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Abstract
The hydrological cycle plays a prominent role within the Earth system and is crucially
important to life on Earth including the human society. Thus, the current state of the
hydrological cycle and its future development are key issues in environmental research. In
studies of global and regional climate change, climate models are the current operational
tools. Although the quality of climate models has considerably improved within the past
decades, gaps or large uncertainties in the representation of some specific processes still exist.
Consequently there is a lot of room for improvement. In order to improve climate models the
use of observational data is inherently necessary, and various possibilities are at hand how
observations may contribute to this task. This review presents an overview of these
possibilities and considers several of them in more detail from a hydrological perspective.

1. Introduction
The climate of the Earth is influenced by increasing greenhouse gas (GHG) concentrations,
changing aerosol compositions and loads as well as by land surface changes. Global climate
models are used to investigate possible trends in the past and future global climate. For the
future, this is done through the development of climate change scenarios. These follow
specific assumptions for the evolution of greenhouse gases and aerosols, several of which
have been defined by the Intergovernmental Panel on Climate Change (IPCC; Houghton et
al., 2001) and are described in the IPCC Special Report on Emission Scenarios (SRES,
Nakićenović et al., 2000). A classical overview on the general circulation of the atmosphere is
given by Lorenz (1967). Further comprehensive overviews on the climate system are
provided, e.g. by Peixoto and Oort (1992), Hantel (2005) and Bengtsson (1999). The latter
gives insights into the numerical modelling of the Earth's climate.
The hydrological cycle (Figure 1) is crucially important to life on Earth as water is essential
nourishment for all organisms as life on Earth is based on water. Humans and animals require
water to survive as well as plants as no photosynthesis would be possible without water.
Water occurs in all three states of aggregation, i.e. vapour, water and ice. The general
circulation of the atmosphere is driven largely by the release of latent heat due to rain and
snow formation. The hydrological cycle strongly affects the global energy cycle, and it plays
also a central role in its interactions with the carbon, nutrient and sediment cycles. There are
strong large-scale interconnections as, e.g. the tropical rain systems drive the mid-latitude
circulations and North Eurasian snow cover modulates the South Asian monsoon. At longer
time-scales, the hydrological cycle affects the groundwater storage, the thermohaline
circulation in the ocean and the evolution of glaciers and ice sheets. Hydrological regimes
vary dependent on local and regional climate variations. Looking towards future climate, the
projected climate change in the mean and in the variability will in turn produce changes in
hydrological conditions. Thus, an adequate representation of the hydrological cycle, its future
development and associated uncertainties are key issues in studies of global and regional
climate change (e.g. Cubasch et al., 2000). In this context, it must be noted that hydrological
processes cover a wide spectrum of spatial scales. Many hydrological fluxes (except from
atmospheric water vapour transport) depend on processes that are generally several orders of
magnitude smaller than the typical grid-size used in current general circulation models
(GCMs) and in current regional climate models (RCMs). The formation of precipitation, for
example, is controlled by a multitude of processes such as cloud microphysics and particle
growth, radiative transfer, atmospheric dynamics on a variety of space and time-scales, and
inhomogeneities of the Earth’s surface, all of which have to be properly represented in a
GCM or RCM. Consequently the importance of the hydrological cycle is highlighted by the
Global Energy and Water Cycle Experiment (GEWEX; e.g. Sorooshian et al., 2005). The
implications of changes in the hydrological cycle induced by climate change may affect the
society more than any other changes, e.g. with regard to flood risks, water availability and
water quality.

-1-

Figure 1 Global water cycle with flux estimates based on the GCM ECHAM4 (Roeckner et al. 1996) for the
period 1979-1994 and climatological estimates of Baumgartner and Reichel (1975). Unit: 1000 km3/a.

Increasing CO2 levels and temperatures are intensifying the global hydrological cycle, with
an overall net increase of rainfall, runoff and evapotranspiration, and will increasingly do so
(Huntington, 2006). Increasing CO2 levels affect plant physiology, thereby likely reducing
evaporation, and Gedney et al. (2006) found some evidence that recent increases in river
runoff globally are due to this effect. The intensification of the hydrological cycle will likely
cause an increase in extremes, i.e. floods and droughts (Arnell et al., 2001). There are
suggestions that inter-annual variability will increase in some regions – with an intensification
of the El Niño and North Atlantic Oscillation (NAO) cycles – leading to more droughts and
large-scale flooding events.
Due to the lack of computer power, global climate models are generally still not able to
explicitly represent surface heterogeneities on scales less than about 100 km grid length.
However, global climate change has an influence on these local and regional scales, which
will be experienced by man-kind directly (Christensen et al., 2007a). Improved knowledge on
regional climate change can be achieved with the use of different regionalization techniques,
including high-resolution and variable resolution GCMs (Cubasch et al., 1995, Déqué and
Piedelievre, 1995), nested RCMs (Giorgi and Mearns, 1999), and statistical downscaling
(Wilby et al., 1998). The accuracy of all downscaling techniques largely depends on the
ability of a GCM to represent the current weather patterns. This is especially true for
statistical downscaling techniques as their methods are based on current weather correlation
patterns. For statistical downscaling applications in climate change studies, it is inherently
assumed that these correlation patterns will not change in a different climate. This assumption
is considered as a weakness of this method (Houghton et al., 2001), and it will not necessarily
hold true in each region of the world (González-Rouco et al., 2000).
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RCMs are used for the dynamical downscaling of the global scale GCM simulations to
regional scales (e.g. Giorgi, 2006a). Climate simulations performed with GCMs provide a
consistent representation of the large-scale global circulation in both the atmosphere and the
ocean, while RCMs introduce more details to the atmospheric simulations due to regional
features such as topography and inland seas (Rummukainen et al., 2001). In both cases,
simulations are usually produced for a control climate representing present-day climate
conditions and for future climates representing various emission scenarios. Giorgi (2006a)
gives a concise review of regional climate modelling, from its ensuing stages in the late 1980s
to the most recent developments.
In order to improve climate models the use of observational data is inherently necessary.
Observations may contribute to model improvement in a variety of different ways. The aim of
this review is to consider several of these ways in more detail. Here, given the importance of
the hydrological cycle within Earth’s climate, the possibilities of climate model improvement
by the use of observational data are considered from a hydrological perspective within the
framework of climate research.
Form a modeller’s perspective, the most obvious application of observational data is their
use for validation in model evaluation studies. Section 2 discusses some of the problems
connected to climate model validation and includes also example studies for the validation of
GCMs and RCMs over hydrological regimes. The second application presented in Sect. 3 is
the improvement of model results by the direct use of observations at several different places
within a climate model. Section 4 considers improvements yielded by the enhancement of
model parameterizations and evaluation methods and their usage of observational data.
Finally, Sect. 5 will shed some light on challenges that arise when future climate changes are
considered. Here, a few burning topics of climate research will be tackled, such as the
enhanced representation of hydrological processes within a comprehensive Earth system
model, the uncertainty in climate simulations, changes in hydrological extremes and the effect
of land use changes on the climate. Please note that extreme events won’t be considered
within this review except from a short look on them in Sect. 5.3.
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2. Model evaluation using data for validation
One of the main applications (many researchers claim it is the most important application)
of observations in climate modelling is model validation. It is a necessary process each model
developer has to conduct. Consequently a lot of studies exist where this is done in more or
less comprehensive ways for the different GCMs and RCMs. Integrative studies of the more
comprehensive kind comprise studies that involve an ensemble of climate model simulations,
either of the same model or of different models. Such ensembles can be used to analyse
common model problems, to investigate climate variability issues over certain regions or to
tackle questions of uncertainty in the simulated climate. Koster et al. (2004), e.g. investigated
the land-atmosphere coupling strength of soil moisture on precipitation in the boreal summer
using a suite of specific ensemble simulations from 14 atmospheric GCMs whose setup was
coordinated by the Global Land-Atmosphere Coupling Experiment (GLACE; Koster et al.,
2006). Several model intercomparison projects (MIPs) have been launched to conduct
integrative studies whereas some of them are mentioned below.
In order to validate climate models, some basic principles should be followed (see, e.g.
Schlünzen, 1997). In this respect, the validation of the climate model is considered as the
validation of the whole system of dynamical and physical processes. It is expected that the
internal representation of each of these sub-processes has been tested and validated in offline
simulations and case studies beforehand. In order to avoid the introduction of systematic
errors via the initial or boundary conditions (often denoted as forcing of the climate model), a
simulation used for validations studies should be forced by observations. Such simulations are
often designated as baseline simulations. For an atmospheric GCM, this baseline simulation
has to be forced by observed sea surface temperature (SST) and sea ice, such as, e.g. for an
AMIP-style experiment (Atmospheric Model Intercomparison Project; Gates et al., 1999)
using observed monthly sea surface temperatures and sea-ice cover for the time period 19781999. For ocean models, Coordinated Ocean-ice Reference Experiments (COREs) are
proposed as a tool to explore the behaviour of global ocean-ice models under common surface
boundary forcing (Griffies et al., 2007, 2008).
In order to minimize the influence of errors in the prescribed SSTs and the lateral boundary
conditions (see also Sect. 3.3) used for the baseline simulation of a RCM these should be
determined from re-analysis data, which are often designated as “perfect boundary
conditions” (cf. Machenhauer et al., 1998; Jacob, 2001). As no comprehensive threedimensional atmospheric observational dataset exists, re-analyses are closest to such an ideal
dataset as they comprise many observations that have entered the re-analyses via data
assimilation (see Sect. 3.4 for more details). In addition, a validation of coupled model
systems for a control climate period must also be conducted as some model problems may
arise only in a coupled model simulation. This applies to coupled atmosphere-ocean GCM
simulations as well as to RCM simulation where these control climate GCM simulations are
dynamically downscaled over a specific region. With regard to coupled atmosphere-ocean
GCMs, three different climate model intercomparison projects (CMIP) were launched: CMIP1 (Meehl et al., 2000), the first project of its kind organized in the mid-1990s; the follow-up
project CMIP-2 (Covey et al., 2003, Meehl et al., 2005); and CMIP-3 (PCMDI, 2007)
representing today’s state of the art in climate models that were also used for the fourth
assessment report (4AR) of the IPCC (2007). For RCM control simulations, e.g. Jacob et al.
(2007) performed a model intercomparison over Europe. For North America, a regional
climate model intercomparison is currently being conducted in the North American Regional
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Climate Change Assessment Program (NARCCAP; http://www.narccap.ucar.edu/).
On a first glance the process of model validation looks rather trivial: one has ‘just’ to
compare the simulated climate data with corresponding observed data. But a more thorough
investigation of the climate model validation task reveals that this task is connected with a lot
of problems and possible traps that may easily misled the conclusions drawn from the
validation results. Especially the validation of components of the hydrological cycle is a
general problem in global climate modelling. The comparison of climate model output to
observational data is only useful if the errors in the data are not too large. But particularly for
components of the hydrological cycle measurement errors may be large, so that the quality of
the simulation of the hydrological cycle is often difficult to judge. In Sect. 2.1, the main
problems of climate model validation are summarized. Sect. 2.2 considers several examples
where the simulated hydrological cycle of climate models is evaluated over hydrological
regimes so that some of the problems mentioned in Sect. 2.1 are solved or reduced.

2.1. Common problems in climate model validation studies
Climate models are generally simulating their data on a model grid while many
observations exist only at point locations. A comparison of gridded climate model data to
point data is connected with several difficulties. As the least well resolved wave on a
numerical grid has a wavelength of 2 ∆x (Durran, 1998), where ∆x is the mesh size of the
model grid, gridded climate model data have an accuracy of 2 ∆x. Therefore, one single point
measurement from an observing station must be compared to at least 4-9 model grid boxes. In
order to pay regard to the exact location of the point observation within the model grid, a
weighted averaging should be applied to the gridded data to calculate a horizontally
interpolated model value that is representative for the point location. Here, for many variables
a linearly weighted averaging is not sufficient so that more sophisticated methods should be
used, such as, e.g. the Barnes (1964) method. A more detailed overview of this method is
given in, e.g. Hagemann et al. (2003a). If the area under consideration has an orographically
strongly varying structure, even more complex averaging methods are needed (e.g. the
amount of precipitation depends on the wind conditions of the mountains slope). Ahrens
(2005), e.g. compared a statistical distance method to the standard use of geographical
distances in the interpolation of an available coarse rain gauge network and yielded more
robust interpolation results at sites of a denser network with actually lacking observations,
where the performance is especially enhanced in or close to mountainous terrain.
For some variables gridded observational datasets exists (e.g. temperature, precipitation)
that are either interpolated from station measurements or derived from satellite measurements.
But these gridded observations also have some errors and uncertainties. For station based
datasets these uncertainties are connected with general measurement errors, inhomogeneities
of the measuring instruments, inhomogeneous station density, errors in the station
documentation and allocation, and the accuracy of the interpolation algorithm. For satellite
derived datasets uncertainties depend on general measurement errors and the accuracy of the
model algorithms that are used to derive a specific quantity from the measured radiances. A
more detailed look onto these problems with respect to precipitation is given by, e.g. Rudolf
and Rubel (2005).
Trivially, the time period of the observations should be the same as the time period of the
model results, especially for shorter time periods, this is absolutely necessary. But this
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requirement can often not be fulfilled in data sparse regions. For longer time periods,
comparisons of long-term climatological values covering different time periods are also
feasible (Hagemann und Dümenil, 1999).
A further problem encountered in the comparison of simulated and observed data is caused
by elevation differences between the model grid and the observational grid/station location.
This is especially important for temperature where the temperature observations (or the model
data) need to be corrected depending on the elevation difference between the model grid box
and the observation station/grid box. Commonly a lapse rate of 0.65 K/100 m is used to
convert a temperature from one elevation to another elevation. This lapse rate is typical for
wet adiabatic conditions. But also for precipitation a height correction may be appropriate if
precipitation over mountainous terrain is considered. But, here no common approach is used.
Daly et al. (1994) used a statistical-topographic model based on regression of precipitation
with orography to map climatological precipitation over mountainous terrain. Adam et al.
(2006) describe a correction method for gridded precipitation in mountainous regions that
requires good discharge observations and is based on a combination of catchment water
balances and variations of evaporation estimates.
A general point of concern in climate model validation, which does not only apply to many
components of the hydrological cycle, is that many climate variables are not adequately
measured at larger scales. In order to evaluate these variables on a global scale alternative
datasets have to be chosen. For many variables, re-analysis datasets (see Sect. 3.4) of past
global numerical weather forecasts are good choices as many observations are entering the
numerical weather forecast system via data assimilation. But regarding the hydrological cycle
the re-analysis data show a lot of problems, such as shown by Hagemann and Dümenil
Gates (2001) and Hagemann et al. (2005). For some more information on re-analysis
datasets, see Sect. 3.4.
Precipitation is the central component of the terrestrial hydrological cycle as it is the main
water supply for all land based creatures and plants. Thus, precipitation is an important
subject for climate model validation studies but particularly for precipitation data (Legates
and Willmott, 1990) measurement errors can be large. The most important uncertainty in
precipitation measurements is related to the common underestimation of the amount of
precipitation due to undercatch of the measurement gauge. The precipitation measurements
may have an error of up to 10-50%, which depends on wind speed, air temperature and state
of aggregation (see, e.g. Rudolf and Rubel, 2005). Thus, in principle, the precipitation
measurements must be corrected for this undercatch, but this correction is usually not done for
most of the available precipitation datasets. A more detailed overview on available global
precipitation datasets and their problems is given in Sect. 2.1.1.
Apart from precipitation and the re-analysis datasets, several global datasets exist that may
be used for the validation of the components of the hydrological cycle. But many of them are
afflicted with large uncertainties. Thus, Sect. 2.1.2 considers some of the more common
global hydrological datasets.

2.1.1. Global precipitation datasets
As mentioned in Sect. 2.1, global gridded precipitation data are required for the validation
of a GCM. Over land, a global network of precipitation gauges exists, which can be used to
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construct global maps of precipitation. But the station density is largely varying from region
to region so that the quality of a derived precipitation map may also have large regional
differences. In order to achieve a precipitation value that is representative for the whole grid
box an adequate sample of stations within the grid box is necessary. In addition the temporal
availability of measurement data may also largely diverge between regions. Thus, an
appropriate interpolation of data from neighbouring grid boxes has to be used to obtain values
for grid boxes where little or no station data are available. Also regional differences in data
quality may exist as each of the gauging instruments is afflicted with distinct systematic
errors. Especially for snowfall the underestimation of its amount can be substantial.
Table 1: gives an overview of several currently available global datasets with long-term
monthly mean time series of gridded precipitation over land and ocean. A more detailed
discussion of global precipitation datasets is presented by Rudolf and Rubel (2005). In this
respect, Biemans et al. (2008) compared seven global gridded precipitation datasets at the
river basin scale and investigated the impact of precipitation uncertainty within these datasets
on discharge simulations. Note that the GPCC-Vas data were constructed only for the
application in studies concerning long-term aspects of climate variability. For such studies, it
has to be ensured that station data used for gridding are as continuous and homogeneous as
possible. Therefore, only station time series with a minimum of 90% data availability during
the analysed period (1951–2000) were used for interpolation to a regular 0.5° x 0.5° grid in
order to minimize the risk of generating temporal inhomogeneities in the gridded data due to
varying station densities (Beck et al., 2005).

Table 1: Global gridded monthly precipitation datasets.
CMAP (CPC Merged Analysis of Precipitation; Xie and Arkin, 1997), CRU = Climate Research Unit (Mitchell
and Jones, 2005), GHCN (Global Historical Climatology Network;
http://www.ncdc.noaa.gov/oa/climate/research/ghcn/ghcngrid.html), GPCC (Global Precipitation Climatology
Centre – monitoring product; Rudolf et al., 2001), GPCC full (GPCC full dataset; Fuchs et al., 2007), GPCCVas (GPCC Variability Analysis of Surface Climate Observations; Beck et al., 2005) GPCP (Global
Precipitation Climatology Project; Adler et al., 2003), HOAPS (Hamburg Ocean-Atmosphere Parameters and
fluxes from Satellite data; Jost et al., 2002), MW (Matsuura and Willmott;
http://climate.geog.udel.edu/~climate/html_pages/download.html).
Dataset

Resol.
Land
CMAP
2.5°
CRU Vs. 2
0.5°
GHCN2

5°

GPCC
GPCC full

1°
0.5°

GPCC-Vas
0.5°
GPCP-V2
2.5°
MW
0.5
Ocean
CMAP
2.5°
GPCP-V2
2.5°
HOAPS 3
0.5°

Period

Database

1979-present
1901-2002

Satellite data + GPCC stations, no correction for sys. errors
Up to 9000 stations with irregular coverage in time, no correction for
systematic errors
1900-present 20590 stations with irregular coverage in time, no correction for
systematic errors
1986-present ca. 7000 stations, no correction for systematic errors
1951-2004
Up to 43000 stations with irregular coverage in time (average: ca.
30000 stations), no correction for systematic errors
1951-2000
9343 stations, no correction for systematic errors
1979- present Satellite data + GPCC stations, sys. errors corrected
1900-2006
4100-23300 stations including GHCN2, no correction for sys. errors
1979-present
1979-present
1988-2005

Satellite data
Satellite data
Satellite data

Even though the general patterns of precipitation over land are relative similar as all
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datasets more or less are using the database of the global station network, there are notable
differences for specific regions (see, e.g. Hagemann 2002b). The main reasons for these
discrepancies are the diverse ensembles of used measurement gauges, and whether and how
the data were corrected for systematic measurement errors. Here, the different interpolation
methods to yield gridded precipitation data from the point measurements are more of
secondary importance. The availability of gauges within a grid box and, thus, the station
density impacts the quality of gridded precipitation especially in data sparse regions. For
example, the station density in the CRU and MW datasets is not sufficient for many regions
(spatially and temporally) to justify a resolution of 0.5 degree (Rudolf, personal
communication, 2001).
As archived observational data may contain metering, coding or formatting errors
depending on the methods used for data retrieval, submission and archiving, an adequate
quality control is necessary. Especially for GPCC data this has been extensively conducted
(while a larger amount of data used for the CRU2 analysis still enclosed some errors (Rudolf,
personal Communication, 2007)). The GPCP precipitation is generally larger than in the other
datasets as a flat correction according to Legates and Wilmott (1990) was used to account for
the systematic undercatch of measurement gauges. Here, it is known that this correction is too
large by about a factor of 2 (Rudolf and Rubel, 2005).
As there are almost no measurement stations over the ocean, gridded precipitation data are
usually taken from satellite observations. But these ‘observations’ are based on model
algorithms used to derive precipitation amounts from measured radiances in the frequency
band of the corresponding satellite. Thus, the quality of the derived precipitation is strongly
dependent on the quality of the used model algorithm. Consequently, the three most
commonly used datasets (see Table 1:) partially show large differences although the general
patterns are similar (see, e.g. Hagemann, 2002b). The largest differences between the
climatologies exist over the Tropics and the high latitudes (C. Klepp, S. Bakan, A. Andersson
et al., in preparation). Thus, there is still a large uncertainty about the ‘true’ precipitation
amounts over the ocean. Results of Klepp et al. (2003, 2005) indicate that HOAPS data show
a more realistic distribution of extreme precipitation at the east coast of North America than
CMAP and GPCP data.

2.1.2. Further global hydrological datasets
Table 2: gives an overview on common global hydrological observational datasets. Here,
the following variables are briefly considered in the following: a) surface air temperature, b)
vertically integrated water vapour (IWV) within an atmospheric column, c) evaporation, d)
discharge, e) snowpack, f) soil moisture. Although the 2 m temperature is not a component of
the hydrological cycle it is closely linked to hydrological processes so that it is often
considered in hydrological studies, too. Thus, it has almost become a part of the cycle itself
and will consequently be treated as such in the following.
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Table 2: Global monthly observational datasets of hydrological quantities.
CRU = Climate Research Unit (Mitchell and Jones, 2005), GHCN = Global Historical Climatology Network
(http://www.ncdc.noaa.gov/oa/climate/research/ghcn/ghcngrid.html), GRDC = Global Runoff Data Centre
(see, e.g., Dümenil Gates et al., 2000), GSMDB = Global Soil Moisture Data Bank (Robock et al., 2000),
GWSP = Global Soil Wetness Project (International GEWEX Project Office, 2002), HOAPS = Hamburg
Ocean-Atmosphere Parameters and fluxes from Satellite data (Jost et al., 2002), ISCCP = International
Satellite Cloud Climatology Project (Rossow et al., 1996), MW = Matsuura and Willmott
(http://climate.geog.udel.edu/~climate/html_pages/download.html), NVAP = National Aeronautics and Space
Administration Water Vapor Project (Randel et al., 1996), SDC = Snow Data Climatology (Foster and Davy,
1988)
Variable
Temperature

IWV

Evaporation
Discharge
Snowpack
Soil Moisture

Dataset
CRU vs. 2

Resolution
0.5°

Period
1901-2002

GHCN2
MW
HOAPS 3
ISCCP D2
NVAP
HOAPS 3
GRDC
SDC
GSMDB
GSWP-2

5°
0.5
0.5°
280 km
0.5°
0.5°
Station
1°
Station
1°

1880-present
1900-2006
1988-2005
1983-2004
1988-2001
1988-2005
Varies
Climatology
Varies
1986-1995

Database
~1500-9100 stations with irregular coverage
in time
7280 stations with irregular coverage in time
1600-12000 stations including GHCN2
Satellite data (over ocean only)
Satellite data in cloud free areas
Satellite data and radiosondes
Satellite and SST data (over ocean only)
Stations for large catchments
Stations
>600 stations
Multi-Model derived

a) Surface air temperature
As for precipitation data (see Sect. 2.1.1), the CRU and MW gridded temperature datasets
are based on station data so that the 0.5 degree resolution is certainly not justified in data
sparse regions (spatially and temporally). But here this problem is less severe as the largescale distribution of 2 m temperature is less heterogeneous than for precipitation. In general,
e.g. in GHCN2, the best spatial coverage is evident in North America, Europe, Australia, and
parts of Asia. Likewise, coverage in the northern hemisphere is better than in the southern
hemisphere.
In gridded air temperature datasets, station measurements are usually height corrected for
the difference between the station altitude and the mean gridbox elevation using a common
lapse rate (cf. Sect. 2.1), which might introduce some uncertainty. In MW, e.g., each averagemonthly station air temperature was first “brought down” to sea level (warmed) at an average
environmental lapse rate (6.0 deg C/km). Traditional interpolation then was performed on the
adjusted-to-sea-level average-monthly station air temperatures. Finally, the gridded sea-level
air temperatures were brought up to the grid height (cooled) of a digital elevation model
(DEM); once again, at the average environmental lapse rate. For some regions, the application
of a constant temperature lapse rate might not be realistic and might lead to biases. Results of
Prömmel (2008) over the Alps suggest applying a monthly varying lapse rate instead of a
constant lapse rate in areas with complex orography to reduce biases caused by elevation
differences. Prömmel (2008) also gives a good overview on problems related to the validation
of gridded temperature data.
Further possible uncertainties in the data arise from the fact that different measurement
instruments are used in the diverse regions of the Earth, which measure temperatures in
different heights over the land surface. While, e.g., in Germany surface air temperatures are
-9-

measured at 2 m height, in the US the ’Stevenson Screen’ instrument is used that is measuring
temperatures at a height of 1.20 m above the ground (Legates, personal communication,
1996). A height correction for the different measurement heights is generally not conducted.
Even though the absolute error related to the height mismatches is difficult to quantify, it is
likely small compared to other sources of uncertainty.

b) Integrated Water Vapour (IWV)
IWV is also often referred to as precipitable water content. For atmospheric water vapour,
the most widely used techniques are 1) the absorption of solar radiation, 2) the emission of
microwave radiation, 3) the emission of infrared radiation, 4) the path delay of GPS radio
signals due to refraction, and 5) radiosonde measurements.
The first technique allows accurate IWV measurements over land surfaces with a high
spatial resolution. It is based on the absorption of solar radiation in the path sun - surface sensor. The disadvantage of this method, though, is its high sensitivity to aerosols or thin
cirrus clouds (Albert, 2005). Global data may be obtained from the Medium Resolution
Imaging Spectrometer (MERIS) on the European Envisat platform and the Moderate
Resolution Imaging Spectroradiometer (MODIS) on the U.S.-American TERRA and AQUA
satellites, which became operational in the beginning of the 21st century.
Passive microwave measurements from polar-orbiting satellites provide the possibility to
derive global gridded datasets of IWV. Eymard (2001), e.g., gives an overview on the
retrieval of IWV from microwave radiometry. A disadvantage is that microwave retrievals are
presently feasible only over oceans (Randel et al., 1996). Since 1989, IWV data are
commonly retrieved from the Defense Meteorological Satellite Program (DMSP) Special
Sensor Microwave/Imager (SSM/I) (e.g. Jackson and Stephens, 1995), such as it was done for
HOAPS 3 where IWV over the ocean was derived according to Schlüssel and Emery (1990).
IWV retrievals from infrared measurements over land and ocean can be obtained from the
Television and Infrared Operational Satellite (TIROS) Operational Vertical Sounders (TOVS)
(e.g. Rossow et al., 1991; Wittmeyer and Vonder Haar, 1994). But these retrievals lack
general applicability as infrared satellite techniques are only applicable in the absence of
significant cloud cover. The ISCCP D2 IWV is based on TOVS data, but its results are strictly
valid only for relatively cloud-free locations.
Radiosonde and GPS derived data are primarily available over land with limited spatial and
temporal coverage, even though the latter have the potential to provide a long-term systematic
approach for monitoring atmospheric water vapour (see also Sect. 4.2). Consequently the best
approach to obtain a long-term global dataset of IWV would be the combination of all
available methods and data sources. This approach has been partially followed in the
construction of the NVAP IWV dataset comprising a combination of radiosonde observations,
TOVS and SSM/I data.

c) Evaporation
In HOAPS 3, evaporation over the ocean was derived from SSM/I data and NODC/RSMAS
(Rosenstiel School of Marine and Atmospheric Science / National Oceanographic Data
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Center) Pathfinder SSTs (Kilpatrick et al., 2001) according to a bulk formula using the
parameterization scheme of Fairall et al. (1996).
Over land, a similar observational dataset currently does not exist. Direct measurements of
evaporation or evapotranspiration from extended natural water or land surfaces are not
practicable at present. However, several indirect methods derived from point measurements
(see, e.g. Golubev et al., 2001) or other calculations have been developed which provide
reasonable results (WMO, 2006). For reservoirs or lakes, and for plots or small catchments,
model-based estimates may be made by water budget, energy budget, aerodynamic, and
complementary approaches. Detailed information on these methods can be found in WMO
(1994).
There are several global model based estimates obtained by GCMs, NWP models or global
hydrology models but their accuracy is highly uncertain. Results of the studies on global
water resources vulnerability, available from several research groups worldwide, differ
considerably, even for basic components of the global water cycle such as evaporation. This
lack of knowledge has been identified by the on-going EU project WATCH (WATer and
Global Change; www.eu-watch.org, see also Sect. 5.2, 5.3 and 5.4), which consequently aims
at delivering a global gridded data set of observed evaporation over land and its associated
uncertainties. To achieve this deliverable, evaporation data from a number of FLUXNET
tower sites representing the major biomes and climatic regions will be collected, and these
data will be combined with model-generated land surface evaporation.

d) Discharge
As described in Sect. 2.1.1, the validation of climate model precipitation is a problem due to
the partially large errors and uncertainties in the gridded precipitation data. An alternative to
the direct comparison of simulated and observed precipitation over land is the validation of
discharges that are simulated using climate model data if no discharge scheme is included in
the climate model (see Sect. 4.3).The discharge of most rivers can in principle be measured
with comparatively small errors. For many large rivers these measurements are performed
routinely, so that potentially a large global database exists (e.g. GRDC). If the global or
regional distribution of lateral discharge is simulated, the validation of the simulated
discharge against river gauge data therefore can provide a useful independent measure of the
performance of the hydrological cycle of the climate model. If both riverflow and
precipitation were given with reasonable accuracy, it would be a sufficient check of
evaporation accuracy.
Some rivers must be excluded or handled carefully for validation purposes if they are
heavily regulated (e.g. Nile after 1963, Volga) as the anthropogenic regulations are usually
not included in discharge schemes coupled to climate models. Some hydrological models
(such as WaterGAP; Döll et al., 2003) include such regulations but as the corresponding
formulations add a larger uncertainty, it might not be feasible to use this for the validation of
the hydrological cycle of a climate model.
With regard to the lateral flow of water at the land surface, the term runoff is often used,
which commonly leads to some communication problems. Sometimes it refers to the water
from rain and snowmelt that is not infiltrated into the soil (surface runoff), to the whole
amount of water that may be transported laterally at a certain location (total runoff), or to the
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amount of water that is already laterally transported as discharge by rivers (river runoff). In
the long-term annual mean, total runoff equals discharge within a catchment, and in this case
runoff is also equivalent to precipitation minus evaporation averaged over the catchment. To
avoid these communication problems the clear specification of the term runoff is generally
recommended and subsequently used in the review presented here.

e) Snowpack
Foster and Davy (1988) published a global climatology of snow depth where the snow
depth data are commonly divided by an average snow density of 3.3333 g/cm³ to yield the
corresponding water equivalent, which is used to validate the snow pack simulated by climate
models. Here, this calculation method is afflicted with some uncertainty as several processes
affecting the snow density are neglected. The wetness of snow influences its density whereas
air temperature and the availability of atmospheric moisture determine how wet or dry the
snow is. The snow density increases as the snowpack becomes deeper and the lower layers are
compressed. Compression has an impact on the crystalline structure of the snowpack, and
density and crystalline structure affect how fast the snowpack melts and how much water it
yields.
The snow depth climatology was developed based on an extensive literature research using
as many data sources as possible. Foster and Davy (1988) classified their data over different
regions into 3 quality bins (high, medium, low). Although they rated the data quality as high
over Canada, United States, Scandinavia and the territory of the former Soviet Republic and
medium over China and the alpine countries except for Germany (high), the quality over
mountainous regions was evaluated as low. But as mountainous regions contribute the major
part of the winter snowfall in many regions of the world, the resulting higher uncertainty must
be regarded in model validation studies.

f) Soil Moisture
Soil moisture is an important component in the atmospheric water cycle, both on a small
agricultural scale and in large-scale modelling of land-atmosphere interactions. Vegetation
and crops depend at any time more on the moisture available at root level than on
precipitation occurrence. Water budgeting for irrigation planning, as well as actual scheduling
of irrigation action, requires local soil moisture information. Knowing the degree of soil
wetness helps to forecast the risk of flash floods, or the occurrence of fog (WMO, 2006).
There are various soil moisture measurement techniques that mainly comprise in-situ
measurements at the plot scale. These are extensively described in up-to-date handbooks such
as Klute (1986) and Dirksen (1999).
The GSMDB comprises soil moisture observations for over 600 stations from a large
variety of global climates, including the former Soviet Union, China, Mongolia, India, and the
United States. Most of the data are in situ gravimetric observations of soil moisture; all extend
for at least 6 years and most for more than 15 years. But apart from this station data bank, no
global gridded observational dataset exists.
The lack of global soil moisture observations (and also of global salinity information) has
lead to the Soil Moisture and Ocean Salinity (SMOS) mission of the European Space Agency
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(ESA) that is expected to be launched in 2009. SMOS has been designed to provide
observational data on both variables from space, and this information is supposed to not only
improve the understanding of the water cycle, but also to advance weather and climate
prediction. In particular, soil moisture data will be important for extreme-event forecasting
such as floods, landslides and droughts (SMOS Project Team, 2005). A limiting factor for the
current applicability of SMOS data in climate modelling is that SMOS will provide soil
moisture data only to a depth of few centimetres. Therefore, modelling techniques have to be
developed to derive the moisture content within the root zone from time series of near surface
soil moisture.
The GSWP is an ongoing environmental modelling research activity of the Global LandAtmosphere System Study (GLASS) and the International Satellite Land-Surface Climatology
Project (ISLSCP), both contributing projects of GEWEX in the World Climate Research
Programme (WCRP). GSWP will provide global estimates of soil moisture, temperature,
snow water equivalent, and surface fluxes by integrating one-way uncoupled land surface
schemes (LSSs) using externally specified surface forcings and standardized soil and
vegetation distributions. A major product of GSWP-2 will be a multi-model land surface
analysis for the ISLSCP Initiative II period 1986-1995 (International GEWEX Project Office,
2002), which may be considered as a land surface analogue to the atmospheric re-analyses.
The project will include an evaluation of the uncertainties linked to the LSSs, their parameters
and the forcing variables. To obtain this land surface analysis the LSSs will be forced by nearsurface meteorological data based on the NCEP-DOE re-analysis 2 (Kanamitsu et al., 2002) at
3-hour intervals. For most of these fields, the re-analysis data have been hybridized with
observational data, or corrected for differences in elevation between the re-analysis model
topography and the ISLSCP Initiative II mean topography. As the multi-model analysis is not
finished up to now, currently only data of the preceding GWSP-1 phase (Dirmeyer et al.,
1999) for 1987-1988 are available. But as for re-analysis data (see Sect. 3.4) the data are
model derived and not directly observed so that they will comprise larger uncertainties and
biases.

2.2. Validation of climate models over hydrological regimes
A solution to overcome some of the problems mentioned in Sect. 2.1 is the performance of
the validation over large areas that cover many model gridboxes. Here, the calculation of
means averaged over these large areas usually compensates problems related to sparse station
density, randomly distributed elevation differences between model grid and observations and
horizontal interpolation problems. In GCM validation studies these means typically comprise
global and zonal means. In hydrological studies, means over hydrological regimes such as
river catchments or climate zones (such as, e.g., defined by Köppen, 1923) are well suited for
this purpose. The evaluation of the hydrological component of climate models has mainly
been conducted uncoupled from atmosphere/ocean GCMs (Bowling et al., 2003; Nijssen et
al., 2003; Boone et al., 2004). This is partly related to the difficulties of evaluating runoff
simulations across a range of climate models due to variations in rainfall, snowmelt and net
radiation (Randall et al., 2007). Some attempts have, however, been made. Arora (2001) used
the AMIP-2 framework to show that the Canadian Climate Model’s simulation of the global
hydrological cycle compared well to observations, but regional variations in rainfall and
runoff led to differences at the basin scale.
Milly et al. (2005) considered an ensemble of 26 integrations of 20th century climate from
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nine GCMs and showed that at regional scales these models simulated river runoff with good
qualitative skill. Further, the models demonstrated highly significant quantitative skill in
identifying the regional runoff trends indicated by 165 long-term stream gauges. They
concluded that the impact of changes in atmospheric composition and solar irradiance on
observed discharge was, at least partially, predictable.
The validation described in Hagemann et al. (2006) is a further example for the
hydrological validation of a GCM. This study investigates the impact of model resolution on
the hydrological cycle in a suite of model simulations using a new version of the Max Planck
Institute for Meteorology (MPI-M) atmospheric GCM ECHAM5 (Roeckner et al., 2003).
Special attention is paid to the evaluation of precipitation on the regional scale by comparing
model simulations with observational data in a number of catchments representing the major
river systems on Earth in different climate zones (Figure 2). It was found that a higher model
resolution is generally improving the simulation of the hydrological cycle, such as shown for
the annual mean precipitation in Figure 3. Remarkably, in most of the catchments (except for
the Baltic Sea catchment), increasing vertical resolution is more beneficial than increasing
horizontal resolution.
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Baltic Sea
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Figure 2

Selected large catchments of the globe at 0.5 degree resolution.

- 14 -

A

Figure 3
Annual mean bias in simulated precipitation over several catchments. The bias was calculated from
the difference of the simulated precipitation minus GPCP data. The horizontal resolutions T42, T63, T106
and T159 correspond to grid-sizes at the equator of about 313, 208, 125 and 83 km, respectively. Two
vertical resolution with 19 (L19) and 31 (L31) layers are considered.

RCMs are usually applied at a much finer resolution than GCMs, currently ranging from
typical resolutions of 50 km down to about 10 km. Higher resolutions are currently only used
for process studies, but with increasing computer power they will soon be used for climate
modelling, too. Thus, high resolution observational datasets are required for the validation of
RCMs. These are currently available only for specific regions but not at larger scales. Frei
and Schär (1998), e.g., have constructed a high resolution dataset of Alpine precipitation that
they used for a RCM intercomparison and validation study with respect to daily precipitation
statistics over the Alps (Frei et al., 2003). However, due to the limited availability of high
resolution observations at larger scales a focus on hydrological regimes is even more
appropriate for the validation of RCMs than it is for GCMs.
As mentioned in Sect. 2, a baseline simulation should be performed for the evaluation of a
RCM. This has been done with five RCMs within the EU project MERCURE (Modelling
European Regional Climate: Understanding and Reducing Errors) that was launched to
improve RCMs by understanding and reducing sources of errors, notably those arising
through poor parameterization of physical processes and insufficient model resolution. Here,
the 15 years re-analysis dataset (ERA15; Gibson et al., 1997) of the European Centre for
Medium-Range Weather Forecast (ECMWF) was used to provide the ‘perfect’ boundary
conditions for the RCMs. Hagemann et al. (2004) evaluated the water and energy budgets
simulated by these five RCMs and focussed especially on common model problems. A
thorough budget analysis was conducted over the catchments of the Danube and the Baltic
Sea (land area only). Here, a method was applied to estimate different components of the
water balance which are not measured, i.e. the monthly changes in soil water storage. An
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alternative and spatially more widely applied approach for estimating changes in water
storage was developed by Hirschi et al. (2005). A first comparison of the results yielded by
the two methods showed a good agreement for the two catchments (Hirschi, personal
communication, 2005)
For the Danube catchment, Hagemann et al. (2004) focused on the prominent summer
drying problem. This special model feature is the too dry and too warm simulation of climate
over central and south-eastern Europe during the summer (Machenhauer et al., 1998), which
is typical for many RCMs, and to a less extent is also visible in some GCMs. Figure 4
compares the mean monthly annual cycle of precipitation of the five RCMs (ARPEGE, Déqué
et al., 1998; CHRM, Lüthi et al., 1996; HadRM3H, Jones et al., 1995; HIRHAM4,
Christensen et al., 1996; REMO Vs. 5.0, Jacob, 2001) to CRU Vs. 1 observations (New et al.,
2000) and ERA15. Here, it can be seen that the summer drying problem is a major feature of
all models except ARPEGE. Hagemann et al. (2004) found two different reasons for
problems in the RCM simulations. For ARPEGE and CHRM, the problems are related to
deficiencies in the land surface parameterizations, while for HIRHAM, HadRM3H and
REMO systematic errors in the dynamics appear to be causing the main errors in the
simulations over the Danube catchment. The exact reasons for the summer drying problem are
still not identified and are currently under investigation in the EU project CLAVIER
(CLimate change And Variability: Impact on central and eastern EuRope, http://www.claviereu.org/).

Figure 4

Precipitation over the Danube catchment in mm/month.

- 16 -

Figure 5

Mean annual cycle of precipitation over the Danube catchment. Mean designates the multi-model
ensemble mean of the 10 PRUDENCE RCMs.

Even though the evaluation of the performance of a RCM should focus on a baseline
simulation to minimize the influence of errors introduced through the lateral boundary
conditions, the validation of a control simulation (see Sect. 2) may also be desirable. This is
important if the quality of a GCM-RCM combination shall be considered, or a qualitative
intercomparison between different combinations shall be conducted. The latter has been done,
e.g., in the EU project PRUDENCE (Prediction of Regional scenarios and Uncertainties for
Defining EuropeaN Climate change risks and Effects; Christensen and Christensen, 2007),
which aimed to predict uncertainties in RCM simulations over Europe (see also Sect. 5.2).
Here, 10 RCMs were forced with observed SST and lateral boundary conditions provided by
one GCM. Hagemann and Jacob (2007) evaluated the simulated hydrological cycle of the
10 RCMs and their multi-model ensemble mean over the catchments of the Baltic Sea (land
area only), Danube and Rhine. Figure 5 reveals that the summer drying problem shows up
again in the multi-model ensemble mean of precipitation over the Danube catchment as only
two of the 10 RCMs do not have this problem (ARPEGE and RegCM3, Pal et al., 2007).
Please see Sect. 5.2 for further PRUDENCE studies focusing on specific catchments, which
mostly include also some validation of the control simulations.
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3. Improvement of model results by the direct use of observational data
The direct use of observational data in climate models is mainly advantageous at four
places. Observations can be used for the initialization of certain model fields at the beginning
of a simulation (Sect. 3.1). They can be used to prescribe boundary conditions at the Earth’s
surface-atmosphere interface that are not simulated within the climate model. Apart from the
prescription of surface conditions over the ocean (SST, sea ice) in atmosphere-only climate
simulations, this is of particular importance at the land-surface interface, especially for
orography or vegetation dependent characteristics (Sect. 3.2). In limited area modelling,
observational datasets are used as lateral boundary conditions when RCMs are applied for the
dynamical downscaling of these datasets (Sect. 3.3). In order to improve the downscaling or
to detect climate model errors, observational data can also be assimilated or nudged into the
climate model system (Sect. 3.4).

3.1. Model initialization
Certain variables of the climate system have a long-term memory that may range from
several months to several decades. As the state of these variables is usually largely
influencing the general state of the climate system, their accurate initial representation is
crucially important when a climate simulation is started. These variables comprise soil
moisture and soil temperatures (time scale of seasons to several years), the ocean states of
salinity and temperature (decadal), the distributions of snow (seasons) and sea ice (years).
The initial state of the ocean largely determines the climate development from the next
season up to the next decade. This is a major focus in the currently increasing activities on
seasonal to decadal predictions. Smith et al. (2007) presented a new modelling system that
predicts both internal variability and externally forced changes of surface temperature from a
global climate model, which allows them to forecast surface temperature with substantially
improved skill throughout a decade, both globally and in many regions.
Christensen (1999) pointed out the importance of an adequate initialization of soil
temperature and soil moisture in climate modelling experiments. An inadequate initialization
of these fields may lead to transient signals that have to be suppressed as much as possible in
modern numerical climate experiments as climate sensitivity experiments operate with quite
small signals. He suggested a technique where the climate model is run to soil equilibrium in
order to obtain starting conditions where transients are minimized and less random than what
has been the case previously.
A theoretical study by Walker and Houser (2001) has illustrated that by assimilating nearsurface soil moisture observations, as would be available from a remote sensing satellite,
errors in forecast soil moisture profiles as a result of poor initialization may be removed and
the resulting predictions of runoff and evapotranspiration improved. For future climate
modelling studies, satellite data retrieved by the SMOS mission are supposed to improve the
model initialization of soil moisture and ocean salinity (see Sect. 2.1.2f).
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3.2. Model improvement by using data for boundary conditions at
the land-surface interface
Maynard and Royer (2004) address the sensitivity to different parameter changes in African
deforestation experiments and find that changes of roughness, soil depth, vegetation cover,
stomatal resistance, albedo, and leaf area index all could make significant contributions.
Voldoire and Royer (2004) find that such changes may impact temperature and precipitation
extremes more than means, in particular the daytime maximum temperature and the drying
and temperature responses associated with El Nino events (IPCC, 2007). Consequently an
accurate representation of the land surface is necessary for the adequate modelling of
processes at the land surface boundary to the atmosphere. This section gives a short glance on
land surface parameters dependent on a) orography and b) vegetation.

a) Orography
Apart from the mean gridbox elevation DEM data are commonly used to calculate
orography dependent parameters, such as the orographic variance, the orographic roughness
length, and the shape parameter in the surface runoff/infiltration scheme of Dümenil and
Todini (1992; Arno scheme). In climate models, these parameters are usually derived from a
very high resolution orography such as the 30-arc-second topography dataset GTOPO30
(Bliss and Olsen, 1996).
The roughness length z0 is an integration constant for the logarithmic wind profile in the
surface boundary layer. In this Prandtl layer, the wind velocity becomes independent of the
Reynolds number Re (for Re >> 1) and the wind speed depends logarithmically on the height
above the surface (Mason, 1987). Formally, z0 is the height at which the wind speed becomes
zero when the logarithmic wind profile above the roughness sub-layer is extrapolated to zero
wind speed. Thus, z0 can be seen as a measure of the unevenness of the surface. In the models,
the turbulent exchange of momentum, energy, and moisture between the surface and the
atmosphere is calculated as a function of z0. In areas of low orography, the vegetation part of
the roughness length often controls this mixing (Henderson-Sellers et al., 1986). According to
Schlichting (1979), it is assumed that atmospheric drags induced by the surface roughness can
be linearly combined. Thus, the roughness length z0 is commonly separated into two parts: a
roughness length z0,oro computed from the variance of orography, and a roughness length z0,veg
of vegetation and land use. As a coarse approximation according to Tibaldi and Geleyn
(1981), the square of z0 equals the sum of the squares of z0,oro and z0,veg.
For the orographic roughness length z0,oro, different methods are available, e.g. developed
by Tibaldi and Geleyn (1981), Sattler (2004). These methods comprise drag partition theory,
effective z0 and blending height concepts, etc. z0,oro is often calculated only from sub-grid
scale orography variance in each grid-square, such as in the parameterization scheme of Wood
and Mason (1993) where an ‘effective roughness’ length proportional to the standard
deviation of orography at sub-grid scales is used to enhance the exchange coefficient for
momentum. These kinds of values of z0,oro depend on the model’s horizontal resolution and
availability of high-resolution orography data, but are not strictly related to the physical
processes the parameter is expected to represent (Rontu, 2007). Thus, improvements in the
calculation of z0,oro may lead to a better simulation of orographic roughness effects. Miller et
al. (1989) could improve their gravity wave drag scheme by the use of directionallydependent sub-grid scale orographic variances. Sattler (2004) compared a linearized
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aggregation method of z0,oro to a non-linear method, and found advantages of the latter.
b) Vegetation dependent parameter
The amount of energy available to the climate is controlled by the global energy cycle
which is largely dominated by atmospheric processes (see Rosen, 1999). About 46% of the
energy entering the global climate system by incoming solar radiation is absorbed by the
surface and about 31% is exchanged with the atmosphere as sensible and latent heat (Rosen,
1999). The land surface significantly influences the partitioning of energy between sensible
and latent heat, and acts as significant medium to store energy on both the diurnal and
seasonal time scale (Pitman et al., 2004). In addition, the vegetation and the soil are major
carbon stores. Therefore, the land surface is a key component of the climate system and the
coupling between atmosphere and biosphere is of particular importance at the land surfaces
from both the atmospheric and hydrological point of view.
The different processes at the land surface-atmosphere interface are affected by the land
surface characteristics, such as the surface albedo, which determines how much of the energy
that reaches the surface is reflected. A model used to simulate processes at this interface
requires a proper determination of the land surface characteristics that are used in its process
equations and parameterizations as boundary conditions. Therefore, the description of the land
surface is a significant problem in global and regional climate modelling since deficiencies or
inconsistencies in these boundary conditions may lead to errors in the climate simulations.
For an adequate modelling of climate, an appropriate representation of the land surface
characteristics is required. As stated in a review by Rowntree (1991), numerous climate
simulations have shown that anomalies in albedo and surface roughness can produce
significant changes in the atmospheric circulation. Pielke et al. (1997) have demonstrated that
the landscape, including its spatial heterogeneity, has a substantial influence on the overlying
atmosphere. An adequate determination of land surface characteristics dependent on plant
canopies is of particular importance because they strongly modify the evapotranspiration over
large areas of the land surface which is a major component of the surface thermal and
moisture balance and of the hydrological cycle (see e.g. Kabat et al., 2004). Thus the
assessment of new or improved land surface datasets was central to a number of programs and
experiments, e.g. the International Satellite Land-Surface Climatology Program (ISLSCP) and
the International Geosphere-Biosphere Program (IGBP). For an overview about these
programs and experiments, see Feddes et al. (1998). As the nature of many land surface data
is rather fractious in temporal and spatial coverage, Dirmeyer (2004) pointed out the
importance of data consolidation for land surface data.
As mentioned by Hagemann et al. (1999), several global land surface parameter datasets
existed but the available (in 1999) datasets were inaccurate in some regions of the world and,
generally, their spatial resolution was too coarse to fit the demands of high resolution limited
area models. For example, the land surface parameter dataset of Claussen et al. (1994) was
based on several of these datasets and showed an allocation of vegetation (visible in the
albedo) in the coastal regions of the Sahara and Saudi Arabia which seems to be unrealistic
according to a desertification map of Diercke (1988, 1992). Also several specific areas were
not resolved such as the Namib desert in South Africa, the Persian highlands, the Sierra
Madre in Mexico, the Great Basin and the Great Plains in North America, the Gobi desert and
the desert and mountain ranges north of Tibet. Recent development in remote sensing
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facilitated the measurement of present land surface characteristics at a very fine spatial
resolution thereby offering the possibility to create consistent land surface boundary
conditions for numerical models.

0.05 degree

0.5 degree

T42 ~ 2.8 degree

Figure 6
Soil water holding capacities at 0.05° (about 5 km), 0.5° (about 50 km), and T42 (about 300 km)
resolution over Europe according to the LSP2 dataset (Hagemann, 2002a). Colour steps: 50 mm.

Hagemann et al. (1999) have constructed a global dataset of land surface parameters (LSP)
which is based on a 1 km global distribution of major ecosystem types (Loveland et al., 2000)
including glacial ice and open water according to the definitions given by Olson (1994a,
1994b). The latter was made available by the U.S. Geological Survey (1997). The set of the
chosen parameters of the LSP dataset (background surface albedo, surface roughness length
due to vegetation, fractional vegetation cover and leaf area index for the growing and
dormancy season, forest ratio, plant-available and total soil water holding capacity) was
defined by the parameters that are used or shall be used in the climate models of MPI-M.
Later, the U.S. Geological Survey (2001) has distributed an updated version of their
ecosystem dataset where land cover classes over 10% of the Earth‘s land area were revised.
Consequently, Hagemann (2002a) incorporated these changes into the LSP dataset. During
this implementation, several improvements were made to the LSP dataset. Over Africa, the
background surface albedo of bare soil was corrected with METEOSAT albedo data. In
addition, the seasonal variation of vegetation characteristics was considered and monthly
mean fields of vegetation ratio, leaf area index and background albedo were developed and
implemented.
From the basic resolution of 1 km of the ecosystem type dataset the LSP values can be
aggregated to the respective model resolution, such as shown for soil water holding capacities
over Europe in Figure 6. Due to the finest resolution of 1 km that may be obtained, the LSP
dataset has been shown to be very suitable for the application in very high resolution regional
climate modelling as it was done with the HIRHAM model (Christensen et al., 2001;
Hagemann et al., 2001) and the REMO model (Rechid and Jacob, 2006). But the
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implementation of the LSP dataset in the global ECHAM model has also led to improvements
in the simulation of the hydrological cycle at the coarse resolution of T42 (about 2.8°) as
shown in Hagemann et al. (2000). They have conducted several ECHAM4-T42 simulations
using climatological AMIP SST where only a single parameter field was exchanged compared
to the control simulation. Comparisons to observations yielded, e.g., that the new soil water
holding capacities from the LSP dataset largely improve the simulation of evapotranspiration
in southern and central Africa and therefore also of the 2 m temperature as shown for the
Congo and Zambezi rivers in Figure 7. Thus, the global LSP dataset is available for use in
regional and global climate modelling and it is implemented in the currently operational
versions of the RCMs HIRHAM (Christensen et al., 1996) and REMO (Jacob, 2001) as well
as in the global ECHAM5 model (Roeckner et al., 2003).

Figure 7

Observed (CRU Vs. 2) and simulated 2 m temperatures over the Congo and Zambezi catchments.

Rechid et al. (2008b) have further refined the background land surface albedo and its
seasonal variations using data products from MODIS. Here, they derived global fields of bare
soil albedo and vegetation albedo. The total surface background albedo of a model gridbox is
a composite of both albedos where the seasonal varying composition depends on the leaf area
index. For sensitivity studies, this new surface albedo was integrated into the land surface
schemes of the GCM ECHAM5 and the RCM REMO and the sensitivity of the climate model
to the advanced surface albedo parameterization was tested (Rechid et al., 2008a). This albedo
parameterization has become operational in REMO since Vs. 5.7, and it has been
implemented into the most recent version of ECHAM5-JSBACH (T. Raddatz, personal
communication, 2008). JSBACH is the new MPI-M’s land surface model comprising the
ECHAM5 physics plus the interactive representation of vegetation and carbon fluxes
(Raddatz et al., 2007).
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3.3. Lateral boundary conditions in limited area modelling
In order to perform RCM simulations, the RCM must be provided with initial and lateral
meteorological boundary conditions (typically wind components, temperature, water vapour
and cloud variables, surface pressure, chemical tracers if needed) and surface boundary
conditions (SST and sea ice) (Giorgi and Mearns, 1999). If these are provided from a GCM
simulation, the nesting technique (Giorgi, 2006a) is used, which is usually implemented in a
one-way mode where the RCM information does not feed back into the GCM. Only recently a
first two-way nesting study has been published by Lorenz and Jacob (2005) where the RCM
solution feeds back into an atmospheric GCM. Before successful two-way nesting studies
have only been performed with ocean models or RCMs alone (Lorenz, personal
communication, 2008).
In the course of RCM development, regional simulations are usually carried out for a period
in the past. The general model performance is then assessed through a validation procedure in
which model results are compared against observational datasets on different temporal and
spatial scales. In order to minimize errors and uncertainties originating from imperfect largescale driving fields, lateral boundary conditions as well as initialisation fields are then usually
provided by re-analysis or analysis products rather than by GCM control simulations (i.e.
global climate simulations forced by observed atmospheric greenhouse gas concentrations).
As mentioned in Sect. 2, re-analysis fields are also referred to as perfect boundary conditions
since they are based on the observed state of the atmosphere and provide the best estimate of
multi-decadal time series of large-scale conditions.
Several studies have dealt with the RCM sensitivity to the utilization of lateral boundary
conditions, such as, e.g., von Storch et al. (2000), Vidale et al. (2003), Marbaix et al. (2003),
and Wu et al. (2005), as well as to the resolution of these boundary data (e.g. Denis et al.,
2002).

3.4. Data assimilation and nudging
The assimilation of observational data is a common technique in numerical weather
forecasts systems where the assimilated data are used to achieve an improved state of the
atmosphere at the initial time for the next forecast. These initial fields are provided by
operational analyses and comprise a data assimilation suite combining observations, previous
forecasts, and model assumptions about the evolution of different meteorological variables.
Since operational analyses are an estimate of the actual weather situation, long time series of
these analyses should give an adequate description of the evolution of weather patterns and
their average would describe the climate. However, the individual analyses are influenced by
changes in the model, analysis technique, data assimilation, and the use of observations,
which are an essential product of research and development at a numerical weather forecast
centre. Thus, apparent changes of atmospheric conditions may occur in long time series of
analysis fields that are caused only by changes in the corresponding analysis system. This led
to the implementation of the re-analysis projects, in which a fixed analysis/forecast system is
used to assimilate past observations over a long period of time. (Certain inconsistencies are
still present, however, since the amount of available observations varies for different time
periods.) For more detailed information on these topics, see, for example, Uppala (1997) and
Kållberg (1997).
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Because of a lack of globally distributed observations of many atmospheric variables,
researchers in meteorology, climatology, or hydrology often use re-analysis data as pseudoobservations for validation, verification, initialization, or for the forcing of their regional
models (see Sect. 3.3). Therefore, the validation by independent data not entered in the
assimilation of the re-analysis data itself is an important issue. Especially with regard to the
hydrological cycle the current re-analysis data show a lot of problems, such as shown by
Hagemann and Dümenil Gates (2001) for the ERA15 re-analysis (Gibson et al., 1997) and
the re-analysis of the National Centers for Environmental Prediction (NCEP; Kalnay et al.,
1996), and by Hagemann et al. (2005) for the 40 years re-analysis (ERA40) of the ECMWF
(Uppala et al., 2005). Figure 8 shows an example for the Arctic Ocean catchment represented
by its six largest rivers (cf. Figure 2). Here, NCEP data show a large overestimation of
precipitation compared to GPCC and GPCP data, ERA15 slightly underestimates the
precipitation, and ERA40 fits well within the span of the two observational datasets. For
temperature, ERA15 has a severe cold bias in winter compared to CRU2 data, while the other
two re-analyses show a winter warm bias that is more pronounced in ERA40. If daily time
series of re-analysis precipitation and temperature are used to simulated discharge with the
simplified land surface (SL) scheme (Hagemann und Dümenil Gates, 2003) and the
Hydrological Discharge (HD) model (Hagemann und Dümenil Gates, 2001) (see also Sect.
4.3 and 4.4), the re-analysis biases partially accumulate in the simulated discharge. Here,
ERA40 yields a more realistic discharge than the other two re-analyses.

Figure 8
Monthly mean precipitation (upper left panel), temperature differences to CRU2 data (upper right
panel) and simulated discharge using SL scheme and HD model (lower panel) for the years 1979-1993 over
the Arctic Ocean catchment represented by its six largest rivers (cf. Figure 2).
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Jeuken et al. (1996) introduced the nudging technique as an alternative method of GCM
validation. Nudging is the dynamical adjustment of a GCM with atmospheric fields taken
from a re-analysis, such as, e.g., vorticity, divergence, temperature and surface pressure. Due
to the nudging the GCM is drawn towards the re-analysis, so that usually an improved climate
simulation is yielded by the use of a constrained atmospheric circulation when compared to
the free GCM simulation. The nudging technique can be also considered as a second-step of
data assimilation as the GCM does not directly assimilate observations but re-analysis data.
An important outcome of the nudging simulation is the obtaining of tendency errors, i.e. the
quantification of the tendency (nudging residuals) of the GCM to drift away from the
atmospheric state imposed by the nudging. Using this outcome, a more precise estimation of
the causes of climate model errors (such as revealed for RCMs in the MERCURE project;
Hagemann et al., 2004) may be achieved by systematic initial tendency error (SITE)
estimates (Machenhauer and Kirchner, 2000) using re-analysis data. SITE estimates can be
used to assess errors in the model physics or to find missing external forcings. Hence,
nudging has a variety of applications, e.g. Kaas et al. (1999) used the nudging technique to
tune the parameterization of unresolved scale interactions, Déqué et al. (2000) used it as a
method of GCM validation through short-range forecasts, and Guldberg et al. (2005) used the
nudging for the reduction of systematic errors to analyse its impact on the skill of seasonal
predictions.
An alternative method used with RCMs is spectral nudging in which the large-scale driving
fields are allowed to force the low wave number component of the regional simulation in the
higher altitudes throughout the entire domain (e.g. Waldron et al., 1996; von Storch et al.,
2000; Radu et al., 2007). The advantage of this approach is the full consistency between the
large-scale fields simulated by the RCM and those provided by the lateral boundary
conditions. However, it can also prevent the formation of small-scale, surface-forced
circulation systems which are not present in the driving field (Giorgi and Mearns, 1999).
Although most Numerical Weather Prediction (NWP) centres have incorporated land
surface schemes in their models, errors in the NWP forcing accumulate in the surface and
energy stores, leading to incorrect surface water and energy partitioning and related processes.
This has motivated the NWP community to impose ad hoc corrections to the land surface
states to prevent this drift. A methodology under development here is to implement a Land
Data Assimilation System (LDAS), which consists of uncoupled models forced with
observations, and is therefore not affected by NWP forcing biases (http://ldas.gsfc.nasa.gov).
North American (NLDAS; Mitchell et al. 2004) and Global (GLDAS; Rodell et al., 2004)
LDAS systems are being developed that will lead to more accurate re-analysis and forecast
simulations by numerical weather prediction (NWP) models. Specifically, these systems will
reduce the errors in the stores of soil moisture and energy which are often present in NWP
models and which degrade the accuracy of forecasts, and thus also the accuracy of re-analyses
used in climate studies. The LDAS systems are currently forced by terrestrial (NLDAS) and
space based (GLDAS) precipitation data, space-based radiation data and numerical model
output. In order to create an optimal scheme, the projects involve several land surface models,
many sources of data, and several institutions.
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4. Improvements of parameterizations and evaluation methods
This section considers improvements yielded by the enhancement of model
parameterizations and evaluation methods and their usage of observational data. The model
parameterizations itself may be improved using knowledge obtained from new observational
data (Sect. 4.1). On the other hand, observational data may also be evaluated using re-analysis
data and/or independent model results (Sect. 4.2). The methods of model evaluation may be
further developed in two ways. First, climate models may be extended so that more
climatological variables are simulated, which then can be validated with observations that
previously could not be used (Sect. 4.3). Second, by the improvement or utilization of
observational datasets (such as re-analyses) to yield data that may be used for model
validation studies (Sect. 4.4).

4.1. Model improvement by improving model parameterizations
using new data
The availability of new data, especially from the increasing amount of satellite
measurements, has the potential to further model improvements as the data can be used to
improve climate model parameterization schemes. This is possible if the kind of data has not
been available before or if already available data are produced with a much higher resolution.
An example for the first kind is given by Rechid et al. (2008b) who parameterize the snow
free surface background albedo as a function of the leaf area index using global distributions
of soil albedo and vegetation albedo that they have derived from MODIS data (see Sect. 3.2).
This albedo parameterization will also be used in the phenology that is currently being
developed where the leaf area index will be interactively calculated within the climate model
simulation (Rechid et al., 2008a). For some measurement programs, the improvement of
model parameterizations is one of the major driving forces. For example, Frühwald (2000)
stated that polarimetric radar data together with Doppler radar information may help to give
hints for improving parameterizations of cloud micro-physical processes in coarse resolution
atmospheric models. Voyles (2004) noted that data streams produced by the Atmospheric
Radiation Measurement (ARM) Mobile Facility (AMF) are available to the atmospheric
community for the use in testing and improving parameterizations in GCMs. Within the EU
project CLOUDMAP2 (http://darc.nerc.ac.uk/Envisat/cloudmap2.htm), a main objective was
to assess, qualitatively and quantitatively, how their cloud database could be used to improve
the veracity and/or validation of NWP models, so that in the longer term this information will
be used to improve the physical representation and parameterization of sub-grid scale
characterisations of clouds within the typically coarse-resolution NWP models and GCMs.
In the second case, high resolution data may provide information on the sub-grid scale of a
climate model that can be used to improve parameterizations representing sub-grid scale
processes that are not resolved by the operational model resolutions. For example, the recent
new global very high resolution datasets of land surface parameters based on satellite
observations (e.g. see Hagemann et al., 1999) can be used to increase the applicability of
existing parameterization schemes to finer resolutions, but they may also be used to improve
the parameterization schemes themselves. This was done in the study of Hagemann and
Dümenil Gates (2003) where the use of soil water capacities at a very high resolution led to
the improvement of a surface runoff parameterization scheme. The improved parameterization
scheme is a further development of the Arno scheme that is widely used in climate research,
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e.g., in the ECHAM model (Roeckner et al., 1992), HIRHAM model (Christensen et al.,
1996), REMO model (Jacob, 2001), VIC model (Liang, 1994), and the Xinanjiang model
(Zhao, 1977). Here, surface runoff is computed as infiltration excess from a ”bucket” type
reservoir which takes the sub-grid variability of soil saturation within a model gridbox into
account. Instead of prescribing a distribution of sub-grid scale soil water capacities as it is
done in the original Arno scheme, the array of high resolution soil water capacities (cf. Figure
6) taken from Hagemann (2002a) was used to obtain individual fractional saturation curves
for each model gridbox. From each saturation curve, the three parameters required in the
modified formulation of the scheme were derived via optimization. Figure 9 shows the
fractional saturation curves for an example gridbox located in steep terrain. Here, the
saturation curve yielded by the fitted shape parameter (dot-dashed curve) of the improved
Arno scheme is much closer to the subgrid capacity distribution than the curve yielded by the
purely orographic shape parameter from the original Arno scheme (turquoise curve). This will
be the case for the majority of the gridboxes with heterogeneous subgrid capacity
distributions. The improved Arno scheme has become operational in the REMO model since
Vs. 5.7.

Figure 9

Saturation curves for an example T106 gridbox at 142°E, 43.3°N (Japan).

4.2. Data evaluation using re-analysis data and/or independent
model results
Re-analysis and climate model data can also be used for the evaluation of observational
data. This evaluation may comprise a quality control of the observations as well as obtaining
regional constraints for station data that determine limits in model resolution where the
stations should not be used for model validation.
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Hagemann et al. (2003a) give an example for this usage of model data. They have
retrieved IWV from surface based GPS measurements of zenith path delay (Gendt, 1999) in
order to apply a quality control to the IWV for each GPS station by comparing it with the
IWV from the ECMWF operational analyses (Hagemann et al. ,2003b) have shown that the
usage of ERA40 instead of the operational analyses yields very similar results). The zenith
path delay values are converted into IWV using observed surface pressure and mean
atmospheric water vapour column temperature obtained from the ECMWF operational
analyses. Although the main objective of the study was to assess the usefulness of global GPS
measurements for climate monitoring and model validation, Hagemann et al. (2003a)
highlighted that also the analyzed fields can be used to identify errors in the GPS derived data
and to identify areas where the GPS data are less relevant to use. They found several
examples where the GPS derived data have systematic errors. For example, if the mean IWV
bias between GPS derived IWV and analysed IWV for a station is larger than its standard
deviation, this indicates a systematic error either in the zenith path delay measurements or in
the surface pressure and its interpolation. This includes possible errors in the height that is
assigned to the GPS or the pressure gauge. The approach to identify suspicious data is
analogues to the methods applied in operational numerical weather prediction (e.g.
Hollingsworth et al., 1986). Hagemann et al. (2003a) also have identified areas where the
numerical model has insufficient resolution to describe the water vapour profile due to sharp
climate and weather boundaries. Typical cases are stations located at steep mountain slopes,
or near major land ice areas such as Greenland or Antarctica. As an example, Figure 10 shows
results from the station HOFN (Iceland) situated at the eastern coast near Mount Vatnajökull
(2119 m). The ERA40 IWV is systematically smaller than the GPS derived IWV since the
model is likely to represent conditions over the large glacier and not the conditions at the
station. So in order to arrive at a representative sample of GPS station such errors or
anomalies need to be identified. Using the four months considered in this study, it was
possible to identify problematic stations that must be blacklisted in model validation studies at
resolutions comparable to T106 or coarser. For studies of long-term changes in the IWV itself
these stations can still be used.

Figure 10

GPS derived (dotted) and ERA40 (solid) IWV at station HOFN (Iceland) for a) January 2001, b)
July 2001.

- 28 -

4.3. Extending a model to make use of more observations for
evaluation
The extension of a climate model is twofold development. On one hand more processes are
included into a climate model to represent and simulate more processes within the Earth
system (see Sect. 5.1), on the other hand more observations may be used to validate the
model. Although the inclusion of more processes often will raise the degrees of freedom of
the climate model, especially if the newly introduced processes feed back to the model’s
simulated climate. The latter depends on the kind of processes, whether they are used for
further calculations or only calculated diagnostically within a coupled system. Discharge, e.g.,
is currently a purely diagnostically resolved process in an atmosphere only climate model. In
a coupled atmosphere-ocean model, the discharge is the interface between the land surface
hydrology and the ocean, and thus an integral part of the coupled system.
As mentioned in Sect. 2.1.2d, climate model validation with observed discharge is an
alternative to the direct validation of precipitation over land. It is possible to compare the
model’s total annual mean runoff to annual discharge observations for validation purposes. It
is not feasible to compare the simulated runoff to observed discharge in time intervals of a
season or less for big drainage basins. But this is an important validation task, especially
regarding the timing of the runoff, e.g. timing of the snowmelt and the peak of snowmelt
induced runoff. In order to perform an adequate validation of runoff processes, the runoff
calculated by a GCM or RCM must be laterally transported over the land surface by a
discharge model. The requirement for such a validation is that the climate model can be
coupled to a discharge model (on- or offline). For the MPI-M climate models ECHAM and
REMO this has been achieved with the HD model (Hagemann und Dümenil, 1999). For the
ERA15 and NCEP re-analyses the direct application of the HD model was not possible so that
the simplified land surface (SL) scheme was used to calculate the required input fields for the
HD model from the re-analysis time series of precipitation and 2 m temperature (Hagemann
and Dümenil Gates, 2001).
Sometimes it also makes sense to describe specific processes with a more physical exact
formulation instead of using a simplified parameterization. In this case, more exact may mean
temporally, spatially or numerically. This would allow the direct comparison to process-based
measurement studies. In this respect also the regional downscaling of GCM data with a RCM
(see Sect. 1) enhances the possibilities of model evaluation, especially if for a process under
consideration the same process formulations are used in the GCM and RCM. Another
example is the implementation of a cloud resolving model (CRM), such as conducted by
Khairoutdinov and Randall (2001) who replaced their GCM’s conventional convective and
stratiform cloud parameterizations with a CRM, thereby allowing the explicit computation of
the global cloud fraction distribution for radiation computations.

4.4. Using new methods to improve data or their usability for model
evaluation
The improvement of existing observational data that may be used for climate model
evaluation comprises two main issues. The first is the application of models or model
algorithms to evaluation datasets to retrieve an improved dataset where the current data have
some deficits. Here, especially re-analysis data are a candidate as their simulated hydrological
cycle shows some problems and biases in its different components (Hagemann and Dümenil
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Gates, 2001). Thus, the application of hydrological or land surface models to re-analysis
datasets may lead to an improved simulation of hydrological and land surface fields compared
to the re-analysis data. This strategy is being extensively used in the GSWP (see Sect. 2.1.2).
Sheffield et al. (2006) have developed a 50-years global 1.0° dataset of meteorological
forcings by combining a suite of global observation-based datasets with the NCEP re-analysis
that is supposed to be used to drive land surface hydrology models. Hagemann et al. (2005)
have shown that the application of the Simplified Land surface (SL) scheme (Hagemann and
Dümenil Gates, 2003) to the ERA40 data has lead to an improved simulation of annual
evapotranspiration and runoff over many large catchments of the globe. This can be seen in
Figure 11 where the bias in the runoff coefficient is shown for ERA40 and values simulated
by the SL scheme using ERA40 precipitation and 2 m temperature as input.
The second is the utilization of observations by deriving quantities from the data that are
also simulated by a climate model. This application comprises the increasing utilization of
satellite data where the measured radiances or signals are used to calculate all sorts of
different atmospheric and land surface variables, such as precipitation (cf. Table 1: in Sect.
2.1.1), evaporation, IWV (cf. Table 2: in Sect. 2.1.2), land use (cf. Sect. 3.2), albedo, FPAR
(fraction of photosynthetically active radiation, e.g. from MODIS data; Myneni et al., 2002),
and terrestrial water storage (from GRACE data; Lettenmaier and Famiglietti, 2006). In this
respect, Hagemann et al. (2003a) developed a method to retrieve IWV from surface based
GPS measurements of zenith path delay (see Sect. 4.2).

- 30 -

Bias in runoff coefficient [(P-E)/P - Q/Pobs] for ERA40
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Bias in runoff coefficient [(P-E)/P - Q/Pobs] for SL Scheme
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Figure 11 Bias in runoff coefficient ([precipitation minus evapotranspiration] divided by precipitation) of
ERA40 (upper panel) and simulated with the SL scheme (lower panel) for large river catchments. Observed
values for runoff were taken from climatological discharges, for precipitation they comprise GPCC (19892001) and CRU Vs. 1 data (1958-1972, 1973-1988).
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5. Challenges in modelling future climate changes
In this section, challenges are highlighted that climate change research is currently facing
not only in general, but also with respect to the hydrological cycle. A few examples of recent
or on-going projects and activities dealing with these challenges will be given in all subsections.
In the ensemble of climate simulations conducted for the IPCC 4AR, several processes and
sources of future radiative forcing are not accounted for, including those from land use
change, variations in solar and volcanic activity (Kettleborough et al., 2007). Most of the
current climate models only fulfil the minimum requirements for the use in long-term climate
change studies (such as, e.g., stated by Grassl, 2000), i.e. they consists of a 3D coupled
atmosphere-ocean GCM that includes sea ice dynamics and a (often comparably simple)
representation of land surface processes. The introduction of further processes into a climate
model system will require renewed model evaluation and may create necessities to obtain new
observational datasets. Sect. 5.1 will shortly look upon these steps that will lead the current
climate models into a stage where they become comprehensive Earth System Models (ESMs).
Each climate change simulation is afflicted with distinct uncertainties, which have to be
taken into account and preferably reduced in the analysis of the simulation results. Sect. 5.2
tackles issues of uncertainty and gives some examples on recent studies about these issues.
These studies often consider only changes in the mean climate. In this respect, changes in the
variability of climate in the future are more uncertain than changes in the mean, as larger
samples are required to quantify changes at the tails of the frequency distribution. But the
latter could have very significant impacts on lives and livelihoods. Climate change is likely to
increase the costs and impacts imposed by extreme weather, both by shifting the temperature
probability distribution upwards and by intensifying the water cycle, so that severe floods,
droughts and storms occur more often. Consequently research is needed to better assess the
future probability of extreme events in the different regions of the Earth. Sect. 5.3 shortly
looks on recent and on-going research on hydrological extremes. As mentioned above, the
role of future land use change was not specified in the current climate projections, which adds
also to the uncertainty in these projections. Thus, this role is considered in several on-going
activities such as presented in Sect. 5.4.

5.1. The hydrological cycle within a comprehensive Earth system
model
Feedbacks between the climate and hydrology occur (Claussen et al., 2004). The
snow/climate feedback, e.g., is well known and described. However, feedbacks between CO2
increases, vegetation, soil moisture and climate are less well understood and are not well
described in most climate and hydrological models. The investigation of these feedbacks
requires the coupling of different processes and compartments of the Earth system. Thus, in
order to cover all aspects of the Earth system and its future changes the current climate
models (as described in Sect. 5) are gradually evolving into comprehensive ESMs. The
development of complex ESMs is a major enterprise conducted at the international level, and
specifically in Europe (Max Planck Society in Germany, Hadley Centre in the UK, Institut
Pierre Simon Laplace in France), in the US (NSF/NCAR, NASA, DOE, NOAA) and in Japan
(Frontier Program). In Germany, the COSMOS (Community Earth System Models) network
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was initiated to build up community ESMs at the European level (http://cosmos.enes.org).
ESMs integrate our knowledge regarding the atmosphere, the ocean, the cryosphere and the
biosphere as well as the anthroposphere, and account for the coupling between physical and
biogeochemical processes in these components of the Earth System. ESMs are needed to
understand large climate variations of the past and to predict future climate changes.
International programs, including WCRP and IGBP, coordinate Earth system modelling
initiatives, e.g. through their Global Analysis, Integration and Modelling (GAIM;
http://gaim.unh.edu) project.
The advancement from a climate model into an ESM means that more and more processes
will be implemented into the modelling system that is used to simulate Earth’s climate.
Previously a comparable step has been accomplished when the expansion from atmosphere
only GCMs to coupled atmosphere-ocean GCMs was carried out. Currently, ESMs are
utilized to include an interactive vegetation and the closed carbon cycle (e.g. Cox et al., 2004;
Wetzel et al., 2006; Raddatz et al., 2007) as well as sophisticated aerosol models especially to
adequately represent aerosol-cloud interactions (e.g. Stier et al., 2006, Tost et al., 2007).
Further work is being conducted to couple atmospheric chemistry, air pollution or desert dust
modules to a number of GCMs and RCMs (e.g. Brasseur et al., 2006; Jöckel et al., 2006;
Langmann, 2000; Zakey et al., 2006), and to include land use changes (see also Sect. 5.4) and
vegetation dynamics, e.g., to investigate whether there will be a future dieback of Amazonian
rain forest due to climate change as simulated by Cox et al. (2004). In the future more
processes may be added that involve the biosphere or that may even come from the socioeconomic side to couple the anthroposphere to the climate system. In order to obtain an
integrated assessment of climate policies, Bahn et al. (2006) established a two-way coupling
between the economic module of a well-established integrated assessment model and an ESM
of intermediate complexity (EMIC; see, e.g. Claussen et al., 2002). They showed that further
applications of their method could include the coupling of an economic model and an
advanced ESM that is able to describe the carbon cycle.
Even if some components are not fully implemented into an ESM, the impact of certain
effects on hydrology may be investigated. For example, the impact of a large stratospheric
sulphur loading on the hydrological cycle is currently under investigation by Timmreck and
Hagemann (2009) who carried out a series of Mt. Pinatubo experiments with the coupled
Atmosphere-Ocean GCM ECHAM5/MPIOM. Here, they have conducted a number of 10member ensemble simulations with three different initial conditions starting in January and
June with and without prescribed Pinatubo aerosol forcing. Figure 12 shows that in all cases
the aerosol forcing leads to global cooling and a reduction in evaporation, which can be both
attributed to the reduced incoming solar radiation reaching the surface. The reduced
temperatures are leading to a reduced moisture holding capacity of the atmosphere and, thus,
to a clear reduction in the integrated water vapour. These large-scale effects are superimposed
to the first indirect effect of aerosols on the cloud condensation nuclei. (Note that the GCM
accounts for the direct and first indirect effect of aerosols.) In total, the aerosol forcing causes
a reduction of global precipitation.
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Figure 12 Differences in the global average of 2 m temperature (upper left), integrated water vapour (upper
right), evaporation (lower left) and precipitation (lower right) between the ensemble means of simulations
with and without Pinatubo aerosol forcing. The bluish curves denote the three cases with initial conditions
of January, the reddish curves the three cases with initial conditions of June.

With respect to the hydrological cycle, processes will be implemented that are usually not
included in the current state of the art climate models. These processes comprise permafrost,
wetland dynamics, irrigation, and the dynamical expansion and retreat of glaciers. With
regard to the latter Kotlarski (2007) has implemented a dynamical glacier module into the
RCM REMO and successfully applied over the Alpine region. In a second step, this module is
now under application in the Himalayan region (F. Saeed, personal communication, 2008).
Permafrost and wetlands are two focal points in the coupling of hydrology to
biogeochemical processes under climate change conditions. A large part (~24%) of the
terrestrial land surface is underlain by permafrost that is mainly situated in high latitudes.
Here, climate warming is more pronounced than elsewhere, and is very likely to continue to
do in the future according to IPCC (2007). Permafrost soils build a globally relevant carbon
reservoir as they store large amounts of deep-frozen organic material with high carbon
contents. If permafrost melts under global warming conditions, the stored carbon can be
decomposed and released to the atmosphere as additional greenhouse gas, which will lead to
positive feedback. Consequently, relevant scientific questions are: How fast, how deep and to
what temperature are permafrost soils going to thaw in the future? Thawing permafrost will
also contribute to the formation of wetlands that currently cover about 6-8% of the land
surface. They store water, regulate river discharge and provide a huge area for maximum
evapotranspiration. The extension of wetlands determines the area where anoxic
decomposition instead of oxic decomposition is taking place. While CO2 is released under
oxic conditions, the anoxic decomposition yields methane that is a far more active greenhouse
gas than CO2. Thus, an increase in wetlands area may lead to an enhanced methane
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production. On the other hand, a decrease will reduce moisture fluxes to the atmosphere and
may lead to a reduction in precipitation. Thus, their future development is of major interest in
climate change studies.
Consequently the two topics of permafrost and wetlands play also an important role within
the ENIGMA project of the Max Planck Society that furthers the cooperation and common
development of ESM components between MPI-M, the Max Planck Institute for Chemistry,
the Max Planck Institute for Biogeochemistry, and the Potsdam Institute for Climate Impact
Research as an associated partner. At MPI-M, the physical representation of permafrost (T.
Blome, personal communication, 2008) and wetlands (T. Stacke, personal communication,
2008) within climate models is currently under development.
All new processes that are implemented into the climate model may change the quality of
the simulated hydrological cycle and require renewed model validation and evaluation of the
new model component as well as of the whole coupled model. For new model components,
especially for those that directly add new hydrological processes, new or other kinds of
observational data than commonly used, may be required for the model validation,
initialization, and for the determination of parameters used in the numerical formulation of
these processes. In this respect, the evolving availability and diversity of remote sensing data
from satellite measurements enhance the probability that these future data requirements can
be fulfilled.

5.2. Uncertainty of projected hydrological changes
If a single climate model simulation is considered, its results enclose different kinds of
uncertainty. There is (1) uncertainty due to the use of one specific climate model as each
GCM or RCM uses different techniques to discretize physics and dynamics and to
parameterize sub-grid effects and, hence, has different model errors, (2) uncertainty in the
prescribed future boundary conditions such as greenhouse gas and aerosol concentrations,
which are usually based on the different IPCC SRES scenarios (Nakićenović et al., 2000) and
land use (see Sect. 5.4), (3) uncertainty due to natural climate variability, and (4) for RCMs
the uncertainty in the GCM forcing at the lateral boundaries. In this respect, the usage of
different scenarios is not causing a real uncertainty but rather spanning a range of possible
futures that might become reality under the set assumptions. The importance of the sources of
uncertainty varies between GCMs and RCMs (see Déqué et al., 2007), and also depends on
the climatological field, the region and the season. Results of Déqué et al. (2007) indicated
that regarding uncertainty based on several models, the number of GCM forcings involved is
at least as important as the number of RCMs, and that it is also necessary to consider several
scenarios, at least in the case of future southern Europe summer warming.
In order to analyse these uncertainties more thoroughly, several approaches have recently
been undertaken. The use of ensembles of GCMs developed at different modelling centres has
become established in climate prediction/projection on both seasonal-to-interannual and
centennial time scales (Meehl et al., 2007). To the extent that simulation errors in different
GCMs are independent, the mean of the ensemble can be expected to outperform individual
ensemble members, thus providing an improved ‘best estimate’ forecast. Results show this to
be the case, both in verification of seasonal forecasts (Palmer et al., 2004; Hagedorn et al.,
2005) and of the present-day climate from long-term simulations (Lambert and Boer, 2001).
However, members of a multi-model ensemble share common systematic errors (Lambert and
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Boer, 2001), and cannot span the full range of possible model configurations due to resource
constraints. Using a composite measure of model performance, Reichler and Kim (2008)
found that the multi-model mean of the IPCC 4AR models usually outperforms any single
model and it performs nearly as well as the NCEP re-analysis. They concluded that multimodel ensembles are a legitimate and effective means to improve the outcome of climate
simulations. The reason for the superiority of the multi-model mean compared to any
individual model is not clear, but a possible explanation is that the model solutions scatter
more or less evenly about the truth (unless the errors are systematic), and the errors behave
like random noise that can be efficiently removed by averaging. Such noise arises from the
simulated internal climate variability, and probably to a much larger extent from uncertainties
in the formulation of models (Reichler and Kim, 2008).
Within the framework of the 4AR of the IPCC (IPCC, 2007) and thereafter, further studies
were conducted that considered the results from the GCM multi-model ensemble over several
large regions of the globe focussing on the hydrological cycle, e.g.: Results of Previdi and
Liepert (2007) suggest that future changes in the hydrologic cycle are likely to be strongly
influenced by atmospheric dynamics. Giorgi (2006b) identified climate change hot spots, i.e.
regions on the globe that are most responsive to climate change with regard to changes in the
mean and interannual variability of precipitation and surface air temperature. Nohara et al.
(2006) investigated the projections of river discharge for 24 major rivers in the world during
the 21st century simulated by 19 GCMs based on the A1B scenario. To reduce model bias and
uncertainty, they used a weighted ensemble mean for their multi-model projections of
discharge. They found projected increases of discharge in high-latitude rivers (Amur, Lena,
Mackenzie, Ob, Yenisei, and Yukon), where also the peak timing shifts earlier because of an
earlier snowmelt caused by global warming. Discharge tends to decrease for the rivers in
Europe to the Mediterranean region (Danube, Euphrates, and Rhine), and southern US (Rio
Grande). Milly et al. (2005) showed that an ensemble of 12 GCMs exhibits qualitative and
statistically significant skill in simulating observed regional patterns of 20th century multidecadal changes in river runoff. These models project 10–40% increases in runoff in eastern
equatorial Africa, the La Plata basin and high-latitude North America and Eurasia, and 10–
30% decreases in runoff in southern Africa, southern Europe, the Middle East and midlatitude western North America by the year 2050. Such changes in sustainable water
availability would have considerable regional-scale consequences for economies as well as
ecosystems.
Currently there are increasing scientific activities on uncertainties in climate projections
arising from natural variability, parameter uncertainty and model diversity. Initiatives like the
EU project ENSEMBLES (Hewitt, 2005) are beginning to produce probabilistic rather than
deterministic predictions of climate change. In this respect, Murphy et al. (2004) and
Stainforth et al. (2005) constructed large ensembles by perturbing poorly constrained
parameters in the atmospheric GCM HadAM3 (Pope et al., 2000) coupled to a mixed layer
ocean. This “perturbed physics ensemble” approach is using the fact that GCMs are generally
built by selecting components from a pool of alternative parameterizations, each based on a
given set of physical assumptions and including a number of uncertain parameters. In
principle, the range of predictions consistent with these components could be quantified by
constructing very large ensembles with systematic sampling of multiple options for
parameterization schemes and parameter values, while avoiding combinations likely to
double-count the effect of perturbing a given physical process. A similar approach using the
coupled atmosphere/ocean GCM ECHAM5/MPIOM (Jungclaus et al., 2006) is currently
under investigation within the MPI-M’s working group on uncertainty. Here, Haerter et al.
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(2009) have studied the uncertainty of the sulfate aerosol radiative forcing due to parametric
uncertainty by perturbing seven cloud-related parameters.
Feedbacks in
the climate
hydrological
system

Past, present
and future
population,
LUCC and
water demand

Extremes and
scales of
hydrological
events

WB5

WB2

WB4

20th Century Global water cycle

WB1

21st Century Global water cycle

WB3

Assessing the vulnerability of water resources

WB6
Management, training and
dissemination

WB7

WATCH
Figure 13 Structure of WATCH (Coordinator: R. Harding, CEH): its six science work blocks consist of three
main blocks (horizontal bars) providing an assessment of current (WB1: led by G. Whedon, UKMO) and
future (WB3: S. Hagemann, MPI-M) water cycles and water resources (WB6: P. Kabat, WUR). Crosscutting themes (vertical bars) support these with respect to the representation of feedbacks (WB5: E. Blyth,
CEH), detection and attribution of extremes (WB4: van Lanen, WUR, and L. Tallaksen, UIO), and
provision of dynamics of population, land-use change and water demands (WB2: D. Wiberg, IIASA).

Within the EU project WATCH (www.eu-watch.org, Figure 13), several tasks deal with
uncertainty and the uncertainty transfer when climate model output is used to force
hydrological models. Schwierz et al. (2006) reported that a hierarchy of models of varying
complexity is a powerful approach to estimate and assess uncertainty, while the combination
of different kinds of models of different complexity with an overlap between the model
evaluations can contribute to the quantification and reduction of uncertainties from future
climate model projections.
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A major effort to understand uncertainties in regional climate modelling has been conducted
in the EU project PRUDENCE (cf. Sect. 2.2). Here, 10 RCMs were forced with observed SST
and lateral boundary conditions provided by the GCM HadAM3H (Pope et al., 2000). Within
PRUDENCE several studies using the output from the RCM ensemble were conducted,
among those Hagemann and Jacob (2007) evaluated the simulated hydrological cycle of the
10 RCMs and the reduction of uncertainty by their multi-model ensemble mean over the
catchments of the Baltic Sea (land area only), Danube and Rhine. They found that despite of
the large differences in the control simulations of the RCMs, where the performance of the
RCMs is different over the diverse catchments, the A2 climate change signal is very much
confined and similar for almost all of the models. And even those RCMs who particularly
disagree with regard to P and E in the control simulations (see, e.g., the annual P-E in Figure
14, upper panel), the A2 signal in the river runoff is largely constrained by each of the models
(Figure 14, lower panel). This provides some confidence in the future projections even if only
a few of the 10 RCMs are considered.
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Figure 14 Annual mean P-E (precipitation minus evapotranspiration = runoff) for the control period 19611990 (upper panel) and annual mean changes in P-E (lower panel) over the catchments of Baltic Sea,
Danube and Rhine. In the upper panel, the observed P-E corresponds to the observed climatological
discharge.

Further PRUDENCE studies focusing on the hydrological cycle over specific catchments
comprise studies on the Lule river (Graham et al., 2007a), the Baltic Sea, Bothnian Bay and
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Rhine (Graham et al., 2007b), Baltic Sea and Danube (Hirschi et al., 2007; other European
rivers were combined into three large-scale domains), the Baltic Sea, (Kjellström and
Ruosteenoja, 2007), and the Rhine (van den Hurk et al., 2005). In addition, Vidale et al.
(2007) analysed the projected increases in Central European summer climate variability and
found some evidence that the change in variability may be linked to the dynamics of soilmoisture storage and the associated feedbacks on the surface energy balance and precipitation.
How RCM predictions behave using different scenarios and different GCM forcing is
currently being investigated within ENSEMBLES. Here, it will be of interest to determine
whether using several RCMs with different GCM forcings actually results in more confidence
in the overall results. First results considering two different scenarios and two different GCM
forcings were obtained with the RCM RCAO (Räisänen et al., 2004) within the PRUDENCE
project. Here, the four simulations agreed on a general increase in precipitation in northern
Europe especially in winter and on a general decrease in precipitation in southern and central
Europe in summer, but the magnitude and the geographical patterns of the change differ
markedly between the two GCM forcings. Rowell (2006) made an initial attempt to estimate
the uncertainty that arises from typical variations in RCM formulation, focussing on projected
changes in surface air temperature and precipitation over the UK. It was found that the largest
source of uncertainty, for both variables and in all seasons, is the formulation of the forcing
GCM.
Within PRUDENCE, Rowell (2005) firstly analysed the results of a 3 member ensemble
(3*control, 3*A2 scenario) of 30 year time slice simulations conducted with the GCM
HadAM3P (Pope et al., 2000) regarding statistical significance of projected seasonal changes
in temperature, precipitation and snow mass over Europe. Here, the mean precipitation
anomalies in the future scenario are dominated (to first order and in all seasons) by a largescale pattern of enhanced precipitation in the north and reduced precipitation in the south.
However, the boundary between these two regimes displays a sizable annual cycle, such that
it is located at about 40°N in winter, 45°N in spring, 60°N in summer and 55°N in autumn.
The very recent WATCH-related study of Hagemann et al. (2009) used an ensemble of 12
transient coupled atmosphere-ocean GCM simulations (3*control, 3 for each of B1, A1B and
A2) of ECHAM5/MPIOM and 8 RCM simulations (3*control, 3*A1B, 1*B1, 1*A2) of
REMO to investigate how robust the projected changes in the hydrological cycle of the MPIM climate models are compared to the natural climate variability as represented in these
models. The study also addresses the question whether the robustness of the climate change
signal differs between the GCM and the RCM forced by the GCM, thereby focusing on large
European catchments. It was found that the better description of surface processes, higher
resolution and non-linear scale interactions in the RCM gives a better representation of
present day climate and hence a more credible climate change projection than the GCM. This
is even along the lines of thoughts provided in the IPCC AR4 global and regional climate
change chapters (IPCC, 2007). Over the Baltic Sea catchment, the RCM has an improved
representation of the land sea contrast, and, hence, improved related moisture transport
processes between water and land areas. Over the Danube and Rhine catchments, the better
distribution of soil moisture leads to an improved representation of soil moisture feedbacks to
the atmosphere. The latter is shortly illustrated in the following.
Over the Danube (see Figure 15) and Rhine catchments, noticeable differences in the
robustness of the climate change signals between the GCM and RCM simulations are related
to a stronger warming of about 1 K projected by the GCM in the summer. This is associated
with a stronger projected summer drying in the two catchments (see Figure 15 for Danube
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precipitation changes). Figure 16 shows that the coupled GCM ECHAM5/MPIOM has a
relatively strong summer drying problem in both catchments in the control period 1961-1990,
which is consistent with the behaviour of the atmospheric GCM ECHAM5 forced by
observed SST, as shown for the Danube by Hagemann et al. (2006). The problem is much
less pronounced in the RCM, which even shows some overestimation of summer rainfall over
the Rhine catchment. Within PRUDENCE, results of Hagemann and Jacob (2007) indicated
that the use of RCMs can overcome problems that a driving GCM might have with the
representation of local scale processes or parameterizations. This supports that the RCM has
the potential for an improved simulation of soil moisture feedbacks to the atmosphere, which
in turn leads to the lower projected summer time warming and drying than projected by the
GCM.

Figure 15 Monthly mean temperature (upper panels) and precipitation (lower panels) changes (2071-2100
compared to 1961-90) over the Danube catchment as projected by the GCM ECHAM5/MPIOM (left panels)
and the RCM REMO (right panels). Max Std denotes the maximum spread S for the corresponding
ensembles.
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Figure 16 Observed (GPCC and GPCP data) and simulated monthly ensemble mean precipitation over the
Danube (left panel) and Rhine (right panel) catchment for the control climate 1961-90. Note that for GPCP,
data for the control climate were not available so that the period 1979-99 was used. It was chosen to show
both observations to reflect the uncertainty in precipitation datasets.

5.3. Changes in hydrological extremes
Extremes in the hydrological cycles mainly involve extreme (high or low) precipitation
events. The assessment of changes in the risk of extreme precipitation events must take into
account the fact that these are governed by different physical constraints than the timeaveraged precipitation response (e.g. Allen and Ingram, 2002). As a result, a change in the
risk of extreme high precipitation may emerge before a change in mean precipitation (e.g.
Hegerl et al., 2006). Thus, the methods to detect and quantify changes in hydrological
extremes and their significance must use different techniques than the investigation of
changes in the mean. Especially for the assessment of changes in hydrological extreme events,
a probabilistic framework is required as these events belong to the tails of the frequency
distribution where the number of occurrences is much lower than in the middle.
Research on climate extremes and their future development is still in its infancy, although
there has been a large recent increase in the available analyses of changes in extremes. This
allows for a more comprehensive assessment for most regions, especially concerning heat
waves, heavy precipitation and droughts. Despite these advances, specific analyses of models
are not available for some regions; in particular, projections concerning extreme events in the
tropics remain uncertain. The difficulty in projecting the distribution of tropical cyclones adds
to this uncertainty. Changes in extra-tropical cyclones are dependent on details of regional
atmospheric circulation response, some of which remain uncertain (Christensen et al., 2007b).
Several recent European projects have partially or fully concentrated on future changes in
climate extremes over Europe, three of them have formed a cluster: PRUDENCE (see
Beniston et al., 2007 as well as Sect. 2.2 and 5.2), MICE (Modelling the Impact of Climate
Extremes; Hanson et al., 2007) and STARDEX (Statistical and Regional Dynamical
Downscaling of Extremes for European Regions; see, e.g., Goodess et al., 2007). MICE
considered the potential impacts of climate change on a range of economic sectors important
to specific regions, thereby focussing on changes in temperature, precipitation and wind
extremes. The research programme had three main themes – the evaluation of climate model
performance, an assessment of the potential future changes in the occurrence of extremes, and
an examination of the impacts of changes in extremes on six activity sectors using a blend of
quantitative modelling and expert judgement techniques. STARDEX has provided a rigorous
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and systematic inter-comparison and evaluation of statistical, dynamical and statisticaldynamical downscaling methods for the construction of scenarios of extremes. It has
identified the more robust techniques that are recommended for the use in assessment studies
of future changes in extremes. The research of the project cluster on extremes is continued in
ENSEMBLES.
Due to their coarse resolution, GCMs are generally less suitable to quantify extremes. They
may be used to consider the future development of specific large scale indices, such as, e.g.
done by Sillmann and Roeckner (2008). But for a detailed analysis of extremes that are often
spatially highly resolved, the use of downscaling tools, such as RCMs, is necessary. However,
the current generation of GCMs and RCMs is unable to reliably reproduce historical
hydrological extremes (with considerable variability in the prediction of rainfall patterns,
differences between climate models and between different ensemble members of the same
climate model). Here, WATCH (Figure 13) will bring together advanced statistical analysis
tools to handle downscaling, uncertainty, vulnerability, spatial and temporal patterning and
attribution through advanced fingerprinting techniques (e.g. Allen and Tett, 1999). WATCH
will further the development of new methods of obtaining relevant means, extremes and
uncertainties from climate model output for the use in future drought and flood assessments.
Related to WATCH, Boberg et al. (2007, 2008) have studied a methodology for assessing
the skill of a RCM in describing the full distribution of intensities of a climate variable, such
as precipitation, and the projected change in the distributions for an A2 climate scenario using
the PRUDENCE RCM simulations. They found that most of the RCMs perform well in
describing the distribution of precipitation, with a skill of around 0.8-0.9, where one is a
perfect score and zero is no skill at all. For all RCMs, the comparison of the A2 scenario
precipitation distributions with the control shows a shift to more extreme intensities, and a
statistical study showed the changes in the shift to be significant up to extreme precipitation
intensities of about 60 mm/day. The crossing point between a reduction of the lower
precipitation intensities and an increase in the higher intensities is quite constant for the
different RCMs (except for one).
The understanding of droughts (terrestrial processes and associated spatial and temporal
pattern development, see Tallaksen and van Lanen, 2004) and the skills to forecast and
predict droughts have substantially lagged behind developments in flood-related areas. The
propagation of dry or wet anomalies through the hydrological cycle causes a deviation
between the characteristics (onset, duration, severity) of a meteorological anomaly, a soil
moisture anomaly and a hydrological anomaly (groundwater, surface water). The significance
of the hydrological processes may vary as a function of the climatological regime and
physical catchment structure (soils, hydrogeology) and is still not well understood (e.g. Peters
et al., 2003). Advancing on these issues is one of the objectives of WATCH. Methods exist at
regional scales to estimate the probability of a specific area to be affected by a drought of a
given severity, and to derive severity-area-frequency curves to assign return periods for
historical events (Hisdal and Tallaksen, 2003). In WATCH these will be extended from
regional to larger (global) spatial and temporal scales and from droughts to also treat largescale floods in a similar analysis.
In order to validate models with regard to their representation of extremes, datasets are
required that have a high spatial and temporal resolution. Here, especially daily time series of
data are important, such as provided by Klein Tank et al. (2002) for precipitation and surface
air temperature over Europe. Even though daily time series of hydrological data often exists,
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their availability is currently limited in many regions of the world. Thus, it must be an aim of
science management and politics to improve the accessibility of these data for scientific
purposes.

5.4. Land use change
While the process of anthropogenic emissions due to fossil fuel burning is fairly well
established in state-of-the-art climate model simulations, up to now, the possible impact of
land use changes on the climate is mostly neglected in long-term climate simulation. Changes
in the land surface (vegetation, soils, water) resulting from human activities can affect the
regional climate through shifts in radiation, cloudiness and surface temperature. Changes in
vegetation cover affect surface energy and water balances at the regional scale, so that the
impact of land use change may be very significant for the regional climate over time periods
of decades or longer (Denman et al., 2007).
Observations and model studies in tropical forests have shown effects of changing surface
energy and water balance. For example, Marengo and Nobre (2001) found that the removal of
vegetation led to decreases in precipitation, evapotranspiration and moisture convergence in
central and northern Amazonia. Oyama and Nobre (2004) showed that the removal of
vegetation in north-east Brazil would substantially decrease precipitation. Other model
studies indicated that increased boreal forest reduces the effects of snow albedo and causes
regional warming (Denman et al., 2007). Related to the latter, e.g., Göttel et al. (2008)
investigated the influence of changed vegetations fields on the projected regional climate over
the Barents Sea region in an off-line coupling experiment with the RCM REMO and the
dynamic vegetation model LPJ-GUESS (Sitch et al., 2003). They projected a forest ratio
increase and a shift of the tree line to higher altitudes and latitudes caused by a warmer
climate with longer snow-free periods and growing season lengths. The feedback effects to
the climate of these changes were one order of magnitude lower than the effects of the
greenhouse gas forcing. A further warming in spring could be attributed to the snow-albedo
effect, while a cooling in summer was dedicated to changes of roughness length, enhanced
transpiration and changes in surface albedo.
Especially regions located in or close to areas with strong climatic gradients may be very
sensitive to land use changes. These areas comprise tropical regions vulnerable to
deforestation as well as arid and semi-arid regions. In this respect, Africa is one of the hot
spot areas. So far, the effect of deforestation and reduced vegetation cover in Africa has
mainly been studied with coarse-grid global climate models in the form of time slice
experiments and idealized forcing (see e.g. Feddema et al., 2005). With these coarse
resolution models, effects on the local and regional climate can usually not be resolved. For
this purpose, RCMs are an adequate tool, such as done by Paeth et al. (2008) for West Africa
who conducted long-term transient climate change experiments with the RCM REMO at 50
km resolution over West Africa where they forced their simulations with increasing
greenhouse-gas concentrations and land use changes until 2050. Their results indicate that
significant future changes in the near-surface climate may be caused by land use changes.
The BMBF project BIOTA-South (BIOdiversity monitoring Transect analysis in Africa;
http://www.biota-africa.org/) is focussing in its 3rd phase on South Africa and Namibia.
Future land use changes over South Africa will have two main drivers: human kind and
climate. The projected future drying of the area will lead to soil degradation and an enhanced
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desertification. Anthropogenic changes are induced by manifold causes, such as deforestation,
agriculture and infrastructure development. In order to investigate the impact of future land
use changes on the climate these changes shall be estimated based on scenario of socioeconomic development of the considered region and on the projected local regional climate
changes obtained from REMO simulations conducted at MPI-M (A. Hänsler, personal
communication, 2008). Koster et al. (2004) identified the Sahel zone as one of the hot spot
areas for the feedback of surface soil wetness to subsequent rainfall. This is also the focus of
the EU funded AMMA (African Monsoon Multidisciplinary Analyses; https://www.ammaeu.org/) project, which will produce new land surface and atmospheric parameterizations for
the semi-arid region. In this semi-arid region, irrigation is not a major agricultural practice,
but an increase in dryland agriculture is possible which is sensitive to rainfall totals. A
previous study (Taylor et al., 2002) showed that future likely changes in land-cover could
result in a reduction of nearly 10% in rainfall. The LUCID (Land Use Change, Impacts and
Dynamics) network aims at stimulating the joint research on land use in East Africa and its
implications
for
land
degradation,
biodiversity,
and
climate
change
(http://www.lucideastafrica.org).
Studies on land use change and its impact on climate require both observational land cover
datasets for the past and adequate projections for the future land use. The current general
global land use and land cover datasets and the reconstructions of their changes (e.g. Klein
Goldewijk, 2001) are generally less accurate and of coarser resolution than topic-wise datasets
such as: the JRC (2004) GLC 2000 land cover regional and global classifications, the global
land cover categorisation compiled by IFPRI (2002), the Forest Resources Assessment of
FAO (2001), the global inventories of irrigated land (Siebert and Döll, 2001), etc. Therefore,
one task of the EU project WATCH is combining the respective strengths of each of these
datasets to produce a single consistent high quality, high-resolution (5’) product. WATCH
will also provide projected land cover and land use distributions that will be derived on the
basis of aggregate land use scenarios, reflecting trajectories of the key driving forces.
Both land use datasets for the past and future will be further used in WATCH for a number
of studies. The latter will be used in off-line hydrological model simulations forced by climate
model input. Here, the impact of the projected anthropogenic land use changes on the
hydrological cycle (e.g. river discharge) will be compared to the impact of climate change
alone, so as to derive an assessment of the relative importance of these processes. This way,
the sensitivity of the global hydrological cycle to specific changes at the land surface as
defined will be quantified. The impact of land-cover changes on the regional climate over
West Africa will be studied using the RCM RegCM3 (Giorgi and Mearns, 1999) with
improved land-surface parameterizations taken from the AMMA project. This will be used to
back up the evidence of a feedback from land-cover change to rainfall (see above). As a
specific land use, the feedback of irrigation onto rainfall (ter Maat et al., 2006) will be
analysed by making regional and global studies. The first will concentrate on areas where
changes in irrigation coincide with areas of global hotspots for land surface – atmosphere
feedbacks. The impact and scale of the irrigation on the regional energy and water balances
will be quantified. The second will be made using a GCM including a simplified
representation of irrigation to identify any influences beyond the region due to
teleconnections within the global atmospheric system.
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6. Summary
In this review the manifold possibilities how observational data can be used to improve
climate models were presented, thereby it was focused on the hydrological cycle. Each
possibility was shortly discussed using references to the current scientific literature. For
several of them, the accompanying personal references give detailed examples on how I
myself have contributed to the progress of research in this scientific area. These are
summarized in Sect. 6.1, which is followed by a short outlook in Sect. 6.2.

6.1. Personal contributions
Several studies contributed to the task of model evaluation using data for validation. The
models investigated comprise GCMs and RCMs as well as re-analysis data.
•

For many variables, re-analysis datasets of past global numerical weather forecasts
are good choices for the use as validation data, since many observations are entering
the numerical weather forecast system via data assimilation. But regarding the
hydrological cycle the current re-analysis data show a lot of problems, such as
shown by Hagemann and Dümenil Gates (2001) for ERA15 and NCEP reanalysis, and by Hagemann et al. (2005) for ERA40. These studies raised the
awareness that not all re-analysis variables are suitable as validation data.

•

In their catchment-oriented validation study on the GCM ECHAM5, Hagemann et
al. (2006) investigated the impact of model resolution on the hydrological cycle in a
suite of model simulations with varying horizontal and vertical resolutions. It was
found that a higher model resolution is generally improving the simulation of the
hydrological cycle. Remarkably, in most of Earth’s major river catchments, an
increasing vertical resolution turned out to be more beneficial than increasing
horizontal resolution.

•

A major contribution to the understanding of the summer drying problem
(Hagemann et al. 2001) over central and south-eastern Europe was provided, which
is typical for many RCMs, and to a less extent is also visible in some GCMs. Within
the MERCURE project, Hagemann et al. (2004) considered the water and energy
cycles of five RCMs over the Danube catchment where they noticed that the
summer drying problem was a major feature of all models except ARPEGE. They
found two different reasons for problems in the RCM simulations. For ARPEGE and
CHRM, the problems were related to deficiencies in the land surface
parameterizations, while for HIRHAM, HadRM3H and REMO systematic errors in
the dynamics appear to be causing the main errors in the simulations over the
Danube catchment. Hagemann and Jacob (2007) evaluated the simulated
hydrological cycle of the 10 PRUDENCE RCMs and found that the summer drying
problem showed up again in the multi-model ensemble mean of precipitation over
the Danube catchment, as only two of the 10 RCMs do not have this problem
(ARPEGE and RegCM3). Hagemann et al. (2009) showed that this problem is even
more severe in ECHAM5 than in REMO. The exact reasons for the summer drying
problem are still not identified and are currently under investigation in the EU
project CLAVIER (http://www.clavier-eu.org/).
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Several improvements of parameterizations and evaluation methods were achieved.
•

This comprises improvements of the model simulations by using new data for
boundary conditions at the land-surface interface. Here, Hagemann et al. (1999)
and Hagemann (2002) utilized satellite based very high resolution data to derive a
global dataset of land surface parameters (LSP2) that is available for use in regional
and global climate modelling. The LSP2 dataset has been implemented in the
currently operational versions of the RCMs HIRHAM (Christensen et al., 1996) and
REMO (Jacob, 2001) as well as in the global ECHAM5 model (Roeckner et al.,
2003).

•

It also comprises the improvement of model parameterizations using new data as
done in the study of Hagemann and Dümenil Gates (2003) where the of use the
LSP2 soil water capacities at a very high resolution lead to the improvement of the
Arno scheme, which is a surface runoff parameterization scheme that is widely used
in climate research. The improved Arno scheme has become operational in the
REMO model since Vs. 5.7.

•

With respect to the data evaluation using re-analysis data and/or independent model
results, Hagemann et al. (2003a) give an example for this usage of model data.
They have retrieved IWV from surface based GPS measurements of zenith path
delay (Gendt, 1999). Although the main objective of the study was to assess the
usefulness of global GPS measurements for climate monitoring and model
validation, they highlighted that also the analyzed fields from the ECMWF
operational analyses can be used to identify errors in the GPS derived data and to
identify areas where the GPS data are less relevant to use. In addition, areas were
identified where the ECMWF numerical model used for the operational analyses has
insufficient resolution to describe the water vapour profile due to sharp climate and
weather boundaries.

•

Model evaluation procedures may be enhanced either by extending a model to make
use of more observations for the evaluation, or by using new methods to improve
data or their usability for model evaluation.
 Firstly, in order to utilize river runoff data, the requirement is that the climate
model can be coupled to a discharge model (on- or offline). For the MPI-M
climate models ECHAM and REMO this has been achieved with the HD
model (Hagemann und Dümenil, 1999). For the ERA15 and NCEP reanalyses the direct application of the HD model was not possible so that the
Simplified Land surface (SL) scheme was used to calculate the required
input fields for the HD model from the re-analysis time series of
precipitation and 2 m temperature (Hagemann and Dümenil Gates, 2001).
 For the latter, this can be achieved by applying specific algorithms or even
models from other disciplines to the observational data. The first means the
utilization of observations by deriving quantities from the data that are also
simulated by a climate model. In this respect, Hagemann et al. (2003a)
developed a method to retrieve IWV from surface based GPS measurements
of zenith path delay (see also above). As an example for the second,
Hagemann et al. (2005) have shown that the application of the SL scheme
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(Hagemann and Dümenil Gates, 2003) to the ERA40 data has lead to an
improved simulation of annual evapotranspiration and runoff over many
large catchments of the globe.
A major effort to access uncertainties in regional climate modelling was undertaken.
• Within PRUDENCE, Hagemann and Jacob (2007) evaluated the simulated
hydrological cycle of the 10 RCMs and the reduction of uncertainty by their multimodel ensemble mean over the catchments of the Baltic Sea (land area only),
Danube and Rhine. They found that despite of the large differences in the control
simulations of the RCMs, where the performance of the RCMs is different over the
diverse catchments, the A2 climate change signal is very much confined and
similar for almost all of the models. And even those RCMs who particularly
disagree with regard to P and E in the control simulations, the A2 signal in the
river runoff is largely constrained by each of the models. This provides some
confidence in the future projections even if only a few of the 10 RCMs are
considered.
•

The very recent WATCH-related study of Hagemann et al. (2009) investigated
how robust the projected changes in the hydrological cycle of the MPI-M global
and regional climate models are compared to the natural climate variability as
represented in these models. The study also addresses the question whether the
robustness of the climate change signal differs between the GCM and the RCM
forced by the GCM, thereby focusing on large European catchments. It was found
that the better description of surface processes, higher resolution and non-linear
scale interactions in the RCM gives a better representation of present day climate
and hence a more credible climate change projection than the GCM. This is even
along the lines of thoughts provided in the IPCC AR4 global and regional climate
change chapters (IPCC, 2007). Over the Baltic Sea catchment, the RCM has an
improved representation of the land sea contrast, and, hence, improved related
moisture transport processes between water and land areas. Over the Danube and
Rhine catchments, the better distribution of soil moisture leads to an improved
representation of soil moisture feedbacks to the atmosphere.

6.2. Outlook
In the final section before the summary, challenges were highlighted that climate change
research is currently facing within the area of this review. These challenges make clear that
the necessity to use observational data for climate model improvement has not come to an end
but is rather enhanced. This is caused by the extension of climate models with further
compartments of the Earth system (development of ESMs, land use) as well as setting the
focus on climate characteristics beyond the mean and standard deviation (uncertainty,
extremes).
Consequently the ground is set for the use of the wide range of observational data that are or
will be provided by various satellite missions that recently have been or soon will be
launched. An overview of these missions is given in the Earth Observation Handbook
(http://www.eohandbook.com/) provided by the Committee on Earth Observation Satellites
(CEOS) and the European Space Agency (ESA). But it should not be forgotten to further
maintain the existing network of meteorological and hydrological stations as only the
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interplay between conventional and satellite measurements can provide the observational
framework that is required for a comprehensive climate model improvement.

Acknowledgements
I would like to thank Prof. Martin Claussen (MPI-M, University of Hamburg) for his
interest in my research and for his encouraging support to me to compile this habilitation
thesis. I am very grateful to Dr. Daniela Jacob (MPI-M) for her excellent cooperation and
support. I wish to thank Prof. Hartmut Graßl (MPI-M, University of Hamburg) for his helpful
comments when I firstly presented the planned structure of the thesis to him. I want to express
my gratitude to Claudio Piani (International Centre for Theoretical Physics; ICTP) who
invited me two times to ITCP where, besides our common research activities, I could also
focus on writing this thesis. I am much obliged to Dr. Lydia Dümenil Gates (Free University
Berlin), Prof. Bennert Machenhauer (Danish Meteorological Institute), Dr. Klaus Arpe (MPIM) and Prof. Lennart Bengtsson (MPI-M, University of Reading) for their guidance and
fruitful scientific discussions within my past 14 years in climate research and hydrology. I
have appreciated the good atmosphere of cooperation and communication at MPI-M towards
me so that I would like to acknowledge all colleagues at MPI-M who contributed to this
atmosphere, especially the members of the regional climate modelling group and my own
terrestrial hydrology group. And nonetheless I am proud to be a member of the MPI-M
football team who has proved that the common spirit at MPI-M comprises more than just the
science.

- 48 -

References
a)

Personal references that are a major contribution to this habilitation thesis.

Hagemann, S. (2002a) An improved land surface parameter dataset for global and regional climate models; MPI
Report 336, Max Planck Institute for Meteorology, Hamburg, Germany.
Hagemann. S., K. Arpe and L. Bengtsson (2005) Validation of the hydrological cycle of ERA40, ECMWF ERA40 Proj. Rep. Ser. 24, Reading, UK.
Hagemann. S., K. Arpe and E. Roeckner (2006) Evaluation of the hydrological cycle in the ECHAM5 model, J.
Climate 19, 3810-3827.
Hagemann, S., L. Bengtsson and G. Gendt (2003a) On the determination of atmospheric water vapor from GPS
measurements, J. Geophys. Res. 108, No. D21, 4678.
Hagemann, S., M. Botzet, L. Dümenil and B. Machenhauer (1999) Derivation of global GCM boundary
conditions from 1 km land use satellite data; MPI Report 289, Max Planck Institute for Meteorology,
Hamburg, Germany.
Hagemann, S., M. Botzet and B. Machenhauer (2001) The summer drying problem over south-eastern Europe:
Sensitivity of the limited area model HIRHAM4 to improvements in physical parameterization and
resolution; Physics and Chemistry of the Earth, Part B 26 (5-6), 391-396.
Hagemann, S. and L. Dümenil (1999) Application of a Global Discharge Model to Atmospheric Model
Simulations in the BALTEX Region; Nordic Hydrology 30 (3), 209-230.
Hagemann, S. and Dümenil Gates, L. (2001) Validation of the hydrological cycle of ECMWF and NCEP
reanalyses using the MPI hydrological discharge model, J Geophys Res 106, 1503-1510.
Hagemann, S. and Dümenil Gates, L. (2003) Improving a subgrid runoff parameterization scheme for climate
models by the use of high resolution data derived from satellite observations, Clim. Dyn. 21, 349-359.
Hagemann, H. Göttel, D. Jacob, P. Lorenz and E. Roeckner (2008) Improved regional scale processes reflected
in projected hydrological changes over large European catchments, Clim. Dyn. 32, doi: 10.1007/s00382-0080403-9, 767-781.
Hagemann, S., and D. Jacob (2007) Gradient in the climate change signal of European discharge predicted by a
multi-model ensemble, Climatic Change (Prudence Special Issue) 81, Supplement 1, 309-327.
Hagemann, S., Machenhauer, B., Jones, R., Christensen, O.B., Déqué, M., Jacob, D., and Vidale, P.L. (2004)
Evaluation of Water and Energy Budgets in Regional Climate Models Applied Over Europe. Clim. Dyn. 23,
547-567.

b) General references

Adam, J.C., E.A. Clark, D.P. Lettenmaier, and E.F. Wood (2006) Correction of global precipitation products for
orographic effects. J. Climate 19, 15-38.
Adler, R.F., G.J. Huffman, A. Chang, R. Ferraro, P.-P. Xie, J. Janowiak, B. Rudolf, U. Schneider, S. Curtis, D.
Bolvin, A. Gruber, J. Susskind, P. Arkin and E. Nelkin (2003) The Version-2 Global Precipitation
Climatology Project (GPCP) monthly precipitation analysis (1979-present). J. Hydrometeorol. 4, 1147–1167.
Ahrens, B. (2005) Distance in spatial interpolation of daily rain gauge data. Hydrol. Earth Sys. Sci. Discuss. 2,
1893–1923.
Albert, P. (2005) Remote sensing of atmospheric water vapour for numerical weather prediction. Digitale
Dissertation, FU Berlin, http://www.diss.fu-berlin.de/2005/113/.
Allen, M.R., and W. Ingram (2002) Constraints on future changes in climate and the hydrologic cycle. Nature
419: 224–232.

- 49 -

Allen, M.R., and S.F.B. Tett (1999) Checking for model consistency in optimal fingerprinting. Clim. Dyn. 15,
419–434.
Arnell, N., L. Chunzhen,, R. Compagnucci, L. da Cunha, K. Hanaki, C. Howe, G. Mailu, I. Shiklomanov and E.
Stakhiv (2001) Hydrology and water resources. Third assessment report of IPCC: Climate Change 2001:
Impacts, Adaptation and Vulnerability, 191–233.
Arora, V.K. (2001) Assessment of simulated water balance for continental scale river basins in an AMIP 2
simulation. J. Geophys. Res. 106, 14827–14842.
Bahn O., L. Drouet, N.R. Edwards, A. Haurie, R. Knutti, S. Kypreos, T.F. Stocker, J.P. Vial (2006) The coupling
of optimal economic growth and climate dynamics. Clim. Change 79, DOI: 10.1007/s10584-006-9108-4.
Barnes, S. (1964) A technique for maximizing details in numerical map analysis. J. Appl. Meteorol. 3, 395-409.
Baumgartner, F., and E. Reichel (1975): The World Water Balance: Mean Annual Global, Continental and
Maritime Precipitation, Evaporation and Runoff. Oldenbourg, Munich, Germany.
Beck, C., J. Grieser and B. Rudolf (2005) A New Monthly Precipitation Climatology for the Global Land Areas
for the Period 1951 to 2000, published in Climate Status Report 2004, pp. 181 - 190, German Weather
Service, Offenbach, Germany.
Bengtsson, L. (1999) Numerical Modelling of the Earth's Climate. In: Modelling the Earth's Climate and its
Variability. Les Houches, Session LXVII, 1997. Eds. W.R. Holland, S. Joussaume and F. David, Elsevier
Science B.V., 139-235.
Beniston, M., D.B. Stephenson, O.B. Christensen, C.A.T. Ferro, C. Frei, S. Goyette, K. Halsnaes, T. Holt, K.
Jylhä, B. Koffi, J. Palutikof, R. Schöll, T. Semmler and K. Woth (2007) Future extreme events in European
climate: an exploration of regional climate model projections. Clim. Change (Prudence Special Issue) 81,
Supplement 1, 71-95.
Biemans, H., R.W.A. Hutjes, P. Kabat, B. Strengers, D. Gerten, and S. Rost (2008) Impacts of precipitation
uncertainty on discharge calculations for main river basins. J. Hydrometeor., DOI: 10.1175/2008JHM1067.1.
Bliss, N.B., and L.M. Olsen (1996) Development of a 30-arc-second digital elevation model of South America.
In: Pecora Thirteen, human interactions with the environment – perspectives from space. Sioux Falls, South
Dakota, USA, August 20–22.
Boberg, F., P. Berg, P. Thejll and J.H. Christensen (2007) Analysis of temporal changes in precipitation
intensities using PRUDENCE data. Danish Climate Centre Rep. 07-03, ISBN: 978-87-7478-552-1,
Copenhagen, Denmark.
Boberg, F., P. Berg, P. Thejll, W.J. Gutowski, and J.H. Christensen (2008) Late 21st century changes in
European PRUDENCE precipitation intensities, Clim. Dyn., submitted.
Boone, A., F. Habets, J. Noilhan, D. Clark, P. Dirmeyer, S. Fox, Y. Gusev, I. Haddeland, R. Koster, D.
Lohmann, S. Mahanama, K. Mitchell, O. Nasonova, G.Y. Niu, A. Pitman, J. Polcher, A.B. Shmakin, K.
Tanaka, B. van den Hurk, S. Verant, D. Verseghy, P. Viterbo and Z.L. Yang (2004) The Rhone-Aggregation
land surface scheme intercomparison project: An overview. J. Clim. 17, 187–208.
Bowling, L.C., D.P. Lettenmaier, B. Nijssen, L.P. Graham, D.B. Clark, M. El Maayar, R. Essery, S. Goers, Y.
Gusev, F. Habets, B. van den Hurk, J. Jin, D. Kahan, D. Lohmann, X. Ma, S. Mahanama, D. Mocko, O.
Nasonova, G. Niu, P. Samuelsson, A.B. Shmakin, K. Takata, D. Verseghy, P. Viterbo, Y. Xia, Y. Xue and
Z.L. Yang (2003) Simulation of high latitude hydrological processes in the Torne-Kalix basin: PILPS Phase
2(e) 1: Experiment description and summary intercomparisons. Global Planet. Change 38, 1–30.
Brasseur, G. P., M. Schultz, C. Granier. M. Saunois, T. Diehl, M. Botzet, E. Roeckner, and S. Walters (2006)
Impact of climate change on the future chemical composition of the global troposphere. J. Climate 19, 39323951.
Christensen J. H. (1999) Relaxation of soil variables in a regional climate model. Tellus 51A, 474–685.
Christensen J.H, T.R. Carter, M. Rummukainen and G. Amanatidis (2007a) Evaluating the performance and
utility of climate models: the PRUDENCE project. Clim. Change (Prudence Special Issue) 81, Supplement 1,
doi:10.1007/s10584-006-9211-6: 1-6.
Christensen, J.H., and O.B. Christensen (2007) A summary of the PRUDENCE model projections of changes in
European climate by the end of this century. Clim. Change (Prudence Special Issue) 81, Supplement 1, 7-30.

- 50 -

Christensen, J.H., O.B. Christensen, P. Lopez, E. van Meijgaard and M. Botzet (1996) The HIRHAM 4 regional
atmospheric climate model. Danish Meteorological Institute, Scientific Report 96-4, Copenhagen, Danmark.
Christensen, J.H., O.B. Christensen, J.-P. Schulz, S. Hagemann and M. Botzet (2001) High resolution
physiographic data set for HIRHAM4: An application to 50 km horizontal resolution domain covering
Europe. Danish Meteorological Institute Techn Rep. 01-15 4. (Available from DMI, Lyngbyvej 100, DK2100 Copenhagen Ø, Denmark).
Christensen, J.H., B. Hewitson, A. Busuioc, A. Chen, X. Gao, I. Held, R. Jones, R.K. Kolli, W.-T. Kwon, R.
Laprise, V. Magaña Rueda, L. Mearns, C.G. Menéndez, J. Räisänen, A. Rinke, A. Sarr and P. Whetton
(2007b) Regional climate projections. In: Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change
[Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)].
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.
Claussen, M., P.M. Cox, X. Zeng, P. Viterbo, A.C.M. Beljaars, R. Betts, H.-J. Bolle, T. Chase, and R. Koster
(2004) The global climate - Chapter A.4 in: Kabat, P., M. Claussen, P.A. Dirmeyer, J.H.C. Gash, L. Guenni,
M. Meybeck, R.A. Pielke, C.J. Vörösmarty and S. Lütkemeier (eds.) 2004: Vegetation, water, humans and
the climate: a new perspective on an interactive system. Springer-Verlag Heidelberg, 33-57.
Claussen, M., U. Lohmann, E. Roeckner and U. Schulzweida (1994) A global dataset of land surface parameters.
MPI Report 135, Max Planck Institute for Meteorology, Hamburg, Germany.
Claussen, M., L.A. Mysak, A.J. Weaver, M. Crucifix, T. Fichefet, M.-F. Loutre, S.L. Weber, J. Alcamo, V.A.
Alexeev, A. Berger, R. Calov, A. Ganopolski, H. Goosse, G. Lohman, F. Lunkeit, I.I. Mokhov, V.
Petoukhov, P. Stone, Zh. Wang, (2002) Earth system models of intermediate complexity: closing the gap in
the spectrum of climate system models, Clim. Dyn. 18, 579-586.
Covey, C., K. M. AchutaRao, U. Cubasch, P. Jones, S. J. Lambert, M. E. Mann, T. J. Phillips, and K. E. Taylor
(2003) An overview of results from the Coupled Model Intercomparison Project (CMIP). Global Planet.
Change 37, 103–133.
Cox, P. M., R.A. Betts, M. Collins, P. Harris, C. Huntingford and C.D. Jones (2004): Amazon dieback under
climate-carbon cycle projections for the 21st century. Theor. Appl. Climatol. 78, doi: 10.1007/s00704-0040049-4., 137-156.
Cubasch, U., R. Voss and U. Mikolajewicz (2000) Precipitation: A parameter changing climate and modified by
climate change. Clim. Change 46 (3), 257-276.
Cubasch U., J. Waszkewitz, G. Hegerl, J. Perlwitz (1995) Regional climate changes as simulated in time-slice
experiments. Clim. Change 31, 273-304.
Daly, C., R. Neilson and D. Phillips (1994) A statistical-topographic model for mapping climatological
precipitation over mountainous terrain, J. Appl. Meteorology 33, 140–158.
Denman, K.L., G. Brasseur, A. Chidthaisong, P. Ciais, P.M. Cox, R.E. Dickinson, D. Hauglustaine, C. Heinze,
E. Holland, D. Jacob, U. Lohmann, S Ramachandran, P.L. da Silva Dias, S.C. Wofsy and X. Zhang (2007)
Couplings Between Changes in the Climate System and Biogeochemistry. In: Climate Change 2007: The
Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B.
Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA.
Denis, B., R. Laprise, D. Caya and J. Côté (2002) Downscaling ability of one-way nested regional climate
models: The Big-Brother Experiment. Clim. Dyn. 18: 627-646.
Déqué, M., A. Guldberg and E. Kaas (2000) Using the nudging technique to drive a GCM with ERA data.
Proceedings of the second WCRP international conference on reanalyses, Reading 23-27 August 1999.
WMO/TD No 985, 360-363.
Déqué, M., P. Marquet and R.G. Jones (1998) Simulation of climate change over Europe using a global variable
resolution general climate model. Clim. Dyn. 14, 173–189.
Déqué M., and J.P. Piedelievre (1995) High resolution climate simulation over Europe. Clim. Dyn. 11, 321-339.
Déqué, M., D. Rowell, D. Lüthi, F. Giorgi, J.H. Christensen, B. Rockel, D. Jacob, E. Kjellstrom, M. de Castro
and B. van den Hurk (2007) An intercomparison of regional climate models for Europe: assessing
uncertainties in model projections. Climatic Change (Prudence Special Issue) 81, Supplement 1, 53-70.

- 51 -

Diercke (1988, 1992) Weltatlas. Westermann Schulbuchverlag GmbH, Braunschweig, Germany.
Dirksen, C. (1999) Soil Physics Measurements. Catena Verlag, Reiskirchen, Germany, 154 pp.
Dirmeyer, P.A. (2004) The value of land-surface data consolidation - Chapter C in: Kabat, P., M. Claussen, P.A.
Dirmeyer, J.H.C. Gash, L. Guenni, M. Meybeck, R.A. Pielke, C.J. Vörösmarty and S. Lütkemeier (eds.)
2004: Vegetation, water, humans and the climate: a new perspective on an interactive system. SpringerVerlag Heidelberg, 245-295.
Dirmeyer, P.A., A.J. Dolman, and N. Sato (1999) The Global Soil Wetness Project: A pilot project for global
land surface modeling and validation. Bull. Amer. Meteor. Soc. 80, 851-878.
Döll, P., F. Kaspar and B. Lehner (2003) A global hydrological model for deriving water availability indicators:
model tuning and validation. J. Hydrol. 270: 105–134.
Dümenil, L., and E. Todini (1992) A rainfall-runoff scheme for use in the Hamburg climate model. Ed.: J.P.
Kane: Advances in Theoretical Hydrology - a Tribute to James Dooge, Elsevier Science Publishers, 129-157.
Dümenil Gates, L., S. Hagemann and C. Golz (2000) Observed historical discharge data from major rivers for
climate model validation. MPI Report 307, Max Planck Institute for Meteorology, Hamburg, Germany.
Durran, D.R. (1998) Numerical methods for wave equations in geophysical fluid dynamics. Springer Verlag, 465
pp.
Eymard, L. (2001) Retrieval of Integrated Water Vapour and Cloud Liquid Water Contents. In: Marzano, Frank
S.; Visconti, Guido (Eds.): Remote Sensing of Atmosphere and Ocean from Space: Models, Instruments and
Techniques. Advances in Global Change Res. 13, doi: 10.1007/0-306-48150-2, 89-106.
Fairall, C. W., E. F. Bradley, D. P. Rogers, J. B. Edson, G. S. Young (1996) Bulk parameterization of air-sea
fluxes for tropical ocean-global atmosphere coupled-ocean atmosphere response experiment. J. Geophys.
Res. 101, 3747-3764.
FAO (2001) Global Forest Resources Assessment 2000: main report. FAO Forestry Paper 140, Rome.
Feddema, J.J., K. W. Oleson, G.B. Bonan, L.O. Mearns, L.E. Buja, G.A. Meehl, W.M. Washington (2005) The
importance of land-cover change in simulating future climates. Science 310, 1674-1678.
Feddes, R.A., P. Kabat, A.J. Dolman, R.W.A. Hutjes and M.J. Waterloo (1998) Large-scale field experiments to
improve land surface parameterisations, In: R. Lemmelä and N. Helenius (Eds.): Proceedings of ‘The Second
International Conference on Climate and Water‘, Espoo, Finland, 17-20 August 1998: 619-646.
Foster, D.J., and R.D. Davy (1988) Global snow depth climatology. USAFETAC/TN-88/006, Scott Air Force
Base, Ill, USA.
Frei, C., J.H. Christensen, M. Déqué, D. Jacob, R. Jones and P.L. Vidale (2003) Daily precipitation statistics in
regional climate models: evaluation and intercomparison for the European Alps. J. Geophys. Res. 108 (D3),
4124, doi:10.1029/2002JD002287.
Frei, C., and C. Schär (1998) A precipitation climatology of the Alps from high-resolution raingauge
observations. Int. J. Climatol. 18, 873-900.
Frühwald D. (2000) Using radar observations for parameterisations and validation of atmospheric models strategy of COST 717 working group 2. Physics and Chemistry of the Earth, Part B, 25 (10-12), 1251-1255.
Fuchs T, U. Schneider, and B. Rudolf (2007) Global Precipitation Analysis Products of the GPCC. Global
Precipitation Climatology Centre (GPCC). Deutscher Wetterdienst, Offenbach, Germany.
Gates, W.L., J.S. Boyle, C. Covey, C.G. Dease, C.M. Doutriaux, R.S. Drach, M. Fiorino, P.J. Gleckler, J.J.
Hnilo, S.M. Marlais, T.J. Phillips, G.L. Potter, B.D. Santer, K.R. Sperber, K.E. Taylor, and D.N. Williams
(1999) An overview of the results of the Atmospheric Model Intercomparison Project (AMIP I). Bull. Amer.
Meteor. Soc. 80, 29-55.
Gedney, N., P.M. Cox, R.A. Betts, O. Boucher, C. Huntingford and P.A. Stott (2006) Detection of a direct
carbon dioxide effect in continental river runoff records. Nature 439: 835–838.
Gendt, G. (1999) Status report of the Troposperic Working Group IGS Analysis Center Workshop, 8–10 June
1999, La Jolla, CA, USA, in IGS 1999 Technical Reports, edited by K. Gowey, R. Neilan, and A. Moore, ,
JPL/IGS Cent. Bur., Pasadena, Calif., 375–384.

- 52 -

Gibson, J.K., P. Kållberg, S. Uppala, A. Hernandez, A. Nomura and E. Serrano (1997) Era description. ECMWF
Re-Anal Proj Rep Ser 1, Reading, UK.
Giorgi, F. (2006a) Regional climate modeling: Status and perspectives. J. Phys. IV France 139, 101–118, DOI:
10.1051/jp4:2006139008.
Giorgi, F. (2006b) Climate change hot-spots, Geophys. Res. Lett. 33, L08707, doi:10.1029/2006GL025734.
Giorgi, F., and L. O. Mearns (1999) Introduction to special section: regional climate modeling revisited. J.
Geophys. Res. 104, 6335- 6352.
Golubev, V. S., J. H. Lawrimore, P. Ya. Groisman, N. A. Speranskaya, S. A. Zhuravin, M. J. Menne, T. C.
Peterson, and R. W. Malone (2001) Evaporation Changes Over the Contiguous United States and the Former
USSR: A Reassessment, Geophys. Res. Lett. 28(13), 2665–2668.
González-Rouco, F., H. Heyen, E. Zorita, and F. Valero (2000) Agreement between observed rainfall trends and
climate change simulations in the Southwest of Europe. J. Climate 13, 3057-3065.
Goodess, C.M., C. Anagnostopoulou, A. Bardossy, C. Frei, C. Harpham, M.R. Haylock, Y. Hundecha, P.
Maheras, J. Ribalaygua, J. Schmidli, T. Schmith, T. Tolika, R. Tomozeiu and R.L. Wilby (2007) An
intercomparison of statistical downscaling methods for Europe and European regions – assessing their
performance with respect to extreme temperature and precipitation events. Clim. Change, in press.
Göttel, H., J. Alexander, E. Keup-Thiel, D. Rechid, S. Hagemann, T. Blome, A. Wolf, D. Jacob (2008)
Influence of changed vegetations fields on regional climate simulations in the Barents Sea Region. Clim.
Change (BALANCE special issue) 87, doi: 10.1007/s10584-007-9341-5, 35-50.
Graham, L.P., J. Andréasson and B. Carlsson (2007) Assessing climate change impacts on hydrology from an
ensemble of regional climate models, model scales and linking methods – a case study on the Lule River
Basin. Clim. Change (Prudence Special Issue) 81, Supplement 1, doi:10.1007/s10584-006-9215-2, 293-307.
Graham, L.P., S. Hagemann, S. Jaun and M. Beniston (2007b) On interpreting hydrological change from
regional climate models. Clim. Change (Prudence Special Issue) 81, Supplement 1, 97-122.
Grassl, H. (2000) Status and improvements of coupled general circulation models. Science 288, 1991-1997.
Griffies, S., C. Böning and A. M. Treguier (2007) Design considerations for coordinated ocean-ice reference
experiments. Flux News 3, 3-5.
Griffies, S.M., A. Biastoch, C. Böning, F. Bryan, E. Chassignet, M.H. England, R. Gerdes, H. Haak, R.W.
Hallberg, W. Hazeleger, J. Jungclaus, W.G. Large, G. Madec, B.L. Samuels, M. Scheinert, C.A. Severijns,
H.L. Simmons, A.M. Treguier, M. Winton, S. Yeager and J. Yin (2008) Coordinated Ocean-ice Reference
Experiments (COREs), Ocean Sci., in preparation.
Guldberg, A., E. Kaas, M. Déqué, S. Yang and S. Vester Thorsen (2005) Reduction of systematic errors by
empirical model correction: impact on seasonal prediction skill, Tellus, 57A, 575–588.
Haerter, J.O., E. Roeckner, L. Tomassini and J.-S. v. Storch (2009) Parametric uncertainty effects on aerosol
radiative forcing. Geophys. Res. Letters, accepted.
Hagedorn, R., F.J. Doblas-Reyes, and T.N. Palmer (2005) The rationale behind the success of multi-model
ensembles in seasonal forecasting. Part I: Basic concept. Tellus 57A, 219–233.
Hagemann, S. (2002b) Validierung des Niederschlags in globalen Klimamodellen, K. Stephan, H. Bormann und
B. Diekkrüger (Hrsg.): 5. Workshop zur hydrologischen Modellierung - Möglichkeiten und Grenzen für den
Einsatz hydrologischer Modelle in Politik, Wirtschaft und Klimafolgenforschung, Kassel University Press,
Kassel, 115-127.
Hagemann, S., L. Bengtsson and G. Gendt (2003b) Determination of atmospheric water vapour from GPS
measurements and ECMWF Operational Analyses. URSI Special Symposium on Atmospheric Remote
Sensing using Satellite Navigation Systems, 13-15 Oct. 2003, Matera, Italy.
Hagemann, S., M. Botzet, L. Dümenil Gates and B. Machenhauer (2000) Impact of new global land surface
parameter fields on ECHAM T42 climate simulations, In: H. Ritchie (Ed.), Research Activities in
Atmospheric and Oceanic Modelling, Report No. 30, WMO/TD No. 987, WMO, Geneva.
Hanson, C.E., J.P. Palutikof, M. T. J. Livermore, L. Barring, M. Bindi, J. Corte-Real, R. Durao, C.
Giannakopoulos, P. Good, T. Holt, Z. Kundzewicz, G. C. Leckebusch, M. Moriondo, M. Radziejewski, J.
Santos, P. Schlyter, M. Schwarb, I. Stjernquist and U. Ulbrich (2007) Modelling the impact of climate

- 53 -

extremes: an overview of the MICE project. Clim. Change (Prudence Special Issue) 81, Supplement 1, 163177.
Hantel, M. (2005) Observed global climate. Landolt–Boernstein: numerical data and functional relationships in
science and technology – new series, Group 5:Geophysics, vol. 6, Springer Verlag, Berlin Heidelberg New
York, 567 pp.
Hegerl, G., T.R. Karl, M.R. Allen, N.L. Bindoff, N.P. Gillett, D.J. Karoly, X. Zhang and F.W. Zwiers (2006)
Climate change detection and attribution: Beyond mean temperature signals, J. Clim. 19, 5058-5077.
Henderson-Sellers, A., M.F. Wilson, G. Thomas and R.E. Dickinson (1986) Current global land-surface data sets
for use in climate-related studies. NCAR Tech. Note 272, Boulder, Colorado.
Hewitt, C.D. (2005) The ENSEMBLES Project: Providing ensemble-based predictions of climate changes and
their impacts. EGGS newsletter 13, 22-25.
Hirschi, M., S.I. Seneviratne, S. Hagemann and C. Schär (2007) Analysis of seasonal terrestrial water storage
variations in regional climate simulations over Europe. J. Geophys. Res. 112, D22109, doi:
10.1029/2006JD008338.
Hirschi, M., S.I. Seneviratne and C. Schär (2005) Seasonal variations in terrestrial water storage for major midlatitude river basins. J. Hydromet. 7 (1), 39–60.
Hisdal, H., L.M. Tallaksen (2003) Estimation of regional meteorological and hydrological drought
characteristics. J. Hydrology 281, 230-247.
Hollingsworth, A., D. B. Shaw, P. Lonnberg, L. Illari, K. Arpe, and A. J. Simmons (1986) Monitoring of
observation and analysis quality by a data assimilation system, Mon. Weather Rev. 114, 861–879.
Houghton, J.T., Ding Y, Griggs DJ, Noguer M, van der Linden PJ, Xiaosu D (2001) Climate Change 2001: The
Scientific Basis. Contribution of Working Group I to the Third Assessment Report of the Governmental
Panel on Climate Change, Cambridge University Press.
Huntington, T. G. (2006) Evidence for intensification of the global water cycle: Review and synthesis. J. Hydrol.
319: 83–95.
IFPRI (2002) Reinterpretation of global land cover characteristics database (GLCCD v2.0, EROS Data Center),
unpublished dataset. Washington, D.C.
International GEWEX Project Office (2002) GSWP-2: The Second Global Soil Wetness Project Science and
Implementation Plan. IGPO Publication Series No. 37, 65 pp.
IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z.
Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 996 pp.
Jackson, D.L., and G.L. Stephens (1995) A study of SSM/I derived columnar water vapor over the global
oceans. J. Climate 8, 2025-2038.
Jacob D (2001) A note to the simulation of the annual and inter-annual variability of the water budget over the
Baltic Sea drainage basin. Meteorol. Atmos. Phys. 77: 61-73.
Jacob, D., L. Bärring, O.B. Christensen, J.H. Christensen, S. Hagemann, M. Hirschi, E. Kjellström, G.
Lenderink, B. Rockel, C. Schär, S.I. Seneviratne, S. Somot, A. van Ulden and B. van den Hurk (2007) An
inter-comparison of regional climate models for Europe: Design of the experiments and model performance,
Clim. Change (Prudence Special Issue) 81, Supplement 1, 31-52.
Jeuken, A.B.M., P.C. Siegmund, L. Heijboer, J. Feichter and L. Bengtsson (1996) On the potential of
assimilating meteorological analyses into a global climate model for the purpose of model validation, J.
Geophys. Res. 101, 16939-16950.
Jöckel, P., H. Tost, A. Pozzer, C. Brühl, J. Buchholz, L. Ganzeveld, P. Hoor, A. Kerkweg, M.G. Lawrence, R.
Sander, B. Steil, G. Stiller, M. Tanarhte, D. Taraborrelli, J. van Aardenne, and J. Lelieveld (2006) The
atmospheric chemistry general circulation model ECHAM5/MESSy1: consistent simulation of ozone from
the surface to the mesosphere, Atmos. Chem. Phys. Discuss. 6, 6957-7050.

- 54 -

Jones, R.G., J.M. Murphy and M. Noguer (1995) Simulation of climate change over Europe using a nested
regional climate model. I: assessment of control climate, including sensitivity to location of lateral
boundaries. Q. J. R. Meteorol. Soc. 121, 1413–1449.
Jost, V., S. Bakan, and K. Fenning (2002) HOAPS - A new satellite-derived freshwater flux climatology.
Meteorol. Z. 11, 61-70.
JRC, (2004) Global Land Cover (GLC) 2000 Database, 1st Ed. European Commission Joint Research Center
(JRC) Global Environment Monitoring Unit.
Jungclaus, J.H., N. Keenlyside, M. Botzet, H. Haak, J.-J. Luo, M. Latif, J. Marotzke, U. Mikolajewicz, and E.
Roeckner (2006) Ocean circulation and tropical variability in the coupled model ECHAM5/MPI-OM, J.
Climate 19, 3952-3972.
Kaas, E., A. Guldberg, W. May and Michel Déqué (1999) Using tendency errors to tune the parameterisation of
unresolved dynamical scale interactions in atmospheric general circulation models. Tellus 51A, 612-629.
Kabat, P., M. Claussen, P.A. Dirmeyer, J.H.C. Gash, L. Guenni, M. Meybeck, R.A. Pielke, C.J. Vörösmarty and
S. Lütkemeier (2004) Vegetation, water, humans and the climate: a new perspective on an interactive system.
Springer-Verlag Heidelberg, 566 p.
Kållberg, P. (1997) Aspects of the re-analysed climate. ECMWF Reanal. Proj. Rep. Ser. 2, 89 pp., Eur. Cent. for
Medium-Range Weather Forecasting, Geneva.
Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell, S. Saha, G. White, J.
Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins, J. Janowiak, K.C. Mo, C. Ropelewski, A.
Leetmaa, R. Reynolds, and R. Jenne (1996) The NCEP/NCAR Reanalysis Project. Bull. Amer. Meteor. Soc.
77, 437-471.
Kanamitsu, M., W. Ebisuzaki, J. Woollen, S.-K. Yang, J.J. Hnilo, M. Fiorino, and G.L. Potter (2002) NCEPDOE AMIP-II Reanalysis (R-2). Bull. Amer. Meteor. Soc. 83, 1631-1643.
Kettleborough, J.A., B.B.B. Booth, P.A. Stott, and M.R. Allen (2007) Estimates of uncertainty in predictions of
global mean surface temperature. J. Clim. 20, 843–855.
Khairoutdinov, M.F., and D.A. Randall (2001) A cloud resolving model as a cloud parameterization in the
NCAR Community Climate System Model: Preliminary results. Geophys. Res. Letters 28: 3617-3620.
Kilpatrick, K.A., G.P. Podesta and R. Evans (2001). Overview of the NOAA/NASA Advanced Very High
Resolution Radiometer Pathfinder algorithm for sea surface temperature and associated matchup database, J.
Geophys. Res. - Oceans 106 (C5): 9179-9197.
Kjellström, E., and K. Ruosteenoja (2007) Present-day and future precipitation in the Baltic Sea region as
simulated in a suite of regional climate models. Clim. Change (Prudence Special Issue) 81, Supplement 1,
doi:10.1007/s10584-006-9219-y, 281-291.
Klein Goldewijk, K. (2001) Estimating global land use change over the past 300 years: The HYDE database.
Glob. Biogeochem. Cycles 15, 417–434.
Klein Tank, A.M.G., A.M.G., J.B. Wijngaard, G.P. Können, R. Böhm, G. Demarée, A. Gocheva, M. Mileta, S.
Pashiardis, L. Hejkrlik, C. Kern-Hansen, R. Heino, P. Bessemoulin, G. Müller-Westermeier, M. Tzanakou, S.
Szalai, T. Pálsdóttir, D. Fitzgerald, S. Rubin, M. Capaldo, M. Maugeri, A. Leitass, A. Bukantis, R. Aberfeld,
A.F.V. van Engelen, E. Forland, M. Mietus, F. Coelho, C. Mares, V. Razuvaev, E. Nieplova, T. Cegnar, J.
Antonio López, B. Dahlström, A. Moberg, W. Kirchhofer, A. Ceylan, O. Pachaliuk, L.V. Alexander, and P.
Petrovic (2002) Daily dataset of 20th-century surface air temperature and precipitation series for the
European Climate Assessment, Int. J. Climatol. 22, 1441-1453.
Klepp, C. P., S. Bakan, and H. Graßl (2003) Improvements of Satellite-Derived Cyclonic Rainfall over the North
Atlantic. J. Climate 16, 657-669.
Klepp, C. P., S. Bakan, and H. Graßl (2005) Missing North Atlantic cyclonic precipitation in ECMWF numerical
weather prediction and ERA-40 data detected through the satellite climatology HOAPS II. Meteorol. Z. 14,
809-821, DOI: 10.1127/0941-2948/2005/0088.
Klute, A. (ed.) (1986) Methods of Soil Analysis, Part 1: Physical and Mineralogical Methods. American Society
of Agronomy, Madison, Wisconsin, United States, 188 pp.
Köppen, W. (1923) Die Klimate der Erde. Walter de Gruyter, Berlin.

- 55 -

Koster, R. D., P. A. Dirmeyer, Z. Guo, G. Bonan, E. Chan, P. Cox, C. T. Gordon, S. Kanae, E. Kowalczyk, D.
Lawrence, P. Liu, C. H. Lu, S. Malyshev, B. McAvaney, K. Mitchell, D. Mocko, T. Oki, K. Oleson, A.
Pitman, Y. C. Sud, C. M. Taylor, D. Verseghy, R. Vasic, Y. Xue, and T. Yamada (2004) Regions of strong
coupling between soil moisture and precipitation. Science 305 (5687), 1138–1140.
Koster, R.D., Z. Guo, P.A. Dirmeyer, G. Bonan, E. Chan, P. Cox, H. Davies, C.T. Gordon, S. Kanae, E.
Kowalczyk, D. Lawrence, P. Liu, C.H. Lu, S. Malyshev, B. McAvaney, K. Mitchell, D. Mocko, T. Oki,
K.W. Oleson, A. Pitman, Y.C. Sud, C.M. Taylor, D. Verseghy, R. Vasic, Y. Xue, and T. Yamada (2006)
GLACE: The Global Land-Atmosphere Coupling Experiment. Part I: Overview, J. Hydromet. 7 (4), 590–
610.
Kotlarski (2007) A Subgrid Glacier Parameterisation for Use in Regional Climate Modelling, Reports on Earth
System Science 42, Max Planck Institute for Meteorology, Hamburg, Germany.
Lambert, S.J., and G.J. Boer (2001) CMIP1 evaluation and intercomparison of coupled climate models. Clim.
Dyn. 17, 83–106.
Langmann, B. (2000) Numerical modelling of regional scale transport and photochemistry directly together with
meteorological processes. Atmos. Environ. 34, 3585 - 3598.
Legates, D.R., and C.J. Willmott (1990) Mean seasonal and spatial variability in global surface air temperature.
Theor. Appl. Climatol. 41, 11-21.
Lettenmaier, D.P., and J.S. Famiglietti (2006) Water from on high. Nature 444, 562-563, doi:10.1038/444562a.
Liang, X. (1994) A two-layer variable infiltration capacity land surface representation for general circulation
models. Water Resources Series Tech. Rep. 140, Seattle, Washington.
Lorenz, E.N. (1967) The nature and theory of the general circulation of the atmosphere. World Meteorological
Organization No 218, Geneva, Switzerland.
Lorenz, P. and D. Jacob (2005) Influence of regional scale information on the global circulation: A two-way
nesting climate simulation. Geophys. Res. Lett. 32, L14826.
Loveland, T.R., B.C Reed, J.F. Brown, D.O. Ohlen, J. Zhu, L. Yang and J.W. Merchant (2000) Development of
a Global Land Cover Characteristics Database and IGBP DISCover from 1-km AVHRR Data, Int. J. Remote
Sens. 21, 1303-1330.
Lüthi, D., A. Cress, H.C. Davies, C. Frei and C. Schär (1996) Interannual variability and regional climate
simulations. Theor. Appl. Climatol. 53, 185–209.
Machenhauer, B., and I. Kirchner (2000) Diagnosis of systematic initial tendency errors in the ECHAM AGCM
using slow normal mode data assimilation of ECMWF reanalysis data, CLIVAR Exchanges 5 (4): 9–10.
Machenhauer, B., M. Windelband, M. Botzet, J.H. Christensen, M. Déqué, R.G. Jones, P.M. Ruti, G. Visconti
(1998) Validation and analysis of regional present-day climate and climate change simulations over Europe.
Max-Planck-Institute for Meteorology Rep. 275, Hamburg, Germany.
Marbaix, P., H. Gallee, O. Brasseur, and J.P. Van Ypersele (2003) Lateral boundary conditions in regional
climate models: A detailed study of the relaxation procedure. Mon. Wea. Rev. 131, 461-479.
Marengo, J., and C.A. Nobre (2001) The hydroclimatological framework in Amazonia. In: Biogeochemistry of
the Amazon Basin [McClaine, M., R. Victoria, and J. Richey (eds.)]. Oxford University Press, Oxford, UK,
17–42.
Mason, P.J. (1987) On the parameterization of orographic drag. In: Seminar / workshop 1986 - Observation,
theory and modelling of orographic effects, Vol. 1, ECMWF, Reading, UK, 167-194.
Maynard, K., and J.-F. Royer (2004) Sensitivity of a general circulation model to land surface parameters in
African tropical deforestation experiments. Clim. Dyn. 22, doi:10.1007/s0038200403989.
Meehl, G. A., G. J. Boer, C. Covey, M. Latif and R. J. Stouffer (2000) The Coupled Model Intercomparison
Project (CMIP). Bull. Amer. Meteor. Soc. 81, 313–318.
Meehl, G. A., C. Covey, B. McAvaney, M. Latif and R. J. Stouffer (2005) Overview of the coupled model
Intercomparison project. Bull. Amer. Meteor. Soc. 86, 89–93.
Meehl, G.A., T.F. Stocker, W.D. Collins, P. Friedlingstein, A.T. Gaye, J.M. Gregory, A. Kitoh, R. Knutti, J.M.
Murphy, A. Noda, S.C.B. Raper, I.G. Watterson, A.J. Weaver and Z.-C. Zhao (2007) Global Climate
Projections. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the

- 56 -

Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M.
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA.
Miller, M.J., T.N. Palmer and R. Swinbank (1989) Parametrization and influence of subgrid scale orography in
general circulation and numerical weather prediction models. Meteor. Atmos. Phys. 40, doi:
10.1007/BF01027469, 84-109.
Milly, P.C.D., K.A. Dunne, and A.V. Vecchia (2005) Global pattern of trends in streamflow and water
availability in a changing climate. Nature 438, 347–350.
Mitchell, K.E., D. Lohmann, P R. Houser, E.F. Wood, J C. Schaake, A. Robock, B.A. Cosgrove, J. Sheffield, Q.
Duan, L. Luo, R.W. Higgins, R.T. Pinker, J.D. Tarpley, D.P. Lettenmaier, C.H. Marshall, J.K. Entin, M. Pan,
W. Shi, V. Koren, J. Meng, B.H. Ramsay, and A.A. Bailey (2004), The multi-institution North American
Land Data Assimilation System (NLDAS): Utilizing multiple GCIP products and partners in a continental
distributedhydrological modeling system, J. Geophys. Res. 109, D07S90, doi:10.1029/2003JD003823.
Mitchell, T.D. and Jones, P.D. (2005) An improved method of constructing a database of monthly climate
observations and associated high-resolution grids. Int. J. Climatol. 25, 693-712.
Murphy, J. M., D.M.H. Sexton, D.N. Barnett, G.S. Jones, M.J. Webb, M. Collins and D.A. Stainforth (2004)
Quantifying uncertainties in climate change from a large ensemble of general circulation model predictions.
Nature 430: 768–772.
Myneni, R.B., S. Hoffman, Y. Knyazikhin, J.L. Privette, J. Glassy, Y. Tian, Y. Wang, X. Song, Y. Zhang, Y.
Smith, A. Lotsch, M. Friedl, J.T. Morisette, P. Votava, R.R. Nemani and S.W. Running (2002) Global
products of vegetation leaf area and fraction absorbed PAR from year one of MODIS data. Remote Sens.
Environ. 83: 214-231.
Nakicenovic, N., J. Alcamo, G. Davis, B. de Vries, J. Fenhann, S. Gaffin, K. Gregory, A. Grübler, T. Y. Jung, T.
Kram, E. L. La Rovere, L. Michaelis, S. Mori, T. Morita, W. Pepper, H. Pitcher, L. Price, K. Raihi, A.
Roehrl, H-H. Rogner, A. Sankovski, M. Schlesinger, P. Shukla, S. Smith, R. Swart, S. van Rooijen, N.
Victor, Z. Dadi (2000) IPCC Special Report on Emissions Scenarios’, Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.
New, M, M. Hulme and P. Jones (2000) Representing twentieth-century space-time climate variability. Part II:
Development of 1901-96 monthly grids of terrestrial surface climate. J. Climate 13, 2217-2238.
Nijssen, B., L.C. Bowling, D.P. Lettenmaier, D.B. Clark, M. El Maayar, R. Essery, S. Goers, Y. Gusev, F.
Habets, B. van den Hurk, J. Jin, D. Kahan, D. Lohmann, X. Ma, S. Mahanama, D. Mocko, O. Nasonova, G.
Niu, P. Samuelsson, A.B. Shmakin, K. Takata, D. Verseghy, P. Viterbo, Y. Xia, Y. Xue and Z.L. Yang
(2003) Simulation of high latitude hydrological processes in the Torne-Kalix basin: PILPS Phase 2(e) 2:
Comparison of model results with observations. Global Planet. Change 38, 31–53.
Nohara, D., A. Kitoh, M. Hosaka, and T. Oki (2006) Impact of climate change on river discharge projected by
multi-model ensemble. J. Hydrometeorol. 7, 1076–1089.
Olson, J.S. (1994a) Global ecosystem framework-definitions, USGS EROS Data Center Internal Report, Sioux
Falls, SD.
Olson, J.S. (1994b) Global ecosystem framework-translation strategy, USGS EROS Data Center Internal Report,
Sioux Falls, SD.
Oyama, M.D., and C.A. Nobre (2004) Climatic consequences of a largescale desertifi cation in northeast Brazil:
a GCM simulation study. J. Clim. 17(16), 3203–3213.
Paeth, H., K. Born, R. Girmes, R. Podzun and D. Jacob (2008): Regional climate change in tropical and northern
Africa due to greenhouse forcing and land-use changes. J. Climate, accepted.
Pal, J.S. F. Giorgi, X. Bi, N. Elguindi, F. Solmon, X. Gao, S.A. Rauscher, R. Francisco, A. Zakey, J. Winter, M.
Ashfaq, F.S. Syed, J.L. Bell, N.S. Diffenbaugh, J. Karmacharya, A. Konar´e, D. Martinez, R.P. da Rocha,
L.C. Sloan, A.L. Steiner (2007) The ICTP RegCM3 and RegCNET: Regional Climate Modeling for the
Developing World. Bull Am Meteor Soc. 88, 1395–1409.
Palmer, T.N., A. Alessandri, U. Andersen, P. Cantelaube, M. Davey, P. Délécluse, M. Déqué, E. Díez, F. J.
Doblas-Reyes, H. Feddersen, R. Graham, S. Gualdi, J.-F. Guérémy, R. Hagedorn, M. Hoshen, N. Keenlyside,
M. Latif, A. Lazar, E. Maisonnave, V. Marletto, A. P. Morse, B. Orfila, P. Rogel, J.-M. Terres, and M. C.

- 57 -

Thomson (2004) Development of a European multimodel ensemble system for seasonal-to-interannual
prediction (DEMETER). Bull. Am. Meteorol. Soc. 85, 853–872.
PCMDI (2007) IPCC Model Ouput. [Available online at www-pcmdi.llnl.gov/ipcc/about_ipcc.php].
Peixoto, J.P., and A.H. Oort (1992) Physics of Climate. Springer Verlag. ISBN 0883187124.
Peters, E., P.J.J.F. Torfs, H.A.J. van Lanen and Bier (2003) Propagation of drought through groundwater – a new
approach using linear reservoir theory. Hydrol. Process. 17(15), 3023-3040.
Pielke, R.A., T.J. Lee, J.H. Copeland, J.L. Eastman, C.L. Ziegler and C.A. Finley (1997) Use of USGS-provided
data to improve weather and climate simulations, Ecological Applications 7 (1): 3-21.
Pitman, A.J., H. Dolman, B. Kruijt, R. Valentini and D. Baldocchi (2004) The climate near the ground - Chapter
A.2 in: Kabat, P., M. Claussen, P.A. Dirmeyer, J.H.C. Gash, L. Guenni, M. Meybeck, R.A. Pielke, C.J.
Vörösmarty and S. Lütkemeier (eds.) 2004: Vegetation, water, humans and the climate: a new perspective on
an interactive system. Springer-Verlag Heidelberg, 9-20.
Pope, V.D., M.L. Gallani, P.R. Rowntree and R.A. Stratton (2000) The impact of new physical parametrizations
in the Hadley Centre climate model: HadAM3. Clim Dyn 16, 123-146.
Previdi, M., and B. G. Liepert (2007), Annular modes and Hadley cell expansion under global warming,
Geophys. Res. Lett. 34, L22701, doi:10.1029/2007GL031243.
Prömmel, K. (2008) Analysis of a high-resolution regional climate simulation for Alpine temperature:Validation
and influence of the NAO. GKSS-Bericht 2008-3, GKSS-Forschungszentrum Geesthacht GmbH, Geesthacht,
Germany.
Raddatz, T.J., C. Reick, W. Knorr, J. Kattge, E. Roeckner, R. Schnur, K.-G. Schnitzler, P. Wetzel and J.
Jungclaus (2007) Will the tropical land biosphere dominate the climate-carbon cycle feedback during the
twenty-first century?, Clim. Dyn., doi: 10.1007/s00382-007-0247-8.
Radu, R., M. Deque, and S. Somot (2007) Impact of spectral nudging on a regional spectral climate model,
Geophys. Res. Abstracts 9, 00985, SRef-ID: 1607-7962/gra/EGU2007-A-00985.
Räisänen, J., U. Hansson, A. Ullerstig, R. Döscher, L.P. Graham, C. Jones, H.E.M. Meier, P. Samuelsson and U.
Willén (2004) European climate in the late twenty-first century: regional simulations with two driving global
models and two forcing scenarios. Clim. Dyn. 22, 13-31.
Randall, D.A., R.A. Wood, S. Bony, R. Colman, T. Fichefet, J. Fyfe, V. Kattsov, A. Pitman, J. Shukla, J.
Srinivasan, R.J. Stouffer, A. Sumi and K.E. Taylor (2007) Climate Models and Their Evaluation. In: Climate
Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M.
Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA.
Randel, D.L., T.H. Vonder Haar, M.A. Ringerud, G.L. Stephens, T.J. Greenwald and C.L. Combs (1996) A new
global water vapor dataset, Bull. Amer. Meteor. Soc. 77, 1233-1246.
Rechid, D., S. Hagemann and D. Jacob (2008a) Sensitivity of climate models to seasonal variability of snowfree land surface Albedo, Theor. Appl. Climatol, 10.1007/s00704-007-0371-8.
Rechid D, and D. Jacob (2006) Influence of monthly varying vegetation on the simulated climate in Europe.
Meteorol. Zeitschrift 15, 99-116.
Rechid, D., T.J. Raddatz and D. Jacob (2008b) Parameterization of snow-free land surface albedo as a function
of vegetation phenology based on MODIS data and applied in climate modelling. Theor. Appl. Climatol.,
10.1007/s00704-008-0003-y.
Reichler, T. and J. Kim (2008) How well do coupled models simulate today's climate? Bull. Amer. Meteor. Soc.
89 (3), 303-311.
Robock, A., K.Y. Vinnikov, G. Srinivasan, J.K. Entin, S.E. Hollinger, N.A. Speranskaya, S. Liu and A. Namkhai
(2000) The Global Soil Moisture Data Bank. Bull. Amer. Meteorol. Soc. 81, 1281-1299.
Rodell, M., P. R. Houser, U. Jambor, J. Gottschalck, K. Mitchell, C.-J. Meng, K. Arsenault, B. Cosgrove, J.
Radakovich, M. Bosilovich, J. K. Entin, J. P. Walker, D. Lohmann, and D. Toll (2004) The Global Land
Data Assimilation System. Bull. Amer. Meteor. Soc. 85 (3), 381394.

- 58 -

Roeckner, E., K. Arpe, L. Bengtsson, S. Brinkop, L. Dümenil, M. Esch, E. Kirk, F. Lunkeit, M. Ponater, B.
Rockel, R. Sausen, U. Schlese, S. Schubert and M. Windelband (1992) Simulation of the present-day climate
with the ECHAM model: impact of model physics and resolution. Max-Planck-Institute for Meteorology
Rep. 93, Hamburg, Germany.
Roeckner, E., K. Arpe, L. Bengtsson, M. Christoph, M. Claussen, L. Dümenil, M. Esch, M. Giorgetta, U.
Schlese, U. Schulzweida (1996) The atmospheric general circulation model ECHAM-4: model description
and simulation of present-day climate. Max-Planck-Institute for Meteorology Rep. 218, Hamburg, Germany.
Roeckner, E., G. Bäuml, L. Bonaventura, R. Brokopf, M. Esch, M. Giorgetta, S. Hagemann, I. Kirchner, L.
Kornblueh, E. Manzini, A. Rhodin, U. Schlese, U. Schulzweida, A. Tompkins (2003) The atmospheric
general circulation model ECHAM5. Part I: Model description. Max Planck Institute for Meteorology Rep.
349, 127 pp. [available from MPI for Meteorology, Bundesstr. 53, 20146 Hamburg, Germany].
Rontu, L. (2007) Studies on orographic effects in numerical weather prediction model. Finnish Meteorological
Institute Contributions 63, Yliopistopaino, Helsinki.
Rosen, R.D. (1999) The global energy cycle. Global Energy and Water Cycles, K.A. Browning and R.J. Gurney
(Eds.), Cambridge University Press, 1–9.
Rossow, W.B., L.C. Garder, P.J. Lu, and A.W. Walker (1991) International Satellite Cloud Climatology Project
(ISCCP) Documentation of Cloud Data. WMO/TD-No. 266, World Meteorological Organization, Geneva, 76
pp. plus appendices.
Rossow, W.B., A.W. Walker, D.E. Beuschel, and M.D. Roiter (1996) International Satellite Cloud Climatology
Project (ISCCP) Documentation of New Cloud Datasets. WMO/TD-No. 737, World Meteorological
Organization, Gneeva, 115 pp.
Rowell, D.P. (2006) A demonstration of the uncertainty in projections of UK climate change resulting from
regional model formulation. Clim. Change 79, 243-257.
Rowell, D.P. (2005) A scenario of European climate change for the late 21st century: seasonal means and
interannual variability. Clim. Dyn. 25, 837-849.
Rowntree, P.R. (1991) Atmospheric parameterization schemes for evaporation over land: basic concepts and
climate modelling aspects, In: Schmugge, T.J. and J. Andre (Eds.): Land Surface Evaporation - Measurement
and Parameterization, Springer Verlag, 5-29.
Rudolf, B., T. Fuchs, U. Schneider, and A. Meyer-Christoffer (2001) Status report of the Global Precipitation
Climatology Centre (GPCC). Selbstverlag des DWD, Offenbach, 16pp. http://gpcc.dwd.de.
Rudolf, B. and Rubel, F. (2005) Global precipitation. In: Hantel. M. (ed) Observed global climate, Chap. 11.
Landolt–Boernstein: numerical data and functional relationships in science and technology – new series,
Group 5:Geophysics, vol. 6, Springer, Berlin Heidelberg New York, p 567.
Rummukainen, M., J. Räisänen, B. Bringfelt, A. Ullerstig, A. Omstedt, U. Willén, U. Hansson and C. Jones
(2001) A regional climate model for northern Europe: model description and results from the downscaling of
two GCM control simulations. Clim. Dyn. 17, 339-359.
Sattler, K. (2004) Non-linear aggregation of sub-grid-scale orography roughness. HIRLAM Newsletter 45, 124133.
Schlichting, H. (1979) Boundary layer theory. McGraw-Hill, New York.
Schlünzen K.H. (1997) On the validation of high-resolution atmospheric mesoscale models, J. Wind Engineering
and Industrial Aerodynamics 67-68, 479-492.
Schlüssel, P., and W.J. Emery (1990) Atmospheric water vapour over oceans from SSM/I measurements. Int. J.
Remote Sensing 11, 753-766.
Schwierz C., C. Appenzeller, H.C. Davies, M.A Liniger, W. Müller, T.F. Stocker and M. Yoshimori (2006)
Challenges posed by and approaches to the study of seasonal-to-decadal climate variability. Clim. Change
79, DOI: 10.1007/s10584-006-9076-8.
Sheffield, J., G. Goteti and E.F. Wood (2006) Development of a 50-Year High-Resolution Global Dataset of
Meteorological Forcings for Land Surface Modeling. J. Clim. 19 (13), 3088–3111, DOI: 10.1175/JCLI3790.1.
Siebert, S., and P. Döll (2001) A Digital Global Map of Irrigated Areas: An Update for Latin America and
Europe. Kassel World Water Series Rep. 4, CESR, Kassel, Germany.

- 59 -

Sillmann J and E Roeckner (2008) Indices for extreme events in projections of anthropogenic climate change.
Clim. Change 86 (1-2), doi:10.1007/s10584-007-9308-6, 83-104.
Sitch, S., B. Smith, I.C. Prentice, A. Arneth, A. Bondeau, W. Cramer, J.O. Kaplan, S. Levis, W. Lucht, .M.T.
Sykes, K. Thonicke and S. Venevsky (2003) Evaluation of ecosystem dynamics, plant geography and
terrestrial carbon cycling in the LPJ Dynamic Global Vegetation Model. Glob. Chang. Biol. 9, 161–185.
Smith, D.M., S. Cusack, A.W. Colman, C.K. Folland, G.R. Harris, J.M. Murphy (2007) Improved surface
temperature prediction for the coming decade from a global climate model. Science 317: 796-799.
SMOS Project Team (2005) The Soil Moisture and Ocean Salinity (SMOS) Mission. Proceedings of the URSI
Commission F Symposium on Microwave Remote Sensing of the Earth, Oceans, Ice, and Atmosphere, Ispra,
Italy, 20-21 April 2005.
Sorooshian, S., J. Roads, J. Polcher, R. Schiffer, R. Lawford, P. Try, W. Rossow and G. Sommeria (2005) Water
and energy cycles: investigating the links. Bulletin - World Meteorological Organization 54 (2), 58-64.
Stainforth, D.A., T. Aina, C. Christensen, M. Collins, N. Faull, D.J. Frame, J.A. Kettleborough, S. Knight, A.
Martin, J.M. Murphy, C. Piani, D. Sexton, L.A. Smith, R.A. Spicer, A.J. Thorpe and M.R. Allen (2005)
Uncertainty in predictions of the greenhouse response to rising levels of greenhouse gases. Nature 433: 403–
406.
Stier, P., J. Feichter, S. Kloster, E. Vignati, and J. Wilson (2006) Emission-induced nonlinearities in the global
aerosol system: results from the ECHAM5-HAM aerosol-climate model, J. Climate 19, 3845-3862.
Tallaksen, L.M., and H.A.J. van Lanen (eds.) (2004) Hydrological Drought – Processes and Estimation Methods
for Streamflow and Groundwater. Developments in Water Science 48, Elsevier Science B.V., Amsterdam, the
Netherlands.
Taylor, C.M., E.F. Lambin, N. Stephenne, R.J. Harding, R.L.H. Essery (2002) The influence of land use change
on climate in the Sahel. J. Clim. 15, 3615–3629.
Ter Maat, H.W., R.W.A. Hutjes, R. Ohba, H. Ueda, B. Bisselink and T. Bauer (2006) Meteorological impact
assessment of possible large scale irrigation in Southwest Saudi Arabia. Global Planet. Change 54, 183-201.
Tibaldi, S., and J.-F. Geleyn 1981. The production of a new orography, land-sea mask and associated
climatological surface fields for operational purposes. ECMWF Tech. Memorandum 40, Reading, UK.
Timmreck, C., and S. Hagemann (2009) Impact of stratospheric sulphur injections on the hydrological cycle: A
Mount Pinatubo case study. Atmos. Chem. Phys., in preparation.
Tost, H., P. Jöckel, A. Kerkweg, A. Pozzer, R. Sander and J. Lelieveld (2007): Global cloud and precipitation
chemistry and wet deposition: tropospheric model simulations with ECHAM5/MESSy1. Atmos. Chem. Phys.
7, 2733-2757.
Uppala, S. (1997) Observing system performance in ERA, ECMWF Reanal. Proj. Rep. Ser. 3, 261 pp., Eur.
Cent. for Medium-Range Weather Forecasting, Reading, England.
Uppala, S.M., P.W. Kållberg, A.J. Simmons, U. Andrae, V. da Costa Bechtold, M. Fiorino, J.K Gibson, J.
Haseler, A. Hernandez, G.A. Kelly, X. Li, K. Onogi, S. Saarinen, N. Sokka, R.P. Allan, E. Andersson, K.
Arpe, M.A. Balmaseda, A.C.M. Beljaars, L. van de Berg, J. Bidlot, N. Bormann, S. Caires, A. Dethof, M.
Dragosavac, M. Fisher, M. Fuentes, S. Hagemann, E. Hólm, B.J. Hoskins, L. Isaksen, P.A.E.M. Janssen,
A.P. McNally, J.-F. Mahfouf, R. Jenne, J.-J. Morcrette, N.A Rayner, R.W. Saunders, P. Simon, A. Sterl, K.E.
Trenberth, A. Untch, D. Vasiljevic, P. Viterbo and J. Woollen (2005) The ERA-40 Re-analysis, Q. J. R.
Meteorol. Soc., Oct. 2005 Part B.
U.S.
Geological
Survey
(1997)
Global
land
http://edcwww.cr.usgs.gov/landdaac/glcc/globe_int.html.
U.S. Geological Survey (2001) Global land
http://edcdaac.usgs.gov/glcc/globdoc2_0.html.

cover

cover

characteristics

characteristics

data

base

data
version

base.
2.0.

van den Hurk, B., M. Hirschi, C. Schär, G. Lenderink, E. van Meijgaard, A. van Ulden, B. Röckel, S.
Hagemann, P. Graham, E. Kjellström and R. Jones (2005) Soil control on runoff response to climate change
in regional climate model simulations. J. Climate 18, 3536-3551.
Vidale P.L., D. Lüthi, C. Frei, S.I. Seneviratne and C. Schär (2003) Predictability and uncertainty in a regional
climate model. J. Geophys. Res. 108 (D18):4586, doi:10.1029/2002JD002810.

- 60 -

Vidale, P.L., D. Lüthi, R. Wegmann und C. Schär (2007) European summer climate variability in a
heterogeneous multi-model ensemble. Clim. Change (Prudence Special Issue) 81, Supplement 1, 209-232.
Voldoire, A., and J.-F. Royer (2004) Tropical deforestation and climate variability. Clim. Dyn. 22,
doi:10.1007/s00382-004-0423-z, 857-874.
von Storch, H., H. Langenberg and F. Feser (2000) A spectral nudging technique for dynamical down-scaling
purposes. Mon. Wea. Rev. 128, 3664-3673.
Voyles, J. (2004) ARM Climate Research Facility Annual Report 2004. U.S. Department of Energy. DOE/ERARM-0403.
Waldron, K. M., J. Peagle and J. Horel (1996) Sensitivity of a spectrally filtered and nudged limited area model
to outer model options. Mon. Wea. Rev. 124, 529-547.
Walker, J. P., and P. R. Houser (2001), A methodology for initializing soil moisture in a global climate model:
Assimilation of near-surface soil moisture observations, J. Geophys. Res. 106 (D11), 11761–11774.
Wetzel, P., E. Maier-Reimer, M. Botzet, J. Jungclaus, N. Keenlyside and M. Latif (2006) Effects of ocean
biology on the penetrative radiation in a coupled climate model, J. Climate 19, 3973-3987.
Wilby, R.L., T.M.L. Wigley, D. Conway, P.D. Jones, B.C. Hewitson, J. Main and D.S. Wilks (1998) Statistical
downscaling of General Circulation Model Output: A Comparison of Methods. Water Resour. Res. 34, 29953008.
Wittmeyer, I.L., and T.H. Vonder Haar (1994) Analysis of the global ISCCP TOVS water vapor climatology. J.
Climate 7, 325-333.
Wood, N. and P. Mason (1993) The pressure force induced by neutral turbulent flow over hills. Quart. J. Roy.
Meteor. Soc. 119, 1233-1267.
WMO (1994) Guide to Hydrological Practices. Fifth edition, WMO-No. 168, World Meteorological
Organization, Geneva.
WMO (2006) WMO guide to meteorological instruments and methods of observation, Draft Seventh edition,
WMO-No. 8, World Meteorological Organization, Geneva.
Wu, W.L., A.H. Lynch and A. Rivers (2005) Estimating the uncertainty in a regional climate model related to
initial and lateral boundary conditions. J. Climate 18, 917-933.
Xie, P., and P. Arkin (1997) Global precipitation: A 17-year monthly analysis based on gauge observations,
satellite estimates and numerical model outputs, Bull. Amer. Meteor. Soc. 78, 2539-2558.
Zakey, A.S., F. Solmon, and F. Giorgi (2006) Development and testing of a desert dust module in a regional
climate model. Atmos. Chem. Phys. Discuss. 6, 1749-1792.
Zhao, R.J. (1977) Flood forecasting method for humid regions of China. East China College of Hydraulic
engineering, Nanjing, China.

- 61 -

List of abbreviations
AMIP
CMAP
CRU
DEM
ECMWF
ECHAM5
EMIC
ERA15
ERA40
ESM
GCM
GEWEX
GHG
GLACE
GPCC
GPCP
GPS
GWSP
HD model
IGBP
IPCC
ISLSCP
IWV
MERCURE
MODIS
MPI-M
NAO
NCEP
PRUDENCE
RCM
REMO
SL scheme
SST
WATCH
WCRP

Atmospheric Model Intercomparison Project
CPC Merged Analysis of Precipitation
Climate Research Unit
Digital Elevation Model
European Centre for Medium-range Weather Forecast
Atmospheric GCM operational at MPI-M
Earth system Model of Intermediate Complexity
ECMWF 15-years re-analysis (1979-1993)
ECMWF 40-years re-analysis (1958-2001)
Earth System Model
General Circulation Model
Global Energy and Water Cycle Experiment
Green House Gas
Global Land-Atmosphere Coupling Experiment
Global Precipitation Climatology Centre
Global Precipitation Climatology Project
Global Positioning System
Global Soil Wetness Project
Hydrological Discharge model
International Geosphere-Biosphere Program
Intergovernmental Panel on Climate Change
International Satellite Land-Surface Climatology Project
Integrated Water Vapour
Modelling European Regional Climate: Understanding and
Reducing Errors, EU project
Moderate Resolution Imaging Spectroradiometer
Max Planck Institute for Meteorology
North Atlantic Oscillation
National Centers for Environmental Prediction
Prediction of Regional scenarios and Uncertainties for Defining
EuropeaN Climate change risks and Effects, EU project
Regional Climate Model
RCM operational at MPI-M
Simplified Land surface scheme
Sea Surface Temperature
WATer and global Change, EU project
World Climate Research Programme

- 62 -

Die gesamten Veröffentlichungen in der Publikationsreihe des MPI-M
„Berichte zur Erdsystemforschung“,
„Reports on Earth System Science“,
ISSN 1614-1199
sind über die Internetseiten des Max-Planck-Instituts für Meteorologie erhältlich:
http://www.mpimet.mpg.de/wissenschaft/publikationen.html

ISSN 1614-1199

