land cover map and the levels 1 and 2 of the Global Lakeszero and near zero values in the denominators. To improve

and Wetlands Databaseghner and DIl, 2004. the spatial resolution of the snow coverage (simulated by the
In this study, we limited the discharge calculation to snow pack), the forcing temperature fields were downscaled

monthly resolution. Therefore, we could neglect water resi-into 30’ resolution:

dence time in channels (less than a week) and obtain monthly

discharge time serieScnn[L 3 T~] by simply accumulating  Ta, 30 4 = Tagg g + Tir x (DEMgg—DEM1g)  (B3)

the monthly values 001.; along the drainage network.

whereKcyat [—] is the “crop factor” coefficient assumed for

whereTir [© L~1] is the temperature lapse rate, DEMis
taken from the 30 digital elevation map of HydroSHEDS

Appendix B Climatological forcing data (Lehner et al.2008 and DEMy is its aggregated version at
10 resolution.
Climate time series maps, consisting of temperafiame For monthly reference potential evaporatigo, we used

precipitation P, and reference potential evaporatidipo, ~ the dataset okan Beek(2008, which is available at 30
are Supp”ed on a da”y basis to force the land surfacecovering 1901-2002 and derived based on the FAO Penman-
model. For the current PCR-GLOBWB-MOD, we used Monteith methodAllen etal, 1998. To derive monthlyEp o
the monthly CRU dataMitchell and Jones2005 New fields, Van Beekused relevant climatological fields of CRU-
et al, 2002 in combination with: (1) the EMCWF ERA- TS2.1, such as cloud cover, vapour pressure, and average,
40 re-analysis dataUppala et al. 2005, for the pe- minimum and maximum temperature fields. For wind speed
riod 1960-1999 (SectB1); and (2) the EMCWF opera- fields, the CRU-CL1.0New et al, 1999 dataset, containing
tional archive kittp://www.ecmwf.int/products/data/archive/ average monthly wind speeds over 1961-1990, was used as
descriptions/od/oper/index.htinfor 2000-2008 (SecB2).  there are no wind speed fields defined in CRU-TS2.1.
For PCR-GLOBWB-MOD, the 3monthly reference po-

Bl Period 1960-1999 tential evaporation fields dfan Beek(2008 — symbolized

_ as Ep 0,«,30,m — were downscaled into 10’ resolution fields
For the period 1960-1999, we used the monthly CRU-TS2.1ysing the monthlyfacru-cL20,10.m (Unit: K), and into daily
datasetiitchell and Jone2005, covering 1901-2002, and  resolution using the dailfa;y g (K):
the daily ERA-40 reanalysis dataséippala et al. 20095,
covering 1957-2002. First, we re-sampled ERA-40 maps TacrU-CL20.10.m

into half-degree (30 resolution, which is the resolution of £p.0.10.m = W X Ep,0.x.30,m (B4)
CRU-TS2.1. These re-sampled ERA-40 daily time series ReRssm

fields were subsequently used to downscale the monthly T

(_:RU-TS 2.1 into daily resolution. To get finer spatial resolu- Epoini0.d = TalO,d % Epo10.m (B5)
tion maps, we used the 1GRU-CL2.0 datasetNew et al, ao,m
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B2 Period 2000-2008 7. The aforementioned procedure is done at monthly and

30 resolutions, for both precipitatio® and tempera-
For the precipitation and temperature forcing data during ture Ta fields. To obtain finer resolutions, Eq81),
2000-2008, we used the ECMWF operational archive (B2) and @3) were used.
(http://ww.ecmwf.int/products/data/archive/descriptions/

od/oper/index.htnjl that was constrained to the long term  T0 obtain monthly reference potential evaporatibpo
averages and trends of the CRU-TS2.1 data: fields over the period 2000—2008, for most of which no CRU-

TS2.1 datasets are available, we defined a procedure to select
1. For each year y, the annual mean of the CRU-TS2.1the corresponding data from the monthly datas&of Beek
forcing data,Fcru-Ts21,y (Which may be either precip- (2008, Ep o «,30,m. that covers the period 1901-2002. The
itation or temperature) was calculated. Subsequentlyprocedure —repeated for each 83B0 cell, and every month
the 1961-1980 long-term mean Bfry-ts21,y —SYm-  m and year y in 2000-2008 — is summarized as:

bolized asFCRU-TszLel.gg— was also calculated. ) N
1. For the same month m, we identified the best corre-

2. Next, for the period 1981-2002, we calculated the sponding year y-CRU from the 1901-2002 CRU-TS2.1

anomaly time seriedy: datasets in which the precipitatiaPcry-1521,m,y-crRU
and temperature€facru-Tsz21,my-cruU are similar to
Ay = Fcru-Ts21y — FCRU-TS21,61-80 (B6) A E(O:rr\aevcvtgfjoAm,y andTaicE%rl\ﬁ\(l:\tl?gOA,m,y'
2. Next, we assumed that the monthly reference poten-
3. Furthermore, the trend of thé, time series was re- tial evaporationEp g 30,my (Where y is in the interval
gressed with the following linear model: [200Q2009) is the same as the one#in Beek(2008
for the month m and year y-CRW, o« m y-cru (Where
AYeNd = by + by x y (B7) y-CRU is in the interva]1901,2003).

3. To get finer resolutions, EqsB4) and B5) were used.
whereAtyrend is the model prediction, whilég and b1 g as2d) €9
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