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1 Introduction

The aim of the WP5 was to produce a multi-model ensemble-based global water resources reanalysis
(WRR tier 1 reanalysis) in which state-of-the-art land surface models and global hydrological models
are forced by the most-accurate global meteorological forcing provided by atmospheric reanalysis. A
part of WP4 is the validation of this WP5 water resources reanalysis, and the specific contribution of
Météo-France concerns the terrestrial water storage (Task 4.4) and the snow depth (Task 4.1).

This report presents, for these two variables, the validation of the WRR reanalysis (1979-2012) and
compares the models’ performances. The report contains a description of the variables to be
validated, a description of the observed datasets used for the validation, a presentation of the
models which have provided the necessary variables and those finally retained, the results of the
terrestrial water storage validation, and results of the snow depth validation. For a complete
description of the atmospheric forcing used in the project, the different institutes and models, please
refer to the deliverable D5.1 of the project.

2 Observed datasets

2.1 Terrestrial water storage

Terrestrial water storage (TWS) consists of snow and ice, surface water, soil moisture and permafrost,
groundwater and vegetation water content. The GRACE satellite mission provides time-variable
gravity field solutions which allow direct evaluation of the TWS variations. GRACE data can be used
to estimate TWS from basin (Crowley et al. 2006; Seo et al. 2006) to continental scale (Schmidt et al.
2006; Tapley et al. 2004). Other studies have also pointed out the possibility of using GRACE for the
estimation of groundwater variations (Rodell et al. 2004; Yeh et al. 2006), ice sheet and glacier mass
loss and hydrological fluxes. Our objective in this study, is to use GRACE to evaluate the simulated
water storage in the different models of the WRR reanalysis. As shown in previous studies, GRACE
can indeed be used to evaluate simulated water storage (Vergnes et Decharme 2012, Alkama et al.
2010, Decharme et al. 2010). Simulated TWS are compared to the GRACE products using the same
methodology used by Alkama et al. 2010 and Vergnes et Decharme 2012.

GRACE provides monthly TWS variation estimates based on highly accurate maps of the earth's
gravity fields over spatial scales of about 300-400km resolution (Wahr et al. 2004; Swenson et al.
2003). The most recent release (RLO5) of 3 GRACE gravity model products were used for the analysis,
each one generated by 3 different institutions: the Center for Space Research (CSR at the University
of Texas), the Jet Propulsion Laboratory (JPL) and the GeoforschungsZentrum (GFZ). Deriving month-
to-month gravity field variations from GRACE observations requires a complex methodology, and
many parameter choices. As recommended, we used all three data centers’ products, and averaged
them. For more details concerning GRACE data, please refer to http://grace.jpl.nasa.gov/data/. For
this study, GRACE data from April 2002 to December 2014 were available, but we only used the
2002-2012 period, because 2012 marks the end of the WRR reanalysis. During this period, some
months are not available, with the result that 122 months are considered.



http://grace.jpl.nasa.gov/data/
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2.2 Snow Depth

To perform the evaluation of snow depth in the WRR reanalysis, 4 different sources of daily data
exist, in different regions of the world. First, 600 stations over Russia from RIHMI-WDC (All-Russia
Research Institute of Hydrometeorological Information - World Data Centre, described in Bulygina et
al. 2014) with more than 20 years year-round data, the first records starting in 1874. Over USA, 355
stations over 30°N have been retrieved from the National Climatic Data Center (NCDC, ftp
://ftp.ncdc.noaa.gov/pub/data/ghcn/daily/), with more than 40 years and 350 observations per year,
the first records starting in 1889. Data from NCDC over Germany, Netherlands Norway and Sweden
are also available (ftp ://ftp.ncdc.noaa.gov/pub/data/ghcn/daily/), 448 stations with more than 40
years, 350 observations per year, the first records starting in 1887. We used also 719 quality
controlled stations of daily measurements of Canadian snow depth from Ross Brown (Environment
Canada, Brown and Braaten 1998) and NCDC : more than 20 years with 300 observations per year on
average, first records starting in 1881, last in 2003, and extension beyond 2003 from NCDC. This
ensemble of 2120 stations constitute our base of available observations. As explained in Section 4,
not all of these stations will not be included in our analysis.

RUSSIA

Fig.2.1 Snow depth stations

3 Models

3.1 Terrestrial water storage

In this report, to distinguish the models, the acronyms corresponding to the institutes (first column
of Table 1.1) will be used to refer to the model simulations from these institutes.

For comparison to GRACE data, the monthly TWS variations simulated by the models are calculated
in terms of anomalies of the sum of total soil moisture (TotMoist), surface water storage (SurfStor,
including lakes reservoirs, rivers,..), ground water reservoir (GoundMoist), snow water equivalent
(SWE), snow water equivalent intercepted by vegetation (SWEVeg) and total canopy water storage
(Canoplnt). Ideally, all these variables areneeded to estimate the variations of terrestrial water
storage as:

ATWS = ATotMoist + ASurfStor + AGroundMoist + ASWE + ASWEVeg + ACanoplnt

However, a significant disparity exists between the different models taking part in EartH2Observe,
and the required variables are not always output (see Table 1).
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ECMWF HTESSEL-CaMa

X X X

UNIVU PCR-GLOBWB X X - X X
METFR SURFEX-TRIP X X - X X X
NERC JULES X X X - X -
JRC LISFLOOD X - - - X X
CNRS ORCHIDEE X n - X -

UNIVK WaterGAP X X - X =
CSIRO W3RA X = - = X X
ETH1 SWBM X - = = = -
2 X - - o = -

Table 1.1 Variables required for the calcul of ATWS and their availability for each model.

Consequently, depending on the model, the calculated ATWS varies and only includes 5, 4 or 3 of
these variables. The simulated ATWS from the different models, compared below (Section 4), are
consequently the sum of different sets of variables. This variation does not create an absolute barrier
to performing a global analysis of the WRR reanalysis and having an overview of the ability of the
models to reproduce the TWS variations. However, because the calculated TWS for the models are
not exactly similar, it is not possible to make a detailed comparison and rank the models. For
instance, we decided to not conserve for the study the simulations from ETH, because only SWE was
available.

Finally, as mentioned above, the GRACE TWS estimates was first filtered in order to remove noise
and errors in the gravity field measurements, which can modify the signal by reducing the seasonal
amplitude of the final TWS. To be consistent with the GRACE data, the simulated TWS were
smoothed using the same 300 km-width gaussian filter, used by Alkama et al. 2010, which is similar
to the filter used for the GRACE products.

3.2 Snow Depth

Snow depth is output by only four of the models (Table 1.2). Here we analyse the daily snow depth at
0.5° resolution for 4 models over the 1979-2012 period. To compare the simulated and observed
snow depth, we first have to attribute a station to a model grid point (Brun et al. 2013). For each
station, the grid point corresponding to the latitude and longitude of the station is identified. The
altitudes of the station and the grid point are compared, and if the difference exceeds 100m, the
station is eliminated. Some time-criteria are also introduced, and stations with a lot of missing values
can’t be used. For example, it is also estimated that if more than 5 consecutive days are missing, the
station can’t be used to determinate the annual maximum depth snow. Finally, 1424 stations are
used to obtain the results given Table 5.1.
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ECMWF HTESSEL-CaMa X
UNIVU PCR-GLOBWB -
METFR SURFEX-TRIP X

NERC JULES
JRC LISFLOOD -
CNRS ORCHIDEE X
UNIVK WaterGAP -
CSIRO \W3RA -
ETH1 SWBM =
2 -

Table 1.2 Snow depth and its availability for each model.

4 Terrestrial Water Storage — RESULTS

To begin the validation of the observed and simulated ATWS, we first present some analysis at the
global scale. Figure 4.1 a) shows the monthly global average of simulated and observed ATWS, from
2002 to 2012. An important seasonal cycle exists and is represented, for global averaged ATWS,
Figure 4.1 b). A maximum of the global averaged ATWS is observed (black line) during boreal spring
and a minimum in autumn. The seasonal cycle is globally well reproduced by the different models.
The seasonal cycle of the multi-model mean (grey line) presents a comparable amplitude, but there
is a noticeable time lag of one month in the multi-model mean. All models have a tendency to
simulate an early seasonal cycle, where the size of the lag varies with the model. It is clear from the
timeseries 2002 to 2012 (Fig.4.1) that the seasonal cycle is correctly reproduced, and that the
principal differences between GRACE and the models come from the low frequency variability (the
trend). In the GRACE product, global averaged ATWS tends to decrease. Some models (e.g. METFR)
are able to simulate this negative trend, others (e.g. UNIVU) show a contrary positive trend.
However, maps of trends have been drawn, and the trends displayed in Fig 4.1 are not representative
of a global signal, but are mainly due to some strong trends over few located grid points.

Figure 4.2 shows the spatial distribution of the climatological ATWS simulated by the models and
estimated by GRACE (first line) from 2002 to 2012, for DJF, MAM, JJA and SON respectively (left to
right). For each season, the spatial correlation between the model and GRACE is indicated bottom
left. The global spatial pattern of ATWS is well represented by the models, particularly in MAM and
SON, as already shown in previous studies (Vergnes et al. 2012). Despite good model performance in
terms of anomalies, some models significantly underestimate ATWS (NERC, JRC, CSIRO or CNRS). But
it is important to remember that some models only have 3 of the 6 variables necessary to calculate a
perfect ATWS. It is concluded here however, that the spatial and seasonal structure are generally
acceptable.
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Fig. 4.1 a) Global average of monthly ATWS since 2002, for the GRACE product (black line) and the models

(colored lines). b) Annual cycle of ATWS for the 2002-2012 period. Same color code as a) except the grey line
for the multimodel mean.
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Fig. 4.2 Climatological comparison of the total TWS (cm) between GRACE (top line) and models for (left to right)
DJFE, MAM,JJA and SON. For each model and each season, the spatial correlation with the TWS GRACE product
is indicated bottom left of each map.
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The zonal averages of the ATWS are given Figure 4.3. In the left column the GRACE product is plotted
(black line) with all the models (colours), and in the right column with the multi-model mean with
the multi-model spread (in red). The zonal average of the multi-model ATWS gives a good estimation
of the ATWS and is quite similar to the GRACE product, especially in MAM and SON, as noted
previously. Although the multi-model mean corresponds closely to the GRACE product, the largest
spread between models appears where the ATWS is the largest, for instance in the tropical regions.
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Fig. 4.3 Left S HUILELE 8 et T column: zonal

average of GRACE TWS (black line) and all models (colored lines) for (top to bottom) DJF, MAM, JIA and SON.
Right column: GRACE TWS product in black, multimodel average in red, and in pink the multimodel spread.

As seen in the previous figures, the spatial structures of ATWS and the values of the anomalies are
not uniform and depend of the geographical region. That's why we have chosen to continue the
analysis by defining and using 11 geographical boxes. These boxes are represented in Figure 4.4 and
correspond to Norther America/Canada (CAN), Western North America (AMO), Eastern North
America (AME), Northern Europe (EUN), Southern Europe (EUS), Siberia (SIB), Sahel (SAH), Asia
(ASI) , Amazon (AMA), Eastern South America (AMS) and Central Africa (AFR). All results presented
thereafter refer to these boxes.
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Fig. 4.4 Location of the 11 geographical boxes used for the analysis of TWS.

Figure 4.5 compares the annual cycles of the simulated ATWS with the GRACE estimates over the 11
boxes defined Figure 4.4. For some regions (CAN, AMO, AME, AUS, SIB, SAH), as previously discussed
in the global mean, the simulated ATWS seasonal cycle is shifted and ahead of the GRACE estimate.
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Fig. 4.5 TWS seasonal cycle over the 11 regions previously defined. Black line: GRACE product. Colored lines:
simulated TWS.
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Fig.4.6 Monthly mean ATWS anomalies (seasonal cycle removed) over the 11 regions previously defined from
2002 to 2012. Black line: GRACE product. Colored lines: simulated ATWS.
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A full timeseries of monthly mean ATWS anomalies, observed and simulated, averaged over the 11
boxes are represented Figure 4.6. Correlations between the simulated ATWS and the GRACE product,
corresponding to this Figure 4.6 are grouped in the following table (Table 4.1).

Finally, to complete the analysis of the simulated ATWS, we have also calculated the RMSE and the
ratio of variance of the monthly anomalies (seasonal cycle removed), between the simulated ATWS
and the GRACE product, for each model and over each box. Results are grouped together table 4.2
and 4.3.

CAN | AMO | AME | AMA | AMS EUN EUS SAH AFR SIB ASI
ecmwf | 0.43 0.60 0.55 - 0.9
i g i P 0.8
univu 0.40 0.47 0.34 ‘ 0.36
1 0.7
metfr 0.38 3 0.59 0.30 | 0.68 0.49 0.6
0.5
nerc 0.54 0.65 0.51 | 0.67 | 0.63 | 0.35 0.4
: 0.3
jrc 0.39 | 0.63 0.69 | 0.69 0.66 | 0.59 | 0.50 0.62
0.2
csiro 0.42 0.45 0.56 0.48 0.1
cnrs 0.48 0.63 | 0.61 0.58 | 0.42 0.50

Table 4.1 Correlation of the monthly simulated ATWS (annual cycle removed) and the GRACE product for each
model and each geographical box.

CAN | AMO | AME | AMA | AMS

ecmwf 1.97 | 331 | 1.95
univu 165 | 3.39
metfr 2.35 2.44

nerc 231 | 3.45 | 2.04

jre 279 | 348 | 262

csiro 2.79 2.31

cnrs 1.62 | 3.27 | 3.21

Table 4.2 Same as Table 4.1 for RMSE.
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CAN | AMO | AME | AMA | AMS EUN EUS SAH AFR SIB ASI
ecmwf | 0.62 | 1.15 | 1.16 1.21 | 0.57 | 0.85 0.61 | 0.80 I 205
2
univu 1.69 1.08 1.35 | 0.71 | 1.09 | 0.81 1.28 BT
e 1.4
metfr 1.03 | 0.75 | 0.70 | 1.44 | 1.01 | 0.87 0.56 | 0.57 - 4 o
= 1
nerc — 0.85
e 0.7
jrc 0.68 | 1.05 0.58 0.55
0.4
csiro 0.56 | 0.70 0.2
cnrs 0.72 1.36 0.56 0.72

Table 4.3 Same as Table 4.1 for the ratio of variance. A positive (negative) value corresponds to a
overestimation (underestimation) of the variance, relative to the GRACE one.

For the correlation and RMSE (Table 4.1 and Table 4.2), results are highly dependent on the
considered regions. Models show similar behaviors with relatively high correlations over AMO, AME,
AMS, EUN, EUS and SIB, lower over AFR and AMA, and correlations are poor over CAN, SAH and ASI.
Obviously, in addition to these general considerations, models are not equals, and some models have
consistently better correlation in all regions than others.

Considering the Table with RMSE, results are similar. RMSE is particularly high for some specific
regions in any model. This is particularly true for AMA and AME, but also for AMS, SAH, AFR and ASI.
For the correlation and RMSE, we can conclude than some models show better results than others,
but similarities exist and some regions seem to be more difficult to simulate than others, whatever
model is considered.

The last table groups the results for the ratio of variance (Table 4.3). Contrary to correlation and
RMSE, the main differences are here due to the model and not the region. The last four models
present an significant underestimation of the variance, but it is important to remember that these
models are those with the least amount of variables to calculate the ATWS.
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5 Snow Depth — RESULTS

Various statistical indices were computed in order to evaluate the performance of the different
models. More than 1400 stations of daily snow depth have been used to calculate bias, correlation
and RMSE for the following variables: annual mean snow depth, number of days per year with snow
on the ground, duration of the longest period with continuous snow on the ground, first and last day
of the year (since 1% August) with continuous snow. A day with snow on the ground is defined as a
day with a snow depth higher than 1cm. The following 4 figures represent maps of bias for these
variables, follow-up to the annual cycle of observed and simulated snow depth. Finally, a table
groups bias, correlation and RMSE for the four models.

] 10 15 20 25 30 35 40
Fig. 5.1 Bias (cm) between the simulated averaged snow depth and the observations over the 1979-2012

period. Bottom : climatological observed values (cm).
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Figure 5.1 shows the annual mean snow depth for the stations used to validate the models (bottom),
and the maps of bias for the four available models. In terms of annual average, two models (METFR
and ECMWF) tend to overestimate the snow depth while others (CNRS and NERC) underestimate it.

Figure 5.2 shows number of days with continuous snow on the ground in the observations (bottom
map), defined as days with at least 1cm of snow on the ground, and the bias in the models (4 first
maps). METFR, NERC overestimate this duration. NERC strongly overestimate it, especially at highest
latitudes. In contrast, CNRS shows a number of days with continuous snow significantly lower than
the observations.

[ [ [ [ [ T -

-49 -42 -35 -28 -21 -14 -7 0 7 14 21 28 35 42 49

&l

L[ T T, -

30 60 90 120 150 180 210 240
Fig. 5.2 Bias (days since 1%t August) of duration of continuous snow between models and observations over the

1979-2012 period. Bottom : climatological observed values (days).
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Figure 5.3 represents the first day (since 1% August) with continuous snow on the ground observed in
average (bottom map). The bias (in days) of the simulated date of this first day for each model is
represented by the four top maps. The biggest bias is found in NERC. METFR and ECMWF tend to
simulate an earlier continuous snow period than observed, while in the CNRS experiment, the date
of the first day with continuous snow occurs later.

Fig. 5.3 Bias (days since 1t August) of first day of continuous snow period between models and observations
over the 1979-2012 period. Bottom : climatological observed values (days).
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Figure 5.4 is identical to Figure 5.3 but for the last days (since 1% August) of the continuous snow
period. The bias (in days) of the simulated date of this last day for each model is represented by the
the four top maps. This time, the NERC experiment presents a strong positive bias, corresponding to
a later snow cover, especially over high latitudes. Bias in METFR is positive too but lower than NERC.
In ECMWEF, the bias is positive but relatively weak, while in the CNRS experiment, the date of the last
day with continuous snow occurs much earlier.

T D -

7 14 21 28 35 42

A
43 ad

L[ [ [ -

125 150 175 200 225 250 275 300

Fig. 5.4 Bias (days since 1%t August) of last day of continuous snow period between models and observations
over the 1979-2012 period. Bottom : climatological observed values (days).
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Another way to summarise the previous maps and
results, is to represent the observed and
simulated annual cycle of snow depth (Figure 5.5).
The same results as previously described are
highlighted: two models, METFR and ECMWF
simulate a snow period that is too long, and
consequently, an annual mean snow depth that is
higher than observed. On the contrary, NERC, but
particularly CNRS show an annual mean snow
depth too shallow.

As shown by the previous figures, the mean
state biases are evenly distributed throughout
the world. We have consequently chosen to
summarise the models performances in the
following table (Table 5.1) which groups global
bias, correlation and RMSE for the annual mean
snow depth, the number of days with snow in a
year, the duration and first and last day of
continuous snow period.

OBS

Annual average snow depth (m) Mean 0.069
Bias
Carrelation
RMSE
MNumber of days with snow per year Mean 89.8
Bias
Carrelation
RMSE
Annual duration of continous snow Mean 78.1
cover (days) Bias
Carrelation
RMSE
First day with continous snow (number  Mean 129.9
of days since 1st August) Bias
Carrelation
RMSE
Last day with continous snow (number  Mean 231.1
of days since 1st August) Bias
Carrelation
RMSE

Table 5.1 Statistical scores for the different models compared to observed snow depth stations.
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Fig. 5.5 Annual cycle for observed snow depth,
and simulated snow depth over the grid points
corresponding to the stations.

METFR CNRS ECMWF NERC
0.082 0.028 0.083 0.058
0.013 -0.041 0.013 -0.011
0.83 0.75 0.83 0.80
0.062 0.079 0.063 0.059
95.2 62.9 100.0 97.1
5.4 -26.9 10.3 7.3
0.97 0.94 0.98 0.96
20.4 394 21.0 28.2
89.8 56.6 89.4 92.3
11.7 -21.5 11.3 14.2
0.95 0.93 0.97 0.93
28.8 36.6 24.3 35.3
123.1 135.0 124.6 125.5
-6.9 10.3 7.7 -2.0
0.84 0.80 0.86 0.84
23.4 26.0 23.1 22.1
239.8 217.5 235.6 251.8
8.6 -19.7 6.3 18.1
0.85 0.81 0.89 0.80
25.7 322 225 36.4
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Another point to consider for the validation of the simulated snow depth and not discussed
previously, is the ability of the models to capture the interannual variability. In the analysis of
seasonal cycle, we demonstrated that results were similar at the global and regional scale. For this
analysis of the interannual variability, we have chosen to examine different regions. These regions or
boxes, represented in Figure 5.7, have been defined based on the available data (see the stations
localisation in the previous figures of Section 5). We have worked with three boxes with a larger
number of stations : A box over Canada (CAN) with 236 stations, over Russia (RUS) with 256 stations,
and over Eastern North America (AME) with 187 stations. The analysis is also performed in global
mean (GLO), considering all stations.

Figure 5.7 Location of the 3 geographical boxes used for the analysis of snow depth.

Figure 5.8 represents annual mean anomalies of observed and simulated snow depth over these
different boxes. By representing anomalies, we avoid the mean state bias previously mentioned. It
appears that the interannual variability is very well captured by the models. Correlations are
between 0.78 (model METFR box RUS) and 0.95 (ECMWF box AME).

CAN AME

6.0 -
4.0
20
0.0 - J

20 )

@ ¥V v
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4.0
] L ops & 1.5 __oBS
i ___metfr___ 4 metfr
3.0 Secnisi B
4 ___ecmwf
__nerc___

2.0
1.0
0.0

1.0 3

2.0 3

-3.0:|....|..H,.H.l....l....,”
1980 1985 1990 1995 2000 2005 1980 1985 1990 1995 2000 2005
Figure 5.8 Annual mean (since 1%t August) of snow depth anomalies, over the different regions: Canada (CAN),

Eastern North America (AME), Russia (RUS) and global average (GLO). From 1979 to 2008. Result for 1979
corresponds to the mean from August 1979 to July 1980. In black, the observed stations. In colors, the models.
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Figure 5.9 Taylor diagram for snow depth annual mean. Models are identified by colors, and numbers represent
geographical boxes.

A Taylor diagram of the annual snow depth is represented Figure 5.9. Taylor diagrams are used to
compare results of models to observations. A perfect model would be represented by a circle located
on REF (ratio of standardized deviation and correlation equal to 1). Our four models are represented
by a different color and for each models the numbers 1,2,3,4 allow us to distinguish the four
geographical areas (respectively CAN,RUS, AME and GLO). Although the correlations are good, we
can see important disparities in the simulated snow depth variance by the different models. METFR
shows a variance that is relatively correct and close to the observed variance (ratio close to 1) except
over the Eastern North America (AME). ECMWF tends to overestimate the variance. On the contrary,
NERC and CNRS underestimate the variance of the annual mean of snow depth. This
underestimation is especially strong in CNRS.

6 Conclusions

We have presented in this work a validation of the simulated terrestrial water storage and snow
depth, in the WRR1 reanalysis.

For the TWS, the main constraint to complete this task successfully, is the difference existing
between the available outputs from the models: the same variables do not exist as outputs for all
models (Table 1.1), and the calculated TWS is therefore not consequently strictly comparable.
However, a global analysis of the simulated TWS has been carried out to highlight principal
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performances or bias of models. It has been shown that the spatial and seasonal climatologies are
correctly captured (Fig. 4.1 a) and 4.2). The simulated seasonal cycle tends to be ahead of the
observed one (Fig. 4.1 b) and Fig. 4.5). Biases in the representation of the variability of monthly
anomalies are more dependent on the region than on the model, for instance over Canada, Sahel,
Asia or Amazon, monthly correlations with the GRACE product are low for all models. This is also true
for RMSE. The analysis suggests that some models such as NERC, JRC, CSIRO and CNRS present a
negative bias in their estimation of the TWS variance, however it must be noted that it is precisely
these models which have fewer variables for the calculation of the ATWS.

The validation of the snow depth was carried out 4 the models which have this variable as output:
METFR, ECMWF, NERC and CNRS. A multimodel approach is difficult with so few models and has not
been considered here. Biases are spatially evenly distributed. The annual mean snow depth tends to
be overestimated by METFR and ECMWEF, and underestimated by NERC and especially by CNRS. The
seasonal cycle is in phase with the observed one, but longer for METFR, ECMWF and NERC, and
shorter for CNRS. The interannual variability is generally well captured by the models, although
underestimated by CNRS. CNRS model has shown significant biases for all variables (average,
duration of snow period, etc...), in terms of both the mean state or the variability, and we suspect
maybe a problem or bug in their simulation. As things currently stand, this simulation would be
probably excluded for a multimodel study.
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