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Figure 4.10: Global distribution of total storage variability of the calibrated WGHM (above) and
its deviations to the original model version (below). Negative values below indicate
decreased and positive values increased variability. Units are in mm of water column.
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version and their uncertainty due to measurement errors provide an insight into the control and
reliability of the individual process simulations.

For some basins, possible model structural errors are uncovered by the calibration, e.g., too
small wetland volumes in the Amazon and the Mississippi basin. For some basins, errors or limits
of the calibration data restrict the calibration success. An update of global river discharge data
sets to the GRACE mission period is an urgent need for further progress. As another strategy for
the calibration of basins with strong inter-annual variations and scarce discharge data availabil-
ity, smaller weights could be given to mean monthly discharge data in the calibration process.
However, the model representation of TWS variations inheres more parameter equifinality than
river discharge due to the lack of absolute values and the integrative nature and limited spatial
resolution of GRACE TWS variations. Consequently, GRACE data alone are not adequate for
calibrating water storage state variables in large-scale hydrological models.

Calibration difficulties are also due to the complexity of interaction between single storage
components and to the inability to separate these storages with the integrative TWSV data.
Many different single storage combinations can lead to similar variations in the total water budget
of a river basin. The decrease of model sensitivity for TWS or its components is catalysed if clear
anti-phases occur between storage variations in individual compartments. Since groundwater
seasonality deviates mostly from the other storages, it plays an important role in the timing of
TWSYV in a river basin. A parameter sensitivity analysis for such basins should be undertaken
carefully and for future studies, an increased attention should be given to groundwater storage
in the calibration process.

The improvement of large-scale hydrological models and the validation of GRACE water mass
estimates is an iterative process. Model structure errors may complicate the calibration of
WGHM with GRACE TWSV. But also limited spatial resolution or regional varying accuracy
(e.g., Winsemius et al., 2006b) as well as different smoothing effects between GRACE and mod-
elled data may affect the calibration performance. Therefore, GRACE uncertainties are still an
important object of research. Furthermore, due to the general data scarcity of hydrological ob-
servations at the global scale, newly developed observation systems like GRACE in turn depend
on global model estimations for validation and error reduction. This will complicate the inde-
pendence of model re-calibrations and again it limits the application of GRACE for hydrology
(and vice versa) in the sense of an iterative learning process.

As consequence to the named difficulties, it is desirable to include further hydrological observa-
tions into the calibration and validation process. Only satellite data are in the run for large-scale
hydrological modelling and the rise of satellite observation systems with global coverage are
promising. Groundwater observations are not available with global coverage and this storage is
not directly accessible by space techniques. But satellite observations of snow storage (e.g., by
MODIS, Parajka & Bloschl, 2008), surface water (Papa et al., 2008) or soil moisture from the
future satellite missions such as SMOS and SMAP are applicable for tuning or validation of large
scale-hydrological models with more than two objectives.

Due to the large diversity of processes in different regions of manifold climatic conditions,
global hydrological modelling is a challenging ambition. The present study expands experiences
on representing hydrological processes on the global scale with a particular emphasis on water

storage dynamics. The continuation of similar studies is motivated by the steadily improved
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accuracy of GRACE solutions and the future prospect of a GRACE-follow on mission. Longer
time series of gravity data will in particular allow focusing on hydrological extremes, inter-annual

variations and secular trends in both observations and modelling capabilities.

Acknowledgements

We acknowledge J. Alcamo and P. Déll for providing the WGHM model code. The German Min-
istry of Education and Research (BMBF') supported these investigations within the geoscientific
R+D programme GEOTECHNOLOGIEN ,Erfassung des Systems Erde aus dem Weltraum”.
The authors also want to thank Ross Woods productive discussions on the calibration analysis
methods.

91






5 Final Summary and Conclusions

The main aim of this work was to improve global simulations of total water storage varia-
tions (TWSV) from the hydrological model WGHM by applying monthly TWSV estimates from
GRACE gravity fields and therewith, to learn about the reasons for simulation discrepancies
to GRACE, in particular about model errors. To achieve this aim, a multi-objective calibra-
tion approach for the integration of GRACE into WGHM was developed and applied. Several
questions arisen for such a novel data combination and not all of them may be answered, but
they shall motivate our attempts for the multi-data integration of remotely sensed hydrological
observations into large-scale hydrological modelling in order to improve our understanding of the

Earth’s water cycle as a whole.

5.1 Main strategies and results

The undertaken studies are a combination of a-priori model and data analyses, model re-
calibration as well as a-posteriori data and uncertainty analyses. Herein, the study period was
reclined to the GRACE mission period from 2003 until 2007 (Chapter 3) and 2008 (Chapter 4),
respective to the state of the studies. Nevertheless, applied discharge data partly go back to
1950, depending on the most recent available data sets (see Table 4.2). In the following sec-
tions, the components of the developed approach and the main results of the re-calibration are

summarised.

5.1.1 lterative concept

A challenge in the application of GRACE data is the separation of signal from one region to
another as well as signal from noise (Schmidt et al., 2008b). The limited spatial resolution
of GRACE is reflected by increasing errors in GRACE coefficients of higher spatial resolution.
Therefore, the coefficients have to be smoothed before transferring them to mass variations.
Herein, a critical point depicts the selection of an adequate filter method and a respective pa-
rameter value. The discussions of proper filter strategies (just some main examples are Jekeli,
1981; Swenson & Wahr, 2002; Han et al., 2005; Sasgen et al., 2006; Chen et al., 2006b; Swenson
& Wahr, 2006; Seo et al., 2006; Kusche, 2007; Schrama et al., 2007; Davis et al., 2008; Klees
et al., 2008; Kusche et al., 2009) and of restoring strategies (e.g., Swenson & Wahr, 2007; Chen
et al., 2007a; Klees et al., 2007) are likely to prolong until there is no break through regarding
the GRACE gravity field accuracy.

A validation of GRACE filter methods and respective parameter demands independent global
data sets of mass variations. For continental hydrology, only global models provide such data
and they are widely used to validate filter methods (e.g., Chen et al., 2005; Swenson & Wahr,
2006; Chen et al., 2007b; Kusche et al., 2009; Klees et al., 2008). On the other hand, differences
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between global hydrological models are as large as the signal they feature, which is due to
different modelling strategies and input data (see Chapter 2). In return, this underlines the
need of GRACE-based hydrological mass variations to improve large-scale hydrological modelling
concepts (Schmidt et al., 2006; Niu & Yang, 2006; Ngo-Duc et al., 2007; Syed et al., 2008;
Schmidt et al., 2008¢; Zaitchik et al., 2008). Consequently, at this stage and until further global
observations become available, which cover the main components of the global water cycle,
the improvement of TWSV simulations and the validation of GRACE data analysis tools is
an iterative procedure. This constraint is reflected by the present work, where a validation of

GRACE filter methods was undertaken with hydrological model simulations.

5.1.2 GRACE filter evaluation

The strategy and the strength of a GRACE filter, that is applied to suppress coefficients, strongly
influences the spatial resolution and the total error in GRACE data (Chapter 2). The latter is an
accumulation of the satellite error and the filter induced leakage (e.g., Klees et al., 2007). In this
study, the respective methods and their parameters were evaluated (see Chapter 2) by a compar-
ison of six of the most common non-decorrelation and decorrelation filter methods (Jekeli, 1981;
Swenson & Wahr, 2002; Seo et al., 2006; Swenson & Wahr, 2006; Kusche, 2007) and for different
values of the filter parameters. This comparison was undertaken by a measure of correspondence
between basin averaged TWSV derived from equally filtered GRACE data and model simula-
tions (Table 2.5). The latter are computed from an average of three global hydrological models
GLDAS, LaD and WGHM, which are widely applied for comparisons with GRACE. It is ex-
pected, that the total hydrological simulation error is reduced when averaging three independent
models, since all models rely on different strategies and input data (see Chapter 2).

A comparison of the filter methods shows that smoothing strategies and strengths but also
basin properties and signal characteristics inside and outside a river basin influence the filter’s
performance and efficiency. Different filter and parameter settings introduce different amplitude
and phase distortion of the TWSV time series of different river basins (Table 2.4). Two of the
filter (method II and IIT) more likely produce amplitude damping, while two other methods (I
and IV) can lead to strong phase shifts in the time series of TWSV (Fig. 2.6-2.8). If smoothing
induced phase shifts are of relevance, amplitude restoring factors are not applicable alone to
recover the signal amplitude. Optimal filter methods and parameter values for individual basins
were determined to be used in hydrological applications, i.e. WGHM model calibration. These
optimised methods and filter parameter provide reduced differences in amplitude and phase as
well as a better total error budget compared to not optimised filter methods (see Table 2.4 and
2.6). It is shown that the integration of a-priori information into the filter design like a signal
model or orbit-configurations is benefiting and leads to a better error budged, than e.g., the
standard Gaussian filter method (Fig. 2.10). One of the decorrelation methods (Kusche, 2007),
which uses orbit-configurations, was exposed to be optimal for most of the river basins (Table 2.5).
Exception occurs only for Amur, Orange and St. Lawrence, where agreement between model
simulation and GRACE data is generally low. Additionally, the results for Nelson and Indus
are not reliable due to low general correspondence for all filter methods. The filter evaluation
results were supported by estimation and graphical comparison of the total error budget for

all filter methods and admitted parameter values. Finally, a sensitivity test towards amplitude
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errors in hydrological simulations confirmed the reliability of the filter evaluation. The filter
evaluation results are an important and valuable input for the application of GRACE data in
WGHM re-calibration studies.

5.1.3 Data consistency

GRACE data and hydrological model simulations have been filtered equally. Because GRACE is
not sensitive to small scale mass variations, no clear separation between signal of different regions
is possible with any analysis strategy or without alternative data sets. Since such data sets are
not available, the resolution of hydrological simulations has to be down-scaled. A consistency to
the resolution of GRACE data may be achieved by filtering the simulated data. The remarkable
differences between filtered and unfiltered time series of basin-averaged TWSV are visible for
some example river basins in Fig. 4.8 and 4.9. They have a significant effect on the detection
of signal amplitudes, e.g. in particular of extreme events. Some studies neglect the necessity
to equally filter both data sets (e.g., Zaitchik et al., 2008; Rodell et al., 2004a). But as it
is reasonable only to compare data with equal temporal resolution, similar spatial resolution
should be ensured as well before the comparison of modelled and GRACE based TWSV (as done
by Chen et al., 2009; Klees et al., 2008; Schmidt et al., 2008c¢).

Another type of data consistency refers to the inclusion of relevant hydrological process.
WGHM is an appropriate global hydrological model to be calibrated by GRACE data, since
it simulates the main components of the continental water cycle, including soil, canopy, snow,
surface water storage (see Chapter 1). Especially surface water (rivers, lakes and wetlands) is
often neglected in global hydrological models (Syed et al., 2008; Ngo-Duc et al., 2007; Milly
& Shmakin, 2002a, see also Chapter 2), though a representation of all relevant components of
the continental water cycle is important to preserve consistency with the integrative GRACE
observations. Furthermore, a closed water balance is guaranteed if all important storages are
simulated. The complete closure of the water cycle is a basic demand to be able to increase our

understanding of the water cycle as a whole.

5.1.4 Parameter sensitivity

The global hydrology model WGHM is originally calibrated against one river runoff parameter,
because it bases on river discharge measurements only. The application of GRACE data for
the re-calibration of WGHM enables the tuning of parameter from other processes besides river
runoff, since GRACE data include variations of all water storage components. This makes the
regulation of the surface water balance possible, which is not affected by the runoff parameter
(Déll et al., 2003). Furthermore, the empirical or literature-based values of overall 36 model
parameters may be verified. But since a calibration of all parameter is technical not reasonable,
the six to eight most sensitive parameter towards river discharge and TWSV were selected by a
sensitivity analysis with a Latin Hypercube sampling for 2000 model evaluations (see Chapter 3
and 4). Here, the number of six to eight is a compromise between the optimisation of all param-
eters with high sensitivity towards model output and the reduction of parameter equifinality as
well as computational effort. The latter would rise fast with the number of optimisation param-

eters. The results of the sensitivity analysis are reasonable from a hydrological point of view,
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since they reflect the importance of specific processes within a river basin, e.g., they allocate a
high importance of surface and soil water to the Amazon region or a large importance of snow
parameter to the Mackenzie region (see Table 4.3). The elimination of insensitive parameters
from the calibration list not only reduces computation time but also simplifies the interpretation
of the re-calibration results for WGHM.

5.1.5 Calibration technique

For the monitoring of the continental water cycle on large scales GRACE depicts a very valuable
tool providing access to a previously immeasurable variable, the total water mass variation of
a specific region. Nevertheless, due to the integrative and relative nature of GRACE data it
is necessary to use further measurements during the calibration which ensure a correct water
level within the simulated water cycle. Furthermore, a new calibration of WGHM was ought to
predicate on the station-based accuracy of the original model version evaluated by river discharge
measurements. Therefore, a key strategy for the re-calibration of WGHM is the multi-objective
decision making against two sets of measurements, being GRACE TWSV and river discharge
measurement.

The application of multi-objective methods in hydrological model calibration started with
(Gupta et al., 1998), as an answer to parameter equifinality (Beven & Binley, 1992). The
multi-objective approach provides more reliable results for the system optimisation, because any
single observations is contaminated by errors and it would reflect only one aspect of the system
behaviour (Vrugt et al., 2003a; Wagener et al., 2003; Fenicia et al., 2007; Yapo et al., 1998;
Gupta et al., 1998; Duan, 2003). Furthermore, hydrological model optimisation is often an over-
parameterised optimisation problem. So, the integration of additional measurements increases
the predictability of the system (Beven, 2001) and a multi-objectively calibrated parameter set
will lead to model simulations that are consistent to different system states. The second answer
in hydrological sciences to equifinality was the consideration of parameter uncertainty. In this
work, parameter uncertainty is respected by a a-posteriori uncertainty analysis for GRACE and
discharge measurement errors (Chapter 4). The application of respective optimisation methods
(e.g., GLUE, BaRE or SCEM-UA by Beven & Binley, 1992; Thiemann et al., 2001; Vrugt et al.,
2003b, respectively), recently combined with multi-objective methods (e.g., MOSCEM-UA by
Vrugt et al., 2003a) are not applicable for WGHM re-calibration at the moment, because they
demand a very large number of model evaluations (minimum between 10.000 and 100.000) to
enable statistical analyses.

The gain from a multi-objective calibration strategy is best shown for the example of the
Congo river basin (see Fig. 3.1), where a large trade-off between both calibration objectives
occurs. A single-objective calibration for Congo would lead to good estimates for either TWSV
or river discharge but at the same time result in very inaccurate simulations for the second
variable. As mentioned above, this problem is of high relevance, when using GRACE data. A
large number of model versions may reflect the relative variations of TWS but different absolute
water levels in the river basin. Consequently, a larger equifinality towards GRACE TWSV
(as for Amazon and Mississippi in Fig. 3.1 and for Lena in Fig. 4.4) is exhibited. Here, a
multi-objective calibration which additionally constrains absolute river discharge measurements

decreases parameter equifinality and restricts good TWSV solutions to model versions consistent
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to both components of the continental water cycle. For the multi-objective parameter ranking
and sampling the efficient genetic algorithm e-NSGAII (Tang et al., 2006; Kollat & Reed, 2006;
Deb et al., 2000) was linked to the WGHM software.

To accommodate the limited spatial resolution of GRACE data, the re-calibration of WGHM
was done basin-wise for basin averaged TWSV and for river discharge at the last discharge station
of the basin towards the ocean. The sub-basin heterogeneity of river water flow of the original
model version was kept by the calibration of a runoff coefficient factor for the whole river basin
(see Chapter 2).

The algorithm was first applied for the Amazon, the Mississippi and the Congo (Zaire) river
basins (Chapter 3) with a limited number of 400 model evaluations. The river basins were se-
lected for for varying signal intensity and to test the calibration method on different geographical
locations. An aim for the test runs was to minimise the noise in GRACE data at best possible,
since a standardly used Gaussian filter had to be applied at that time. Therefore, the cali-
bration was done against significant TWSV periods in the GRACE signal, that are verifiable
by hydrological model simulations, though they may exhibit different size and timing (Schmidt
et al., 2008¢c). From the calibration an improved simulation of TWSV signal periods as well as
its complete signal could be achieved for all three river basins, parallel to an increased simula-
tion accuracy for river discharge. This successful calibration encouraged the application of the

developed approach for further river basins world wide.

5.1.6 Global model calibration

Due to the limited spatial resolution of GRACE data, their application is limited to large river
basins. Though, the size of GRACE observation error is site dependent (Winsemius et al., 2006b;
Horwath & Dietrich, 2009), satellite errors may mask out the signal of mass variations at very
small basins. Therefore, the final calibration (Chapter 4) was done for the 28 largest and most
important river basins worldwide (see the basin list in Table 4.2).

For each basin most sensitive parameter (Table 4.3) are calibrated with the developed multi-
objective approach after 1200 model runs (Chapter 3). Time series of GRACE TWSV were
smoothed by a-priori determined optimal filter methods (Chapter 2). Herein, most updated
monthly GRACE RL04 solutions were taken from the data centres of GFZ, CSR and JPL. Dif-
ferences between the solutions originate from different processing strategies of the data centres
(Klees et al., 2008). Averages of these three different fields were used as a best guess of the
monthly GRACE mission’s gravity fields. Calibrated errors of the three data sets where propa-
gated to an error estimation of the average fields (Eq. 4.1). River discharge data were taken from
different data centers at the last available discharge station of a river basin (see Table 4.2). Due
to missing error estimations from the runoff data centers, the error of discharge measurements
was conservatively set to 20%. This agrees quite well with a very resent and first general estima-
tion of discharge measurements by Di Baldassarre & Montanari (2009), who estimated the error
to about 25% for the Po River. Consequently, the reliability of the calibration towards GRACE
and river discharge errors was analysed in an a-posteriori uncertainty analysis (see Sect. 4.2.4,
Fig. 4.5 and 4.6).

Strongest accuracy increase in hydrological simulations was achieved for the Amazon basin,
where RMSE reduced about 24 mm for TWSV and 110 km? /month for river discharge. Accuracy
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increase is best for the Amazon, because the strong signal of water mass variations routing
through the river basin more significantly contrasts to measurement errors. Though, smaller
than for the Amazon a significant improved simulation performance regarding both objectives
could be achieved for other basins as well (see Fig. 4.5). Only for Huang He, Indus and Mekong
improvements are limited to TWSV, and for Nelson, Orange, Yukon and Congo to river discharge
respectively. Seasonal amplitude and phase of TWSV improved similarly, except for basins
lacking a distinct seasonal signal in the GRACE data like Amur and Orange (see Fig. 4.6). For
these two basins, GRACE data accuracy is not sufficient.

A validation of the calibration results was done for a temporal period 01/2008-12/2008 follow-
ing after the calibration time frame. Regarding river basins, the validation results correlate with

calibration success.

5.1.7 Simulations of TWSV and its components

After the re-calibration, simulations of TWSV and its components are analysed in detail for seven
river basins (Sect. 4.3.3) and for the global scale (Sect. 4.3.4). In total, water storage variations
show a global increased variation of 7 mm, which mainly results from a larger variation in tropical
and temperate regions (e.g., Amazon, Mekong, Niger, Figure 4.10, Table 4.5). In contrast,
TWSV was overestimated by the original model for most of the cold regions (e.g., for Mackenzie
or St. Lawrence).

Analysing differences between single storage compartments of the calibrated and the original
model version on the global scale, largest changes occur within soil, river and surface water storage
(see last row of Table 4.5). On the basin scale, it becomes clear that these changes mainly derive
from changes in tropical regions (whole Table 4.5). But also increasing snow storage is exhibited
for cold regions. Decrease in water storage variations of single WGHM compartments occurs
for river water in temperate and dry regions as well as for snow in cold regions with a warm
winter. In these transition zones, global climate warming during the GRACE period may have
an effect, because the original model calibration belongs to earlier periods (Hunger & Déll, 2008).
The variation in groundwater was decreasing globally on the basin scale. This loss in variability
mainly derives from regions with a distinct dry region or some cold river basins.

It is also interesting to have a look on TWSV of the re-calibrated single storage compartments
of WGHM. In average, soil depicts the highest variable capacity to store water on the continents
and therefore, it inheres the largest part of changes in the GRACE gravity field (last row of
Table 4.5). Variations in snow storage may reach very high values for cold regions and average
to the second largest storage variations on the global scale. Together, rivers and water of lakes
and wetlands (surface water) are of similar size as snow storage. Otherwise, storage variations of
lakes and wetlands alone are the fourth largest contributor to the variable gravity signal, together
with variations in the groundwater. Compared to other storages and to signal accuracy canopy
storage variations are negligible on river basin and on global scale. But because vegetation has an
important influence on evaporation, the simulation of canopy storage is necessary for a complete
represenation of the continental water cycle.

Time series of simulated basin-averages of the single storage components, exhibit a complex
interaction (some examples are shown in Fig. 4.8 and 4.9). Single storage variations are not

directly evaluated during calibration, but only through their proportion in TWSV. Instead, a
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brief loot at single storage variations and parameter changes was undertaken to investigate the
reasonability of the calibration results (Sect. 4.3.3). Phase shifts between single storages is visible
in the time series, that are strongest for groundwater or snow in cold regions. Furthermore, a
too low surface water variability was found for Amazon and Mississippi, which may be caused by
surface water exchange of river and surface water due to the conceptual WGHM formulation on
an aggregated cell-basis. It is likely, that also the absence of reservoir information in the applied

WGHM version introduces an error to the timing of time series of surface water storage.

5.1.8 Difficulties and disappointments

The limitation of the WGHM calibration with GRACE became apparent by the analysis of time
series of single storage compartments (Fig. 4.8 and 4.9). Total water storage depicts a sum of all
components and it is not possible to separate GRACE time series without further information.
Other studies separated the components from GRACE mass variations using modelled hydro-
logical data (Swenson & Wahr, 2009; Rodell et al., 2006; Ramillien et al., 2006; Frappart et al.,
2006; Niu et al., 2007a). But such a separation is illegitimate, when GRACE data are applied
for hydrological modelling itself, as in this study. Hence, during model calibration a combination
of the strongly seasonal single storage variations could sum up to similar TWSV time series for
many model versions, i.e. many combinations of different storage compartments. Consequently,
the calibration is rather insensitive to the simulation of single storages. Furthermore, it is known
from independent model simulations, that groundwater storage exhibits the strongest phase shifts
to other components of TWSV and therefore, it plays an important role in the timing of TWSV
(Giintner et al., 2007a). For WGHM, larger groundwater variations would lead to a better tim-
ing of seasonal TWSV. But Fig. 2.2 showed that NSC is more sensitive to amplitude differences
than to phase differences of the seasonal TWSV. This may have reduced the sensitivity of the
groundwater factor parameter, which is not among the six to eight most sensitive parameters for
any basin. On the other hand, the groundwater baseflow coefficient regulates the groundwater
phase and its sensitivity might have been overestimated. These limitations could be responsible
for the reduced groundwater variation after the calibration, which is not reasonable regarding
previous studies, e.g. for the Mississippi basin (due to Rodell et al., 2006; Zaitchik et al., 2008).

Further difficulties occurred for river basins with strong inter-annual variations. These varia-
tions are not present in mean monthly river discharge, applied for the multi-objective calibration.
This points out the high need of more up to date river discharge measurements on the global
scale.

It might be expected to apply real alternative data sets to validate the WGHM re-calibration.
But due to data scarcity of hydrological observations on global scales and due to the difficulties
in the application of remotely sensed surface soil moisture into global hydrological models (e.g.,
Basara & Crawford, 2000; Wilson et al., 2003; Choi et al., 2007) such data were not available for
the present study. Therefore, a validation of the calibration results was limited to a second time
period instead of alternative measurements.

A further limitation for the re-calibration respects to the long evaluation time of WGHM,
reducing the possible number of model evaluations (see Table 1.2). To achieve a secure global
optima, usually many thousands of model evaluations are calculated. For WGHM, a compro-

mise between model evaluation time and security of the calibration results had to be taken.
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The selected number of evaluations follows findings of Tang et al. (2006) regarding convergence
efficiency of e-NSGAIL.

5.1.9 Open questions

The present study concentrates on TWSV variations close to the seasonal time scale. An evalu-
ation of simulated trends in hydrological variables would be another important insight into the
model performance for evaluating modelling strategies. Steffen et al. (2008) excluded secular
trends in GRACE data from geophysical signals like glacial isostatic rebound and compared
them to hydrological models. He argued that hydrological models do not well represent trends
in continental hydrology and that they have to be improved before their secular components are
applicable for further studies. This issue is still an open question in hydrological research. But
the knowledge gained by the present study serves as a guideline for respective model analyses.

Climate warming has a significant effect on water storages of ice (e.g., glaciers) and permafrost
(e.g., Haeberli & Beniston, 1998; Lawrence & Slater, 2005). These storages are not included in
WGHM (see Sect. 1.2). On the one hand, increased melting may introduce errors in simulated
discharge variations by WGHM compared to GRACE or to models that include these storage
components. On the other hand, effects of climate change may explain some differences of
water storage variations between the re-calibrated and the original model version, especially
for transition climate zones (see Chapter 4). As the influence of climate change may increase
together with the extension of GRACE time series, it would be interesting to quantify this effect
specifically for WGHM to evaluate its representation of the hydrological cycle or to separate
effects of climate change.

Another open question that appears at this point and in the face of global climate change, is
the transferability of the re-calibrated WGHM parameter to the past and to the future. Due to
the IPCC report (Bates et al., 2008), the global climate change causes very different hydrological
system states. But at what stage of the system change are we and how long will it maintain?
Climate modelers will help to answer this questions. But changes in the distribution of climate
zones, as we know them today (e.g., Peel et al., 2007), may limit the calibrated model states to
certain periods. Dynamic behaviour of certain parameters or e.g., land cover types may have to
be introduced into global hydrological modelling, especially for long-term studies.

The calibration with GRACE was be done for large river basins only. For small basins, resolu-
tion of GRACE is insufficient. It has still to be tested, whether a calibration of a group of several
river basins clustered to a region of sufficient size would work out. To answer this open question
would exceed the time limit for this work. But it would help to realise a complete integration
of GRACE into global models as well as the application of GRACE for continents like Europe,

where rivers are relatively small but very important for e.g., hazard assessment or water demand.

5.2 Integration of GRACE data into WGHM

The main research questions of this study, that were posed in the introducing Chapter 1 shall

be answered by the following sections.
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5.2.1 How can GRACE be integrated into global hydrological modelling?

The most important characteristics of GRACE data integration into the global hydrological
model WGHM can be summarised to the following.

I. Separation of GRACE signal from error by a basin specific filter evaluation towards an op-
timal error budged in GRACE-based time series of TWSV: Smoothing of GRACE gravity
fields is indispensable and the available filter methods have different effects on different
regions. Filter specific parameter especially of non-decorrelation methods should be opti-
mised to reduce the satellite error in GRACE data but achieve the best possible spatial
resolution, hence, an optimal separation of signal and noise in GRACE data. Not optimised

filter methods may cause insufficient GRACE data accuracy.

IT. A-priori model analysis: Process analysis and parameter calibration based on GRACE data
integrations may be simplified by a-priori considerations of regional characteristics. An a-
priori model sensitivity analysis may eliminate insensitive parameter against the calibration
variables for specific river basins. Therewith it not only reduces computation time but also

simplifies interpretation of the results.

III. Consistency of compared data sets: a) First, this respects to the simulation of all impor-
tant water storage components when they are compared to total water mass variations
from GRACE. Outside polar regions, these depict storages of soil, snow, rivers, canopy,
surface and groundwater. b) Secondly, consistency of data sets respects to an equal spatial
resolution among the compared data sets. This demands equal filtering of GRACE and
modelled data.

IV. Calibration for large river basins: The limited spatial resolution of GRACE restricts their
applicability to regions with a diameter of a few hundred kilometer. Therefore, only sim-
ulations for large river basins or for a region clustering several basins may be calibrated
with the satellite data. The minimum size of the region of interest depends on its shape,

location and the real regional distribution of GRACE errors.

V. Multi-criterial calibration: The continental water cycle includes a complex composition of
many water storages and transport processes. A single type of observation represents only
one sight or aspect of that cycle and may bias the calibration of a hydrological model. The
integration of multiple data sets increases the stability of the results and enables a more

consistent representation of the continental water cycle.

VI. Uncertainty estimation of the calibration results: Errors in calibration data are propagating
towards errors in parameter and errors in model output. This uncertainty has to be taken

into account and to be quantified for an estimation of the reliability of the results.

Two strategies were applied concerning the issue II.b within this study. The global calibration
(Chapter 4) based on optimised filter methods and respective parameter (Chapter 2). For the test
calibration, significant signal periods were extracted (Schmidt et al., 2008c) to separate signal

from error (Chapter 4). Though, the second method demands a larger computational effort,
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amplitudes and phases of these significant periods showed to be applicable for an adjustment of
hydrological simulations, as well.

The listed strategies provide a guideline for similar studies, that compass the integration of
GRACE data into large-scale hydrological models in order to solve the water balance of a river
basin. Components of the method may be of relevance for studies on further Earth subsystems

as well, e.g. periodic signals from oceans or secular processes of the solid earth.

5.2.2 Were simulations of TWSV improved?

The re-calibration of WGHM for three basins in test modus (Chapter 3), as well as globally for 28
of the largest river basins (Chapter 4) proofed the benefit of GRACE satellite data for large-scale
hydrological modelling. Improved time series of TWSV were achieved worldwide and for most of
the river basins parallel to a better representation of mean monthly river discharge. Most effects
on single storage compartments appeared to be reasonable and provided an input for further
improvements of the model structure, hence, of TWSV simulations. The re-calibration was only
limited for river basins that exhibit large errors or scarcity in the calibration data. These results

confident the further usage of GRACE data for large-scale hydrological modelling.

5.2.3 What can we learn from the results for global hydrological model
development?

The sensitivity analysis of all available model parameter and the re-calibration showed two
important aspects, that have to be regarded for global hydrological simulations. Except for
the calibration parameter, all parameters are of the same values worldwide in the original model
version, though some are global factors multiplied to land properties (like the rooting depth)
or other characteristics of the individual land-cells. In fact, it is the aim of global hydrological
modelling to find an algorithm that is worldwide valid. But different processes are of highest
importance within different river basins, hence, different parameter need to be calibrated. This
was shown by the sensitivity analysis. Furthermore, in different regions other parameter values
improve simulations of water cycle components, which was shown by the re-calibration results.
For example, the river velocity was reduced in the Amazon basin, leading to a slower outflow
from the watershed and better timing of TWSV time series. For many other basins, river velocity
was either modelled sufficiently accurate by the original model version or not that significant as
other processes (e.g., the Lena basin).

In general, the most important parameter changes were significant compared to the original
model version and respective calibration data errors. This enables the application of the cali-
brated parameters within further studies.

From the re-calibration, further consequences follow for subsurface water and groundwater
storages. On global average, groundwater variations are the fourth largest proportion of TWSV,
that includes more than ten percent of mass transports within the water cycle. If river water
is included, subsurface water amounts to the second largest proportion of TWSV from WGHM.
Both storages are of large importance for a complete representation of the water cycle and

therefore should be included in any water balance study.
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Due to the conceptional approach of WGHM, the distribution of water between rivers, lakes,
wetlands and reservoirs may be erroneous (as it was shown for the Amazon and the Mississippi
riverss). A revision of the subsurface algorithms may be necessary, if a separation of the in-
dividual subsurface components is of interest. Furthermore, the model sensitivity of WGHM
towards TWSV appeared to be critical for groundwater factor parameters, which may be due to

inaccuracies for WGHM simulations of this storage as well.

5.3 Outlook for future research

5.3.1 Consequences from the experiments

The correct modelling of single storages has to be evaluated by further measurements beside
GRACE data or river discharge measurements. Such validations are necessary for a further
accuracy improvement of global hydrological simulations. Herein, the general data scarcity and
limited data accuracy on the global scale is a significant drawback, which has to be overcome
to enable the complete simulation, understanding and the closing of the terrestrial water cycle
with sufficient accuracy (Sheffield et al., 2009).

Additional data from satellite and ground observations are desirable to fill the data gap. An-
other chance is the development of new techniques to assimilate available data into hydrological
models for which it has been difficult until now. Some regional examples are given by Papa
et al. (2008) for surface water extends, Parajka & Bloschl (2008) for snow coverage or river
discharge speed by Smith & Pavelsky (2008). These techniques together with others should be
made applicable for global studies.

5.3.2 Suggestions

To integrate GRACE data into the simulations of smaller than the 28 selected watersheds, a cali-
bration of basin clusters would be possible. These basins should belong to similar climate regions
or exhibit similarities in important characteristics of the water cycle. This is necessary to en-
able the calibration of clustered parameter and to minimise the additional number of calibration

parameter.

The sensitivity of groundwater factors against TWSV could be increased by an inclusion of
seasonal phases in the performance measure, in order to give them a larger weight in the eval-
uation process. Herein, further objective values or an aggregation-based combination of several

aspects of the time series into one objective function are applicable.

In future, global hydrological model adjustments should be undertaken more independently
from GRACE data, to be able to continue with the iterative concept of GRACE data evaluation
and improved modelling of global TWSV. For example, GRACE data integration into models
can provide an estimation which specific processes are mis-modelled (as done for groundwater
and surface water). Afterwards, improved simulation of TWSV could base on improved model

structure instead of GRACE-based parameter calibration.
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5.3.3 Prospects

Interim updates of the WGHM algorithm undertaken parallel to this study enable more accu-
rate analysis for future studies. These updates include a new reservoir algorithm (D&l et al.,
2009), which is important for a correct timing of surface water storage changes due to the an-
thropogenic regulation of water outflows from lakes. Furthermore a technically improved model
algorithm significantly reduces the model evaluation time (Verzano, 2009). This enables more
comprehensive calibration runs in the future, which is a basis for a greater reliability of model
and parameter uncertainty analyses.

GRACE time series are enlarging month by month. The mission is performing very well,
though its expected lifetime is already exceeded. Also, a GRACE follow-on missions is likely
to come (Ries & Bettadpur, 2008). Enlarged time series of TWSV increase the probability of
extreme events available in the data (as already available for Amazon and Australia from Chen
et al., 2009; Leblanc et al., 2009, respectively). This further challenges the evaluation of large-
scale hydrological models. The determination of interannual variations and trends in TWSV as
well as increased variability of TWSV due to climate change will be more reliable from longer
time series of GRACE satellite measurements.

GRACE errors have been under strong investigation (e.g., Han et al., 2004; Horwath & Dietrich,
2006; Winsemius et al., 2006b; Kusche, 2007; Klees et al., 2007). Significant error decreases were
already achieved during the last years (e.g., de-aliasing, de-correlation, smoothing Schmidt et al.,
2008b). This process is likely to continue by ongoing investigations of instrumental and processing
errors (Ries & Bettadpur, 2008). Smaller errors in the GRACE data would increase the accuracy
of GRACE data integrations as well as the applicability of these data on smaller scales and for
smaller signal components.

As on the global scale, the same link of gravity changes and mass variations is given for terres-
trial gravity measurements and local hydrological variations, (Neumeyer et al., 2006). Promis-
ingly, the observation of the single storage compartments is even easier and faster to realise on
local scales (Creutzfeldt et al., 2008) and current local studies investigate on the integration of
gravity data into hydrological models (Christiansen et al., 2008). Besides difference in scale, the
calibration technique of the present study can be valuable for local data combinations, as well. In
return, global studies may profit from experimental results on the small scales, in cases they are
transferable to the globe. Furthermore, a first combination of terrestrial gravity measurements,
e.g., from superconducting gravimeters and global hydrological simulations by Wziontek et al.
(2009) are promising for global hydrology.

Lastly, planed and soon started measurement systems, e.g., the European Space Agency’s
satellite mission Soil Moisture and Ocean Salinity (SMOS) will provide additional global obser-
vations of the continental water cycle. The rise of such missions trends towards a permanent

observation of the Earth’s subsystems, including hydrology.
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