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Figure 3.1: Analyzed European domains: Baltic Sea catchment, Northeast European domain (including
the Wisla, Odra and Elbe river basins), Central European domain (Wisla, Odra, Elbe, Weser, Rhine,
Seine, Loire, Rhone and Po river basins, as well as northern parts of the Danube basin), French domain
(Seine, Loire, Garonne and Rhone river basins), and Danube river basin.

3.2.6 Analyzed domains

The definition of the analyzed domains is determined by the availability of the diagnostic
BSWB data, which itself depends on the availability of runoff observations, and by the spatial-
scale requirement for the water-balance computations (see Section 3.2.2). For the latter reason,
smaller-scale river basins have been combined here to five large-scale European domains (Fig-
ure 3.1), which are partly based on those of precedent PRUDENCE analyses (e.g., Hagemann
and Jacob, 2007; Christensen and Christensen, 2007): the Central European (1 191 310 km?),
Northeast European (432 720 km?), and French (335 450 km?) domains, as well as the Baltic
Sea catchment (1 684 680 km?) and the Danube (772 220 km?) river basin. The Central Eu-
ropean domain includes the Wisla, Odra, Elbe, Weser, Rhine, Seine, Loire, Rhone, Po and
northern parts of the Danube river basins; the Northeast European domain comprises the Wisla,
Odra and Elbe basins; and the French domain consists of the Seine, Loire, Rhone and Garonne
basins. Note that the Baltic Sea catchment lies outside the PROMES and RegCM model do-
mains.

3.3 Seasonal cycle of hydrological variables: Analysis ap-
proach and general results
In this and the following two sections we will present an analysis of Figures 3.2-3.10, which

provide a broad investigation of the models in the selected domains. In this section, we will
describe the content of the figures and discuss some features of the overall models’ behavior
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common for the domains. An analysis for the individual regions and models is provided in
Sections 3.4 and 3.5, respectively.

3.3.1 Analysis approach and figures’ content

Figure 3.2 shows the mean seasonal cycles of the modeled monthly TWS variations (composed
of simulated changes in soil moisture and snow water equivalent) of the control period com-
pared with the BSWB data of monthly TWS variations (with shading areas denoting +/- one
monthly standard deviation o). The 10 regional climate simulations (i.e., the 9 regional models
and the stretched grid simulation of the global model ARPEGE) are displayed separately and
as an ensemble mean. Also the global driving model HadAM is shown, and the raw ERA-40
TWS variations (i.e., the changes in soil water and snow water equivalent from the ERA-40
soil moisture and snow analysis) are plotted for comparison.

Figure 3.3 presents Taylor plots (Taylor, 2001) for all domains, showing the standard de-
viations ¢ and the correlation coefficients r of the modeled mean seasonal cycles of TWS
variations compared against the diagnostic BSWB estimates. Table 3.3 lists simulated and di-
agnosed mean annual TWS amplitudes. Figure 3.4 shows the monthly year-to-year variability
(i.e., the monthly standard deviations o) of the modeled TWS variations compared against the
diagnostic BSWB data. The shaded areas denote the 95% confidence intervals calculated using
bootstrap resampling (10 000 samples)

Figure 3.5 displays the mean seasonal cycle of absolute TWS for the models and the diag-
nosed BSWB data. The absolute TWS values are calculated according to (2) for the BSWB
data. As an appropriate reference level cannot objectively be defined, we choose the reference
such that the yearly mean of each cycle equals zero. Subsequently we will refer to this data
as mean monthly TWS. Likewise, the differences between simulated and diagnosed TWS data
will be referred to as mean monthly TWS biases.

Figures 3.6-3.9 show the mean seasonal cycles of the modeled monthly precipitation
(compared against observed CRU precipitation), evapotranspiration (compared against basin-
scale evapotranspiration derived from CRU precipitation, see Section 3.2.2), runoff (compared
against observations from the GRDC, Bergstrom and Carlsson (1993) or from local sources,
see Section 3.2.2) and net radiation (compared against climatological ERA-15 net radiation),
respectively. Figure 3.10 displays the mean seasonal evolution of the modeled 2 m temperature
bias from observed CRU temperature. As Figures 3.2-3.5, Figures 3.6-3.10 also include the
respective ERA-40 data for comparison.

3.3.2 Overall models’ behavior

The simulated mean seasonal cycles of TWS variations are mostly situated within the year-
to-year variability of the diagnostic BSWB data (denoted by the shaded area in Figure 3.2).
However, the discrepancies between the individual models are sometimes considerable and
can amount to more than 1 mm/d in the investigated domains in summer and winter. The mean
seasonal cycle of monthly TWS variations of the ensemble mean of the RCMs is often closer
to the BSWB data than most individual models (e.g., in terms of the standard deviation o of the
seasonal cycle, see Figure 3.3). Regarding the overall behavior of other simulated hydrological
quantities, precipitation and evapotranspiration are generally overestimated in winter (except
for precipitation in the Danube basin) and spring when compared to validation data (Figures 3.6
and 3.7). Since a slightly overestimated decrease in TWS is resulting for most simulations in
spring (except in the Baltic Sea catchment, see Figure 3.2), the positive precipitation biases
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Figure 3.2: Modeled mean monthly TWS variations in the European domains compared against the
diagnostic BSWB data: the 10 regional climate simulations and their ensemble mean, as well as the
global driving model (HadAM) and ERA-40 are shown. The shaded area denotes +/- one monthly
standard deviation of the BSWB data.
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Figure 3.3: Taylor plots (Taylor, 2001) of the modeled mean seasonal cycles of TWS variations com-
pared against the diagnostic BSWB data (standard deviation o in mm/d and correlation coefficient
r): the 10 regional climate simulations and their ensemble mean, as well as the global driving model
(HadAM) and ERA-40 are shown.

must be exceeded by the positive biases in evapotranspiration and partly runoff in this season.
These are likely fed by excessive water storage resulting from overestimated autumn and winter
precipitation. Moreover, model evapotranspiration is slightly underestimated in early autumn
(except in the Baltic Sea catchment). Finally, the simulated 2 m temperatures show a general
warm bias in summer (except in the French domain) and winter, and a cold bias in spring and
autumn (Figure 3.10).

The models generally exhibit a reduced inter-annual variability in monthly TWS variations,
especially during summer (see Figure 3.4). The underestimation is largest in the French do-
main. A dominant fraction of the year-to-year summer variability of the BSWB data comes
from the ERA-40 moisture flux convergence applied in the computation of the combined wa-
ter balance (see Section 3.2.2), whereas the observed river runoff that also enters the BSWB
diagnostics shows less inter-annual variability during summer (see Figure 3.8, e.g., Northeast
European domain). The inter-annual variability of precipitation and runoff in the ensemble
mean of the RCMs (not shown) agrees well with the observed variability. However, the year-
to-year variability in simulated evapotranspiration is strongly underestimated. This is also the
case for ERA-40 evapotranspiration, though the ERA-40 precipitation shows a realistic year-
to-year variability (not shown).

Overall, the simulated mean seasonal cycles of TWS variations (except in the Baltic region),
as well as of evapotranspiration (in all domains) seem to be slightly shifted compared to the
validation data and attain their minimum and maximum about one month too early. This is still
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Figure 3.4: Monthly standard deviations o of the modeled TWS variations in the European domains
compared against the diagnostic BSWB data: the 10 regional climate simulations and their ensemble
mean, as well as the global driving model (HadAM) and ERA-40 are shown. The shaded areas denote

the 95% confidence intervals calculated using bootstrap resampling (10 000 samples).
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Figure 3.5: As Figure 3.2, but for the mean monthly absolute TWS. The yearly mean of each cycle is
zero by design.
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Figure 3.6: As Figure 3.2, but for precipitation (observations from CRU precipitation dataset).
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Figure 3.7: As Figure 3.2, but for evapotranspiration. The validation data is an atmospheric water-
balance estimate based on ERA-40 convergence and observed CRU precipitation (see Section 3.2.2).
The slightly negative winter values in some domains are due to the neglect of the systematic rain gauge
undercatch (see Section 3.2.3).
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Figure 3.8: As Figure 3.2, but for runoff (observations from the GRDC, Bergstrom and Carlsson (1993)
and from local sources).
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Figure 3.9: As Figure 3.2, but for net radiation (validation data is the ERA-15 reanalysis).
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Figure 3.10: As Figure 3.2, but for the bias in modeled 2 m temperature (differences from observed
CRU temperature data). The shaded area denotes +/- one monthly standard deviation of the CRU data.
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the case when a one month delay in measured runoff is taken into account for the diagnosis of
the BSWB data (see Section 3.2.5 and Figure 3.2, dashed grey lines).

The simulated ERA-40 TWS variations show a pronounced underestimation in summer
TWS decrease (except for the Baltic Sea catchment), and an overestimation in spring TWS re-
duction (not pronounced in the French domain, see Figure 3.2). In summer, this is likely related
to the soil moisture increments added in the ERA-40 soil moisture analysis. This addition of
water leads to a dampening of the decrease in summer TWS, as discussed in several previous
studies (e.g., Betts et al., 1998, 1999, 2003a; Seneviratne et al., 2004; Hirschi et al., 2006a),
and makes that the water balance of ERA-40 is not closed at the land surface (e.g., Hagemann
et al., 2005). In spring, snow melt is immediately removed as runoff in ERA-40, whereas in
reality it might refreeze deeper in the snowpack (Betts et al., 2003b; Hirschi et al., 2006a).
This is visible in the overestimation of ERA-40 spring runoff (see Figure 3.8), and results in
the overestimated TWS reduction in spring.

3.4 Seasonal cycle of hydrological variables: Regional anal-
yses

3.4.1 Central and Northeast European domains

In the Central and Northeast European domains, most models overestimate the decrease in
TWS during spring (mainly in April and May) and summer (mainly June and July, Figures 3.2
and 3.5). In spring and early summer seasons, these negative model biases in TWS variations
appear related to a precedent overestimation of precipitation during winter and spring (Fig-
ure 3.6) and consequent overestimation of evapotranspiration (Figure 3.7). Note, though, that
some of the precipitation and evapotranspiration biases may result from undercatch of solid
precipitation by the rain gauges (since CRU precipitation is not corrected for gauge biases, see
Section 3.2.3). However, later in the summer, the negative biases in TWS variations in the
Central European domain are associated with an underestimation of late summer precipitation,
which also leads to underestimated late summer runoff.

In autumn and winter, the increase in TWS is overestimated by the models, mainly as a
consequence of too strong precipitation and underestimated early autumn evapotranspiration
(as well as too low autumn runoff in the Central European domain). Consequently, the simu-
lated mean annual TWS amplitudes are somewhat too large in the two domains (see Figure 3.5,
Table 3.3, and the standard deviations o of the modeled mean seasonal cycles of TWS varia-
tions in Figure 3.3).

3.4.2 French domain and Danube basin

In the French domain (in June and July) and in the Danube basin (in July and August), the
summer decrease in TWS is mostly underestimated by the models (Figure 3.2), i.e., the models
show positive biases in summer TWS variations. In the Danube basin, this is associated with
strongly underestimated summer evapotranspiration in most RCMs (Figure 3.7). This indicates
water shortage in the models and suggests that they may reach water stress conditions too
early in this region (also note that precipitation is continuously underestimated in the warm
season, see Figure 3.6). Previous studies have often pointed to a “summer drying” issue of
RCMs in southeastern Europe (e.g., Hagemann et al., 2004). This may be associated with a
too low water-holding capacity of the model soils as the mean annual TWS amplitude appears
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Table 3.3: Modeled mean annual TWS amplitudes [mm] in the various domains compared against
BSWB data (control period). Note the Baltic Sea catchment is not covered by PROMES and RegCM.

Domains
Model Central Europe Northeast Europe France Baltic Sea Danube
CHRM 134 125 152 164 98
RACMO 152 142 194 98 117
HIRHAM 136 123 174 134 117
CLM 107 103 116 140 87
RCAO 126 123 143 87 134
REMO 130 126 158 93 141
PROMES 41 32 52 - 61
ARPEGE 115 101 134 160 136
RegCM 161 132 192 - 144
HadRM 117 88 131 66 97
ensemble mean RCMs 121 109 143 89 111
HadAM (driving model) 81 73 111 70 77
BSWB 95 96 142 111 133

underestimated (Figure 3.5, Table 3.3). This is an important issue, in particular for climate
change projections (Seneviratne et al., 2006b). In the French domain, the underestimation of
summer TWS decrease is related to an overestimation of early summer precipitation.

Overestimated precipitation in winter (in the French domain) and spring (in both domains)
leads to overestimated spring evapotranspiration in most models, and thus to slightly nega-
tive spring biases in TWS variations. In autumn, the increase in TWS is overestimated in the
Danube basin (mainly in September and October) as a consequence of too low evapotrans-
piration and runoff. In the French domain, the increase in model TWS is mainly overestimated
in November and December, resulting from positive winter biases in precipitation. The result-
ing standard deviations o of the modeled mean seasonal cycles of TWS variations are mostly
too low in these domains (Figure 3.3).

3.4.3 Baltic Sea catchment

In the Baltic Sea catchment, the model ensemble mean of the seasonal cycles of TWS variations
(Figures 3.2 and 3.3) and of absolute TWS (Figure 3.5) fit well the BSWB data. However, the
spread between the models is large in winter and spring (over 1 mm/d in TWS variations).
The excess of model precipitation in winter and spring (see Figure 3.6) is compensated by
overestimated evapotranspiration and (in some models) runoff (Figures 3.7 and 3.8). Note that
as mentioned in Section 3.2.6, this domain is not covered by PROMES and RegCM.

3.5 Seasonal cycle of hydrological variables: Individual
models

Some model-specific characteristics can be observed in the various regions. Generally, the
lower bound in TWS amplitude is defined by PROMES, showing a pronounced underestima-
tion of the amplitude in all domains, i.e., less than half of the amplitude of the BSWB data (see
Figure 3.5, Table 3.3, and standard deviations o in Figure 3.3). This is related to strongly un-
derestimated evapotranspiration mainly in spring and summer (Figure 3.7), and overestimated
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runoff in autumn and winter (Figure 3.8). The reduced evapotranspiration is on the one hand
a consequence of a pronounced underestimation in net radiation (Figure 3.9). On the other
hand, both the underestimation of evapotranspiration and the overestimation of runoff suggest
an underestimation of the water-holding capacity or rooting depth used in this model.

In the French, the Central and the Northeast European domains, the upper bound in TWS
amplitude is set by RegCM and RACMO (Figures 3.3 and 3.5, Table 3.3). The land surface
schemes of both models (i.e., BATS1e and TESSEL respectively) have deep soils with 5 m
extent (Table 3.2). These large storage capacities enable the absorption of the excess in winter
and spring model precipitation (Figure 3.6), which is visible in the overestimation of water
storage in winter in these domains (mainly from November to January, Figure 3.2). Driven
by too high net radiation in summer (Figure 3.9), the enhanced evapotranspiration in RegCM
is maintained by the previously stored water (and also by too high summer precipitation) and
results in a larger summer TWS decrease compared to most other models. In RACMO, the
depletion of this water stored in the extensive soil is achieved through the positive summer
runoff bias (in the Central European and the French domains). The effect of the larger soil
depths can also be seen in the relatively high year-to-year variability in TWS variations of
these models (Figure 3.4).

The ARPEGE model exhibits a strongly overestimated cycle of TWS (Figures 3.2, 3.3
and 3.5) in the Baltic Sea catchment with an unrealistically high runoff peak in late spring
(Figure 3.8). Spring runoff is also strongly overestimated in the other domains. This behavior
seems to be associated with an excess snow accumulation in winter, leading to unrealistically
high spring runoff (Hagemann et al., 2004).

3.6 Interrelation of biases and processes

3.6.1 Bias correlations

The biases in the models’ mean seasonal cycles in the various domains are analyzed here in
more depth. Figures 3.11 and 3.12 display the mean monthly TWS biases (see Figure 3.5 and
Section 3.3.1) plotted against the mean monthly biases in simulated precipitation, evapotrans-
piration, runoff and temperature, respectively, for spring (MAM), summer (JJA) and autumn
(SON). Each symbol refers to one month and one model. Significant correlations (on the
p = 0.05 level) between the biases of the different models are denoted by an asterisk for the
various domains.

Figure 3.11 (top panels) shows that in spring, precipitation and evapotranspiration biases
are in general positively correlated with simultaneous TWS biases (except in the Baltic Sea
catchment). This points to a soil-driven spring evapotranspiration regime in the models. Spring
temperature biases also show significantly positive correlations with the TWS biases in the
French and Northeast European domains. However, temperature is mostly underestimated in
the simulations. This may be linked to an average positive precipitation bias. In the Baltic
Sea catchment, TWS biases are positively correlated with runoff biases, and negatively with
temperature biases, showing the importance of TWS biases for these variables. Note that in
this region, both precipitation and evapotranspiration are overestimated.

In summer, in the Danube region, the well-know problem of exaggerated summer dryness
can be see in the simulations with too low TWS, precipitation, and evapotranspiration. This
may be due to a too strong soil moisture—precipitation coupling in the models. This is also the
case for some models in other domains (e.g., for CLM in the Central and Northeast European
domains). The summer dryness in the Danube basin also results in overestimated temperatures
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Figure 3.11: Mean monthly model biases in precipitation and evapotranspiration vs. mean monthly
TWS biases (validation data as in Figures 3.5-3.7): for spring (MAM, top), summer (JJA, middle)
and autumn (SON, bottom), in the Central European (black), Northeast European (red) and French
(green) domains, the Danube basin (blue) and the Baltic Sea catchment (violet). Also displayed are the
respective regression lines and correlation coefficients for the 10 regional simulations (* significant on

p = 0.05 level).
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Figure 3.12: As Figure 3.11, but for mean monthly biases in runoff and temperature vs. mean monthly
TWS biases (validation data as in Figures 3.5, 3.8 and 3.10).
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and underestimated runoff (Figure 3.12, middle panels). In the Baltic Sea catchment, summer
TWS biases are significantly positively correlated with biases in precipitation and runoff. Thus,
through TWS, positive (negative) biases in precipitation are transferred into positive (negative)
runoff biases.

In autumn, runoff biases are positively correlated with TWS biases in all domains, indi-
cating a soil-controlled runoff regime in this season. In the Baltic Sea catchment, also pre-
cipitation, evapotranspiration and temperature biases display significantly positive correlations
with the TWS biases, pointing to a soil-controlled evapotranspiration regime. On the other
hand, biases in evapotranspiration are significantly negatively correlated with TWS biases in
the French domain, indicating an atmospheric-controlled evapotranspiration regime. In the
Danube basin finally, autumn temperature biases show a significantly negative correlation with
TWS biases, indicating a soil-driven temperature regime, in which too high (low) temperatures
are related to an underestimation (overestimation) of TWS.

Overall, this analysis shows some strong correlations between TWS biases and biases in
other climatic variables in all three seasons. This demonstrates the importance of validating
TWS in climate simulations, though the exact causal links between the biases cannot be inferred
through correlations analysis alone.

3.6.2 Lagged correlations

Here we analyze the inter-annual variability of the model and validation data by investigating
the lagged correlations between different variables (i.e., spring to summer and summer to au-
tumn correlations), focusing on the effects of absolute TWS on other simulated quantities (see
Figures 3.13 and 3.14; dotted horizontal lines depict the p = 0.05 and p = 0.01 significance
levels). The same validation datasets as in Figures 3.2-3.8 and 3.10 are applied. Each panel
also includes the respective ERA-40 correlations for comparison. Since only the climatolog-
ical runoff was available for HadAM (not the full time series), no correlations involving this
parameter can be calculated for this model.

Most models and the diagnostic BSWB data exhibit a significant positive relation between
spring and summer TWS, representing the memory effect of TWS in the climate system (Fig-
ure 3.13, upper left panel). In the Central European and the French domains, this effect is even
larger in the BSWB data than in the models. Likely as a result of its limited storage capacity
(see Section 3.5), PROMES shows smaller or even negative correlations and thus a reduced
memory effect. The same is also demonstrated by the small or even negative response of sum-
mer (autumn) evapotranspiration on spring (summer) TWS, while most other models and the
validation data show positive correlations (Figures 3.13 and 3.14, middle left panels). Anoma-
lies in TWS seem to be directed instantly to runoff by PROMES, which is demonstrated by the
strong positive correlations of TWS with simultaneous runoff in both spring and summer (not
shown). This corresponds with earlier findings showing a strong runoff response of PROMES
to anomalies in atmospheric moisture convergence (van den Hurk et al., 2005). On the other
hand, models with larger storage capacity (i.e., RACMO and RegCM) show relatively large
correlations between spring and summer TWS in most regions, indicating a larger memory
effect. The small spring to summer TWS memory of ARPEGE in the Northeast European do-
main and the Danube basin is likely related to its large positive biases in spring runoff, which
removes positive spring anomalies in TWS (see Section 3.5 and Figure 3.8). These results
confirm that soil moisture memory in models is generally controlled by water holding capacity
on the one hand and by the sensitivity of evapotranspiration and runoff to soil moisture content
at the lower and upper bounds of the soil moisture range on the other hand (e.g., Delworth
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and Manabe, 1988; Koster and Suarez, 2001; Seneviratne et al., 2006a). Between summer and
autumn, the simulated memory in TWS (Figure 3.14, upper left panel) is mostly overestimated
compared to the diagnostic BSWB data, possibly due to an underestimation of precipitation in
fall in the models (Figure 3.6).

For most models and regions, the memory effect of TWS results in positive correlations
between spring TWS and summer evapotranspiration and runoff (however not always signif-
icant, Figure 3.13). The validation data shows a similar signal, but that is only significant
for evapotranspiration in the Northeast European domain and the Baltic region, as well as for
runoff in the French domain and the Danube basin. The correlations with spring TWS are
less pronounced for modeled summer precipitation, but a significant positive soil moisture—
precipitation feedback can be observed for some models (mainly in the French domain and in
the Danube basin). Nowhere in the validation data this positive feedback is significant. On the
other hand, simulated spring TWS is negatively correlated with summer temperature (however
only significant for models in the French domain and in the Danube basin). As for precipi-
tation, observed summer temperature nowhere shows significant anti-correlations with spring
TWS. Thus these feedbacks may be overestimated in the models. Note that in the Danube
basin, already the driving model HadAM shows a significant anti-correlation between spring
TWS and summer temperature.

In most models and regions, also autumn evapotranspiration (in the Baltic Sea catchment
only for CHRM) and runoff are significantly correlated with summer TWS. In the validation
data, these correlations are only significant for evapotranspiration in the French and the Danube
regions.

For autumn precipitation, two striking features can be identified. First, there is a positive
relation between summer TWS and autumn precipitation in the models for the Danube basin,
which is absent in the other domains. Note, however, that the observations in the Danube basin
suggest that this positive correlation might be erroneous.

Moreover, the validation data surprisingly show significantly negative correlations between
summer TWS and observed autumn precipitation in the Central European and French domains,
which are absent in the models (Figure 3.14, top right panel). Also spring TWS, as well as
spring precipitation are both significantly anti-correlated with autumn precipitation in the val-
idation data (not shown). These spring to autumn anti-correlations are also apparent in RCM
simulations with the CHRM model driven by ERA-40 boundary conditions (not shown). The
origin of these correlations is likely due to atmospheric variability not captured by the driving
HadAM. However, the exact reasons for this peculiar summer-autumn link will be the subject
of future investigations.

3.7 Climate-change signal

This paper mainly focuses on the control period of the simulations, thus no extensive analysis is
provided for the scenario runs (for this, see the PRUDENCE special issue of Climatic Change;
Christensen et al., 2007). Nevertheless, some comments concerning the simulated changes of
the TWS cycles are given below. A more in-depth analysis of projected TWS (mainly of soil
moisture) and its links to future summer variability in precipitation and temperature is given in
Vidale et al. (2007).

The response of the modeled seasonal cycle of monthly TWS variations to the A2-scenario
(i.e., scenario minus control run) is displayed in Figure 3.15 for the various domains. The
seasonal TWS cycle is generally enhanced in all regions, with a stronger decrease (increase) in
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storage during summer (winter), and lower absolute soil water values during summer. The over-
all absolute change in TWS amplitude is largest in the French domain. Having a much deeper
soil and larger water reservoirs than most other PRUDENCE models (see Table 3.2), RACMO
shows a comparable large increase in the amplitude of the seasonal TWS cycle (e.g., in the
Central European and French domains). In contrast to most other models, ARPEGE shows a



68 CHAPTER 3: TERRESTRIAL WATER STORAGE VARIATIONS IN RCMS

Mean change in monthly variability, JUA

— Central European domain — Northeast European domain — Baltic Sea catchment
& 2 &
=5 =5 =
kS ® s R kS
=4 | = o | < o
ER ER P a + ER
¢ o o * < ¢ e 4 v o %
.
e v PO 2 . e y vt
by - —_ X —
2% *| 28 23
kel o kel
£ e | 2o 8o |
g 1 (g 1 g 1
» [%) %)
E % L T T T T T E % L T T T T T E g L T T T T T
° 0 20 40 60 80 100 ° 0 20 40 60 80 100 © 0 20 40 60 80 100
o(temperature), (scen—ctrl)/ctrl [%)] o(temperature), (scen—ctrl)/ctrl [%] o(temperature), (scen—ctrl)/ctrl [%]
oy French domain T Danube basin
3 3
= 9 = 9 x CHRM
2 n 2 o RACMO
5 8 5 84 v REMO
i & . * RCAO
; ° § ° a CLM
~ x ¥ ° - v b + = HIRHAM
2 g | <° 2 g | © o ° z PROMES
s 9 o, . 5 1 A * % ° + ARPEGE
8 N 8 & RegCM
8 9 1 3 T + HadRM
(2] [%) o ensemble mean
E g E 8 e HadAM
— T T T T T — T T T T T
© 0 20 40 60 80 100 © 0 20 40 60 80 100
o(temperature). (scen—ctrl/ctrl [%] o(temperature). (scen—ctrl/ctrl [%]
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decreased winter TWS accumulation, likely due to a reduction of the presently overestimated
snow accumulation (see Section 3.5) in a warmer climate.

The projected enhancement of the seasonal TWS cycle corresponds with findings from
other PRUDENCE studies showing an increase in winter precipitation, and a decrease in sum-
mer precipitation in most of Europe (Réisédnen et al., 2004; Christensen and Christensen, 2007),
which is accompanied by an increase in summer temperature variability (Schir et al., 2004b;
Vidale et al., 2007; Lenderink et al., 2007; Seneviratne et al., 2006b) and precipitation vari-
ability (Vidale et al., 2007), as well as an increased incidence of heavy summer precipitation
events (Christensen and Christensen, 2003; Frei et al., 2006). The increase in summer tem-
perature variability is visible in Figure 3.16, showing the projected mean relative changes (i.e.,
(scen — ctrl)/ctrl) of the inter-annual summer variability in temperature and TWS variations.
The future year-to-year variability in monthly summer TWS variations is reduced in the Cen-
tral European domain in several models, while temperature and precipitation (not shown) vari-
ability is enhanced at the same time. Mainly in August, the year-to-year variability in TWS
variations drops below present-day values in many models (not shown). This reduction in vari-
ability is likely related to more frequently exhausted model soil water reservoirs by the end
of summer, leading to a shutdown of evapotranspiration (see also Vidale et al., 2007). A de-
crease in projected TWS variability is also visible in the French domain and in the Danube
basin, where it is however also related to a simultaneous reduction in precipitation variability
in several models (not shown).

Comparing the lagged correlations from the control period (see Section 3.6.2) with the ones
from the scenario period reveals a stronger relation between spring TWS and summer temper-
ature in the future (Figure 3.17, top). While in the control period, only models in the French
domain and in the Danube basin show significant negative correlations between these two vari-
ables, the future simulations display this effect for most models in all regions except in the
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Baltic Sea catchment. The same is to a lesser extent also true for the correlations between
summer TWS and autumn temperature (Figure 3.17, bottom). This corresponds with recent
findings showing a future shift in the climate regimes within Europe, with Central and East-
ern Europe becoming susceptible to the effects of land-atmosphere coupling, with consequent
impacts on summer temperature variability (Seneviratne et al., 2006b).

3.8 Conclusions

The seasonal evolution of TWS in an ensemble of regional climate simulations driven by the
same boundary conditions has been analyzed in five large European domains, using a recently
published basin-scale dataset of diagnosed monthly TWS variations (BSWB dataset; Hirschi
et al., 2006a; Seneviratne et al., 2004), as well as other validation datasets (e.g., observed
precipitation, runoff and temperature, as well as diagnosed evapotranspiration). It is important
to note that the RCMs are driven by a free-running atmospheric GCM with observed sea-surface
forcing. Thus, large-scale circulation biases will affect the results, and discrepancies between
model and observations are not exclusively related to RCM-internal biases (e.g., to land-surface
processes or other parameterizations). Nevertheless, our validation provides a detailed analysis
of the water cycle in current state-of-the-art climate models and scenarios.

The differences between individual models in the mean seasonal cycle of TWS variations
are sometimes considerable and can amount to more than 1 mm/d in summer and winter. How-
ever, most simulated climatologies lie within +/- one monthly standard deviation of the diag-
nostic BSWB data. The phase of the modeled mean seasonal cycles of TWS variations appears
to be slightly shifted compared to the BSWB estimates with the peak in TWS reduction oc-
curring about one month too early in the models. This is still the case when a time delay of
one month in observed downstream station runoff is accounted for in the BSWB estimates
(Figure 3.2, dashed grey line). Likewise, when the regional simulations are compared with the
diagnosed evapotranspiration, a similar phase shift is apparent. However, note that since the
diagnosed TWS variations and evapotranspiration are based on the same ERA-40 data, these
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validation datasets are not strictly independent. Whether the phase of the regional simulations
or of ERA-40 is correct cannot be said conclusively, although the latter is constrained by ra-
diosonde observations. Generally, the deviations of the individual models from the diagnostic
validation data of monthly TWS variations can be explained as a result of biases in the simu-
lated hydrological fluxes (i.e., precipitation, runoff, evapotranspiration).

Compared to the BSWB data, most regional simulations overestimate the mean annual TWS
amplitudes in the Central and Northeast European domains, and underestimate it in the Danube
basin (see Table 3.3 and Figure 3.5). In the French domain and in the Baltic Sea catchment, the
models are closer to the BSWB data in terms of annual TWS amplitudes.

Common to all regions are the positive model biases in precipitation in winter (except for
the Danube basin) and spring, likely resulting from the positive winter bias in the strength of
westerly winds in the driving model HadAM (van Ulden et al., 2007). Part of the apparent
model biases may result from undercatch of solid precipitation by the rain gauges. The ex-
cess of precipitation leads to overestimated winter and spring evapotranspiration, to slightly
enhanced winter or spring runoff, as well as to increased spring TWS reduction (except for the
Baltic Sea catchment). In the Central and Northeast European domains, this has also conse-
quences on summer evapotranspiration (i.e., too high June and July evapotranspiration in most
models), and leads then to overestimated summer TWS decrease. On the other hand, in the
French domain and in the Danube basin, the reduction in summer TWS is mostly underes-
timated by the models, mainly as a consequence of too low summer evapotranspiration and
runoff in the Danube region, and of overestimated early summer precipitation in the French
domain. In the Danube basin, the too low reduction of summer TWS is associated with un-
derestimated summer precipitation due to water shortage in the models (i.e., the mean monthly
biases in TWS variations are negatively correlated with mean monthly precipitation biases, not
shown), and consequently limited evapotranspiration (while summer net radiation is mostly
overestimated). This corresponds to the previously observed summer drying problem in south-
eastern Europe (Hagemann et al., 2004). Some models behave similarly also in other domains,
1.e., displaying too low summer precipitation and evapotranspiration at the same time, and thus
an underestimation in TWS reduction due to water stress (e.g., CLM and HadRM in the French
domain). These models with strong summer drying tend to enhance or maintain the positive
summer bias in easterly winds (i.e., leading to too warm and dry conditions) imported from
the global driving model HadAM, while models with less summer drying (e.g., RegCM and
RACMO) seem to be rather insensitive to this easterly bias (Lenderink et al., 2007; van Ulden
et al., 2007).

Compared with validation data, the regional simulations often show stronger time-lagged
correlations between TWS and other variables (see Section 3.6.2), e.g., for the correlations be-
tween spring TWS and summer precipitation and evapotranspiration. Moreover, the strengths
of the relations differ considerably between individual models in some cases (e.g., see the corre-
lations between spring TWS and summer evapotranspiration) and are dependent on individual
models characteristics (e.g., on the model soil depth and its storage capacity, see also van den
Hurk et al., 2005). In general, the seasonal evolution of TWS depends on numerous parameter-
izations (e.g., atmospheric radiation, cloud-radiation interactions, runoff formation, transpira-
tion, see also Tables 3.1 and 3.2), and it is not feasible here to ascribe a particular model failure
to one particular parameterization scheme. Nevertheless, these model uncertainties influence
the quality of future climate projections. The use of the multi-model ensemble mean may help
in this context to reduce the uncertainty, which is included in a single model. Overall, the
A2-scenario runs suggest that the seasonal cycle of TWS will be enlarged in the future, with
lower soil water values during summer (see also Vidale et al., 2007). This corresponds with
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findings of recent studies, which show an increased risk of future summer dryness in southern
and central Europe (e.g., Wetherald and Manabe, 2002; Manabe et al., 2004; Riisénen et al.,
2004; Schir et al., 2004b; Seneviratne et al., 2006b).
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Abstract

Simulations with seven regional climate models driven by a common control climate sim-
ulation of a GCM carried out for Europe in the context of the (European Union) EU-funded
Prediction of Regional scenarios and Uncertainties for Defining European Climate change risks
and Effects (PRUDENCE) project were analyzed with respect to land-surface hydrology in the
Rhine basin. In particular, the annual cycle of the terrestrial water storage was compared to
analyses based on the ECMWF 40-yr Re-Analysis (ERA-40) atmospheric convergence and
observed Rhine discharge data. In addition, an analysis was made of the partitioning of conver-
gence anomalies over anomalies in runoff and storage. This analysis revealed that most models
underestimate the size of the water storage and consequently overestimated the response of
runoff to anomalies in net convergence. The partitioning of these anomalies over runoff and
storage was indicative for the response of the simulated runoff to a projected climate change
consistent with the greenhouse gas A2 Synthesis Report on Emission Scenarios (SRES). In par-
ticular, the annual cycle of runoff is affected largely by the terrestrial storage reservoir. Larger
storage capacity leads to smaller changes in both wintertime and summertime monthly mean
runoff. The sustained summertime evaporation resulting from larger storage reservoirs may
have a noticeable impact on the summertime surface temperature projections.
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4.1 Introduction

Climate change may be associated with a considerable change in the hydrological cycle in
various regions of the world (Houghton et al., 2001). In many applications aimed at the assess-
ment of climate-induced changes in the hydrology of large river basins, use is made of a chain
of deterministic models: general circulation models (GCMs) providing global projections of
present and future weather and climate, statistical or dynamical downscaling tools to enhance
spatial and temporal detail of relevant meteorological forcings, hydrological models focusing
on the partitioning of precipitation over evaporation, soil storage and runoff generation, and
hydraulic models of the organized water transport via a river network. The downscaling step is
considered to add information by explicit use of local parameters that generate meteorological
variability (orography, land-sea masks, land use, and soil information, etc.; Giorgi et al., 1998;
Christensen et al., 1998). Dynamical downscaling via regional climate models (RCMs) is ex-
plored widely, as to some extent it avoids assumptions of static relations between large-scale
meteorological dynamics and local weather variables, as used in many statistical downscaling
techniques (Murphy, 2000). RCMs are maturing rapidly owing partly to coordinated activi-
ties such as the Project to Intercompare Regional Climate Simulations (PIRCS; Takle et al.,
1999) and international projects like the Prediction of Regional scenarios and Uncertainties for
Defining European Climate change risks and Effects (PRUDENCE; Christensen et al., 2002).

Obviously, the assessment of climate change impacts on the hydrological cycle depends on
the ability of the GCM and RCM systems to accurately simulate this cycle and the feedback
processes acting on it. A problem often reported in GCM and RCM studies is the systematic
existence of excessive continental summer drying in the simulations. Hagemann et al. (2004)
considered this problem over the Danube area in more detail. Even using perfect boundary
conditions from the European Centre for Medium-Range Weather Forecasts (ECMWF) 15-yr
Re-Analysis (ERA-15), several PRUDENCE RCMs showed a pronounced continental drying.
In many cases models overemphasize the positive land—atmosphere feedback that leads to a
dry soil, strong evaporation stress, and reduced precipitation (see Seneviratne et al., 2002, and
references therein). This poses severe problems in the interpretation of hydrological aspects
of climate change in future greenhouse gas emission scenarios. If models are not successful
in reproducing the regional hydrological cycle to a sufficient accuracy, their sensitivity to a
changed climate forcing is likewise questionable.

A well-recognized important but sensitive component in the hydrological cycle is the land—
atmosphere exchange. Like GCMs, RCMs acknowledge the role of the land-surface compo-
nent of the hydrological cycle by carrying a land-surface parameterization (LSP) scheme that
simulates the essential processes of precipitation partitioning over evaporation, storage and dis-
charge, and the controls of both the atmospheric evaporative demand and soil water availability
on the partitioning of radiant energy over sensible and latent heat fluxes. As such, they simulate
the process of runoff generation and evaporation conceptually similar to hydrological models
used for river discharge calculations (Giorgi et al., 1994). In some cases routing schemes are
included in the RCM to directly simulate river discharge.

The land component is important since the terrestrial hydrological memory (soil water and
accumulated snow amount) represents a long time scale subjective to accumulation of sys-
tematic errors and drift (Viterbo, 1996; Betts et al., 1996). It is sensitive as apparently small
changes to the formulation of transpiration or runoff generation may have a strong impact
on the simulated hydrological cycle. Land—atmosphere feedback is shown to have a strong
control on the intensity and the spatial and temporal variability of the hydrological cycle on
(sub)continental spatial scales (Beljaars et al., 1996; Schir et al., 1999; Koster et al., 2000).
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At least part of the problem is related to the difficulty in specifying the spatial distribution
of the effective soil hydrological memory. This memory is represented by the combination
of the depth of the soil water reservoir that may interact with the atmosphere via evaporation
and transpiration, the temporal dynamics of precipitation, and the formulation of the depen-
dence of evaporation and runoff on soil water content, which highly control the dynamics of
the soil moisture evolution. This dynamic range is a result of choices of the shape of the hy-
draulic conductivity (and diffusivity) curve: near saturation, additional water storage is limited
by rapid losses due to percolation, and for dry soils, additional water loss is confined by the
rapid decrease of vertical water motion at low moisture contents. In addition, the shape of the
canopy stress function affects the timing of the water losses by transpiration throughout the
year (Lenderink et al., 2003).

The definition of effective soil hydrological memory is different from the (effective) soil hy-
drological capacity, which is usually indicated by a difference between field capacity and wilt-
ing point multiplied by the total soil depth. The storage range is determined by a convolution
of this effective storage capacity, the temporal dynamics of precipitation, and the dependence
of evaporation and runoff on soil water content. Together these variables determine the degree
to which the maximum storage capacity is used throughout the annual cycle. In principle, in-
dependent information of this soil memory parameter may be derived from a combination of
available information on precipitation, evaporation, and runoff. Interpretation in terms of soil
hydrological capacity remains difficult as long as these regional- or continental-scale hydro-
logical studies fail to close the water budget on an inter-annual time frame, but various analysis
studies are reporting increasing success (Seneviratne et al., 2004; Masuda et al., 2001).

In this study the annual range of the terrestrial water storage in a range of RCMs is explored
and compared to an independent estimate based on ECMWF 40-yr Re-Analysis (ERA-40) and
discharge observations for the Rhine River basin (Figure 4.1). The Rhine basin upstream of the
Netherlands entry point near Lobith has an area of approximately 160 000 km?. In addition,
differences in response of the regional hydrological cycle to a given change in greenhouse gas
concentrations are related to this terrestrial water storage capacity. The analyses in this study
focus at the hydrological budget terms of the Rhine basin as a whole. Seasonal cycles are
represented by processing the data in monthly averaged quantities.

4.2 Datasets and models

4.2.1 The PRUDENCE simulations

In the framework of the European project PRUDENCE (see Christensen et al., 2002) a number
of RCM systems were used to downscale global climate simulations from a range of GCMs
and greenhouse gas emission scenarios. The RCMs differed with respect to the physical and
dynamical formulations, land-use characteristics, and the grid and domain in which the models
were integrated, although in all cases the models covered the major part of Europe at approxi-
mately 50-km resolution. Daily and monthly averaged output from the RCM integrations was
available in a well-maintained and accessible central PRUDENCE database. From the avail-
able RCM integrations a selection was made of RCMs that (i) all simulated both a control
climate (1961-1990) and an A2-scenario time slice (2071-2100) derived from a specific mem-
ber of the ensemble of simulations with the Hadley Centres high-resolution atmospheric model
(named HadAM3H); (ii) reported all variables that were needed to calculate the regional-scale
hydrological budgets (precipitation, evaporation, runoff, snow, and soil water content); and
(iii) produced a closed water balance (within 0.5% of annual precipitation) in the control sim-
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Figure 4.1: Surface height in the simulation area of the Rhine catchment (surrounded by solid black
line) represented at the grid of the KNMI RCM (see Table 4.1).

ulation. From the nine RCMs meeting the first criterion, seven were used for further analysis:
the Royal Netherlands Meteorological Institute (KNMI), the Danmarks Meteorologiske Insti-
tut (DMI), the Eidgenossische Technische Hochschule (ETH), the Max Planck Institute (MPI),
the Swedish Meteorological and Hydrological Institute (SMHI), the GKSS Forschungszentrum
(GKSS), and the Universidad Castilla la Mancha (UCM). Table 4.1 gives a brief overview of
the specific properties of each of the RCMs.

All RCM model results are processed as time series of monthly averaged/accumulated hy-
drological budget terms, averaged for the whole Rhine basin. The budget terms are

% P—-FE—-R 4.1)
where P is total precipitation, R is total runoff, £ is evaporation, and S is terrestrial storage
(consisting of soil and snow water content). Storage changes with time ¢ are calculated from
daily soil water and snow fields at the start of each month, whereas the flux terms in (4.1) are
monthly averaged quantities. All terms are expressed in millimeters per day.

The depth over which S is calculated varies across the RCMs. Some models (like MPI) have
arelatively deep soil of which the lower part is usually saturated and which could be considered
to represent the saturated groundwater zone. Other models (like UCM) have a shallow soil that
is unsaturated most of the time. In all cases, however, the water budget represented by (4.1)
is closed. Runoff is defined as the sum of the water flux that does not infiltrate into the soil
(surface runoff) plus the net flux of water leaving the soil volume via its lower boundary (the
drainage component). Here 0.5/0t is calculated over the entire soil volume between the surface
and the deep boundary.
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Table 4.1: Basic description of the participating RCMs.

Acronym  No. of grid Description References
boxes in the
Rhine basin
KNMI 69 RACMO?2 model, dynamics taken from HIRLAM (version Lenderink et al. (2003)

5.0), physical parameterization from ECMWF (cycle 23R4
with increased soil storage capacity and convective triggering)
DMI 76 HIRHAM4, with HIRLAM dynamics and the ECHAM4 phys-  Christensen et al. (1996)
ical parameterization, with adjustments in the formation of low
intensity precipitation

ETH 55 (57) CHRM?, adapted from the German Weather Service high-  Vidale et al. (2003)
resolution model
MPI 57 REMO?, based on the dynamical package of the German  Jacob (2001)

Weather Service model and ECHAM4 physical parameteriza-
tion with various adjustments

UCM 66 PROMES Sanchez et al. (2004)

SMHI 78 Rossby Centre regional Atmosphere-Ocean model (RCAQO), Ddscher et al. (2002) (RCAO)
consisting of the atmospheric model RCA, the three dimen-  Jones et al. (2004) (RCA)
sional Baltic Sea ocean model RCO, and the lake model  Meier et al. (2003) (RCO)
PROBE; RCA is based on the HIRLAM system with a modi-  Ljungemyr et al. (1996) (PROBE)
fied land-surface parameterization

GKSS 57 CLM, adapted from the German Weather Service Lokalmodell ~ Steppeler et al. (2003)

“http://www.iac.ethz.ch/en/groups/schaer/climmod/chrm/index.html
Phttp://www.mpimet.mpg.de/en/wissenschaft/ueberblick/atmosphaere-im-erdsystem/regionale-
klimamodellierung/the-remo-model.html

Owing to the differences in the grid orientation and resolution of the models the number
of grid points used to calculate a domain-averaged quantity varies between the models (see
Table 4.1), but this difference is considered to be of minor importance in the analysis.

The RCMs were driven by data produced by HaddAM3H (Jones et al., 2001). This model
has a fairly high spatial resolution of approximately 150 km and includes various changes com-
pared to its parent coupled GCM, the Third Hadley Centre Coupled Model (HadCM3), which
improves its simulation of the surface climate over many land areas (including Europe). It the
context of the experiments reported here, it was used to simulate the climate of the recent past
driven by observed sea surface temperatures (SSTs) and sea ice (SI) for the period 1960—1990
and observed concentrations of greenhouse gases and emissions of sulphate aerosols. It was
also used to provide a projection of the climate of 2070-2100 driven by emissions defined
in the Intergovernmental Panel on Climate Change (IPCC) A2 Synthesis Report on Emission
Scenarios (SRES; Nakicenovic and Swart, 2000). For this experiment the sea surface forcing
was derived by adding changes of SST/SI from HadCM3 driven by the same emission scenario
to the observed values. Some RCM groups used the first year of the HadAM3H runs to spin
up their model and reported only the last 30 years, whereas others simply discarded the first
simulation year.

4.2.2 Analysis of the terrestrial water storage from observed large-scale
quantities

Derivation of the storage term in (4.1) from direct observations of soil moisture and snow
amounts is not feasible when spatial scales of the order of a large river basin are considered.
However, S can be estimated when the remaining terms are known. Atmospheric analysis
archives have been used in the past (e.g., Trenberth and Guillemot, 1995) to estimate the total
atmospheric water convergence V H@ in an area, which is formulated as
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where Cj is the total water flux (in vapor, liquid, and frozen phases) and W is the total water
column at a given time. At every analysis time step, () is calculated from the total water vapor
content ¢ and the horizontal wind speed vector V' from

Po 4
/ 7 4.3)
0 g

where p, is the surface pressure and g is the gravity acceleration. Residual terms resulting
from increments in the data assimilation process, as discussed by Roads et al. (2003), are in-
cluded in IW. By combining (4.1) and (4.2), P — E can be eliminated. Estimation of Q from
meteorological analysis fields is considered to be a better representation of the atmospheric
budget than the indirect estimates of P and £ from the analysis system, which are plain model
forecasts only indirectly affected by the corrections that arise from the assimilation of observa-
tions. When the area of consideration matches the basin of a large river, the observed discharge
from the river may be used in combination with the total convergence to infer the change of
the terrestrial water storage. Seneviratne et al. (2004) demonstrated the success of this method
for catchments half the size of the Rhine basin using estimates of V 1@ and OW /Ot derived
from ERA-40. Here 0S/0t derived from (4.1) compared very well with observations from a
high-resolution soil moisture, groundwater, and snow monitoring network in Illinois. Similar
networks are lacking in the Rhine basin.

Hirschi et al. (2006a, hereafter HO6) expanded on the work by Seneviratne et al. (2004) by
calculating the terrestrial storage component for a number of large river basins across the world,
including the Rhine. They used discharge data retrieved from the Global Runoff Data Centre
(available online at http://grdc.bafg.de/servlet/is/Entry.987.Display/), which reports measured
discharge amounts, not corrected for artificial reservoirs and waterworks. Kwadijk (1993)
argues that water buffering in Swiss lakes has changed the mean annual cycle of the Rhine dis-
charge noticeably, and refers to a study by Schidler (1985) to calculate the effect of lake storage
on the Rhine discharge near Lobith, Netherlands. Average summertime discharge is increased
by up to 9% owing to lake retention, whereas wintertime discharge is reduced by 3%—6%. The
average annual cycle reported by Kwadijk (1993) has been used to correct the observed Rhine
discharge data prior to calculating the terrestrial storage from the budget analysis.

Figure 4.2 (left) shows a time series of the change of the terrestrial water storage in the
Rhine basin, derived from (4.1) and using V H@ + OW /0t from ERA-40 and observed Rhine
discharge. As pointed out by Seneviratne et al. (2004), the large-scale budget analysis suffers
from errors that are introduced from imperfect atmospheric observation systems (affecting the
ERA-40 convergence estimate) and observation errors in the discharge itself. Especially in
steep orographic terrain, lack of overlap of the atmospheric convergence domain and the basin
producing the discharge may lead to errors in the budget calculation owing to the relatively
coarse resolution of the atmospheric analysis. Also, the atmospheric assimilation system that
provides estimates of the atmospheric water convergence does not conserve water, which may
also affect the water-balance closure. Moreover, multiyear (re)analysis time series suffer from
discontinuities in the observation network, and part of the inter-annual variability of 05/0t
shown in Figure 4.2 (left) is attributed to the introduction of satellite observations since the
early 1970s and insufficient spatial coverage by the rawinsonde network prior to that period.
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Figure 4.2: (left) Time series of storage change from H06. Shown are the original time series and a 3-yr
running mean. (right) Time series of storage after filtering. Soil moisture content is expressed as total
water relative to an arbitrary reference value.

Therefore, at least part of the inter-decadal variability is likely to be artificial, and is removed by
subtracting a running mean with a 3-yr window. The selection of this time scale is somewhat
arbitrary, but it is situated in between the seasonal time scale of soil moisture evolution and
the decadal time scale at which soil moisture ranges are considered to be relatively stationary.
Use of a 5-yr window instead did not have a noticeable effect on the results reported in this
study. Also using only data from 1970 onward did not significantly affect the mean annual
cycles of the budget terms (Figure 4.3). Subtracting a running mean can be considered as
a practical means to removing apparent artificial components of the inter-decadal variability
while preserving as many data as possible.

The integration of the (filtered) time series in Figure 4.2 (left) results in a time series of
the terrestrial storage range, shown in Figure 4.2 (right). The position on the vertical scale is
arbitrary, and defined by setting the initial soil water content at 0 mm.

An average annual cycle of the flux terms in (4.1) is shown in Figure 4.3. In spite of a
clear annual cycle of the atmospheric moisture convergence, river discharge from the Rhine
shows a fairly gradual evolution. The timing of the springtime snowmelt peak varies between
years, and this peak is smoothed in the 40-yr average shown in Figure 4.3. The major part of
the average annual cycle in moisture convergence is buffered in the terrestrial storage reservoir
(mainly the soil and groundwater reservoirs), which as a consequence displays a pronounced
cycle of drying and wetting.

Also shown in Figure 4.3 is the net moisture supply to the soil (P — E) for the same area,
deduced from the 30-yr time slice of the HadAM3H control simulation representative for the
1961-1990 period. Wintertime values of modeled P — E are overestimated, whereas during
summer a slight underestimation of net moisture supply to the Rhine basin is simulated, in
particular later in the summer season. This bias is at least partly related to systematic overesti-
mation of the frequency of blocked circulation patterns (van Ulden et al., 2007).

4.3 Model results for present-day climate simulations

Hydrological budget terms were derived from the PRUDENCE RCM models for the same
area as for which Figure 4.3 is derived, the Rhine basin upstream of Lobith. Atmospheric
convergence could not be calculated from (4.2) and (4.3) for most of the models (since high
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Figure 4.3: Mean annual cycle of net moisture convergence plus atmospheric storage change, discharge
from the Rhine, and the terrestrial storage calculated as a residual term. Error bars represent the inter-
annual standard deviation per month. The runoff time series is corrected for reported storage in Swiss
lakes, following Kwadijk (1993). Also shown is the mean annual cycle of P — E from HadAM3H used
to force the RCMs (thin line).

spatial and temporal resolution data of wind and moisture profiles were not stored), so the
reported grid-point values of P — F are directly used instead. This is well justified, given the
fact that all simulations conserve water mass. Here P — E' is compared to observed values of
convergence plus atmospheric storage change in the following.

First, baseline comparisons of model results to available observations will be given for
the main hydrological balance terms: precipitation, net convergence (P — F), runoff, and
terrestrial storage. These comparisons should not be considered as direct verification since
the control simulations of the RCMs were not driven by ERA-40 (as plotted in Figure 4.3)
but by HadAM3H, to allow evaluation of the RCM response to a change in greenhouse gas
concentration. However, the inter-model variability is illustrative and can be used to highlight
some basic model properties.

4.3.1 Comparison to precipitation observations

A 35-yr high density precipitation database has been compiled by the International Rhine Com-
mission (CHR). The available precipitation database contains daily values for the period 1960—
1995 for 136 subbasins in the Rhine catchment area. The daily values were spatially averaged
weighted by the area of each of the subbasins. Figure 4.4 shows a comparison between the
modeled and observed average annual cycle of precipitation over the Rhine basin for each of
the RCMs involved.

Most models show a considerably larger than observed range in the annual cycle, with either
a peak that is too pronounced in winter or early summer precipitation or a value that is too low
by the end of the summer. This variability of RCM results (driven by equal lateral boundaries)
is consistent with findings of other studies (e.g., Jacob et al., 2001; Frei et al., 2003). Riisénen
et al. (2004) point at a positive bias in the wintertime north-south pressure gradient over Europe
in the driving GCM HadAM3H in the control climate simulation. This bias is also present in
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Figure 4.4: Average annual cycle of precipitation over the Rhine basin from the observations (error
bars representing one standard deviation of monthly means) and RCMs.

most RCM simulations, and results in an increased eastward advection of water vapor, that
probably is partly responsible for the positive wintertime precipitation bias.

On the other hand, the inter-annual variability in the observations (shown by the error bars
representing one standard deviation of the monthly means) is significant, and the average RCM
results generally fall within this range.

4.3.2 Net convergence and evaporation

Large-scale observations of evaporation are not available. In principle, an estimate could be
deduced by combining the ERA-40-derived estimate of P — E with the CHR database shown
before, but the accumulation of errors makes this estimate fairly unreliable. A direct compar-
ison of P — F between the models and the estimates derived from ERA-40 is presented here
in the left panel in Figure 4.5. The ERA-40-derived estimate of P — [ is calculated accord-
ing to (4.2) (total convergence minus 0W/0t), the closest possible estimate of the water flux
at the land—atmosphere interface. The model-only evaporation is plotted in the right panel in
Figure 4.5.

The models generally have the tendency to create an annual cycle of P— E that is too strong,
with more convergence than observed in winter and less convergence (or more divergence) in
summer. The wintertime overestimation of convergence is closely related to an overestimation
of precipitation (Figure 4.4). For some models the fairly good match with the observations is a
consequence of compensating errors. For instance, the high summertime precipitation in MPI
(Figure 4.4) is effectively compensated by high evaporative loss. The lack of divergence in
summertime in the UCM model is associated to fairly low evaporation amounts.

4.3.3 Discharge and runoff

The runoff generated by the RCMs is linked to the net water flux into the soil (P — £) and the
amount of this flux that is buffered by the soil water range. The processes affecting the soil
hydrological balance are mutually coupled since, in general, runoff generation depends on the
soil water content. The partitioning of the net water influx over the storage change and runoff is
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Figure 4.5: Average annual cycle of (left) P — E and (right) evaporation of the RCMs for the con-
trol climate simulation, and for total convergence minus atmospheric storage change derived from the
estimates based on ERA-40 by HO6 (error bars representing one standard deviation of monthly means).

an important property of the hydrological system, as it describes the fate of the water entering
the soil: the water put into runoff is lost and cannot be re-evaporated locally, while the soil
water content is a storage buffer for later evaporation or runoff generation.

Figure 4.6 shows the average annual cycle of the runoff generation in the Rhine basin. Also
shown is the observed discharge at Lobith (the gauging station downstream of the catchment
for which the modeled runoff is displayed).

Similar to the results shown in Figure 4.5, the annual cycle of the modeled runoff is gener-
ally larger than the observations. The RCMs produce a fairly good wintertime runoff. Except
for UCM (late) summertime runoff is too low and for some models well outside one standard
deviation of the inter-annual variability. Also, the rate at which the runoff recovers from the
summer dryness is generally much faster in the RCMs than in the observations. The ordering
of models in terms of summertime runoff underestimation is roughly the same as the ordering
in P — E but quite different from the signature in the precipitation bias (Figure 4.4), indicating
a strong soil control (via evaporation or storage) on the runoff characteristics.

Many RCMs have systematic deficiencies in the parameterization of summertime convec-
tive precipitation over mountains. Also, the representation of glacier melt is not included. Since
more than 50% of the Rhine discharge at Lobith originates from the mountainous area upstream
of Basel, Netherlands, summertime runoff in the simulations is affected significantly by these
deficiencies. Comparison between the observed change of the river discharge between Lobith
and Basel and model generated runoff in the same catchment area indeed shows that in general
the shape of the annual runoff cycle of the models is improved (results not shown). This issue
will be addressed further later on.

4.3.4 'Terrestrial storage

The terrestrial storage capacity in a climate model is — apart from the storage as snow — de-
termined by the amount of water that can be stored in the soil. Many of the model parameters
that have a strong influence on the actual evolution of the terrestrial water storage are diffi-
cult to specify from objective ancillary information, owing to large spatial variability, strong
interaction between parameters, and the local climate dependence of the model sensitivity to
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Figure 4.6: Mean annual cycle of observed discharge from the Rhine basin upstream of Lobith (cor-
rected for Swiss lake storage; error bars representing the inter-annual standard deviation of monthly
means) and the modeled runoff from the same catchment area for the control climate simulation.

the parameter values. Yet, their impact on the simulated hydrological cycle is large, and an
independent evaluation of the effective (soil) storage capacity is valuable.

Figure 4.7 shows the storage change as estimated by HO6 and the RCM model output. The
inter-annual variability of the estimated value is considerable, and all models (except UCM)
fall within this variability and show more or less a similar behavior. Except for UCM, the
amplitude of the annual cycle is a bit larger than observed, in particular, in the KNMI model.
However, the results are in fact surprisingly good, and in any case better than the estimate of
0S5 /0t produced by ERA-40. Over Europe, the soil water assimilation damps the annual cycle
of soil water considerably (van den Hurk et al., 2004).

This spaghetti plot shown in Figure 4.7 is not very informative on the role of the soil hydro-
logical memory in the hydrological partitioning process, mainly because the inter-annual vari-
ability in the storage component is not considered. Moreover, where biases in the mean annual
cycle of P — E, 9S/0t, and runoff may be at least partially explained from biases in the forcing
boundary conditions, the treatment of anomalously wet or dry conditions is probably a better
indicator of the behavior of the individual models. Budget closure demands that anomalies in
P — E must be transferred into anomalies in either runoff or in the storage range. Figure 4.8
shows this partitioning of P — F/ anomalies over these terms separately as deduced from the ob-
servations. The sum of discharge and storage is equal to the total P — £ (slope = 1.00). In this
figure each symbol represents an anomaly value averaged per hydrological summer [July - Au-
gust - September (JAS)] or winter [January - February - March (JFEM)] season, by subtracting
the average annual cycle from each monthly data point. In contrast to monthly values, anomaly
correlations of summertime averages are not strongly mutually affected by the persistence of
droughts or wet seasons and may be considered statistically uncorrelated.

Given the fairly small average annual cycle in the discharge observations (Figure 4.4), it
is not surprising that anomalous water supplies to the basin area are primarily buffered in the
soil and snow components, and that only ~ 13% of the anomalies are transferred as discharge
within the same season.

In summertime the storage range has on average a large uptake capacity, and anomalies in
convergence are rapidly absorbed in the soil. In wintertime, this buffer capacity is less and
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Figure 4.7: Change of terrestrial storage as estimated by HO6 (including the inter-annual standard
deviation) and the RCM model output.
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Figure 4.8: Anomaly of annual (left) summertime (JAS) and (right) wintertime (JFM) terrestrial water
storage and runoff as a function of the anomaly of net convergence in the Rhine basin, as derived from
ERA-40 and discharge observations for all years between June 1960 and July 1999. Also shown is the
sum of storage and runoff, and the linear slope values of the least squares fits.
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Figure 4.9: Same as in Figure 8, but for model simulations from two RCM models: (top) KNMI and
(bottom) ETH for (left) summer (JAS) and (right) winter (JEM) months.

a stronger preference for discharge is displayed. However, the discharge response is still the
smaller component in the partitioning of P — I anomalies.

A similar analysis was carried out for the area downstream of Basel, where complex pre-
cipitation or glacier processes in mountainous areas are less significant. The correspondence
between annual total P — E derived from ERA-40 and runoff was indeed improved (thus, the
bias in the terrestrial storage reservoir shown in Figure 4.2 (left) was smaller). The correla-
tion between P — F anomalies and runoff was reduced from 13% to 4%, consistent with the
elimination of the high Alpine mountain area with small storage capacity from the domain. In
winter the correlation reduced from 42% to 30%.

Do the RCMs explored here reproduce this basin response under present-day climate con-
ditions? Figure 4.9 shows similar plots as in Figure 4.8 from two participating models as an
example, and Figure 4.10 summarizes the wintertime and summertime regression slopes of
anomaly partitioning components. An uncertainty estimate of these regression slopes is calcu-
lated using the bootstrapping method, by calculating the standard deviation of the regression
coefficient of 10 000 sets of 30 pairs.
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Figure 4.10: Slope of monthly runoff and storage anomaly as a function of anomaly in P — F for the
participating RCMs for (left) summertime and (right) wintertime. Obs refers to the analysis by HO6.

The comparison between the anomaly partitioning in the observed data and the RCMs re-
veals three groups of models: the KNMI model with a higher-than-observed portion of the
anomalies put in the storage and less in the runoff, the UCM model that has a very small
storage capacity and consequently a strong runoff response to convergence anomalies, and the
remaining models that are in between these two extremes but have a lower-than-observed con-
tribution of the storage term. Except for UCM, the relative differences between all models and
observed records are preserved when the analysis is carried out for separate season periods.
During the summer months, the KNMI model reproduces about the right partitioning when
compared to the HO6 analysis, but in winter the significance of the storage range is overesti-
mated. All other models have a correlation between runoff and P — F that is too strong both in
summer and in winter. The difference in behavior between the KNMI model on one hand and
ETH as example for the others is well discerned in Figure 4.9. The impact of this difference in
correlations on the sensitivity of the modeled regional hydrological cycle to climate change is
explored in the next section.

The analysis was also carried out for the domain downstream Basel, to eliminate the pos-
sible effects of deficiencies in precipitation or glacier melt in the high mountain area. For
all models, the summertime correlation between P — E anomalies and runoff decreased by
5%—-10%, similar to the reduction of the equivalent correlation in the HO6 analysis. The win-
tertime correlation coefficients changed approximately 5%, but not into the same direction for
all models.

4.4 Modeled response to a climate change scenario

4.4.1 Response of runoff to climate change

All participating models also performed a 30-yr simulation (2071-2100) driven by the
HadAM3H model in which the A2 greenhouse gas emission scenario was imposed. Among
other effects, the selected scenario leads to increased winter precipitation and decreased sum-
mer precipitation in the Rhine basin (Figure 4.11). The range of simulated changes in precip-
itation across the models is about 0.5 mm/d, which is considerably less than the > 2 mm/d
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range displayed in the simulated present-day precipitation climate (Figure 4.4). The range in
simulated precipitation rates in each of the control and A2 scenario experiments is significantly
larger than the range of the simulated responses to the A2 greenhouse gas scenario.

Intermodel differences in evaporation are most pronounced in summer, where parameter-
ized soil processes control the water loss to the atmosphere (Figure 4.11c). The KNMI model
with the relatively large storage range (Figure 4.11d) can sustain a longer period where &/ > P,
even when both £ increases and P decreases. A high evaporation rate is also sustained in the
simulation by UCM, which compensates the low evaporation in the control simulation (Fig-
ure 4.5) under conditions of higher air temperatures. In the UCM simulation the water is not
provided from a terrestrial reservoir (which has a very small buffer capacity) but from a smaller-
than-average precipitation reduction and larger-than-average runoff reduction (Figures 4.11b,e,
respectively). A rapid response owing to a limited soil water range is particularly evident in the
simulation by SMHI, where the evaporation response to the A2 scenario rapidly changes sign
between June and August.

The translation of the precipitation change into the runoff response is highly variable, in
particular in the winter season. In general, the seasonal variation of runoff increases in the A2
scenario (more runoff in winter, less in summer), but the magnitude of this increase is much
smaller in the KNMI model than in the others.

Figure 4.12 shows a summary of the change in the seasonal cycle of runoff in relation to the
depth of the soil water range in the models. The change in seasonal cycle of runoff is indicated
by plotting the fraction of total runoff that occurs in the summer months (JAS; left panel):
higher values of this fraction indicate smaller differences between summertime and annual
mean runoff. When runoff is identical in all months, the fraction is 0.25 (3 out of 12 months)
per definition. The depth of the soil water range, denoted by D hereafter, is defined as the
difference between the 95% and 5% percentiles in the 30-yr time series of monthly stored water.
As indicated before, this definition is different from the (effective) soil storage capacity, which
is usually indicated by a difference between model-dependent field capacity and wilting point
multiplied by the total soil depth. Similar to the high-pass filtering in the observed time series
(Figure 4.2, left), a 3-yr running mean was subtracted from the soil water time series prior to
calculating the storage range to remove slow trends in the budget calculation. The inter-annual
variability is estimated by calculating the standard deviation of the yearly difference between
maximum and minimum amount of stored water. The value of the observed soil water range,
also indicated in Figure 4.12, must be interpreted with some caution, since it is calculated as a
residual term of the water-budget equation.

Consistent with Figure 4.11, Figure 4.12 shows that in all models the fraction of annual
runoff generated during summer decreases in all models when changing from the control to
the A2 simulation. Simultaneously, the winter fraction increases. Also shown is an increase
of the annual storage range in all models when an A2 scenario is imposed. Wetter winters and
dryer summers both expand the range of D: wetter winters partially due to increased maximum
snow depth and higher soil saturation degrees when rainfall and snowmelt rapidly recharge the
drained soil water, and dryer summers due to increased atmospheric evaporative demands that
is attenuated by bringing the level where soil water stress inhibits evaporation to lower moisture
levels.

However, in contrast to Figure 4.11, the display in Figure 4.12 enables us to relate the degree
of the change of the runoff seasonality to the model-specific value of D. Models with a small
terrestrial water buffer (extreme case: UCM; see also Figure 4.7) have a smaller change of D
in case of an A2 scenario, and a relatively strong increase of the runoff seasonality. Models
with larger soil water buffers (extreme case: KNMI) show a smaller response of the runoff
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Figure 4.11: Difference in average annual cycle of modeled (a) P—FE, (b) precipitation, (c) evaporation,
(d) storage change, and (e) runoff in the Rhine basin between A2 and control simulations.
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Figure 4.12: (left) Summertime (JAS) and (right) wintertime (JFM) runoff divided by annual total runoff
vs depth of terrestrial storage reservoir. Each symbol represents the multiyear average of a single
RCM. Shown are simulations for control and A2 climate scenarios, and each RCM pair of scenario
calculations is connected with lines. Observations are shown as well.

seasonality to a change in P — E, as shown clearly in Figure 4.12. The relative summertime
runoff for the area downstream of Basel is approximately 5% lower than the results plotted in
Figure 4.12, and in winter it is 5% higher, but the grouping of models is not clearly affected by
the choice of the catchment domain (results not shown).

The response of runoff anomalies to anomalies in net convergence, as displayed in Fig-
ure 4.10 for present-day climate conditions, may be indicative of the way the models respond
to a change in the greenhouse gas scenario. To first order, the transition to an A2 scenario
generates a different net convergence, which can be considered as an anomaly compared to the
present-day climate reference situation. Figure 4.13 displays a similar plot as in Figures 4.8
and 4.9, but now showing the multiyear mean values of R and P — FE for each 30-yr simula-
tion, grouped per model. For reference, also the slope of the response of runoff anomalies to
anomalies in net convergence, as displayed in Figure 4.10 for the control climate simulations, is
displayed. For the summer period, the slopes shown in Figure 4.10 are very similar for the A2
scenario simulations for nearly all models (not shown). This is due to the fairly straightforward
coupling between net water supply (P — E) to the soil and partitioning this supply over storage
and runoff.

The response of the runoff anomaly to P — £ anomalies in the control simulation in each
model is indicative for the response of the model to a change in greenhouse gas scenario.
Although a solid correlation between these two responses is not consistently present in Fig-
ure 4.13, a small anomaly response can clearly be associated with a smaller greenhouse gas
response. Thus, the anomaly of P — E translates similarly into a summertime runoff anomaly,
as does the multiyear averaged runoff respond to multiyear averaged net convergence between
two climate change scenarios. This implies that the inter-annual variability of P — E versus
runoff, derived from the observations (Figures 4.8 and 4.10), may be used as a proxy of the
response of mean runoff to climate change. The climate response is gradually oriented steeper
when models are situated in the bottom right portions of the plot. Again, the KNMI and UCM
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Figure 4.13: (left) Summertime (JAS) and (right) wintertime (JFM) total runoff vs P — E. Shown
are seasonally averaged fluxes with error bars representing the inter-annual standard deviation. Each
symbol represents a single RCM for control and A2 simulations. Control-A2 pairs of each RCM are
indicated by the thin connecting lines. The heavy lines originating from each symbol in the left figure
represent the best-fit linear slope of runoff vs (P — E). In the winter plot (right) these lines are not
plotted. Also, observations are shown (Obs). Thin dashed lines indicate a 100% transfer of P — F
anomalies into runoff anomalies.

models are relative outliers in the transition of induced changes of P — E into runoff changes:
KNMI putting smaller portions of P — E anomalies into runoff (resulting in a small runoff
response to climate change shown in Figure 4.10), whereas UCM rapidly transfers P — E
anomalies into runoff. All other models group around the same slope of AR/A(P — E),
although the absolute values of the runoff in the control simulation vary widely across models.

In wintertime (Figure 4.13, right panel) P — E increases in all RCM simulations, but
runoff averaged over JFM decreases (slightly) for the KNMI model, in contrast with the gen-
eral increase of wintertime runoff in response to climate change in the other models. How-
ever, the deduction of the RCM response to a change in P — E from the inter-annual vari-
ability in simulations of either climate forcing is less straightforward than in winter. In gen-
eral, the simulated runoff in wintertime is much less correlated to the supply of water to soil
alone, but is highly dependent on the accumulation and melt of snow, existence of frozen
ground, and direct response to precipitation in case of saturated soils. However, from Fig-
ure 4.13 it can be deduced that the depth of the annual cycle of the terrestrial storage is
larger than average in the KNMI model, and this buffer capacity helps keeping the runoff
response to increases in wintertime precipitation relatively low (see also Figure 4.12, right
panel).

4.4.2 Response of summertime temperature

Simulated temperature changes under climate change conditions are dependent on many in-
teracting processes embedded in the RCM codes. Summertime temperature responses over
land are considered to be partially sensitive to the representation of the hydrological cycle
(e.g., Schir et al., 2004b). Under present-day climate conditions, many RCMs suffer from
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Figure 4.14: Average summertime 2-m temperature as function of the evaporative fraction for both
the control and A2 scenario model simulations. Arrows departing from the A2 symbols represent the
virtual reduction of summertime temperature if the evaporative fraction remained unchanged between
the control and A2 scenario simulations. The slopes of the arrows are derived from the inter-annual
variability of 0T /OA in the simulations.

an excessive continental drying, which is related to a chain of processes linking evaporation
to stored soil water, local precipitation to local evaporation, interaction between the hydro-
logical cycle and large-scale dynamics, and the dependence of the precipitation efficiency on
the thermodynamic structure of the atmosphere (Schir et al., 1999). Clearly, the depth of
the soil water range plays an important role in the annual cycle of evaporation and its re-
sponse to climate change (cf. Figure 4.11), and it is worthwhile to explore whether this effect
on evaporation has a clear impact on the response of the near-surface temperature to climate
change.

High values of net radiation and low values of evaporation are generally both associated
with high near-surface temperatures. The relation between evaporation and temperature is
therefore more ambivalent than the relation between evaporative fraction A (latent heat flux
divided by net radiation, ignoring soil heat flux) and temperature. Here 7" and A are negatively
correlated, with values of 9T /OA ranging between —4 and —20 K for the model simulations.

Figure 4.14 shows the multiyear mean summertime 2-m temperature and evaporative frac-
tion for all 30-yr simulations, again grouped per RCM. In general, the calculated summer-
time evaporative fraction is reduced by approximately 6%—-8% when changing the climate
scenario from control to A2, and simultaneously the summertime temperature increases be-
tween 4 and 6 K. For each of the models, the average value of 97'/0A is calculated us-
ing both the control and A2 30-yr simulations. This slope is used to estimate the con-
tribution of the change of A to the change of 7, naively assuming that the temperature
response is a linear superposition of a hydrologically controlled component and an “au-
tonomous” increase due to remaining processes (radiative absorption, change of circulation
statistics, etc.). Suppose that all models keep the summertime evaporative fraction in the
A2 simulations similar to the control simulations, simple extrapolation of 07" /OA results in
a reduction of the summertime temperature increase with O (KNMI) to up to nearly 2 K
(SMHI).
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4.5 Discussion and conclusions

The PRUDENCE RCM simulations have been analyzed in terms of the soil hydrological budget
components in the area encompassing the Rhine basin. Derivations from major terms in the
hydrological budget equation were taken from ERA-40, precipitation observations from CHR,
and discharge observations for the Rhine, and these data served as background material.

Not surprisingly, the RCM models involved show a great variability in all simulated terms.
The seasonality in precipitation, evaporation, and net atmospheric convergence (P — E) are
generally captured (although systematic biases in the driving GCM are obviously not removed),
but the magnitude of the seasonal fluxes deviates from the observed or derived quantities. The
largest relative errors occur with the runoff generation, which is the smallest term in the balance
equation. Part of the overestimation of the annual cycle of runoff is related to systematic
deficiencies in hydrological processes in mountainous areas.

In general, most models simulate a correlation that is too strong between anomalies in
P — E and runoff. Anomalous moisture fluxes into the soil are not buffered enough by
the terrestrial water stores (soil water and snow), and the seasonality of simulated runoff is
without exception larger than observed. Runoff schemes in RCMs are not necessarily de-
signed for accurate discharge calculation, but they do respond to general water-balance ten-
dencies. Errors in simulated runoff of the sizes found may be directly linked to the errors of
the overall water budget in applications where RCMs are one- or two-way coupled to more
sophisticated hydrological/hydraulical model systems. Drastic inconsistencies in the fluxes
”seen” by the hydrological models and by the RCMs are the result. Given the importance
of the atmospheric feedback to land-surface evaporation, this inconsistency makes applica-
tion of these coupled systems in climate change scenario analysis an area of further develop-
ment.

Also, the climate change response in the RCMs themselves shows a wide range. In gen-
eral, schemes with larger buffering capacities show smaller responses of runoff to changes in
net convergence. The relation between summertime runoff and P — FE as derived from the
inter-annual variability in the control simulations match fairly well the average response to a
changing climate. Therefore the inter-annual variability in the observations, and in particular
the anomaly correlation between P — E and runoff anomalies, are an important verification
tool for the RCMs. The comparison made here favors models with larger terrestrial storage
capacities.

Wintertime runoff is less directly responding to P — E anomalies, but also here small-
est responses to precipitation regime changes occur with larger terrestrial storage, even when
the precipitation regime changes quite drastically. In addition, the inter-annual variability of
wintertime runoff — an important quantity to estimate future risks of extreme floodings — is
smaller for strongly buffered schemes.

The relation between soil hydrology and near-surface temperature is less straightforward
than the relation with runoff. In the simulations, the inter-annual variability of summertime
near-surface temperature response is well anti-correlated to the inter-annual variability of the
evaporative fraction. Although this is not necessarily a causal relation, the crude statistics show
that eliminating climate change effects on summertime evaporation by increasing the terrestrial
water buffer could mitigate the temperature response by 0 to 2 K. Repeated simulations with
increased effective buffer capacity in each of the models is necessary to confirm this rather
naive assumption.
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Basin-scale water-balance estimates of terrestrial water storage
variations from ECMWF operational forecast analysis*
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Abstract

In recent publications, a new basin-scale dataset of monthly variations in terrestrial water
storage (BSWB) was derived for the ERA-40 time period (1958-2002) using an atmospheric-
terrestrial water-balance approach (Seneviratne et al., 2004; Hirschi et al., 2006a). Here, we
test the feasibility of using ECMWF operational forecast analyses — available for the recent
time period in near real time — instead of reanalysis data for the derivation of these esti-
mates. Our results suggest that the moisture flux convergence from the ECMWF operational
forecast analysis is generally consistent with ERA-40 in the investigated regions, including
35 midlatitude river basins and domains. For ten domains with recent streamflow measure-
ments, water-balance estimates of monthly terrestrial water storage variations derived using
the ECMWF operational forecast data are compared with estimates from the Gravity Recovery
and Climate Experiment (GRACE). In general the atmospheric-terrestrial water-balance esti-
mates show more geographical detail than the analyzed standard resolution GRACE products.

*Geophysical Research Letters, 2006, Volume 33, 1.21401, doi:10.1029/2006GL027659.
Mnstitute for Atmospheric and Climate Science, ETH Zurich, Switzerland
2Centro de Geofisica das Universidades de Lisboa, Lisboa, Portugal
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5.1 Introduction

Direct large-scale measurements of terrestrial water storage (TWS) and its main components
soil moisture, groundwater, snow, and surface water are extremely scarce. Dense networks
of soil moisture measurements are available only at a few locations, mostly in the former So-
viet Union, Mongolia, China, India, Illinois and Oklahoma (e.g., Robock et al., 2000). Mea-
surement networks of snow and groundwater are even more limited (except possibly in the
USA), and remote sensing estimates of the main TWS components, though promising, still
have several issues with regards to e.g., accuracy, data homogeneity, and representativeness
(e.g., Rodell and Famiglietti, 2001; Seneviratne et al., 2004; Reichle et al., 2004). In a pre-
vious publication (Seneviratne et al., 2004, hereafter referred to as S04), the use of combined
atmospheric-terrestrial water-balance estimates based on observed streamflow and reanalysis
data was proposed for assessing basin-scale variations of TWS (see Section 5.2). Following
this approach, Hirschi et al. (2006a, hereafter referred to as HO6) have derived a new basin-
scale dataset (BSWB) of monthly TWS variations for 37 midlatitude river basins. Depending
on the availability of streamflow measurements, the BSWB dataset covers up to 44 years of
data, corresponding to the ERA-40 time period (January 1958—August 2002). Both (S04) and
(HO6) demonstrated that the derived monthly TWS variations agreed satisfactorily with avail-
able ground observations in the considered regions.

In the present study, we investigate the feasibility of using ECMWF operational forecast
analyses (hereafter ECMWFop?) — operated with a newer version of ECMWF’s Integrated
Forecasting System (IFS) with higher spatial resolution — instead of reanalysis data in the
combined atmospheric-terrestrial water-balance framework. Given its availability in near real
time, there would be some major advantages in using ECMWFop data for certain applica-
tions. In particular, this would allow the derivation of estimates of basin-scale TWS for recent
years not covered by ERA-40; and, more specifically, it would also enable a quasi now-cast
assessment of changes in TWS in any gauged river basin, a highly promising option for several
applications such as seasonal forecasting and agricultural planning.

In the first part of this paper, we test to which extent the moisture flux convergence from
ECMWFop agrees with ERA-40 over a common time period (January 2001-August 2002). In
the second part of the paper, we present a brief comparison of atmospheric-terrestrial water-
balance estimates of TWS variations derived with ECMWFop, and corresponding estimates
derived from the GRACE mission (Tapley et al., 2004; Wahr et al., 1998, 2004) launched
in March 2002. Note that earlier water-balance analyses using ECMWFop data have been
provided for single regions and shorter time periods in a few previous applications (Rodell
et al., 2004a; Andersen et al., 2005; Syed et al., 2005). Here we present a more comprehensive
investigation, including 35 river basins and/or regions for the comparison with ERA-40, and
ten domains spanning a wide spatial range for the comparison with the GRACE data.

5.2 Basin-scale water-balance TWS-variations estimates

Following the combined atmospheric-terrestrial water-balance approach (e.g., S04; H06), the
monthly TWS variations in a given river basin can be expressed as:

a8 oW — —
ol _ _ ] _ [y } (R 5.1
{ ot ot { nQp —{R} . ©-1)
3Information on the ECMWZFop can be found at the following web locations:
http://www.ecmwf.int/research/ifsdocs/CY25r1/ and http://www.ecmwf.int/products/data/operational _system/
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where S represents the TWS of the area, W the column storage of atmospheric water va-
por, Cj the vertically integrated two-dimensional atmospheric water vapor flux and R the mea-
sured streamflow (assumed to include both the surface and the groundwater runoff of the area).
The operator (V) represents the horizontal divergence, the overbar a temporal average (i.e.,
monthly means) and {} a space average over the region. The spatial scale at which (5.1) can
be applied is of the order of at least 10° km>-~10° km? (e.g., Rasmusson, 1968; S04; H06). The
raw TWS-variations estimates derived with (5.1) are generally characterized by a long-term
drift (SO4; van den Hurk et al., 2005; H06), likely due to small systematic errors in the atmo-
spheric moisture flux convergence (S04). This drift can be removed using various detrending
approaches (e.g., removal of running mean over a given time window). In previous publica-

tions (S04; HO06), (5.1) was applied using ERA-40 reanalysis data for the terms {VH@} and
{0OW /ot}. The ERA-40 based BSWB dataset (HO6; S04) and the new ECMWFop-derived
estimates (this paper) can be downloaded at http://www.iac.ethz.ch/data/water_balance/.

5.3 Results and discussion

5.3.1 Atmospheric moisture flux convergence: ERA-40 vs. ECMWFop

Here we evaluate the potential quality of drift-corrected estimates derived with (5.1) using
ECMWFop instead of ERA-40 data. Since the term {0W /0t} is often negligible (S04), we

focus here on the consistency of the moisture flux convergence (—{V H@}) between the two
datasets. In November 2000, the horizontal resolution of the ECMWFop data was increased;
for simplicity and to avoid possible problems, we decided to start processing ECMWZFop in
2001. The comparisons are performed for 35 river basins and domains investigated in previous
publications (S04; HO6; Rodell et al., 2004a; Andersen et al., 2005; Syed et al., 2005) over the
overlapping time period January 2001-August 2002. A map of all considered regions and river
basins is displayed in the supplementary information (Figure 5.3).

Correlations, root mean square (RMS) errors, and mean differences between the ERA-40
and ECMWFop moisture flux convergence over the overlapping time period for the considered
domains are listed in Table 5.1. These results show that the ERA-40 and ECMWFop moisture
flux convergence agree generally well in the overlapping period. Note that the correlations
increase with the domain size and are overall highest in very large domains (> 10° km?; see
Figure 5.1, left). This is likely related to the increasing accuracy of the combined atmospheric-
terrestrial water-balance approach with increasing domain size (e.g., Rasmusson, 1968; S04;
HO06), which is presumably linked to increasing domain area to perimeter ratios. Similarly, the
RMS errors between the ERA-40 and ECMWZFop moisture flux convergence tend to diminish
with increasing domain size (Figure 5.1, right). Hence, additional care is required when using
ECMWFop data in smaller domains (and in general when applying the combined atmospheric-
terrestrial water-balance framework at scales well below 10° km?). But overall there appears to
be no major limitations to using ECMWFop instead of ERA-40 in the atmospheric-terrestrial
water-balance framework.

5.3.2 TWS variations: Comparison with GRACE estimates

In this section, we provide a brief comparison of drift-corrected ECMWFop-derived TWS
timeseries, with GRACE-derived absolute TWS estimates obtained from the University of Col-
orado GRACE data analysis website (http://geoid.colorado.edu/grace/grace.php). The stream-
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Table 5.1: Correlations, RMS error, and mean differences between ERA-40 and ECMWFop (i.e.,
ERA-40 — ECMWFop) atmospheric moisture flux convergence in the overlapping period January 2001—
August 2002. The ”Central European domain” covers the following river basins: Loire, Rhone, Seine,
Po, Rhine, Weser, Elbe, Odra, Wisla, and Danube; the ”French domain” covers the Loire, Rhone, Seine
and Garonne river basins. The domains and basins included in Figure 5.2 are displayed in bold face.

(All correlations are significant at the p = 0.01 level; *time series shown in supplementary Figure 5.4.)
Domains Corr RMS error Bias Size
[mm/d]  [mm/d]  [km?]

Northern Asia

Amur 0.98 0.12 0.05 1.92-10°
Lena 0.97 0.1 0.03 2.35-10°
Yenisei 0.96 0.08 -0.02  2.52-10°
Ob 0.99 0.09 -0.04 2.86-10°
Central and East Asia

Amudarya 0.80 0.73 -0.2 3.2-10°
Syrdarya 0.78 0.95 -0.45 1.7-10°
Changjiang 0.75 0.97 0.09 9.7-10°
Western Russia

Neva 0.97 0.56 -0.39 2.3-10°
Volga 0.99 0.19 -0.1 1.3-10°
Don 0.96 0.79 -0.69 42109
Dnepr 0.97 0.45 0.32 4.5-10°
Europe

Central European 0.98 0.22 0.01 1.19-10°
domain*

French domain 0.96 0.4 0.01 3.35-10°
Baltic Sea 0.99 0.14 0.02 1.68-10°
catchment

Danube 0.93 0.43 -0.1 7.7-10°
Wisla 0.84 0.65 -0.22 1.9-10°
Odra 0.71 0.92 0.34 1.1-10°
Elbe 0.84 1.01 -0.6 1.3-10°
Weser 0.76 0.98 0.06 3.6-10*
Rhine 0.94 0.52 0.1 1.6-10°
Rhone 0.87 0.93 -0.42 9.5.10*
Po 0.63 1.28 041  85-10*
Seine 0.91 0.79 0.21 8.4-10%
Loire 0.87 0.83 0.35 1.1-10°
Garonne 0.73 1.07 029 49104
Ebro 0.76 0.97 0.69 8.4-10*
North America

Mississippi* 0.94 0.47 0.1 2.87-10°
Mississippi subbasins:

- Missouri 0.93 0.5 0.29 1.2-10°
- Arkansas 0.62 1.09 0.29 3.8-10°
- Ohio 0.89 0.8 0.35 5.0-10°
Columbia 0.97 0.49 0.24 6.0-10°
Yukon 0.95 0.14 0 7.8-10
Mackenzie 0.96 0.15 0.11 1.59-10°
South America

Amazon 0.97 0.64 -0.52  4.58-10°
Australia

Murray Darling 0.74 0.52 -0.24  1.01-10°
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Figure 5.1: (left) Correlations between the ECMWFop and ERA-40 moisture flux convergence (as listed
in Table 5.1) vs domain sizes. (right) Root mean square (RMS) errors between the ECMWFop and
ERA-40 moisture flux convergence (as listed in Table 5.1) vs domain sizes. Logarithmic scale is used for
the x-axes.

flow data used for the derivation of the atmospheric-terrestrial water-balance estimates stems
from the Global Runoff Data Centre (GRDC), the U.S. Geological Survey (USGS) and
local sources (i.e., Compagnie Nationale du Rhone, Lyon, France; and banque HYDRO, see
http://www.hydro.eaufrance.fr/). GRACE products from three data centers are used: CSR
RLO1 (from the University of Texas, Center for Space Research), GFZ RL03 (from the
GeoForschungsZentrum, Potsdam) and JPL RLO2 (from the Jet Propulsion Laboratory, Cal-
ifornia Institute of Technology). According to the usage guidelines for GFZ and JPL data
(Bettadpur et al., 2006), the GSM+GAB products are employed, which are free of the false
trend shown by the GSM-only timeseries. Relative to the GRACE data, we use here data with
a smoothing radius of 700 km, as a 800 km Gaussian smoothing radius proved to be effec-
tive to remove the high-degree Stokes coefficient errors in GRACE-derived terrestrial water
storage (Chen et al., 2005). Note that since the data processing of the GRACE measurements
is still under frequent revisions, the results presented here are preliminary. In particular, re-
cently developed GRACE hydrology products appear capable of providing finer resolutions of
400-500 km (Rowlands et al., 2005 using the mascon approach; Swenson and Wahr, 2006 us-
ing correlated-error filtering; Chen et al., 2006 using optimized variance-dependent smoothing
methods).

In order to compare the ECMWFop-derived water-balance estimates of monthly TWS vari-
ations with the GRACE estimates, the former need to be integrated in time as follows:

L(oS
so-sir [ {Zha
O=5+| {5 (52)

where {0S5/0t} refers to the atmospheric-terrestrial water-balance estimates over the given
time period. The arbitrary constant .S, is chosen such that the mean absolute TWS over the con-
sidered time period is equal for the two datasets. As mentioned in Section 5.2, integrated TWS
timeseries following (5.2) generally present some drifts. Here, the drift in the ECMWFop-
derived estimates is corrected homogeneously over the entire available period in order not to
shorten the resulting timeseries (as is the case with the subtraction of a running average, see
also supplementary Figure 5.5).
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BSWB (drift-corrected, integrated) vs. GRACE
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Figure 5.2: Integrated TWS variations (shifted to the appropriate level by Sarace — Spswn) com-
pared against TWS derived from GRACE (products from three data centers) for the French domain, the
Rhone, Loire, Seine, Garonne, Rhine, Elbe, Missouri, Arkansas and Ohio river basins.
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Due to the lack of recent streamflow measurements for most river basins considered in Ta-
ble 5.1, the present analysis is restricted to the Rhone, Loire, Seine, Garonne, Rhine, Elbe,
Arkansas, Missouri, and Ohio river basins, as well as to the French domain (corresponding to
the sum of the Rhone, Loire, Seine, and Garonne river basins). Previous single-basin/region
analyses of atmospheric-terrestrial water-balance estimates of TWS using ECMWFop data
were partly provided for the Mississippi (Rodell et al., 2004a) river basin, the 2003 summer
heatwave in Central Europe (with ECMWFop-model runoff) (Andersen et al., 2005), and the
Amazon river basin (Syed et al., 2005). One should remark that most of the considered river
basins and domains in the present comparison are much smaller than the GRACE resolution
(for a 700 km smoothing radius, about 5-10° km?). Also, they lie below the critical size of
10° km? for which the atmospheric-terrestrial water-balance approach is most accurate (see
Section 5.2 and Figure 5.1). Nonetheless, it is interesting to investigate whether some common
features can be recognized between the large-scale patterns captured in the GRACE data and
the smaller-scale water-balance estimates.

Figure 5.2 displays the comparison between the ECMWZFop-derived and the three GRACE-
derived estimates of absolute TWS for the considered ten domains. The two approaches agree
reasonably well in the Missouri and Arkansas river basins, where the three GRACE products
are also relatively consistent with one another. In the other domains, the differences between the
three GRACE datasets become larger, and in the French domain and the Rhine and Loire basins
only the CSR data (showing the largest seasonal TWS amplitude of the GRACE products)
corresponds with the ECMWFop-derived TWS. Moreover, the agreement is rather poor for
all GRACE products in the Rhone, Elbe, Seine, Garonne, and in particular in the Ohio river
basins (in the later basin, possibly due to the high topographical variations characteristic of this
region).

Given the low resolution of the employed GRACE product and the relatively small size
of the considered domains, the qualitative agreement between the ECMWZFop-derived water-
balance estimates and GRACE for several of the considered domains is an interesting result.
But this comparison also highlights remaining uncertainties in the estimation of large-scale
TWS, in particular between the GRACE products themselves. In general, it appears from
Figure 5.2 that the water-balance estimates exhibit more geographical variations than GRACE
if neighboring river basins are compared (e.g., basins of the French domain, Rhine/Elbe and
Missouri/Arkansas), thus suggesting that the atmospheric-terrestrial water-balance approach
has a slightly higher resolution than the employed GRACE data.

5.4 Conclusions

We investigate here the feasibility of using ECMWFop data instead of ERA-40 for the deriva-
tion of basin-scale water-balance estimates of monthly TWS variations. Our analysis shows
that the moisture flux convergence from ECMWFop and ERA-40 agree well over most re-
gions and, thus, that ECMWZFop data can be well used in lieu of ERA-40 for time periods
not covered by the reanalysis. The level of agreement found between moisture convergence in
ERA-40 and ECMWFop demonstrates that, at the scales we are interested in, the quantity is
well constrained by observations and neither overly sensitive to horizontal resolution (ERA-40
125 km, ECMWFop 40 km) nor to model and assimilation changes (see e.g., Andersson et al.,
2005). These results suggest that the BSWB dataset (H06; S04) could be easily extended to
time periods beyond 2002 using ECMWFop data, as additional recent streamflow measure-
ments become available in further river basins. Finally, the comparison of the ECMWFop-
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derived estimates with GRACE data confirm results of previous studies (Rodell et al., 2004a;
Andersen et al., 2005; Syed et al., 2005) suggesting that the combined atmospheric-terrestrial
water-balance estimates and GRACE present some common features: They generally agree on
the phase of the TWS variations, and the amplitude is similar for several of the considered do-
mains (mainly when compared with the CSR GRACE product). The water-balance estimates
present generally more geographical detail than the analyzed GRACE data, though the accu-
racy of this geographical information could not be validated in the present study due the lack
of corresponding ground data (rarely available for the recent time period). Previous publica-
tions (S04; HO6), suggest however that it might be possible to obtain accurate information from
the combined atmospheric-terrestrial water-balance approach down to a scale of ca. 10° km?
depending on the region considered. In general, this approach is nonetheless most precise for
scales of > 10% km?. Ultimately, further methodologies such as land data assimilation (Senevi-
ratne et al., 2006¢) could help to bridge the gap between large-scale information available from
e.g., atmospheric-terrestrial water-balance estimates or the GRACE data and the smaller scale
often required for hydrological and climate applications.
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Supplementary figures
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Figure 5.3: River basins with ECMWFop-derived water-balance data (i.e., Rhine, Loire, Rhone, Seine,
Garonne, Elbe, Arkansas, Missouri and Ohio, in red), additionally analyzed domains of Figure 5.4 (i.e.,
Central European domain and Mississippi basin, blue hatched), as well as original basins with ERA-40
derived data (in grey).

Convergence ERA-40 vs. ECMWFop: Convergence ERA-40 vs. ECMWFop:
Central European domain Mississippi
< <
[ o
) T
£ o € o
£ £
Al 4 [V
< RMS error = 0.22 mm/d < - RMS error = 0.47 mm/d
correlation = 0.98 ' correlation = 0.94
T T T T T T T T T T T T
2000 2001 2002 2003 2004 2005 2000 2001 2002 2003 2004 2005
Time Time

Figure 5.4: Convergence of the horizontal water vapor flux from ERA-40 reanalysis and ECMWF op-
erational analysis in the Central European domain (left) and the Mississippi river basin (right). (Cor-
relations and RMS errors of all basins and domains are listed in Table 5.1)
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and Ohio river basins.



Chapter 6

Overall conclusions and outlook

In this dissertation, a basin-scale dataset of seasonal variations in TWS has been di-
agnosed (Chapter 2), using the combined terrestrial and atmospheric water-balance ap-
proach (see Sections 1.3.1 and 2.2.1) and ERA-40 reanalysis data (Section 1.3.2). BSWB
data for over 35 river basins of the midlatitudes has been provided on a web-site (see
http://www.iac.ethz.ch/data/water_balance/). An earlier study by Seneviratne et al. (2004) for
the Mississippi river basin showed good agreement of the approach with in-situ soil moisture,
snow depth and groundwater observations in Illinois. This validation has been extended here
to the former Soviet Union, Mongolia and China, using local soil moisture and snow depth
measurements. Then the diagnostic BSWB data of monthly TWS variations has been applied
for the analysis and the validation of the hydrological cycle in regional climate simulations
over Europe (Chapters 3 and 4). Finally, the potential of using ECMWF operational analysis
instead of ERA-40 reanalysis data for the derivation of the basin-scale estimates of TWS has
been explored (Chapter 5). The following main conclusions can be drawn from these chapters.

Chapter 2 The extended validation of the combined terrestrial and atmospheric water-
balance approach in the former Soviet Union, Mongolia and China shows reasonable to good
agreement with in-situ observations of soil moisture and snow depth for river basins with an
appreciable coverage of measurement stations. Although the groundwater component is not
accounted for in the observations, encouraging correlations are found between the diagnostic
BSWB data and in-situ measured TWS, both for seasonal and inter-annual variations.

As in many other studies with water-budget calculations (see Section 1.3.1), the present
analysis sometimes exhibit large imbalances between atmospheric moisture flux convergence
and runoff. These imbalances likely stem from errors in the determination of the atmospheric
moisture transport and are dependent on the size of the area under consideration (with smaller
areas revealing larger imbalances), but also on geographical features of the regions (e.g., com-
plex topography appears to worsen the accuracy of the water balances). Regarding the observed
imbalances, this study roughly confirms the critical domain size (see Section 1.3.1) in the order
of 10° km? for water-balance computations.

Chapter 3 The BSWB data of monthly TWS variations has proved to be of value for the
analysis and the validation of model simulated TWS in regions without large-scale in-situ ob-
servations. Analyses of an ensemble of regional climate simulations in five large-scale Euro-
pean domains show that the discrepancies between individual models in TWS variations are
sometimes considerable. However, the climatologies of most simulations lie within the year-
to-year variability of the BSWB data. The biases of the models from the diagnostic BSWB

109
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data are consistent with their deviations from other observed and derived components of the
hydrological cycle (i.e., observed precipitation and runoff, and water-balance derived evapo-
transpiration). Compared to this validation data, the regional simulations often show stronger
relations between anomalies in “absolute” TWS and time lagged anomalies in other modeled
quantities, e.g., for the correlations of anomalies in summer precipitation and summer evapo-
transpiration with anomalies in spring TWS.

Chapter 4 It is shown that the runoff response of the models considered in Chapter 3 on
anomalies in atmospheric moisture convergence is mostly overestimated, compared to valida-
tion data in the Rhine basin. The TWS capacity of the models (expressed as the depth of the
soil water range) plays an important role for the simulated hydrological response on present-day
anomalies in convergence, as well as on future climate change, as larger storage capacities lead
to smaller changes in both projected wintertime and summertime monthly mean runoff. Since
the representation of the hydrological cycle in LSMs has also implications on summertime
temperatures, sustained summertime evapotranspiration resulting from large storage reservoirs
may have a noticeable impact on summer surface temperature projections.

Chapter S Finally, the use of ECMWF operational analysis instead of ERA-40 reanalysis
data for the diagnosis of the BSWB estimates has been tested. Results are encouraging and
the application of the operational data could enable a quasi now-cast assessment of diagnosed
TWS variations in large-scale gauged river basins, where real-time runoff measurements are
available. Moreover, comparisons with GRACE data suggest that BSWB-type estimates have
a higher spatial resolution as the satellite estimates in their standard resolution.

Open questions remain regarding the observed drift in the BSWB data, stemming from im-
balanced atmospheric water vapor convergence and runoff. Various reasons for the unbalanced
budgets, which are likely due to errors in the determination of the atmospheric water vapor
transport, have been discussed in Sections 1.3.1 and 2.4.2, and in references therein. Insuffi-
cient temporal sampling of the atmospheric flux (i.e., 6 h in ERA-40), systematic errors in the
humidity (and runoff) observations, as well as the lack of water conservation in the atmospheric
data assimilation system can all contribute to imbalances in the basin-scale budgets. To avoid
errors arising from truncation and interpolation of model data, the computation of the atmo-
spheric components of the combined water balance has been done using original ECMWF data
in terrain-following model (hybrid sigma-pressure) coordinates at full resolution throughout
this thesis (see Section 1.3.2). Nevertheless, additional inaccuracies can arise due to limited
horizontal and vertical model resolution, so that the model surface does not correspond with
the Earth’s real surface, especially in the vicinity of steep orography (e.g., Trenberth, 1995).
Moreover, as the reality likely contains inter-decadal variations, part of the observed drift might
be real and the application of the drift-correction presented in Section 2.3.1 to correct the im-
balances can lead to a loss of information on longer-term variations in basin storage (e.g., due
to a persistent drought). However, since drawing conclusions for hydrological trends from re-
analysis data should be done with care (e.g., Bengtsson et al., 2004a; Hagemann et al., 2005),
and because it is difficult to distinguish between artificial and real drifts, we prefer to correct the
imbalances in the proposed way (i.e., assuming a long-term average of zero in TWS variations)
and to concentrate on the seasonal and inter-annual development of TWS.

In the near future, an improved reanalysis system derived from the latest operational version
of the ECMWF 4D-Var assimilation system (IFS CY31r1) will be used to produce an ’interim’
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reanalysis, run from 1989 onwards and carried out into the future in close to real-time (S. Up-
pala 2006, presentation at the ECMWEF/GEO Workshop on Atmospheric Reanalyses, 19-22
June, Reading, UK; see http://www.ecmwf.int/newsevents/meetings/workshops/2006/re-
analysis/presentations/uppala.pdf). This new system has a spectral model resolution of Ty 255,
80 km spacing for grid-point fields, and 91 vertical levels. It includes assimilation of addi-
tional humidity data from satellites in cloudy conditions, a reformulated humidity analysis and
improved physics of the background forecast model (Andersson et al., 2005). Tests with the
‘interim’ reanalysis system indicate that several of the problems experienced in ERA-40, e.g.,
the excessive tropical precipitation and the unbalanced hydrological cycle (see Section 1.3.2),
could be eliminated or significantly reduced in the future (Uppala et al., 2005). The improved
quality of the background forecast model results in smaller analysis increments, and conse-
quently improved balance of the hydrological cycle in the reanalysis. The largely improved
issue of excessive topical rainfall could enable to extend the use of the applied water-balance
approach to low-latitudes and tropical regions, where several major river basins of appropri-
ate size exist (e.g., Amazon, Ganges). Moreover, the higher horizontal model resolution of
the new system, resolving more topographic variability, could lead to better balanced water
budgets in basins with areas below 10° km?, and in regions with complex topography (e.g.,
Europe). The production of the ’interim’ reanalysis in near real time also opens the possi-
bility of simultaneous assessment of diagnosed TWS variations in large-scale gauged river
basins, where also runoff data is available in real time (e.g., for agricultural planning, water
management or seasonal forecasting, similar as for the application of ECMWF operational
analysis data in Chapter 5). Moreover, this will allow to extend the comparisons of BSWB
and GRACE derived TWS, and given further updates of the Global Soil Moisture Data Bank,
to carry out an independent and coincident validation of both products with in-situ obser-
vations (as has been recently done for GRACE in Illinois, see Swenson et al., 2006). To-
wards the end of this decade, ECMWEF also plans to run a 70-yr reanalysis starting around
1940. This could extend the BSWB dataset further into the past, as runoff measurements
from the investigated river basins are often available since the beginning of the last cen-
tury.

In extending the use of the BSWB approach, we plan to consider further regions for this type
of analysis. For instance, we have started a collaboration with the University of Arizona (USA)
and Wageningen University (NL) for the Colorado river basin. This river system is one of the
most heavily regulated for providing water supply, irrigation, flood control, and hydropower
to a large area of the U.S. Southwest. Estimating intra- and inter-annual variability of water
storage in this basin is important for sustainable water management. ERA-40 and ECMWFop
derived BSWB data, various GRACE products, and simulations with the Variable Infiltration
Capacity (VIC) hydrological model are applied to investigate TWS in the Colorado basin.
Beside the human-influenced observed runoff, computed natural runoff (Prairie and Callejo,
2005) is also used to derive the BSWB data. This can give insights in the impact of human
activity on the seasonal evolution of TWS. Moreover, we plan to apply the North American
Regional Reanalysis (NARR, Mesinger et al., 2006) for the derivation of the basin-scale TWS
variations. NARR is a high-resolution regional reanalysis for the North American domain,
covering the 25-yr period from 1979 to 2003 at 32 km horizontal resolution with 45 vertical
layers.

Despite large improvements in the field of climate modeling in the last few decades, un-
certainties remain on the representation of land-surface processes in the various climate and
land-surface models (e.g., Chen et al., 1997; Entin et al., 1999; Dirmeyer et al., 2005; Vi-
dale et al., 2007). In particular, the strength of the relations between anomalies in various
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modeled quantities (e.g., between anomalies in TWS and time-lagged anomalies in precipita-
tion, evapotranspiration and surface temperature, as well as between anomalies in atmospheric
moisture convergence and simultaneous runoff anomalies) is sometimes varying considerably
from model to model (see Chapters 4 and 3, as well as e.g., Koster et al., 2004, 2006; Guo
et al., 2006), and thus affects the consistency and reliability of the future response of the sim-
ulated hydrological cycles on climate change (e.g., Seneviratne et al., 2006b). The analysis of
multi-model ensemble simulations (as e.g., provided by the completed PRUDENCE project,
Christensen et al., 2007; or in the near future by the ENSEMBLES project') can help to iden-
tify errors that are included in a single model. Moreover, the use of a multi-model ensemble
mean may help to reduce the model induced uncertainty and thereby contribute towards more
reliable climate projections. The BSWB dataset derived in this thesis can contribute to improve
the understanding of a specific model behavior and serve as an additional validation data base,
supplementing directly measured quantities (e.g., runoff, precipitation, temperature).

Besides the validation of simulated TWS as presented in this thesis, future applications of
BSWB data may include its assimilation in the soil moisture analysis of upcoming reanalyses,
or its implementation in land-data assimilation systems in general (e.g., ELDAS and GLDAS?,
or Seneviratne et al., 2006¢). Also the usage of derived TWS for the initialization of seasonal
weather forecasts is imaginable.

Both BSWB and GRACE derived TWS are somehow influenced by model assumptions (in
the case of BSWB on the applied reanalysis system, in the case of GRACE e.g., on the back-
ground gravity field model and on the error-filtering procedures), and thus require to be inde-
pendently validated with in-situ measurements. However, this remains difficult, since direct
large-scale observations are sparse and become often available with long time delays (several
years, especially relevant for the validation of GRACE). The BSWB data presented in this study
has some advantages here, since it can be compared with in-situ observations of soil moisture
and snow depth for long periods in the past at least in some regions (see Section 2.4.3). For
Europe, however, it would be highly desirable to set up comparable coordinated networks of in-
situ observations of TWS components similar as in Asia (such as the datasets from the Global
Soil Moisture Data Bank) and in the USA (such as e.g., SCAN? for soil moisture, SNOTEL?* for
snow depth, and the USGS archives of groundwater well measurements). Even though being a
promising alternative for missing in-situ measurements of TWS on large scales, the presented
water-balance approach cannot fully replace such direct observations.

'ENSEMBLE-based Predictions of Climate Changes and their Impacts
2European and Global Land Data Assimilation System respectively
3Soil Climate Analysis Network

4SNOwpack TELemetry
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