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[1] An extreme heat wave affected large parts of Europe in 2003 with severe
socioeconomic impacts. The extreme warm weather conditions lasted over a couple
of months with positive temperature anomalies of 5�C for large parts of Europe.
Simulations of the event using regional climate models revealed that a pronounced
precipitation deficit in the beginning of the year, together with an early onset of the
vegetation, resulted in a severe deficit of the soil water content. This amplified the course
of the heat wave due to an increasing sensible heat flux from the land surface.
The monitoring of temporal and spatial dynamics of soil water content can be
accomplished using remote-sensing-based techniques. The present paper addresses the
question whether there have been early indicators for the low soil water content using
either physically based land surface modeling or remote-sensing-based monitoring
techniques. The course of the spring surface soil moisture evolution is investigated using
observations from two different microwave remote sensing sensors. An intercomparison
of the high-resolution data from the European ENVISAT satellite and coarse resolution
data from the AMSR-E mission is made. Remote-sensing-derived soil moisture products
are compared against the results from a deterministic land surface model. The model
enables to relate the year 2003 anomalies to a long-term (30 years) climatology. The year
2003 remote sensing derived soil moisture dynamics is compared against a multiyear
climatology. The results reveal a negative surface soil moisture anomaly in 2003. The
results indicate that there was in general potential to monitor the spatial and temporal
dimensions of the low surface soil water content early in 2003 using remote sensing
techniques. Both remote sensing data sets indicate a consistent soil moisture decrease in
early 2003. A good agreement between the observed surface soil moisture and soil
moisture simulations from a land surface process model was found. An outlook to the use
of remote-sensing-based soil moisture estimates for large-scale monitoring of surface soil
moisture trends is given.
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1. Introduction

[2] The European heat wave of the summer 2003 was an
extreme climate anomaly that affected large parts of the
European continent. The mean summertime temperatures
exceeded the 1961–1990 average by about 3�C to 5�C
regionally which corresponds to 5 standard deviations
[Schär et al., 2004]. During the first heat wave in May
2003, temperatures raised up to 30�C in Central and Southern
Europe [Ferranti and Viterbo, 2006]. It was very likely the
hottest summer over the past 500 years [Luterbacher et al.,
2004].

[3] The socioeconomic impact was disastrous. An excess
above the mean mortality rate was observed across Europe,
resulting in an increase of the mortality by 70 000 heat
related deaths [MunichRe, 2008]. Forest fires in Portugal
resulted in an economic loss of US$ 1.6 billion [Heck et al.,
2004] and the severe drought resulted in uninsured crop
losses in Europe totaling about US$ 12.3 billion [Schär and
Jendritzky, 2004]. Alone in France the official statistics
estimated a decrease of crop yield in the order of 15%–
28% [Zaitchik et al., 2006].
[4] It is expected that the frequency of severe droughts

will increase as a result of Global Climate Change [Schär et
al., 2004; Meehl and Tebaldi, 2004]. The monitoring and
prediction of drought events might therefore become more
important. The boundary conditions of heat wave formation
have therefore been intensively investigated [Cassou et al.,
2005; Vautard, 2007]. The year 2003 heat wave was
characterized by a long persistent anticyclonic situation
with anomalous clear skies and excessive downward net
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surface radiative flux. Together with a preceding precipita-
tion deficit in the spring, the radiative forcing contributed to
strong evaporation and surface dryout. Several authors
suggested that the dry land surface might have contributed
to enhance the local heating [Schär et al., 2004; Black et al.,
2004].
[5] The evolution of the year 2003 heat wave has been

simulated using Regional Climate Models (RCM) [Ferranti
and Viterbo, 2006; Fischer et al., 2007]. It was found, that
the remarkable positive temperature anomalies, which
resulted from an anomalous increase of sensible heat flux,
are highly likely to be amplified by the spring soil water
deficit, although it was not the cause of the event. An early
spring onset and anomalous low precipitation in the begin-
ning of the year lasted in a low-root zone soil moisture
content and thus a reduced latent heat and increasing
sensible heat flux.
[6] Fischer et al. [2007] analyzed the effect of initial soil

moisture conditions on the forecast skills of a RCM. They
found that the RCM was only capable to best reproduce
measured temperature anomalies, when the initial soil water
content was reduced at the time of the forecast (1st of
April). It was shown that the spring root zone soil water
content was a very critical parameter to best predict the heat
wave evolution. In other words, the RCM model did
overestimate the root zone soil water content when not
corrected for the spring soil moisture deficit. This resulted
in an overestimation of the latent heat and an underestima-
tion of the sensible heat flux. A strong sensitivity of the land
surface-atmosphere coupling on initial soil moisture con-
ditions was also found by Ferranti and Viterbo [2006].
Thus the initial soil moisture deficit in 2003 seemed to have
amplified the evolution of the heat wave and resulted in a
further increase of temperature anomalies.
[7] An appropriate characterization of initial land surface

conditions is crucial to obtain a good model forecast
[Fischer et al., 2007]. As the space-time structure of soil
moisture is characterized by a high variability which is the
result of complex interactions between terrain character-
istics (e.g., topography, land cover, soil), meteorological
boundary conditions (e.g., local precipitation, radiation) and
land surface processes (e.g., evapotranspiration, lateral soil
water fluxes), a prediction of soil water content might be
associated with a high degree of uncertainty.
[8] An appropriate monitoring of soil moisture conditions

might therefore help to characterize the uncertainties asso-
ciated with the representation of the soil water content.
[9] Microwave remote sensing techniques provide in

general a good opportunity for the monitoring of soil
moisture conditions [Wagner et al., 2007b]. The microwave
response from natural vegetated and bare soil surfaces has
been studied and it has been shown that the microwave
emission or backscatter are mainly a function of surface
roughness and the moisture content of the surface in case of
bare soil conditions [e.g., Le Hégarat-Mascle et al., 2002;
Zribi and Dechambre, 2002; Bindlish and Barros, 2000;
Wigneron et al., 2003, 2004]. The presence of vegetation
cover can have a considerable influence on the signature,
depending on the scattering and attenuation properties of the
canopy which are related to vegetation structure and water
content [e.g., Picard et al., 2003; Cookmartin et al., 2000;
Loew et al., 2006; Sch t al., 2005; Guglielmetti et al.,

2008]. However, applications of soil moisture retrievals from
existing satellites are hampered as the microwave signal
origins only from the uppermost soil layer (0 . . . 5 cm). It
has been shown that, given frequent surface soil moisture
observations, the estimation of the root zone soil water
content can be improved by assimilating the skin soil
moisture information into deterministic land surface process
models (LSM) [Walker et al., 2001; Enthekabi et al., 1994;
Calvet and Noilhan, 2000; Reichle et al., 2007].
[10] The present paper investigates whether remote-

sensing-based surface soil moisture observations might
have been used as an early indicator for the spring 2003
soil water deficit. Two satellite based soil moisture products
are used and compared against simulations of a physically
based land surface process model. Investigations are made
within the mesoscale catchment of the Upper Danube,
situated in Southern Germany. The test site was chosen,
as it provides a good database for the analysis of the present
study. The land surface model (LSM) simulations are used
to compare the year 2003 water balance against a 30-year
long-term average.
[11] The paper is structured as follows. The remote

sensing data and land surface model used are introduced
in section 2. The water balance of the year 2003 is
investigated and contrasted against a long-term average in
section 3. Remote sensing observations are analyzed and
compared against the land surface model simulations in
section 4. Results are being discussed in section 5. An
outlook for continental-scale measurements is given in
section 6. Results are summarized and conclusions are
drawn in section 7.

2. Data and Models

2.1. Test Site

[12] The Upper Danube catchment, situated in Southern
Germany, is used as test site for the present study (Figure 1).
The catchment is characterized by large natural gradients.
Elevation ranges between 300 and 4 000 m.a.s.l. Yearly
precipitation Pa ranges from 500 < Pa < 2500 mm. Detailed
information about land cover, soil texture, elevation and
hydrological and meteorological variables is available as
part of the GLOWA Danube initiative (www.glowa-danu-
be.de [Ludwig and Mauser, 2000]). Land cover information
is available from a 30 m land cover map, derived from a
fuzzy-logic classification of optical remote sensing data
[Stolz et al., 2005]. This high-resolution land cover infor-
mation was aggregated on a 1 km grid and the fractions for
each land cover were estimated for each grid cell. The
catchment is dominated by cropland (26%) in the North and
grassland areas (14%) in the Southern part close to the
mountains of the Alps. Forests are distributed all over the
test site with a fraction of 11%.

2.2. Land Surface Model PROMET

[13] The available net radiation Rn [W m�2], which is the
sum of the short- and longwave radiation balance, is
partitioned into the ground heat flux G, latent heat flux
LE and sensible heat flux H

Rn ¼ Gþ LE þ H Wm�2
� �

ð1Þ
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[14] A decrease of the latent heat flux LE will therefore
automatically result in an increase of the sensible heat flux if
Rn and G remain constant. The physically based land
surface model PROMET (Process Oriented Multiscale
EvapoTranspiration model) is used in the present study to
simulate the surface energy budget and exchange of water
and matter within the soil-plant-atmosphere continuum. The
model describes the actual evapotranspiration and water
balance at different scales, ranging from point scale, to
microscale and mesoscale [Mauser and Schädlich, 1998]
(W. Mauser and H. Bach, PROMET—A physical hydro-
logical model to study the impact of climate change on the
water flows of medium sized mountain watersheds, submit-
ted to Journal of Hydrology, 2009, hereinafter referred to as
Mauser and Bach, submitted manuscript, 2009). The model
consists of a kernel model which is based on five submodules
(radiation balance, soil model, vegetation model, aerody-
namic model, snow model) to simulate the actual water and
energy fluxes and a spatial data modeller, which provides
and organizes the spatial input data on the field-, micro- and
macroscale. The simulations are made on hourly basis.
[15] PROMET solves the surface energy balance in an

iterative way. The ground heat flux is estimated using a soil
temperature model [Muerth, 2008]. Actual evapotranspiration
is simulated within PROMET using the Penman-Monteith
equation [Monteith, 1965]. Canopy surface resistance is
simulated as a function of vegetation type using a resistance
network approach [Baldocchi et al., 1987], while the soil
resistance is estimated on the basis of the approach of
Eagleson [1978]. A four-layer soil model (0–5, 5–20,
20–65, 65–200 cm) is used to calculate soil water fluxes
and soil temperature profiles. The change of volumetric soil
moisture content, percolation, exfiltration, capillary rise
and surface runoff are explicitly considered. The infiltration
into the soil layer is described using the model of Philip
[1957]. The soil water retention model of Brooks and Corey
[1964] is used to relate soil moisture content to soil suction
head. A detailed description of the model is given by
Mauser and Schädlich [1998] and Mauser and Bach (sub-

mitted manuscript, 2009). The soil water model has been
validated in different test sites using in-situ soil moisture
measurements of soil moisture profiles [Pauwels et al.,
2008]. A physical snow model extends PROMET to allow
for simulations in cold climates [Strasser andMauser, 2001].
[16] PROMET simulations are based on GIS information

as, e.g., soil maps and land use information. Meteorological
forcing data might be either provided from station networks
as well as from gridded forcing fields. PROMET has been
extensively validated in different geographic locations in
Central Europe (Upper Rhine Valley: 10� 10 km2, Bavarian
Alpine Foreland: 200 � 100 km2, Upper Danube catch-
ment: 76,000 km2, Weser catchment: 35,000 km2) using
evapotranspiration measurements of micrometeorological
stations at the local scale and by comparison with thermal
remote sensing information at the regional scale [Mauser
and Schädlich, 1998; Ludwig and Mauser, 2000].
[17] It provides interfaces to integrate remote-sensing-

derived information into the model. It has been used
together with optical and microwave remote sensing data
to improve land surface simulations. Bach and Mauser
[2003] used the model to improve crop yield prediction
and surface runoff prediction by combining PROMET
results with optical (Landsat-TM) and microwave (ERS)
remote sensing data. Schneider [2003] used LANDSAT-TM
data to determine vegetation model parameters and improve
plant growth simulations. Loew et al. [2007] compared
PROMET simulations at different spatial scales with soil
moisture information derived from active microwave data
[Loew et al., 2006], and found a good agreement between
the spatial patterns of observed and simulated soil moisture
at multiple scales.

2.3. Remote Sensing Data

[18] The remote sensing data used in the present study are
based on observations from two complementary satellite
sensors. The data from an active microwave instrument with
high spatial resolution, but low temporal frequency is
contrasted against observations from a sensor with medium

Figure 1. Upper Danube catchment: location and elevation.
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spatial resolutions but high temporal frequency. The inter-
comparison of both data sets allows for the evaluation of the
trade-off in using sensors with reduced spatial resolutions
for monitoring trends in surface soil moisture over larger
areas.
2.3.1. ENVISAT ASAR Data
[19] The European ENVISAT satellite with its Advanced

Synthetic Aperture Radar (ASAR) is an active microwave
sensor, operating at C-band (5.3 GHz) [ESA, 2002]. It
provides multiple acquisition modes which allow for the
coverage of an area of interest at different imaging geom-
etries. The medium resolution Wide Swath Mode (WSM)
with a spatial resolution of approximately 150 m is used in
the present investigation. The WSM mode allows for a wide
area coverage (swath width: 400 km) to give a synoptic
overview about the land surface conditions of a larger area
(e.g., a mesoscale hydrological catchment). Four image data
sets were acquired over the test area within the period from
the beginning of March to the mid of May 2003. Table 1 lists
the characteristics of the data sets used in the present study.
[20] An appropriate preprocessing of the image data is

required to enable the retrieval of quantitative information
from the remote sensing data. The image data is therefore
geometrically and radiometrically corrected using a digital
elevation model (DEM) [Loew and Mauser, 2007].
[21] Soil moisture products are then derived from the

such obtained normalized microwave backscattering coeffi-
cient s0 following the procedure described in Loew et al.
[2006]. The method is based on the decomposition of the
microwave signal into components with and without soil
moisture information using a priori land cover information.
The backscattering coefficient is then corrected for contri-
butions from areas without sensitivity to surface soil mois-
ture (e.g., forested or urban areas) and finally the soil
dielectric properties are estimated from the remaining back-
scattering signal by inversion of a semiempirical backscat-
tering model. The such derived soil dielectric characteristics
are then used to calculate soil water content q using a priori
information on soil texture (sand, clay content) and a
dielectric mixing model [Dobson et al., 1985]. The algo-
rithm has been validated in numerous studies [Bach and
Mauser, 2003; Loew et al., 2006] and it was found that
the accuracy of the soil moisture estimates is between 3 and
7 vol.% [m3 m�3] rms error.
2.3.2. AMSR-E
[22] The Advanced Microwave Scanning Radiometer

(AMSR-E) is a passive microwave scanning radiometer,
operating at six different wavelengths within the microwave
spectrum (6.925, 10.65, 18.7, 23.8, 36.5, and 89GHz). The
sensor measures the microwave brightness temperature Tb

p

at horizontal and vertical polarizations (p = h, v). The large
area coverage (swath width: 1445 km) allows for a frequent
coverage of the globe in the order of three days with
increasing frequencies a er latitudes. The spatial resolu-

tion of the different channels is varying from 5 km (89 GHz)
to 56 km (6.925 GHz) [Njoku et al., 2003].
[23] A globally available soil moisture data set, provided

by the VU University Amsterdam together with NASA
Goddard Space Flight Centre, is used in the present study
[Owe et al., 2008]. The soil moisture retrievals are based on
the solution of a microwave radiative transfer model and
solve simultaneously for the surface soil moisture and
vegetation optical depth without a priori information of land
surface characteristics [Meesters et al., 2005]. The flexible
approach allows in general for the retrieval of soil moisture
from a variety of frequencies. The C-band (6.925 GHz) data
product is used in the present study as it was found to have a
higher sensitivity to surface soil moisture dynamics. The
soil moisture C-band products have been validated over a
large range of study areas with high correlations with in
situ observations in semi arid regions (r = 0.79, RMSE =
0.03 [m3 m�3] for the Murrumbidgee Soil Moisture Mon-
itoring Network in Australia [Draper et al., 2007]; r = 0.83,
RMSE = 0.06 [m3 m�3] for the REMEDHUS soil moisture
network in Spain [Wagner et al., 2007b]) and somewhat
lower in agricultural areas (r = 0.78, RMSE = 0.2 [m3 m�3]
for the SMOSREX site in France [Rüdiger et al., 2009]. The
data set is now public available (http://www.geo.vu.nl/jeur/
lprm) and will be available through a user friendly web map
server by the end of 2008 (http://adaguc.knmi.nl). The
ascending and descending modes in general show a good
soil moisture retrieval performance over Europe. However,
based on our analysis, the daytime ascending pass data
appeared less noisy and was therefore chosen for this study.

3. Water Balance Within the Upper Danube 2003

[24] The year 2003 anomalies within the Upper Danube
test site are investigated in the following section. First, the
meteorological conditions are compared against a 30-year
reference period (1971–2000). Further, PROMET model
simulations are used to quantify the impact of the year 2003
heat wave on the water balance within the Upper Danube
catchment. The model simulations are based on measured
meteorological forcing data from a dense network of sta-
tions from the German Weather Service (DWD). A total of
220 stations are situated within the catchment, resulting in
an average station density in the order of 20 km. The
resolution of the model is 1 � 1 km2.
[25] Figure 2 shows the temperature anomalies in the year

2003 within the catchment as observed from meteorological
records. Maximal monthly mean temperatures are observed
in August with values greater than 20�C. This corresponds
to positive temperature anomalies, compared to the 30 year
average, from February to September with a maximum
monthly mean anomaly of 5.5�C in June 2003.
[26] Except from January, the year was characterized by a

pronounced reduction of precipitation throughout the year.
It can be expected that the precipitation deficit would result
in a soil water deficit within the catchment. To quantify the
impact of the anomalous low precipitation and high temper-
atures on the water budget, the PROMET model is used to
calculate the water and energy fluxes for the year 2003 and
compare these model simulations against the 30 year
average. The model is forced using interpolated station data
from meteorological stations of the German Weather Ser-

Table 1. ENVISAT ASAR Scenes

Date Acquisition Time Mode Polarization Track

4 Mar 2003 21:01 Ascending VV 215
20 Mar 2003 09:37 Descending VV 437
5 Apr 2003 09:34 Descending VV 165
10 May 2003 09:34 Descending VV 165
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vice (DWD) [Mauser and Schädlich, 1998]. Mauser and
Bach (submitted manuscript, 2009) have investigated the
model performance throughout this 30 year reference period
and found good agreement of the model simulated water
budget with observational data.
[27] Figure 3 shows the year 2003 surface and root zone

(2 m) soil water content for various land cover types as
simulated by PROMET. Surface soil moisture is denoted as
qs, while root zone soil moisture is denoted as qr in the
following. The long-term average and its 1s confidence
interval are derived from a 30-year model climatology for
the particular grid cell of the model. A pronounced low soil
water content is observed in the year 2003 for all three land
cover types. A deficit in the root zone soil water content is
already recognized early in the year (April, May) with a
much steeper decrease of the soil moisture than under

normal summer conditions. Maximum deviations from the
long-term mean are observed with deviations greater than
2s in July, August and September for the deciduous forest
and in August and September for the wheat respectively.
The larger deficit for the forest results from a stronger
evapotranspiration loss.
[28] A linkage between qs and qr can only be achieved by

modelling of the soil water fluxes throughout the temporal
integration of the land surface model. As one would expect,
the temporal variability of qs is much higher than for qr.
However, also qs shows a pronounced anomaly in the year
2003 for all three land cover classes. Especially in the
spring period (March to May), qs is much lower than the
long-term average and the deviation exceeds 1s from mid
of March to May. Although the short-term variability of qs is
driven by precipitation events, the very low soil moisture

Figure 2. Air temperature (2 m) of the year 2003 against the (left) long-term average and temperature
anomalies for the (right) individual months in the Upper Danube; grey lines indicate 1s.
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conditions in the summer months (JJA) are also observed in
the simulations for qs. This indicates a similar course in the
overall trends of qs and qr, so qs might provide a suitable
proxy for the long-term course of the soil water content,
especially in spring 2003.

4. Data Analysis

[29] It will be investigated in the following, whether the
low surface soil moist nditions in spring 2003 were

observable by means of microwave remote sensing data.
Surface soil moisture maps were generated from all data sets
and are compared in the following.

4.1. ENVISAT ASAR Data

[30] The soil moisture maps produced from ENVISAT
ASAR data are shown in Figure 4. These data sets have a
1 � 1 km2 spatial resolution and are projected to an equal
area Lambert conical projection [Bugayevskiy and Snyder,
1995]. Forested and urban areas as well as open water

Figure 3. (left) Simulated surface and (right) root zone daily soil water content for the year 2003
compared to the long-term average (1971–2000) for three different land cover types in the Upper Danube:
(top) grassland, (middle) wheat, (bottom) forest. The grey lines represent 1s of the 30-year period.
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bodies are masked in the remote sensing product as the
microwave signal is not sensitive to soil moisture changes in
those areas.
[31] The remote sensing products show a considerable

decrease of the surface soil moisture content. The spatially
averaged surface soil water content and its standard devia-
tion was determined as 32.8 ± 6.4, 25.4 ± 6.9, 27.3 ± 6.7
and 17.9 ± 9.2 vol.% [m3 m�3] for the 4 March 2003,
20 March 2003, 5 April 2003 and 10 May 2003 respectively
which corresponds to a decline of 0.2 vol.% per day in the
average.

4.2. AMSR-E Data

[32] The analysis of the AMSR-E soil moisture product
revealed strong temporal variations and the signal was
found to be noisy. Part of this noise is explained by a
varying location of the center of the sensors footprint
relative to a stable reference point. It was also found that
the soil moisture retrievals contained considerable high
values, which are considered as a positive bias. There are
various reasons that could result in biased soil moisture
estimates from origina SR-E brightness temperature

records. Subpixel land cover fractions might, e.g., introduce
a bias in the soil moisture retrievals from a passive micro-
wave system [Loew, 2008]. In addition, uncertainties in soil
texture as well as topographic effects might result in biased
retrieval results. The data was therefore filtered using a
moving average filter with a filter window of 7 days before
the data analysis. The filtering considerably reduced the
high-frequency soil moisture changes and the such obtained
soil moisture time series was used in the further analysis. A
sensitivity analysis of the impact of the filtering procedure
on the estimate of the temporal trends in spring 2003 soil
moisture revealed, that the filtering procedure did not
influence the obtained results, shown in the following
section. The data was normalized by subtracting the average
soil moisture value, estimated from the entire year 2003.

4.3. Intercomparison

[33] To perform a cross comparison between the different
data sets, these are reprojected to a common, equal area
grid. The Icosahedral Snyder Equal Area projection (ISEA)
was used as the reference projection [Sahr et al., 2003].
The ISEA grid used (ISEA4H9) has a spacing in the order

Figure 4. Surface soil moisture maps from ENVISAT ASAR in spring 2003: (a) 04.03, (b) 20.03,
(c) 05.04, (d) 10.05.
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of 20 km. The same projection is also used as reference for
the forthcoming SMOS mission. The reprojection of the
data was achieved by assigning all pixels of the soil
moisture maps to the closest ISEA grid point. In case that
more than one soil moisture value was assigned to an ISEA
grid point, the arithmetic average was calculated.
[34] A direct comparison between the different data sets is

hampered by the fact that each soil moisture product has it’s
own climatology and biases. However, the relative soil
moisture changes are assumed to be consistent within each
data set. To enable a better inter comparison of the relative
changes of soil moisture as observed from the individual
soil moisture data sets, the data was normalized by sub-
tracting the mean value of the entire available time series.
[35] It is investigated in the following on basis of the

ISEA grid, whether the different data sets show a similar
soil moisture dynamics in spring 2003.
[36] The analysis is focused on the period from Julian

Day (JD) 63 to JD 130 which corresponds to the period
where all data sets were available. Figure 5 shows an
example of the soil moisture evolution from the three
different sources for an ISEA grid node. A similar decrease
in the soil water content is observed. A linear regression is
calculated for the spring 2003 period (JD 63 – JD 130). The
gain m is �0.20, �0.18 and �0.21 for the ENVISAT
ASAR, AMSR-E and PROMET surface soil moisture data
respectively. While the ENVISAT ASAR observations were
only available for the year 2003 for the present study, the
AMSR-E data only allows for an interannual comparison.
The remote sensing time series for the years 2004, 2005 and
2006 were processed similar to the year 2003 data set to
evaluate whether the observed year 2003 soil moisture
decline was an anomaly or whether it corresponds to a
typical spring soil moisture decrease during the investiga-
tion period. The estimated gains m for the same grid node as
shown in Figure 5 are 0.03, 0.15 and 0.09 for the years
2004, 2005 and 2006 respectively. A strong decrease
(�0.18) of the surface soil moisture is only observed in
the year 2003, indicating an anomalous soil moisture
dynamics in that year.

[37] Using the available time series for each ISEA grid
node, a value for m can be estimated. Figure 6 shows the
frequency distribution of m as estimated from all three data
sets over the entire test site. All three soil moisture data sets
indicate a negative gain in spring 2003 with mean values of
m = �0.19, �0.22 and �0.18 for ENVISAT ASAR,
AMSR-E and PROMET respectively. Negative gains are
observed for most parts of the test site. Figure 7 shows maps
of m for all three data sets. Coherent spatial patterns of the
soil moisture decrease within the test site are observed. The
spatial pattern of m is organized and not random. In
addition, all three data sets show the strongest decrease in
surface soil water content in the eastern part of the test site
with m < �0.35. Especially the satellite data shows a strong
decline in these areas which are dominated by arable land.
Cropland areas are expected to have highest sensitivity of
the microwave signal to surface soil moisture dynamics,
whereas urban or forested regions have lower sensitivity
[Loew, 2008].
[38] However, the alpine areas show distinct differences

in the response of the soil moisture signal. While the
AMSR-E products seem to indicate a strong increase of
the soil water content, PROMET simulations were found to
be indifferent (m � 0) and the ASAR data shows a decrease.
Alpine areas are known to highly affect the microwave
signal of active as well as passive microwave sensors
[Mätzler and Standley, 2000; Loew and Mauser, 2007]. It
is therefore expected that no reliable information on the
surface characteristics can be extracted from the remote
sensing products in those areas.
[39] Figure 8 shows a scatterplot of the gain m on basis of

the individual ISEA grid nodes.
[40] Alpine areas are shown in blue and nonalpine grid

nodes are in red. The intercomparison between the three
data sets for the nonalpine regions shows that a similar
surface soil moisture decline is observed for all three data
sets. The values for m are much closer to the 1:1 line in
those cases. Rather different values for m were observed for
areas with large terrain slopes. The AMSR-E data tends to

Figure 5. Example of surface soil moisture evolution for an ISEA grid cell as estimated from all three
data sets.
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overestimate m in the alpine regions, compared to the other
data sets.

5. Discussion

[41] It has been shown that the three completely indepen-
dent surface soil moisture data sets show consistent surface
soil moisture dynamics within the Upper Danube test site in
spring 2003. PROMET surface soil moisture simulations as
well as satellite based estimates show a consistent decline of
surface soil moisture in the order of 0.2 vol.% per day.
Despite the fact that the used soil moisture data sets are very
different in terms of spatial and temporal coverage and that
they represent only a thin surface soil layer, it is promising
that consistent spatial patterns could be observed for the
limited reference period used for the present study. The
analysis on basis of individual grid nodes also revealed
good correlations between the data sets for nonalpine
regions.
[42] PROMET land surface model simulations indicate

that the observed soil moisture deficit in spring 2003 is
significantly different from the long-term average, both for
surface as well as root zone soil water content.
[43] The results outline in general the potential of using

satellite data for the monitoring of surface soil moisture
dynamics at larger spatial scales. The Upper Danube catch-
ment provided an ideal framework for the intercomparison of
the different data sets, as the remote sensing data as well as
model simulations were available for the cross comparison.
[44] However, an application to larger spatial scales and

longer time series would be needed to evaluate the robust-
ness and transferability of the obtained results.

6. Continental-Scale Application

[45] The PROMET model simulations as well as the
ENVISAT ASAR data are restricted to the Upper Danube
catchment in the present study. In general it would be
possible to apply the L well as the derivation of soil

moisture from ASAR at a much wider spatial extent.
However, this requires the availability of appropriate forc-
ing data for the model simulations and a consistent large
spatial coverage of the ASAR data. Both limit the analysis
of the present study to the Upper Danube test area.
[46] However, the AMSR-E data is available with high

temporal resolution at global scale. In addition, the used
data product will be available in near real time mode by end
of 2008 throughout a user friendly web interface, which
allows the online monitoring of surface soil moisture
dynamics. The potential of using the AMSR-E data to
monitor the decline of surface soil moisture in spring
2003 at continental scale was therefore evaluated. Figure 9
shows the estimated gain of the soil moisture change m as
derived from AMSR-E over Europe. A considerable de-
crease of soil moisture is observed for most areas. For 50%
of the area the gain is m < �0.2, while a negative gain is
observed for 80% of the continent. The estimated soil
moisture decrease shows coherent spatial patterns. The
strongest decrease is observed in the southeastern part of
France, where the center of the summer heat wave occurred,
while more northern parts of the continent show a lower
surface soil moisture decline.
[47] A considerable effect of topography on the observed

soil moisture dynamics is recognized. Areas like the Alps,
show indifferent or positive values for m. An appropriate
masking of those areas therefore seems to be needed before
further analysis. This can be achieved by using, e.g.,
topographic indices [Mialon et al., 2008]. In addition,
highly forested areas with no soil moisture sensitivity can
be discarded from an analysis by masking areas with a high
optical thickness. This ancillary information is provided
together with the AMSR-E data product.
[48] The year 2003 surface soil moisture decrease was

compared against the average soil moisture dynamics of the
years 2003 to 2006. For each year, m was calculated similar
to the year 2003 and the average of the four years was
estimated. Figure 9 shows the anomaly of the year 2003

Figure 6. Frequency distribution of surface soil moisture decrease m as estimated from satellite and
LSM soil moisture climatologies for the Upper Danube catchment.
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spring surface soil moisture dynamics and its frequency
distribution. Negative anomalies indicate that the decrease
of soil moisture was higher in 2003 than in the average. For
90% of the investigated domain, a higher surface soil
moisture decrease was observed in 2003. The pattern of
the anomaly shows clearly an anomalous high soil moisture
decrease in the area of southeastern France, the Rhone
valley and parts of Southern Germany. The year 2003
surface soil moisture anomaly shows good agreement with
the recorded springtime precipitation anomalies, provided
by the Global Precipitation Climatology Centre (GPCC)
[Schneider et al., 2008]. The remote-sensing-derived infor-
mation shows strongest decrease of surface soil moisture in
the regions, where the largest negative precipitation anoma-
lies occurred, centered heastern France. Also the zone

of negative precipitation anomalies in the Northern part of
Spain as well as in Northern England can be recognized.

7. Conclusion

[49] It has been shown that remote sensing techniques
could be used to monitor the decline of surface soil water
content, within the Upper Danube catchment, in spring
2003 using microwave sensors. Agreement of the remote-
sensing-derived soil moisture dynamics with the simula-
tions of a state-of-the-art land surface model, were found,
which is in general a promising result. However, it is
emphasized that the study provides only a first analysis that
shows the general consistency of surface soil moisture
signals obtained from different remote sensing observations

Figure 7. (a) Upper Danube catchment and estimated surface soil moisture decline in spring 2003 as
derived from (b) PROMET simulations, (c) ENVISAT ASAR, and (d) AMSR-E.
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and model simulations. Further research is needed to
develop robust early warning indicators for low soil water
deficits based on satellite observations.
[50] PROMET model simulations are driven by measured

climate data from a dense network of stations. However,
dense station data is often only available with a time delay
of several weeks and restricted to areas where such an
infrastructure is available and maintained. The integration of
satellite information into land surface process models might
be therefore a valuable tool to improve the model simu-
lations skills by either determining necessary model input
parameters as, e.g., distributed information on soil charac-
teristics or land cover as well as compensating for deficits in
meteorological input data or the model itself by updating the
model simulations when observations become available
[Santanello et al., 2007; Loew and Mauser, 2008b; Loew et
al., 2009].
[51] Numerous studies have outlined that there is in

general potential to improve simulations of root zone soil
moisture by sequentially assimilating surface soil moisture
information [Calvet and Noilhan, 2000; Walker et al., 2001;
Enthekabi et al., 1994; Reichle et al., 2002]. Reichle et al.
[2007] have investigated the potential to improve the
simulations of a global land hydrology model by assimilating
surface soil moisture i ation derived from AMSR-E

data. They found slight improvements of the model skills,
comparing the model simulations against ground observa-
tions. New sensor systems like, e.g., the forthcoming Soil
Moisture and Ocean Salinity mission (SMOS), to be
launched in 2009 [Kerr et al., 2001], are expected to
provide data with a higher sensitivity to root zone soil
moisture content than the existing satellite systems.
[52] Integrating this information into dynamic regional

climate models would probably allow for an improved
model initialization and thus to improve their forecasting
skills. Frequent observations and wide area coverage might
be a prerequisite for that purpose. As the present investiga-
tion was limited to a rather small area and a very limited
data set, based on active microwave observations, an
integration of the remote sensing data into, e.g., RCMs
and update of their model state is not reasonable. Using
sensors with higher temporal frequency, as microwave
radiometers or scatterometers, such an integration would
be feasible. However, these sensors have spatial resolutions
in the order of tens of kilometers [Wagner et al., 2007a].
[53] To account for the heterogeneity of the land surface at

these spatial scales, different kind of approaches have been
proposed to disaggregate soil moisture information derived
from these coarse resolution data sources. These are based
on synergistical use of the coarse resolution data together

Figure 8. Intercomparison of spring 2003 surface soil moisture change [vol.% day�1] in the Upper
Danube catchment as observed from satellite observations and PROMET simulations. Each point
represents an ISEA grid node. (crosses) Alpine areas; (circles) nonalpine areas with corresponding
correlation coefficients r.
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with a priori knowledge of characteristic soil moisture fields
[Wagner et al., 2008; Loew and Mauser, 2008a].
[54] A synergy of sensors with high and low spatial

resolutions might be useful to improve the characterization
of land surface conditions at appropriate temporal and
spatial scales and thus help to support regional climate
modeling applications which might yield to improved
medium range forecasting skills and thus, e.g., early warn-
ing systems for hydrometeorological extreme events.

[55] Acknowledgments. The ENVISATASAR data were provided by
ESA throughout the PI-program, which is gratefully acknowledged. Meteo-
rological data were kindly provided by the German Weather Service (DWD).
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Mauser, W., and S. Schädlich (1998), Modelling the spatial distribution of
evapotranspiration using remote sensing data and Promet, J. Hydrol.,
213, 250–267.

Meehl, G. A., and C. Tebaldi (2004), More intense, more frequent, and
longer lasting heat waves in the 21st century, Science, 305, 994–997.

Meesters, A. G. C. A., R. de Jeu, and M. Owe (2005), Analytical derivation
of the vegetation optical depth from the microwave polarization differ-
ence index, IEEE Geosci. Remote Sens. Lett., 2(2), 121–123.

Mialon, A., L. Coret, Y. Kerr, F. Secherre, and J.-P. Wigneron (2008),
Flagging the topographic impact on the SMOS signal, IEEE Trans. Geosci.
Remote Sens., 46(3), 689–694.

Monteith, J. (1965), Evaporation and the environment, in Proc. Symposium
of the Society of Exploratory Biology, vol. 19, pp. 205–234.

Muerth, M. (2008), A multiscale energy balance and soil temperature model
to assess water related climate change impacts, Ph.D. thesis, Univ. of
Munich, Germany.

MunichRe (2008), MRNatCatService, MunichRe, Munich, Germany.
Njoku, E., T. Jackson, V. Lakshmi, T. Chan, and S. V. Nghiem (2003), Soil
moisture retrieval from AMSRE, IEEE Trans. Geosci. Remote Sens.,
41(2), 215–229.

Owe, M., R. de Jeu, and T. Holmes (2008), Multi-sensor historical clima-
tology of satellite-derived global land surface moisture, J. Geophys. Res.,
113, F01002, doi:10.1029/2007JF000769.

Pauwels, V. R. N., W. Timmermans, and A. Loew (2008), Comparison of
the estimated water and energy budgets of a large winter wheat field
during AGRISAR 2006 by multiple sensors and models, J. Hydrol.,
349, 425–440.

Philip, J. (1957), The theory of infiltration. I: The infiltration equation and
its solution, Soil Sci., 83, 345–357.

Picard, G., T. Le Toan, and F. Mattia (2003), Understanding C-band radar
backscatter fromwheat canopy using amultiple-scattering coherent model,
IEEE Trans. Geosci. Remote Sens., 41(7), 1583–1591.

Reichle, R., D. McLaughlin, and D. Entekhabi (2002), Hydrological data
assimilation with the Ensemble Kalman Filter, Mon. Weather Rev., 130,
103–114.

Reichle, R., R. Koster, P. Liu, S. Mahanama, E. Njoku, and M. Owe (2007),
Comparison and assimilation of global soil moisture retrievals from the
advanced microwave scanning radiometer for the earth observing system
(AMSR-E) and the scanning multichannel microwave radiometer
(SMMR), J. Geophys. Res., 112, D09108, doi:10.1029/2006JD008033.
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