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Abstract

Since its launch in March 2002, the GRACE miss®measuring the global time variations
of the Earth’'s gravity field with a current resatut of ~500 km. Especially over the
continents, these measurements represent the atgdgland water mass including surface
waters (lakes, wetlands and rivers), soil moistgreundwater and snow cover. In this study,
we use the GRACE land water solutions computed aymilRen et al. (2005a) through an
iterative inversion of monthly geoids from April@® to May 2004, to estimate time-series of
basin-scale regional evapotranspiration rate -a&sd@ated uncertainties-. Evapotranspiration
is determined by integrating and solving the watass balance equation, which relates land
water storage (from GRACE), precipitation data rfirthe Global Precipitation Climatology
Centre), runoff (from a global land surface moaeiyl evapotranspiration (the unknown).We
further examine the sensibility of the computatisen using different model runoff.
Evapotranspiration results are compared to outp@itéour different global land surface
models. The overall satisfactory agreement betw&EACE-derived and model-based
evapotranspiration prove the ability of GRACE tooypde realistic estimates of this

parameter.

1. Introduction

Temporal change of evapotranspiration (ET) provglegious indications of the global water
cycle and climate change, as well as important dapn conditions for climate models.
Unfortunately, there are no global-scale in sittasugements of ET. Algorithms for deriving
ET from the raw satellite observations require tmeaspecific calibration, making them very
difficult to apply globally. In global Land Surfaddodels (LSMs), ET is modelled through
different empirical approaches, e.g., using theniRemequation (De Marsily, 1981), through
parameterization of the latent heat flux (Ducoudtéal., 1993, Milly and Shmakin, 2002)
according to the bulk equation introduced by Mahtdi1963), etc. At large scales, the
temporal distribution of ET is a function of clinmatonditions, soil moisture availability, the
vegetation type as well as the area of the suniater (wetlands and rivers). These surface
conditions are poorly known for global scale madell Existing models provide substantially
dissimilar estimates at monthly, seasonal and emanal time scales (Verant et al., 2004).
Recent results of the total land water storage hasethe GRACE (Gravity Recovery and
Climate Experiment) space mission (Tapley et @042 Wahr et al., 2004; Schmidt et al.,
2005, Ramillien et al., 2005a) suggest that theatians of continental water storage are

mainly seasonal and the largest amplitudes ard¢ddda the large tropical basins of Africa



and South America, in the South East Asia duringigoon events, as well as in the high-
latitude regions of the Northern hemisphere du¢heosnow. These patterns are consistent
with those provided by global LSMs, such as the V& AP Global Hydrology Model
(WGHM; Dall et al., 2003), the Land Dynamics modehD; Milly and Shmakin, 2002), the
Global Land Data Assimilation System (GLDAS; Rodetlal., 2004a) and the Organizing
Carbon and Hydrology In Dynamics EcosystEms mo@&CHIDEE; Verant et al., 2004).
Rodell et al. (2004b) computed time-series of E€rahe Mississippi River basin, using the
land water information from the monthly GRACE gevnicombined with precipitation and
runoff data. Rodell et al. (2004b) showed that BRACE-derived ET is comparable to the
estimates provided by the ECMWF (European Centar Nedium range Weather
Forecasting) reanalysis and the GLDAS models.

In this paper, we compute time variations of basiale ET rates (and associated
uncertainties) by time integrating, and then sayithe water mass balance equation, using
land water solutions derived from GRACE (Ramillien al., 2005a) and independent
information on precipitation and runoff. We presestimates of ET, and associated errors,
for sixteen drainage basins from April 2002 up tayM2004. For validation, we compare the

ET estimates with predictions from global LSMs.

2. Method of analysis
Water mass balance equation
For a given watershed, the instantaneous equatithe eavater mass balance is:
P= ‘2—\1\/ +ET+R (1)

ow o .
where P’W’ R are precipitation, water mass storage and ruresfpectively. These terms

are generally expressed in terms of water mass @meguivalent-water height) or pressure
(kg/m?) per day. Time integration of Eq.1 between timieandt, (the starting and the ending
dates of the considered period, with= t, - t;, assumed to be ~30 day, the average time span

over which the GRACE geoids are provided) gives:
AET = i[AP AR AW] )

In Eq.2 above, ET is mm/day. If we have high-fregryesampled data (e.g., daily data for
precipitation), the classical method of the “regiah summation has been applied to integrate

precipitationP and runoffR over thet time interval.AW is the variation of the water mass



inside the drainage basin area betweéemand t,. This term is directly computed as the
difference between two monthly GRACE solutions:
AW =W(t,) -W(t,) 3
The GRACE-based land water solutions computed imilRan et al. (2005) are spherical
harmonics of a surface density functief@, 4, k) that represents the global map/éf.
F(O,),K) = i 3 [cE (k) cosml) + S, (k) sinmA) B, (cosd) )
n=1 m=0

In Eq.4,0 and/ are co-latitude and longitudi,is a given monthly solutiom andm are
degree and ordeﬁm is the associated Legendre function, @i (t) and S (t) are the

normalized coefficients of the decomposition. Inagiice, the spherical harmonic
development cutofl used for the land water solutions in Ramillieralet(2005) is limited to
degree 30. This corresponds to a spatial resolofi@®0 km.

Instead of using the “time-piece wise” approachppsed earlier by Rodell et al. (2004b) that
requires high-frequency data (and those were nailadble) to evaluate Eqg.3, we linearly
approximate the water mass variations of moktlas:

1
AW, = > (de+1 - de—1) (5)

Missing monthly land water solutions data (duehe lack of GRACE geoids) are simply
interpolated from the previous and the next months.

Precipitation and runoff data are provided as migrghids of 1°x1° (see section 3). Thus to
be consistent with the land water solutions, weettgy gridded P and R data into spherical
harmonics, low-pass filter at degree 30 and re-adgengridded data using Eq. 4.

Sixteen river basins are considered in this stlitigir location is shown in Fig.1. The contour
of each basin is based on a mask of 0.5° resolétoon Oki and Sud (1998). For each month
‘k’, gridded 4P, 4R, and4W are spatially averaged over each river basin daogto:

— R _

F« —E%F(Hj,)lj,k)& o8 sing, (6)
where Fy representsdAP, AR or AW. 64 and 60 are grid steps in longitude and latitude
respectively (generall§l = 66), andR. is mean Earth’s radius (~6378 km).

Once each quantity is averaged spatially, it iy éasompute mean ET using Eqg.2. Monthly
ET values were further divided by a factor of 30ctnvert the unit of mm/month into

mm/day.



As Eq.2 is linear and neglecting interpolation esran EqQ.5, one can easily compute

associated absolute errors from the relative uaicgies €, and &; onP andR respectively:
EW
O = ERAP + AR+ ZE (7)

g,,is the total error for a single month GRACE soluati®elative uncertainty on precipitation

fields €, is assumed ~11% (Rodell et al., 2004b). Howeveretied runoff data are much

more uncertain, especially in large low-land wateds such as the Amazon basin. In situ
measurements of Amazon discharges by 30%: obsemedal averages are 155,006/sn
(Vérosmarty et al., 1996), and 170,000-200,000srtDunne et al., 1998; Mertes et al., 1996;
Meade et al., 1991).

Regional runoff from different models, even for ln@bnstrained regions like in the US, can

vary up to a factor of four (Lohmann et al., 2008iis suggests the situation must be worse

elsewhere. Thus, we considered as realistic vdtres, of ~30%.

Walhr et al., (2004) estimates, to be ~18 mm for a 750-km spatial average GRAC&eba
land water solutions. Ramillien et al. (2005b) fduor,,~15 mm the finala posteriori
uncertainties on the land water solutions, withtigbaesolution of 660 km. As we use a
geographical mask to average the land water siovel each basing,, <1 mm. Thus, for

each monthly estimate, the contribution of the lavetter to the total budget error (Eq.7)

should be no much than 0.07 mm/day.
3. Data used in this study

3.1 Theland water solutions estimated from GRACE

As explained above, here we use the land watetigptupresented in Ramillien et al. (2005).
These solutions range from April 2002 to May (2004jth a few missing months. They
consist of total land water mass (surface watevers, lakes, flood plains; soil moisture;
groundwater; snow). Their spatial resolution is @ Associatec posterioriuncertainties

are also provided
3.2 Other data setsused in thisstudy for the period 2002-2004

3.2.1 Precipitation data



We use the monthly Global Precipitation Climatoldggntre (GPCC) products (Rudolf et al.,
1994). These are gridded data sets based on rgegdnservations, which have been checked
using a high level quality control system (Ruddlfg, 2003). We used the products with the
1° by 1° geographical latitude and longitude resoituthat contain monthly precipitation

totals (mm/month) derived from records of 30,0084®000 gauge stations.

3.2.2 Runoff data
For runoff, we use the predicted values from twdVisS: the WGHM model (Ddll et al.,
2003) and the LaD model (Milly and Shmakin, 2002).

Runoff from WGHM

WGHM was specifically designed to estimate riversctiarge for water resources

assessments. It computes 0.5°x0.5° gridded timessef monthly runoff and river discharge
and is tuned against time series of annual rivesshdrges measured at 724 globally
distributed stations. Surface runoff is computeshirthe water balance equation that takes
into account the water content within the effectivet zone, the effective precipitation and
the ET. This vertical water balance of the land apdn water fraction of each cell is coupled
to a lateral transport scheme, which routes theffuhrough series of storages within the cell
and then transfers the resulting cell outflow te tthownstream cell. It is assumed that
surface/subsurface runoff is routed to surfaceagmrwithout delay. Other products of the
model are monthly gridded time series of snow degii water within the root zone, ground

water and surface water storage in rivers, lakesngtlands, ET.

Runoff from LaD
The LaD model (Milly and Shmakin, 2002) providesntidy 1° x 1° gridded time series of
surface parameters. For each cell of the modeliatad water storage is composed of three

stores: a snowpack store, a root-zone store antbundwater store and the total energy
storage is equal to the sum of latent heat of fugib the snowpack and the glacier and
sensible heat content. Runoff generation in the badlel is essentially a soil-store-excess
mechanism, with no limitation on infiltration cagc(Milly et al., 2002), according to the
Manabe’s simple model (Manabe, 1969). Root-zoneewdbes not exceed a specified
maximum amount (i.e., the field capacity). This giifed scheme for modelling runoff

assumes instantaneous downstream flow of all ruredf that surface water storage is



neglected. Discharge past any point on the riveresponds to the summation over all

upstream cells of the product of runoff rate antlarea at that time.

3.3 ET predictionsfrom four different land surface models
GRACE-derived ET is compared to predictions frorarfglobal LSMs . We present below
how this hydrological parameter is computed bye¢hasdels.

3.3.1ET predictionsfrom WGHM

In WGHM, ET is computed as a function of potenti&l (the difference between the
maximum potential ET and the canopy transpiratitm, soil water content in the effective
root zone and the total available soil capacity as:

. S,
ET = m|n(Epot - EC!(Epotmax - EC)S j (9)

whereEpq is potential ET (mm/day). is evaporation from the canopy (mm/dai)et maxiS
maximum potential ET (mm/days; is soil water content within the effective rooneo(mm),
S maxIS total available soil water capacity within thiéeetive root zone (mm). In this latter
equation, canopy evapotranspiration has to be addsske 1° x 1° (originally 0.5° x 0.5°)
gridded monthly data are available for 2002 to 2004

3.3.2ET predictionsfrom LaD

In the LaD modelET is parameterized as:

r= 2 (alr)-a i 10
where: g, is the density of the airg is the aerodynamic resistance for scalar transfes, a
bulk stomatal resistance under conditions of ndgkgwater stresxy(To) is the mixing ratio
of water vapour associated with saturated conditiahthe surface temperatug, is the
mixing ratio at a given level in the atmosphericface layer Wk is the water storage in the
root-zone storé\Wk is the maximum possible value\0k. The final factor in Eq.10 accounts
for the limitation of ET by water stress. The LaD &re provided from January 1980 to April
2004 .

3.3.3. ET predictionsfrom GLDAS



The GLDAS project is led by scientists of the NaibAeronautics and Space Administration
(NASA) and the National Oceanic and Atmospheric Adstration (NOAA) in association
with researchers of the Princeton University, theviarsity of Washington and the Weather
Service Office of Hydrology (Rodell et al., 2004&rinceton, Washington and OHD
participated in North American LDAS project but 6LDAS. This uncoupled land surface
assimilation scheme, used for climate studiespisefd by real time outputs of the NCEP
(National Centres for Environmental Prediction) na&gsis, satellite data and radar
precipitation measurements. Parameters are dedwced high-resolution vegetation, soll
coverage and ground elevation data. Data assiomlag performed by one-dimensional
Kalman filtering strategy to produce optimal fielafssurface parameters. Nominal spatial and
temporal resolutions of the grids are 0.25 degrek 2hours respectively, and all fields are
defined for all lands north of 60°S. Outputs usedhis study were from a 1° resolution
simulation of Noah land surface model (GLDAS/Noah)which data assimilation was not
applied. Monthly 1°x1° means of the ET rates (urkig/n?) were interpolated from these
nominal 3-hour outputs. Due to problems of simolatin the ET subroutine of GLDAS, the
ET rate fields after 10/2002 were computed as #tie of the predicted latent heat flux and
the constant latent heat of evaporation (around12.50 J/kg) (M. Rodell, personal

communicatioh

3.34 ET predictionsfrom ORCHIDEE

The ORCHIDEE land surface model (Verant et al.,£200inner et al., 2005), developed at
the Institut Pierre Simon Laplace (Paris, Franpg)yides monthly 1° x 1° gridded time series
of surface parameters estimated from 1948 to 2B668this study, we only use the ET output
of SECHIBA (Schématisation des Echanges Hydriqukegetface entre la Biosphere et

I’Atmosphére) (Ducoudré et al., 1993; De Rosnay Bolcher, 1998), which is the water and
energy cycle component of ORCHIDEE. In SECHIBA, € flux is described using the

bulk equation introduced by Monteith (1963), simtia Eq.10.

4. Results

Figure 2 a-b presents GRACE-based ET time seriesdoh of the 16 selected river basins.
The ET estimates presented in Fig.2 use the WGHNbffufor the computations. For
comparison, are also plotted model-based ET (fronGHM, GLDAS, LaD and
ORCHIDEE). In view of the short time span considenere, the signal is dominated by the

seasonal signal. Maximum of the ET seasonal cycteiroin July for Northern hemisphere



river basins and in January in the Southern hemeisp These are in the range 3-4 mm/day
for all basins (at the spatial resolution of ~66@)k These GRACE-based ET seasonal
variations are consistent with model predictionswadl as observations. In the central
Amazon basin for example, a 3.6 mm/day seasonalitaiig was found by Costa et al.
(1999).

Table 1 presents the results of statistical corspas between GRACE-derived and model-
based ET. The rms (i.e., root-mean squares) difte® are averaged over the overlapping
months over the 2002-2004 period. In general, rifisrdnces between GRACE-based and
model-based ET are less than 1 mm/day, exceghéoBrahmaputra watershed, a relatively
small basin, where rms differences range from 1@61l.65 mm/day. The lowest rms
difference is found with the ORCHIDEE model ovee thilississippi basin (~0.29 mm/day
rms). This result for the Mississippi basin is cargble with that from Rodell et al. (2004b).
These authors derived a time-series of the ETalaéges by low-pass filtering the GRACE
geoids according to the Wabhr et al., (1998) metAduky also found a good agreement with
the GLDAS model for monthly means (~0.83 mm/day)r(spatial resolution of 750 km). As
this basin is well-covered by field observatiortss tcomparison confirms the great value of
GRACE for estimation ET.

In order to test the impact of the R model valuescbmpute ET (and associated
uncertainties), we consider two different riveribasases: the Amazon basin which suffers
from lack of observations (we then assume the meder is large in this region), and the
Mississippi basin which is well-covered by in sitata (thus error oR should be small).

We present in Fig. 3 a-b GRACE-based ET valuesgusnonthly runoff data from two
different models (WGHM and LaD). As seen on Fig:B, @onsidering LaD runoff produces
higher ET than using WGHM runoff: the mean diffasebetween WGHM and LaD curves is
a constant bias over the considered time spamiin&lay and 0.40 mm/day for Amazon and
Mississippi basins respectively). Besides, the Bie robtained by using WGHM runoff
remains the closest to the mean value proposedobiaet al. (1999) for the Amazon River
basin.

Figure 4 a-b presents ET uncertainties (Eg.7)Herttvo basins (Amazon and Mississipi). As
expected by the accuracy of the model runoff ins¢héwvo regions, extreme errors (1.8
mm/day, ~50% relative error) are found in the Anmabasin. In the case of the Mississippi
basin, the maximum error reaches ~0.55 mm/day (@ dune 2003) that corresponds to 20%
of the amplitude of ET rate. Accuracy of the ETerastimates should be clearly improved

when the quality of the input runoff data from misdecreases.



7. Summary

In this study, we have developed an approach basethe resolution of the water mass
balance equation to derive regional time variatiohthe ET rate based on GRACE data.
We also estimate associated absolute errors as=wevith the GRACE-based ET time series,
from the relative uncertainties on precipitatiord annoff. These absolute errors reach up to
1/6 of the seasonal amplitudes of the estimated Gmparison of the GRACE-based ET
with different global LSMs ET estimates shows gamkrall agreement, especially at the
seasonal time scale.

In the future, new GRACE land water solutions woldédconsidered as input to the proposed
approach to complete the series of ET rate vanatidlew perspectives of ET rate detection
from space gravimetry would give access to furtheface information such as vegetation

distribution and soil type.
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Tablel

Statistical comparisons between the time seridhefGRACE-based ET rate (this study) and
the ET rate values provided by four global landae models (GLDAS, LaD, ORCHIDEE,

WGHM) for each studied basin: bias (on the upper)pand rms (root-mean square)
differences (middle part) (units: mm/day). Compams for Amazon (in italic) and

Mississippi basins (bottom part) using differematf data as input (WGHM and LaD).

Bias (mm/day) GRACE vs.

Basin GLDAS LaD ORCHIDEE WGHM
Amazon 0,23 -0,31 0,5 0,37
Amur -0,13 -0,15 0,36 0,09
Brahmaputra 0,32 -0,37 0,7 0,21
Congo 0,02 -0,48 0,33 1,77
Danube -0,09 -0,26 0,39 0,38
Ganges -0,11 -0,64 0,01 0,07
Hwang Ho -0,03 -0,43 0,09 0,06
Mekong 0,08 -0,68 0,43 0,09
Mississippi -0,16 -0,59 0,25 0,07
Niger 0,39 -0,11 0,36 0,2
Nile -0,16 -0,59 0,25 0,14
Ob -0,23 -0,26 0,2 -0,12
Parana -0,04 -0,46 0,77 0,35
Volga -0,11 -0,1 0,41 0,02
Yangtze -0,11 -0,44 0,6 0,07
Yenisey -0,18 -0,05 0,38 0,04
RMS (mm/day) GRACE vs.

Basin GLDAS LaD ORCHIDEE WGHM
Amazon 0,8 0,65 0,46 0,78
Amur 0,61 0,59 0,4 0,42
Brahmaputra 1,46 1,47 1,65 1,3
Congo 0,5 0,58 0,5 0,55
Danube 0,99 0,97 0,6 0,7
Ganges 0,66 0,97 0,71 0,71
Hwang Ho 0,43 0,5 0,42 0,36
Mekong 0,53 0,49 0,75 0,6
Mississippi 0,48 0,49 0,29 0,32
Niger 0,45 0,95 0,55 0,67
Nile 0,48 0,49 0,29 0,64
Ob 0,75 0,94 0,34 0,82
Parana 0,46 0,66 0,53 0,47
Volga 0,99 0,9 0,55 0,85
Yangtze 0,53 0,51 0,53 0,41
Yenisey 0,75 0,73 0,5 0,75
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Table 1 (continued)

RMS (mm/day)

Runoff GLDAS

WGHM 0,48
LaD 0,53
WGHM 0,8
LaD 0,91

GRACE vs.
LaD
0,49
0,53
0,65
0,64

ORCHIDEE WGHM
0,29
0,33
0,46
0,6
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0,32
0,35

0,6
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Figure caption

Figure 1. Global distribution of the 16 drainage basins chasethis study: (1: Mississippi,
2: Amazon, 3: Parana, 4: Danube, 5: Niger, 6:,NileCongo, 8: Volga, 9: Ob, 10: Ganges,
11: Brahmaputra, 12: Yenisey, 13: Amur, 14: Huamg b: Yangtse, 16: Mekong).

Figure 2a-b: Time series of the ET rate for the sixteen dragnbgsins, that were computed
from the land waters GRACE solutions (Ramillierakt 2005a) at the resolution of ~660 km
(max. harmonic degree = 25-30), and combining \pitecipitation (GPCC) and runoff data
(here WGHM) for the same months. Our GRACE-basduinates are plotted in black, ET
profiles from WGHM in red, ORCHIDEE in dark blueLBAS in green, LaD in light blue.

Results of the statistical comparison are presemetable 1.

Figure 3 a-b: Time series of the variations of the ET rate d@@rthe Amazon basin and (b)
the Mississippi basin, considering runoff data froififerent global models: solid line: usiify

from WGHM model; dashes line: usifgfrom LaD model.
Figure 4 a-b: Time variations of the regional uncertainties dndstimates over the basin of

(a) the Amazon River and (b) the Mississippi, fdfedent relative errors on the runoff data:
er=5% (blue), 15% (red), 25% (green) and 30% (black).
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Figure 2a
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Figure2b
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Figure 3a
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Figure4a
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