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Abstract The HYPE hydrological model was used for multi-basin applications with model input derived
from global databases compiled using the World Hydrological Input Set-up Tool (WHIST). The model was
applied to the La Plata Basin (3.2 million km?) in South America and to Europe (7 million km?). Water
balance was modelled reasonably well, with volume errors at the gauging stations in Europe being generally
<10%, whilst there were larger discrepancies in La Plata Basin. The median Nash-Sutcliffe model efficiency
(NSE) was 0.27 for Europe and <0 for La Plata Basin. A simple sensitivity study shows that, for Northern
Europe, the model results were most sensitive to meteorological forcing data and land cover. The results
indicate that global databases can be useful for hydrological predictions in data sparse regions, although
further studies are required to better distinguish between specific sources of errors and possibilities for
improvements of both databases and models.

Key words hydrological modelling; predictions in ungauged basins; sensitivity analysis; global databases

INTRODUCTION

Availability of input data for hydrological predictions can be limited due to lack of accessibility,
low reliability or insufficient monitoring efforts. Important basic data needs in hydrological
modelling normally include long-term meteorological data, soil and land cover data, and informa-
tion on river basin hydrography. In addition, hydrological observations are needed for calibration
and validation. The magnitude of the issues with data availability that need to be addressed varies
between countries and regions, and depends both on the type of data required by a specific model,
and on the purpose of the hydrological prediction. Lack of input data is not limited to the
developing world, and is particularly notable for transboundary river basins, which are very
common in, for example, Europe. At present, large-scale hydrological predictions are required for
more homogenous forecasting and early warning systems, integrated water management and
adaptation strategies to climate change.

An approach for large-scale hydrological predictions in which global data sets are used as a
substitute for, and complement to, local data is therefore presented here. The approach can be
defined as a system of methods for automatic generation of model input data and is called WHIST
(World Hydrological Input Set-up Tool). It consists of a number of FORTRAN and JAVA
programs with the specific function to organize the input data to be applicable for multi-basin
hydrological modelling. The input data include both basin physiography and model forcing and it
has so far been used for applications in the Arctic, Europe and South America. In this paper, we
have used the WHIST for generation of input data files to the Hydrological Predictions for the
Environment (HYPE) model (Arheimer et al., 2008; Lindstrom et al., 2009). The aim is to: (1)
quantify the value of using global data sets for predictions in ungauged basins; and (2) identify
critical input data sets and their limitations which may affect the results of the hydrological
modelling. The results of large-scale multi-basin modelling are compared to monitored time series
at independent sites, and a sensitivity analysis is performed in one basin.

MATERIAL AND METHODS

WHIST and global databases

An increasing number of global data sets with seamless data are becoming readily available. Data
sets that so far have been used within the WHIST framework are listed in Table 1. The system
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Table 1 Global data sets used for large-scale hydrological predictions in data sparse regions.

Global data set Database Resolution Source

Topographic data ~ Hydrolk 1 km USGeological Survey (USGS)

Land cover ECOCLIMAP Approx. 1 km  Champeaux (2005)

Soil type Soil map of the world 10 km UN Educational,Scientific and Cultural
Organization (UNESCO)

Precipitation and

temperature:

1957-2002 ERA-40 1° European Centre for Medium-Range
Weather Forecasts (ECMWF)

1989-2007 ERA-interim 0.75° ECMWF

Water discharge 3700 gauging stations  Daily/monthly ~ Global Runoff Data Centre (GRDC),
Koblenz (GRDC, 2008)

makes use of a hydrologically corrected gridded topographic database, Hydrolk (USGS, 2000), for
automatic delineation of river basins. The delineation is either made for user specified geo-
graphical locations (e.g. river gauging stations and river branches) or for whole coastal stretches.
In the routine, a list with all Hydrolk grid cells upstream of the specified flow points is created.
These cells are found by using the information on grid cell flow direction in Hydrolk. Land cover
and soil data information for each of the included grid cells are abstracted from the ECOCLIMAP
and the UNESCO soil map of the world, respectively. Similar land covers are grouped into classes
and soils are grouped into texture based soil classes.

River basins are further divided into sub-basin of relevant size for the application (determined
by the user) and the basin routing order is established using an automatic routine. By combining
the information from ECOCLIMAP and Hydrolk, the program avoids creating water divides
within lakes. Land cover, soil information and topographic information (elevation and slope) from
the grid cells included in each delineated sub-basin are also summarized in this process. Another
example of systems used for automatic generation of the model input data from topographic
databases is the TOPAZ system (Garbrecht & Martz, 1997).

Forcing data such as daily temperature and precipitation values for each simulated sub-basin
are based on gridded global data sets such as ERA-40 (Uppala et al., 2006) or ERA-interim. These
databases are derived from meteorological forecast model results which are re-analysed based on
observed data assimilation. The WHIST is also capable of utilizing forcing data from climate
projections (i.e. global and regional climate model results) to test various scenarios related to the
impact of climate change on future water resources. For any of the databases, it is possible to use
WHIST to complement the global data sets with local or regional information if such data are
available and deemed to improve the accuracy of the model.

HYPE modelling

The HYPE model is a process-based, semi-distributed dynamic model, which integrates landscape
elements and hydrological compartments along the flow paths with nutrient turnover and transport.
Calculations are made on a daily time step in coupled sub-basins. Each sub-basin is divided into
classes according to soil type, vegetation and altitude. The soil profile may be further divided into
three layers. Model parameters are either general or related to soil type, or land cover. The model
simulates e.g. snowmelt, surface runoff, surface erosion, macropore flow, tile drainage, ground-
water outflow from the individual soil layers, nutrient turnover in soil, and transport/transforma-
tion in rivers and lakes. The model also accommodates a river routing routine, which enables the
calculation of water discharge and nutrient transport through the mouth of each sub-basin. The
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routine introduces lag times for water flowing in local streams and in the main rivers and mixing
of local runoff water with water from upstream basins.

The HYPE model was applied on the La Plata Basin (LPB) in South America and continental
Europe by using the WHIST system and global databases. For the European application these data
sets were complemented with additional information on soil depth from the European Soils
Database (ESDB). In addition, ERA-40 was replaced by ERAMESAN (Jansson et al., 2007): a
gridded meteorological data set covering most of Europe on a 0.1° spatial resolution.

La Plata Basin is the fifth largest basin in the world, covering 3.6 million km* and extending
over five countries. There is a large inter-basin hydroclimatic variation and the basin is very
important for both hydroelectricity generation and agriculture (Mechoso et al., 2001). Calculations
were done for approximately 4000 sub-basins. In the model set-up 11 monitoring sites were used
for calibration of the LPB model and 10 independent sites were used for validation. The cali-
bration methodology is described in detail in Donnelly et al. (2009). Many of the GRDC stations
in the database only had data for short time periods. Stations with less than 10 years of data were
excluded from the study. Additionally, stations where the upstream areas given by Hydrolk
differed from the basin areas stated in the GRDC database by more than 25% were excluded. This
was the case for 31% of the stations; for the remaining basins with area discrepancies, modelled
streamflow was multiplied by a correction factor. Stations in the western Andean part of the basin
were also excluded from the calibration data set, as it was seen early on that precipitation was
highly overestimated in the ERA-40 data set for this part of the basin. The simulation period
ranged from 1970 to 2000.

The European application covers about 7 million km® with calculations in some 8500 sub-
basins, which gives an average resolution of about 1000 km®. The calibration exercise for Europe
is described in detail by Donnelly et al. (2009). In this paper, a validation of the model
performance is carried out in the Baltic Sea drainage basin (Northern Europe), using 20 inde-
pendent stations compared to the 32 stations used in the calibration of this region. The simulation
period ranged from 1980 to 2000. In both studies, the relative volume error (VE) and the Nash-
Sutcliffe model efficiency (NSE, Nash & Sutcliffe, 1970) were used as calibration criteria. The
evaluation was carried out on daily streamflow values in Europe and on monthly streamflow
values in the LPB.

A sensitivity analysis was also carried out to investigate the sensitivity of the model output to
changes in key input data sets. The study was performed for the Daugava basin with a basin area
of 87 900 km® draining to the Baltic Sea through its outlet in the Riga Bay. The sensitivity analysis
included the following simulations: (a) 20% higher and lower precipitation: (b) 2°C higher and
lower temperature; (c) change of land cover in the whole basin to only forest and only open land;
and (d) change of soil type in the whole basin to only clayey and only loamy soils.

RESULTS AND DISCUSSION

A majority of the calibration basins in Europe has NSE values greater than zero (Fig. 1), which is
an indication that the model has some predictive power for streamflow variation (median for all
sites = 0.27). The volume errors at the gauging stations in Europe (Fig. 1) indicate that the model
performs well for many monitoring sites, showing volume errors of <10%. However, there are
quite large differences in the results between regions that, to some extent, can be attributed to the
input data sets and also to processes not yet included in the model. Few outliers are found in the
northern and eastern parts of the area. Less agreement between modelled and observed water
discharge is found in Central Europe, mainly linked to mountainous areas. This is partly due to the
low accuracy of ERAMESAN in mountainous areas (Jansson et al., 2007). Moreover, there is a
general underestimation in ECOCLIMAP of the glacial areas in the Alps. Other sources of error
may be water abstraction and irrigation schemes, which are not yet accurately described in the
model, but affect basin hydrology by subtracting water from streams and groundwater.
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Fig. 1 Histogram of Nash-Sutcliffe model efficiency (NSE) values for the calibration sites in Europe:
6% of the sites have NSE <-2.
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Fig. 2 Volume error in simulated river discharge at the calibration station for the two studied regions.

La Plata Basin shows large errors in simulated volume in the western part (Fig. 2). This is
attributed to strong precipitation signal from the ERA-40 data over the Andean region resulting in
an overestimation of runoff in these areas. This phenomenon has previously been recognised in
modelling exercises over this region (Su & Lettenmaier, 2009). The effect is likely due to
orographic enhancement of precipitation by the model underlying the ERA-40 data set. In reality,
there is a well known interdecadal shift in weather patterns in the region (Berbery & Barros,
2001), which is not captured by the ERA-40 data.

In the rest of LPB, the volume error is generally <25% (median 2.5% for calibrated sites).
This is a reasonable result, considering that the model set-up does not yet include large confined
aquifers, wetlands, dams and regulations, which are significant in the modelled region. In the near
future the global databases used for LPB-HYPE will be complemented with local meteorological
data, more frequently monitored time-series of water discharge in several sites, river morphology,
dams and regulation strategies of water power stations. Inclusion of these factors will affect the
simulation and will provide more insight into the factors that are most important for improving the
model performance.

The median NSE was 0.49 when simultaneous calibration was performed over 32 sites
covering the Baltic Sea Basin (Table 2), indicating that the simulation results include more
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Table 2 Selected model performance statistics for calibration and validation for the two study regions in the
Baltic Sea Basin (Northern Europe) and the La Plata Basin (South America).

Region No. of NSE Volume error (%):

stations  Median Max. Mean Median  Std. dev.
Balt.ic Sea calibration 32 0.49 0.79 0.0 -1.4 14.8
Basin validation 20 0.21 0.77 16.1 2.5 37.0
La Plata calibration 11 -0.31 0.11 -34 -2.5 28.4
Basin validation 10 -0.96 -0.22 -16.7 -15.9 23.7

information about flow variation compared to the observed mean. For LPB, however, modelling
did seldom add more information and maximum NSE was 0.11.

The model validation in independent sites (proxy-basin approach of Klemes, 1986) in the
Baltic Sea Basin indicates that the model can be rather trustworthy for water balance estimation
(Table 2), as the median VE is increased only slightly for the independent sites. However, four of
the validation sites showed large over-estimations (>50%) of discharge, which explains the
increased standard deviation. For the Baltic Sea Basin the model clearly gave added information
about flow dynamics in ungauged basins, since the median NSE for independent sites was 0.21.
However, these results are still low compared to what is found for modelling where data is more
frequent and of good quality (c.f. Donnelly, 2009). It should be pointed out that some of the
observed time series in the validation data set show clear signs of being heavily regulated. Lakes
and dams are modelled using general rating curves in this application. This means that modelled
hydrographs for regulated water courses will show a poor fit to the measurements.

It has already been mentioned that many of the available streamflow stations had to be
removed from the analysis, as the basin delineation from Hydrolk did not agree with the real basin
boundaries. This problem generally decreases with the size of the basin and new data sets such as
HydroSHEDS (Lehner et al., 2008) may improve the situation. However, this must be considered
as an extra source of error when modelling ungauged basins for which information on the real
basin extent may not be known.

The simple sensitivity study shows that for Northern Europe the model results were most
sensitive to forcing data and land cover (Fig. 3). It must be remembered that the results are
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Fig. 3 Effect on modelled streamflow in the Daugava basin from change in (a) temperature, (b) preci-
pitation, (c) land use, and (d) soil type. The figures show average values for each day of the year for the
period 1980-2000.
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influenced by the selected model structure and its parameterization (using different land covers
and soil types). As expected, changing temperature has a large influence on the test basin
(Fig. 3(a)). The spring flood is delayed and more pronounced when the temperature is lowered by
2°C. Increasing temperature resulted in a lower spring flood and lower flows during summer and
early autumn due to increased evapotranspiration. The model is thus capable of responding to
relative changes in climate and meteorological data, indicating that these data sets must be of a
consistent spatial quality to allow for efficient modelling of ungauged basins.

The effect on runoff from a change in precipitation is large and relatively linear in this basin
(Fig. 3(b)). A similar conclusion on the sensitivity of the model to errors in precipitation data was
also drawn in La Plata Basin. The effect of changing land cover is relatively large for the Daugava
basin model (Fig. 3(c)). Differences in simulated river discharge in the two land cover change
scenarios tested is mainly due to differences in parameter values controlling the evapotranspiration
rate between land with forest and open land. It is likely that the difference between the two land
cover classes was exaggerated in the calibration exercise. It may, however, be an indication that a
change to a more detailed database with higher resolution land cover information could improve
model performance.

Changing soil type in the basin has little effect on modelled streamflow (Fig. 3(d)). Clayey
soils were predominant in the basin, which explains why little change is seen in the model run
using clay soils compared to the reference run. Changing soil type to a less hydrologically
responsive loamy soil resulted in a more attenuated spring flood. Some parameters in the model
are linked to soil type, but, in this model application, these were difficult to estimate due to few
monitoring stations representing very different average soil conditions. More calibration sites may
give other parameter values. Hence, it cannot be excluded that better soil information is still
important for modelling water discharge.

CONCLUSIONS

A newly developed easily applicable system (WHIST) was used to generate model input data for
hydrological multi-basin applications by compiling data from global data sets.

The results of the study indicate that the use of global data sets in hydrological modelling may
be a valid concept for predictions in ungauged basins in data sparse regions. However, there are
regional differences in the quality of the global data sets and limitations were found in all of the
data sets examined.

Some areas are inherently more difficult to model than others due, for example, to complex
geo-hydrological conditions or water management or regulations. It is not always clear whether
poor model performance is caused by limitations in the input data or in the representation of
hydrological processes in the model, or a combination of both. Further studies are required to
better distinguish between specific sources of errors and possibilities for improvements of both
databases and models.
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