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Abstract Flood generation in mountainous headwater catchments is governed by rainfall
intensities, by the spatial distribution of rainfall and by the state of the catchment prior to the
rainfall, e.g. by the spatial pattern of the soil moisture, groundwater conditions and possibly
snow. The work presented here explores the limits and potentials of measuring soil moisture
with different methods and in different scales and their potential use for flood simulation.
These measurements were obtained in 2007 and 2008 within a comprehensive multi-scale
experiment in the Weisseritz headwater catchment in the Ore-Mountains, Germany. The
following technologies have been applied jointly thermogravimetric method, frequency
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domain reflectometry (FDR) sensors, spatial time domain reflectometry (STDR) cluster,
ground-penetrating radar (GPR), airborne polarimetric synthetic aperture radar (polari-
metric SAR) and advanced synthetic aperture radar (ASAR) based on the satellite Envisat.
We present exemplary soil measurement results, with spatial scales ranging from point
scale, via hillslope and field scale, to the catchment scale. Only the spatial TDR cluster was
able to record continuous data. The other methods are limited to the date of over-flights
(airplane and satellite) or measurement campaigns on the ground. For possible use in flood
simulation, the observation of soil moisture at multiple scales has to be combined with
suitable hydrological modelling, using the hydrological model WaSiM-ETH. Therefore,
several simulation experiments have been conducted in order to test both the usability of the
recorded soil moisture data and the suitability of a distributed hydrological model to make
use of this information. The measurement results show that airborne-based and satellite-
based systems in particular provide information on the near-surface spatial distribution.
However, there are still a variety of limitations, such as the need for parallel ground
measurements (Envisat ASAR), uncertainties in polarimetric decomposition techniques
(polarimetric SAR), very limited information from remote sensing methods about vegetated
surfaces and the non-availability of continuous measurements. The model experiments
showed the importance of soil moisture as an initial condition for physically based flood
modelling. However, the observed moisture data reflect the surface or near-surface soil
moisture only. Hence, only saturated overland flow might be related to these data. Other
flood generation processes influenced by catchment wetness in the subsurface such as
subsurface storm flow or quick groundwater drainage cannot be assessed by these data. One
has to acknowledge that, in spite of innovative measuring techniques on all spatial scales,
soil moisture data for entire vegetated catchments are still today not operationally available.
Therefore, observations of soil moisture should primarily be used to improve the quality of
continuous, distributed hydrological catchment models that simulate the spatial distribution
of moisture internally. Thus, when and where soil moisture data are available, they should
be compared with their simulated equivalents in order to improve the parameter estimates
and possibly the structure of the hydrological model.

Keywords Soil moisture - Remote sensing - Hydrological modelling - Flood forecasting -
Soil moisture measurement comparison

1 Introduction
1.1 Flood generation in headwater catchments and the role of soil moisture

Flood generation in mountainous headwater catchments is governed by conditions that
make flood simulations particularly challenging. The outflow from these catchments is
generally large and responds quickly to storm events: slopes are typically steep, the storage
capacity of shallow soils is low and, due to high average precipitation and low average
temperatures, the initial soil moisture is often increased compared with other environ-
ments. In addition, headwater catchments are typically small. Therefore, the flood simu-
lation is not only sensitive to errors in the observed and predicted rainfall intensities but it
is particularly sensitive to errors in the observed and predicted spatial distribution of
rainfall. In consequence, reliable flood warnings can be issued only for short lead times.
Short lead times, together with short response times, constitute the particular threat posed
by floods in such flashy catchments.
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Fig. 1 Scheme of flood runoff generation processes (from Bronstert 2005)

The magnitude of a mountain flood is governed by the spatial-temporal pattern of the
rainstorm (Bronstert and Bardossy 2003; Ehret 2003; Zehe et al. 2005) and, due to the
nonlinear behaviour of the runoff generation processes (Uhlenbrook and Leibundgut 2002),
by the state of the catchment prior to the rainfall, e.g. by the spatial pattern of the soil
moisture and the groundwater conditions (most relevant is the depth of the water table
below the ground surface). The subsurface water conditions (both soil moisture and
groundwater) control the landscape capacity to store rainfall water (Merz and Plate 1997;
Zehe and Bloschl 2004; Bronstert and Bardossy 1999; Grayson and Bloschl 2001).

Flood runoff comprises different runoff generation processes, such as overland flow
caused either by infiltration excess (‘Hortonian runoff”) or by saturation excess (‘saturation
runoff’), subsurface storm flow (e.g. quick lateral flow due to transient saturation condi-
tions close to the soil surface or in a coarse soil layer overlying a zone of little or no
permeability, such as plough layer, argillic horizon or bedrock), or by a relatively quick
groundwater drainage into the channel system triggered by a steeper gradient of the
groundwater surface after heavy rainfall. Figure 1 depicts these flood runoff generation
processes on a hillslope scale.

The magnitude of most runoff generation processes depends on the wetness in the
particular catchment through the following mechanisms (see Fig. 2):

(a) rainfall (b) rainfall

NN

GD =

Fig. 2 Different runoff generation mechanisms for low and high catchment wetness (adapted from Dunne
et al. 1975): a before or at the start of the rainfall event: mainly groundwater drainage (GD) into the river R;
b after long rainfall period: increase in groundwater level, partially up to the land-surface generating
saturation excess SE and partially subsurface stormflow SSF towards R
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— High catchment wetness is expressed by a relatively high groundwater table and
steeper gradients of the groundwater surface. Additional rainfall will further enhance
groundwater exfiltration into the channel system.

— A high groundwater table also induces the unsaturated soil zone (between the soil
surface and the groundwater) to become rather shallow or even allow the groundwater
level to reach the soil surface. Rainfall on such areas can hardly infiltrate and will cause
saturation overland flow from the saturated areas into the channel.

— High soil moisture values boost the occurrence of subsurface storm flow mechanisms,
such as the quick subsurface transfer of infiltration water downslope towards the channel
system (Weiler and McDonnell 2007), thus contributing to overall flood runoff.

One should keep in mind that some other runoff generating processes, such as infil-
tration excess due to silted, crusted or even impermeable surfaces, do not depend primarily
on catchment wetness. Nonetheless, it has long been recognised (Dunne et al. 1975) that in
the case of subsurface-dominated flood generation mechanisms, a profound knowledge of
the catchment wetness conditions (average values, and possibly also the areal and vertical
distribution) prior to a rainstorm is considered to be an important information for an
improved forecast performance for flood runoff.

1.2 Key issues of flood simulations in headwater catchments: storm precipitation
and pre-event soil moisture

The simulation of flood events can have different intentions, e.g. for analysing the hydro-
logical process mechanisms and their interactions in generating floods, the assessment and
comparison of potential flood reduction measures or the forecasting of a flood discharge in
the river. Figure 3 shows the components of a typical forecasting system for floods in a
headwater catchment. Starting from an initialisation of the system state variables, a rainfall-
runoff model is driven by meteorological observations. Based on the observed rainfall
intensities only, the lead time is limited to the system’s response time. To enhance the lead
time, meteorological forecasts are used as boundary conditions in the forecast period.
Hydrological forecasts could be substantially improved by enhancing the spatial pre-
cision of rainfall observation and forecasts (Collier 2007; Younis et al. 2008). In particular,
a superior observation and regionalisation of rainfall will improve the representation of the
system’s state variables and thus reduce the uncertainty of a hydrological forecast.
However, the estimated meteorological input will always be subject to error. As a result,
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Fig. 3 Components of a flood forecasting system for small mountainous catchments based on rainfall-
runoff modelling
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the state variables will never be perfectly represented. This holds true particularly for state
variables, which are related to subsurface water storage and are thus considered to have an
essential impact on runoff generation (Aubert et al. 2003). The catchment conditions
reflected by these state variables are typically referred to as pre-event soil moisture or
antecedent wetness. A variety of strategies are available in order to cope with the issue of
pre-event moisture. Traditional approaches for event-based models consider the previous
rainfall (antecedent precipitation index, API) or the current catchment outflow as an
indicator of subsurface storage (Fedora and Beschta 1989; Pilgrim and Cordery 1993;
Berthet et al. 2009, Marchi et al. 2010). For continuous rainfall-runoff models, state
variables or model parameters are usually updated by assimilating the observed stream
flow prior to issuing a hydrological forecast (Refsgaard 1997).

Even though the relevance of catchment wetness for flash flood generation has been
analysed recently (e.g. by Borga et al. 2007), real soil moisture data are hardly used for
flash flood prediction. In contrast, (Marchi et al. 2010) have used antecedent precipitation
as significant descriptor of runoff coefficients for flash flood events in their analysis of
many European catchments, including the Weisseritz. Nevertheless, the past 10 years have
witnessed a development towards the direct integration of observed soil moisture. This
comprises the use of ground-based point measurements (e.g. by TDR probes) as well as
remotely sensed soil moisture patterns (e.g. by the ERS scatterometer) or combinations of
both. Soil moisture patterns have been used to initialise state variables (Goodrich et al.
1994; Jacobs et al. 2003; Weissling et al. 2007; Brocca et al. 2009; Noto et al. 2008) and to
update state variables by assimilation techniques (Pauwels et al. 2002; Aubert et al. 2003;
Francois et al. 2003; Crow et al. 2005). In addition, Parajka et al. (2006) explored the
potential to use remotely sensed soil moisture for model calibration and validation. Most
authors report that the use of soil moisture data increased the quality of hydrological
forecasts. However, according to Crow and Ryu (2009), the improvements achieved
through these efforts have been comparably low. They argue that antecedent moisture
conditions are of minor importance for intense storm events and that the error from the
estimation of antecedent soil moisture might be low compared with the error introduced by
rainfall estimation. Beyond this, they criticise the fact that assimilation techniques
designed for linear models might be ill-suited for the nonlinear relationship between
antecedent soil moisture and runoff. In general, the highest benefit from the assimilation of
remotely sensed soil moisture can be expected for ungauged basins where the assimilation
of stream flow data is not an option (Lakshmi 2004).

Despite (or because of) the above criticism, further research is required to explore the
limits and potentials of soil moisture assimilation in rainfall-runoff models. In this context,
an important question is, ‘How can soil moisture observations be related to the model’s
state variables? The answer to this question is—on the one hand—subject to the modelling
concept (e.g. lumped vs. distributed, event-based vs. continuous). For example, it has been
shown that the nonlinearity of the rainfall-runoff observation could better be captured if
spatially distributed soil moisture data were preferred over spatial averages (Bronstert and
Bardossy 1999; Merz and Bardossy 1998; Noto et al. 2008). On the other hand, the answer
to the above question is subject to the spatio-temporal scale of observation (Western et al.
2002). Observations might be characterised, e.g. by point- versus volume-integrated tech-
nologies, spatial resolution or point density, vertical range and vertical resolution as well as
temporal resolution. In order to develop optimal assimilation strategies, we have to improve
our understanding of scale transitions in the observation of soil moisture. For this purpose,
the observation of soil moisture at multiple scales has to be combined with modelling
concepts at multiple scales. In this paper, we report on our work towards a better assessment
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of pre-event soil moisture as a major regulator for the transfer of storm rainfall to flood
runoff, thus focusing on the moisture assimilation component of the forecast chain.

2 Soil moisture measurements: different methods and associated scales
2.1 Variability of soil moisture at different spatial scales

Surface soil moisture varies in space and time. This variability is caused by boundary
fluxes of energy and mass, such as the processes of infiltration, evaporation, plant water
uptake, deep drainage, groundwater fluctuation or surface runoff. But media properties,
such as soil hydraulic properties or macropores, also control the soil moisture distribution
over the different domains and give feed back to the boundary conditions, whereby these
properties themselves depend on the soil water content. Thus, it is a complex interplay of
soil moisture and the controlling factors, implying that at different scales different pro-
cesses and properties are important in this complex interaction. Bloschl and Sivapalan
(1995) have worked out a concept of spatial heterogeneity of different media at different
scales in a catchment. Characteristic variations in soil moisture relevant for the generation
of runoff during and after heavy rainfall events can be observed in a number of different
spatial scales that were affected by the properties in those scales.

At the point scale (extent: few centimetres), one can often observe differences in soil
moisture over short distances, which can look like an almost random distribution. We will
therefore refer to the spatial distribution at this scale as the ‘micro-scale random vari-
ability’. This random variability can also be invoked by the soil moisture measurement
method itself (e.g. Evett et al. 2009).

At the field scale (extent: 10-100 m) with relatively homogenous landscape features
such as land use, soil types or topography, soil moisture variability is mainly controlled by
soil water retention and the hydraulic conductivity, which depends primarily on the soil
texture, macropores, porosity, bulk density or organic matter. At this scale, soil moisture
can be considered to be rather homogenous at saturation (Harter and Zhang 1999), e.g.
after a heavy rainfall event, because the spatial variability of porosity is relatively small
(Corwin et al. 2006). After Vereecken et al. (2007), the soil moisture variability increases
during the process of drying, until the variability reaches a maximum and by further drying
decreases again. For example, Zehe and Bloschl (2004) found that the variability in soil
water content observed within a cluster of 25 TDR measurements at a 4-m” plot was as
large as the soil moisture variance observed at 61 locations in the 3.2 km? Northern part of
the Weiherbach catchment.

At the hillslope scale (extent: 20—1,000 m), the soil moisture distribution is frequently
correlated with topography (e.g. Taumer et al. 2006; Weihermuller et al. 2007), which may
be directly linked to the lateral redistribution of water along the topography, but also
indirectly due to differences in soil characteristics (e.g. more alluvial soils and shallow
groundwater depths at the hillslope bottoms), differences in meteorological forcing (e.g.
exposition to solar radiation; shadowing effects) or due to changes in land use. At this
scale, the overall soil moisture pattern can be explained as organised variability type, while
the possible small-scale variations can be explained as subscale random variability type.

At the catchment scale (extent: 1-100 km), especially in mountainous areas, one major
source of soil moisture variability is precipitation, such as fractional and orographic
rainfall or snowfall and snow melt. Ryu and Famiglietti (2005) showed that even in areas
with no distinct topography, the soil moisture variability due to fractional rainfall may be

@ Springer



Nat Hazards (2012) 60:879-914 885

larger than soil heterogeneity. Nonetheless, different morphological landscape units (e.g.
mountain slopes vs. valley bottoms or flood plains) and associated features like topogra-
phy, geology, geomorphology, soil types, groundwater and interactions with surface waters
(rivers and lakes) are of high relevance for soil moisture variability (Choi et al. 2007). One
has to remember that groundwater is the major factor controlling soil moisture in deeper
soil layers and thus partly controlling runoff generation processes.

2.2 Set-up of the multi-scale soil moisture observation experiment

Various studies (Wagner et al. 2004; Robinson et al. 2008a, b; Vereecken et al. 2008) have
discussed different sensor techniques to monitor soil moisture at several hydrologically
important scales. Techniques covering larger scales (mainly by remote sensing) have
generally a low penetration depth (a few centimetres), which is why the information
obtained for deeper soils are limited (Martinez et al. 2008). In addition, they have a
relatively coarse resolution in space and time, so they do not capture small-scale vari-
ability, and remote sensing-based estimation of soil moisture beneath a vegetation cover is
disturbed depending on the density of the coverage (see, e.g. Sects. 3.2 and 3.3 in this
paper). On the other hand, small-scale, ground-based measurements have the ability to
measure small-scale variability and soil moisture at different depths of interest, but the
sampling size and the total spatial coverage are very limited. However, no measurement
technology exists capable of measuring soil moisture in any desired spatial resolution and
temporal frequency. Thus, the aim of this study is to integrate the positive properties of the
different measurement technologies and sensors and to assess the potentials of such
observations for a subsequent use in flood simulations.

We selected the Weisseritz catchment in the Ore-Mountains, Saxony, Germany, as the
investigation area, which is known for severe flood events, i.e. very fast and intense runoff
response after heavy precipitation events. The Weisseritz basin is located between 50°40/
and 51°03’ northern latitude and 13°31’ and 13°45" eastern longitude (see Fig. 4).

50°50" N

Ammelsdorf Elevation (m)

. O <550
(49 km?) 550 — 600

600 - 650
650 - 700
700 - 750
750 - 800
> 800

13°35' E

EEO0O0OO

GERMANY

Dresden
[

Fig. 4 Location of the Weisseritz catchment (left), and the headwater upstream gauge Ammelsdorf (right).
The triangle indicates the location of the stream gauge. The white lines display subcatchment boundaries
(not used in this study)
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It contains two main channels, the Red and the Wild Weisseritz, which jointly contribute to
the Elbe River in the city of Dresden. The whole basin covers an area of 384 km” and
stretches over 15 km from north to south, with an average elevation of approximately
730 m asl (ranging between 910 m asl and 120 m asl at the inflow into the Elbe River in
Dresden). About 60% of the basin is forest, dominated by conifers, while 20% grasslands,
10% arable land, 4% upland bog, and 6% settlements characterise the remaining parts of
the catchment. Annual rainfall is approximately 950-1,050 mm, and average annual
temperature is between 4 and 5.5°C. The headwater catchment upstream of the gauge at
Ammelsdorf (catchment area: 49.3 km?, altitude ranging between 910 m asl and 527 m
asl, see Fig. 4) is the experimental area where the multi-scale soil moisture measurements
have been taken and various flood events have been simulated.

At the point scale, near-surface soil moisture was measured on selected days (field
campaign snapshots, conducted by approx. five persons simultaneously) with fairly high
areal resolution by using hand-held Theta probes. In addition, for calibration purposes,
thermogravimetric moisture measurements of soil samples have been executed. At the field
scale, spatial time domain reflectometry (STDR) clusters have been installed at two
locations within the headwater to record the small-scale variability (in area and depth) and
the temporal dynamics of the soil moisture at those areas over a period of several years. On
the same days as the field campaigns, ground-penetrating radar (GPR) observations were
made at the field and hillslope scales (two sites). At the catchment scale, a campaign for
airborne multi-polarisation microwave remote sensing was conducted, and for the whole
catchment, active microwave satellite remote sensing data were analysed to derive the
near-surface soil moisture pattern.

The combination of these techniques aims to derive a multi-scale picture of the spatial
distribution of the soil moisture. The remote sensing techniques were compared with
ground-based observations by means of the field campaigns with the FDR (frequency
domain reflectometry) probes for two intensive measurement fields (size: 50 m x 50 m;
5-10 m measurement resolution; land use: pasture and bare soil), for eight extensive
measurement fields (area size: 320 m x 80 m; 20 m resolution; land uses: winter wheat,
winter triticale, winter barley, winter rye, winter rape, oats, maize and grassland; mea-
surement resolution 20 m x 20 m), and by GPR explorations on the same two fields where
the intensive FDR measurements had been executed. Moreover, the continuous STDR
measurements were analysed in order to identify a relationship between the near-surface (a
few cm) moisture (measured during the field campaigns) and the soil layers to a depth of
60 cm. Thus, information on the soil water at some deeper soil depths was derived from the
STDR results with two differing land covers and topography. Apart from the very recent
work of Koyama et al. (2010), there is hardly any other study known which combines so
many different sensor methods and measurement scales. The properties of the applied
technologies are listed in Table 1, and Fig. 5 depicts an overview of the different spatial
scales related to these technologies.

Besides the thermogravimetric measurements, all applied techniques are based on the
reflection of electromagnetic waves and the estimation of the electrical permittivity. There is
a petro-physical relationship between electrical permittivity and soil moisture, which
depends on soil texture, clay content, organic content and bulk density. A broad overview of
different petro-physical models is given by Lesmes and Friedman (2005). Here, we used a
linear relationship proposed by Herkelrath et al. (1991), which has been adapted to the
specific site conditions. This relationship formed the basis for all subsequent transformations
of the measured signals of FDR (Theta probe), GPR and STDR sensors. In the following, we
briefly summarise the different scale-specific measurement techniques applied in this study.
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2.2.1 Plot scale

Thermogravimetric measurements. A popular and long-existing method for measuring the
soil water content is the determination of weight losses due to soil drying. The disad-
vantage is that it is a destructive method, so that a continuous monitoring of soil moisture is
not possible. During our second measurement campaign, we collected 187 oven-dried and
weighted (wet vs. dry) soil core samples (diameter = 5.6 cm, height = 4.1, volume
100 cm®) at five different plots.

FDR probes. Hand-held FDR probes (length: 6 cm) of the type Theta probe (DELTA-
T) (Gaskin and Miller 1996) were used to observe near-surface soil moisture in four
measurement campaigns in April and May 2008. Two spatial sampling schemes were
implemented, for both intensive and extensive sampling (see Fig. 5). For the intensively
equipped scheme (two plots covered by pasture and ploughed bare soil), a spatial extent
of 50 m x 50 m with a sampling resolution of 10 m x 10 m was chosen, yielding in
total 57 measurement points. In the centre of the two areas, the sampling resolution was
increased to 5 m x 5 m. Each point measurement was repeated three times to reduce
measurement errors. The extensive schemes (eight fields covered with different types of
crops) consist of areas of 320 m x 80 m with a sampling resolution of 20 m x 20 m,
yielding in total 85 measurement points. Thus, the small but densely sampled area can be
referred to the plot scale, while the ‘extensive schemes’ can be referred to the field scale
(next section).

Fig. 5 Spatial arrangement of Plot scale (>0.001 km?)
the different soil moisture
measurements from the point
scale (singe FDR or TDR probe),
plot scale (STDR cluster), field
and hillslope scale (both GPR
and spatially dense, manual FDR
campaigns), to the catchments
scale (airborne or satellite remote
sensing), conducted in Weisseritz
catchment, Ore-Mountains,
Saxony, Germany. Note that the
measurements at the different
scales are organised in a nested
manner. Further explanation of
measurement techniques and
resolutions are given in Table 1

10m

STDR plot

Field/Hillslope scale (>0.01 km?)
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2.2.2 Field scale

STDR. Conventional TDR measurements (reviews are given by e.g. Robinson et al. 2003;
Cassiani et al. 2006) can be used to estimate the mean soil moisture of the surrounding soil
via the reflected travel time of an electromagnetic wave along the waveguide. Several
authors have shown (Feng et al. 1999; Oswald et al. 2003; Schlaeger 2005; Greco 2006)
that the reflected signal can deliver information on the water content along the sampled
profile. To quantify the spatial distribution of the water content along the wave guide, an
inverse signal analysing technology has been introduced by Graeff et al. (2010) and called
it ‘STDR’ (spatial time domain reflectometry). The joint analysis of a number of wave
guides distributed over an area of a few hundreds of m? (in our case 225 m?) may yield a
spatial (in area and depth) and temporal distribution of the soil moisture. We term the
combination of several STDR probes as ‘STDR cluster’. Our STDR clusters combine up to
39 single spatial TDR sensors of 60 cm depth. The total sampling time for all 39 sensors is
about 10 min. Two STDR clusters have been installed in the headwater of the Weisseritz
catchment close to the gauge Rehefeld on a hillslope covered with pasture (‘pasture
cluster’) and on another dominated by conifer forest (‘forest cluster’).

GPR. GPR (ground-penetrating radar) enables the estimation of soil water content and
its variation from a point up to the field scale (e.g. Galagedara et al. 2005a; Grote et al.
2002; Huisman et al. 2001, 2002; Schmalholz 2007; Van Overmeeren et al. 1997, Huisman
et al. (2003). The physical principle of GPR is the same as of TDR measurement. The main
difference is that TDR uses a guided electromagnetic wave, whereas the GPR technique is
based on an unguided wave. In this study, we used the signal of the direct groundwave
(Wollny 1999), which is the electromagnetic wave, which directly propagates below the
soil surface from the transmitter to the receiver. Compared with the STDR method, the
direct groundwave method enables the non-invasive and rapid collection of data over a
larger area. However, it is not possible to resolve the soil moisture variation over depth. In
this study, we have used an experimental GPR set-up, which has been proposed and
described in detail by Huisman et al. (2001). Under these conditions, the sampling depth is
8-12 cm depending mainly on the soil moisture content (Galagedara et al. 2005b).

2.2.3 Catchment scale: SAR remote sensing

Remote sensing techniques clearly enhance the spatial coverage of surface or near-surface
earth properties. Radar remote sensing can add spatial information on snow cover and soil
moisture by estimating the dielectric properties and the geometric structure of bare soil
surfaces through analysing the sensitivity of microwave scattering. However, these variables
cannot be measured directly, and the accuracy achievable is clearly below the accuracy
through ground measurements. The advantage of radar remote sensing (compared with
optical remote sensing) is its cloud-independent imaging capability and its potential to
acquire subsurface information dependent on the microwave frequency. Several methods
have been developed to assess the soil moisture conditions on bare surfaces. However, ground
surfaces in most climate zones are at least partly covered with vegetation, which makes the
consideration of soil cover mandatory for such regions, in spite of the associated difficulties.

Microwave remote sensing from aircraft. A new polarimetric decomposition and
inversion algorithm of the microwave signals recorded by the airborne sensors has been
developed for bare fields as well as for vegetation-covered fields. For the airborne sensed
vegetation cover, the ground components can be used after removal of the volume com-
ponent. A range of different frequencies (X-band (9.6 GHz), C-band (5.3 GHz), L-band
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(1.3 GHz), P-band (0.35 GHz)) was investigated for soil moisture estimation suitability.
Finally, the L-band was identified as the most suitable for penetration into a volume of
agricultural vegetation. The algorithm is not based on empirical relations and therefore does
not need calibration through ground measurements. Recent publications on polarimetric
decomposition techniques show their capabilities (e.g. Cloude and Pottier 1996; Freeman
and Durden 1998; Yamaguchi et al. 2005; van Zyl et al. 2008; Lee and Pottier 2009),
whereas the details of the polarimetric decomposition and inversion algorithm for soil
moisture estimation on bare soils, as well as under vegetation, are presented by Hajnsek
et al. (2009), Jagdhuber et al. (2009), Cloude and Pottier (1997) and Hajnsek et al. (2003).

Microwave remote sensing from satellites. As mentioned above, a satellite system for
the estimation of soil moisture should ideally record full polarimetric data in L- or C-band,
in order to ensure on the one hand the penetration depth and on the other to detect the
influence of the vegetation canopy. These requirements are presently best met by the
ALOS PALSAR system (L-band, full polarisation), but its data access for users is difficult.
The suitability of the Envisat ASAR system, characterised by dual-polarised C-band data,
is reduced concerning the moisture estimation but it is advantageous regarding data
availability. Thus, for this study, data from four dates in 2008 (24th April; 3rd May; 10th
May; 16th May) could be used from this system. The data were recorded in the Image (IM)
mode (operation direction: Ascending/Descending), VV and VH polarisation and incident
angles of 19-35 degrees. This C-band data possess a pixel size of 25 m and a penetration
depth of few centimetres. Compared with the airborne system described before, the
potential of the ASAR satellite-based C-band data is much reduced due to the shorter
wavelength and the absence of full polarisation. Thus, substantial efforts are required to
derive a ground measurement—based empirical relationship between satellite data and
actual soil moisture. Therefore, in the period from 24th April to 16th May 2008, four
ground measurement campaigns of the surface soil moisture were conducted on the days of
the satellite overflights, monitoring eight fields of 320 m x 80 m size in a spatial reso-
lution of 20 m by means of the Theta probe. The eight fields differ in the covering crop
type, representing winter wheat, winter triticale, winter barley, winter rye, winter rape,
oats, maize and grassland. In addition to soil moisture, plant development parameters
(biomass, plant moisture, plant height, and proportion of coverage) were collected.

An empirical linear relationship between satellite and ground data was derived for each
date guided by using the two backscattering coefficients from the satellite (in vertical
polarisation and in horizontal polarisation, respectively), and the ground-measured data by
FDR, both restricted to data from bare soil plots. This derivation used two-thirds of the
bare plot data as training data and one-third for the validation. For every single satellite
acquisition date, one specific empirical relationship was estimated and applied to all fields
of arable land in the central area of the Weisseritz catchment.

3 Exemplary results of the multi-scale soil moisture observations
in the Weisseritz area

3.1 Point scale to field scale: STDR clusters, GPR and FDR campaigns

3.1.1 Individual STDR probes

Figure 6 shows the high variability of soil moisture content recorded from the individual
STDR probes of the STDR cluster ‘pasture’ at the location Rehefeld starting from a few
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days before and lasting a few days after the measurement campaigns. The probes of the
STDR cluster cover an area of approx. 15 m x 15 m. The missing data in 2008 are due to
a power failure at the measurement station. The total range of the recorded soil moisture
reflects small-scale heterogeneity within this plot. The soil moisture values range from 13
Vol% at probes with high gravel content to 44 Vol% where soil particles of smaller size
dominate. Note that all probes show similar relative soil moisture dynamics, i.e. the
absolute values differ (due to the small-scale heterogeneity) but the variations in time are
much the same, which is reflected by the high correlation coefficients between the probes
(> 0.90). Before the first measurement campaign, several smaller precipitation events
occurred, causing an increase in water content (Fig. 6a, c¢). During the campaigning days, a
certain drying of the soil can be seen. The second campaign in particular was characterised
by drying of the soil due to water loss by evapotranspiration (Fig. 6b, c). The signals
obtained from all STDR probes have been inverted, yielding vertically resolved soil
moisture information (not shown here).

3.1.2 STDR and GPR measurements and FDR campaigns at the sites
of the 2 STDR clusters

As part of the field campaigns, the soil moisture close to the areas of the two STDR clusters
was additionally monitored at the two campaigning days by hand-held FDR probes (‘Theta
probes’) and by GPR, respectively. The resulting data obtained by FDR and GPR are
summarised in the upper graphs of Fig. 7. The data collected with the two STDR clusters
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Fig. 6 Observations from the STDR cluster pasture location: Precipitation (above) and vertically
integrated soil moisture dynamics (below) some days before and after the measurement campaigns in 2007
(a, ¢) and 2008 (b, d). Each line in the plots ¢ and d represent the recorded soil moisture of an STDR probe.
The red bars mark the dates of the measurement campaigns
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Fig. 7 Box plots of the measurements during the field campaign collected by FDR probes (upper left),
GPR (upper right), and the STDR clusters ‘forest’ (lower left) and ‘pasture’ (lower right). The STDR data
contain the depth-averaged values of each probe

on the same days are shown in the lower graphs. FDR and GPR data show higher water
contents than the two STDR clusters. The data of the two clusters (pasture and forest) show
relatively few variations on all 4 days. The FDR data show a wetting between May 29 and
May 30, which may be due to a rainfall event of approximately 5 mm during that period.
Afterwards, the data show a soil drying until June 1. The GPR and the STDR data do not
reveal that kind of dynamic. These differences can be explained by the fact that FDR
probes measure the upper soil layer only (6 cm), which is strongly affected by meteoro-
logical forcing. The GPR instrument measures to a depth of 8—12 cm depending on the soil
moisture. And we assume that this depth experienced less wetting from the 5-mm pre-
cipitation event. The STDR cluster data are averaged values for the upper 60 cm soil layer,
so the relatively small rainfall will hardly affect the mean value of this layer. The spatial
soil moisture patterns observed by GPR are—at least partly—detectable in the results of
the three individual GPR campaigns and also agree rather well with the results obtained
from the other measurement techniques at this scale, such as FDR and the thermogravi-
metric method (not shown here).

3.1.3 FDR campaigns at different fields
The repeated measurements for soil moisture by FDR (Theta probes) in different fields
during the campaign in spring 2008 permit the data analysis under two different aspects:

the temporal dynamics and the spatial comparison of moisture characteristics for different
fields at specific dates. Within a certain crop (see Table 2), e.g. winter wheat, we observed
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a continuing decrease in the soil moisture. From a rather high value of 27.6 Vol% (vol-
umetric water content) at 24th April 2008, despite occasional precipitation events during
the campaign, the soil moisture decreased to 12.6 Vol% (16th May 2008). The warm and
dry weather period starting from the beginning of May amplified the rapid drying of the
surface at the end of the campaign. The comparison of measurements made for different
crop types on a single date (e.g. at 24th April 2008) reveals a spatial range in moisture from
22 to 42 Vol%. In particular, the fields which are already covered with relatively dense
grass vegetation show high soil moisture values, which can be explained by the canopy
acting as a kind of insulation against soil evaporation while plant transpiration is still very
low at the beginning of the vegetation period.

The plant growth status (see Table 2) has a crucial influence on the estimation of soil
moisture by remote sensing radar methods. Depending on the crop type, this influence is
very small at the beginning of the campaign and increases with the growth of the plants.
Thus, the dry biomass of winter wheat increased clearly in the observed weeks; it rose from
12 g/m? to approximately 100 g/m?. In the same period, the plant height rose from 7 cm to
18 cm and the canopy coverage increased from 9 to 75%. In contrast, the soil surface
roughness (summarising the geometrical features of the soil surface as boundary condition
for the radar wave), the other influential parameter for radar-based soil moisture estima-
tion, is stable over the period. Therefore, the roughness does not influence the backscatter—
soil moisture relationship on the campaign days.

3.2 Small catchment scale: airborne multi-polarization microwave sensing

In order to achieve a reasonable soil moisture inversion in the case of vegetation-covered
surfaces, the complex SAR scattering signal and the interacting scattering phenomena need
to be analysed. The vegetation height of agricultural crops can reach a height of up to
approx. 2 m and can have a strong vegetation orientation. In this case, the electromagnetic
wave is propagating into the vegetation volume and has interactions with (a) the surface
(surface scattering), (b) the surface and the stalks (dihedral scattering) and (c) with the
volume (volume scattering) itself. Depending on the transmitted polarisation and wave-
length, the electromagnetic wave propagates more or less strongly into the volume.
Therefore, the main task in processing multi-frequency microwaves is to separate the
different scattering contributions in order to decouple the volume component from the
surface and the dihedral scattering contributions of the ground components. One promising
way to separate the volume component from the ground component is the use of polari-
metric diversity. SAR polarimetry is sensitive to the dielectric constant and the geometry
of an illuminated object and is therefore able to distinguish different scattering mechanisms
occurring within one resolution cell. The scattering object can be described by four ele-
ments of the transmitted and the received vector waves in horizontal (H) and vertical
(V) polarisation, resulting in the following elements: HH, HV, VV and VH. Hence, the
complex scattering matrix has five (3 amplitudes and 2 phases) independent parameters
that can be used for physical parameter inversion. The polarimetric decomposition and
inversion algorithm mentioned in Sect. 2.2.3 was applied on the L-band data set, recorded
on the 30th/31st May 2007 by the DLR’s E-SAR sensor. The conversion of the electrical
permittivity into soil moisture is conducted with the same site-specific petro-physical
model used in the processing of the TDR and GPR signals before.

Figure 8a shows the results of the different decomposition methods for the data of 31st
May 2007. The different decomposition methods, their areal fraction and the assigned
colours are listed in the legend to Fig. 8a. About 50% of the orientation cases can be
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Fig. 8 a Map of different decomposition methods; b result of model-based three-component decompo-
sition (red: dihedral scattering, green: volume scattering, blue: surface scattering); ¢ estimated soil moisture
from all inversion approaches. White colour represents non-invertible pixels (averaging window: 4 x 4)

assigned to random orientation (blue and yellow colours in Fig. 8a). Here, a major part of
the dihedral dominant (21%) areas are located in the forested regions on the upper right of
the image, while in the surface-dominant case (31%), the regions are located in areas with
steep incidence angles. Further, 18% of the pixels have a vertical oriented volume and a
dihedral scattering dominance. Therefore, these areas are mainly assigned to the forested
areas and demonstrate the reasonable separation of the different scattering scenarios using
the developed approach.

In Fig. 8b the normalised result of the model-based three-component decomposition is
depicted as an RGB image, whereas the dihedral component is set to red, the volume
component is set to green and the surface component is set to blue. The volume-dominated
areas in green are clearly visible in the forested regions as well as in the urban areas. On the
agricultural fields, the dihedral and surface components dominate compared with the
volume component. Whether a field appears to have a dihedral or surface-dominant scatter
depends on whether the field is already covered with a distinct vegetation layer or is still
almost bare.

Figure 8c presents the estimated soil moisture for all applied decomposition methods
merged in one image. The soil moisture ranges from 0 to 60 Vol%, whereas white areas are
non-invertible. Compared with the model-based decomposition (Fig. 8b), the soil moisture
inversion in the areas with dominant volume scattering (mainly forests: strong green
colour) reveals rather sparse soil moisture results, which can be explained by the deficient
modelling of the complex forest scattering. In addition, the near-range areas along the
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Table 3 Vegetation parameters and measured (FDR) and estimated (SAR) soil moisture values at the three
fields, respectively, recorded during the field campaign 30th/31st May 2007 (statistical parameters: field-
averaged values, root mean square error (RMSE), standard deviation within each field (STDV))

Vegetation parameters Soil moisture (Vol%)

Plant height ~ Row distance =~ Wet biomass Average value RMSE STDV

(cm) (cm) (kg/m®)

Measured Estimated
Winter 85 10 3.34 29.8 325 8.0 12.6
triticale

Field grass 27 10 1.13 32.0 36.8 9.9 10.6
Maize 16 75 0.1 27.0 31.2 9.5 14.2

azimuth direction also show a reduced inversion density arising from the steep slopes down
to the Weisseritz river, which results in an almost perpendicular incidence angle (<20°),
where the sensitivity to polarimetry is strongly reduced. For the agricultural fields, mostly
located in the centre of the image, the inversion is quite homogenous especially on the less-
vegetated fields (coloured in cyan in Fig. 8a), representing a horizontal volume with an
underlying surface scatter.

A statistical comparison of the remotely sensed soil moisture estimates with the ground
measurements from the FDR probes is given in Table 3 for three different land cover types.
For the determination of the remotely sensed soil moisture estimates, 13 x 13 pixels
around the ground sampling points were analysed, and the invertible pixels used for
averaging. Only boxes with at least 25% of invertible pixels were considered to avoid
outlier problems. The correlations between measured and estimated values for the three
different fields (winter triticale, field grass and maize) exhibit a RMSE between 8.0 and 9.9
Vol%. Table 3 also shows key characteristics of the different crops, illustrating that the
vegetation height differs between 16 and 85 cm and the wet biomass ranges from 0.1 to
3.34 kg/m®. The STDV varies from 10.6 to 14.2 Vol% and therefore indicates a rather high
variability at the subfield scale, both the backscattering patterns and/or the soil moisture
itself. In addition, the mean ‘ground-measured’ (by FDR sampling) and ‘mean remotely
sensed’ values (by SAR estimates) are given, with a maximum bias of 5 Vol%. Hence, the
performed inversion of the mean surface soil moisture of the agricultural fields seems to be
robust in the range of about 5 Vol%.

3.3 Extrapolation to larger catchments: satellite remote sensing of active microwaves

The ground measurements of soil moisture and canopy density (see Table 2) formed the
basis to derive the empirical relationships between ground-measured and the satellite-
based data for the 2008 field campaign. As long as the ground is not covered by dense
vegetation, the derivation of this relationship is straightforward. However, it is obvious that
the ASAR data from the densely covered grassland site are of little use to derive a profound
relationship with the soil moisture of that field, and thus, the fields covered by grassland
were not considered. A similar situation was experienced for the fields covered with winter
rape, where the high canopy surface roughness disables the derivation of a profound
correlation with soil moisture. Based on empirical experiences, we considered 50% of soil
coverage or 100 g/m? of dry biomass as an upper limit for which a profound correlation
function from reflecting signal (ASAR) and ground-measured moisture (by FDR) could be
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Fig. 9 Correlation plots between ground-measured and satellite-based (estimated) water content for
aggregated ground measurements with different crop types based on one common function for the four dates
of the measurement campaign. RSME and MAE are derived from all measurement data (training and
validation sets), adj R? is based on each specific empirical relationship

determined. The fields with a vegetation cover below this limit value were defined as ‘bare
plots’ and used to derive the correlations functions.

The resulting correlation plots for all the surfaces studied, except grassland, are shown
in Fig. 9. One can see a reasonable correlation between the ground-measured values and
the satellite data at all four dates for the bare surfaces such as rye at 24th April, wheat at
3rd May and maize at 16th May. The poor correlation for triticale at 24th April is to be
explained on the one hand by the high soil moisture of approximately 40 Vol% (Baghdadi
et al. 2006) and on the other hand by the high roughness of this particular field, where boars
had rumpled the surface intensively. The fields where the vegetation height and density
increased during the course of the ground measurement campaign are characterised by a
decreasing correlation, such as triticale and winter barley at the first measuring date and
later on all winter crops. By 16th May, only the summer crops of maize and oats can be
estimated satisfactorily by satellite; for all other test fields the higher canopy density
interfered with the backscattering which resulted in a clear overestimation of the moisture.
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Fig. 10 Box-whisker plots for the water content estimated from ASAR data (‘estimated’) and from ground
measurements (‘measured’) at 24th April 2008

In Fig. 10 and Tables 4 and 5 the statistical properties of the soil moisture data observed
from space and from the ground are compared. One can see that for April 24, satellite-
based and ground-measured data of winter wheat, winter barley and winter rye show
similar statistical features. Table 5 shows that the high accuracy of the satellite-based data
for the wheat test site lasts until May 10 (RMSE approx. 1 Vol%), and that by May 16, the
high vegetation density decreases the performance (RMSE 8.3 Vol%). The statistical
results for triticale reveal a large difference between ground- and satellite-based data,
which is due to the unusual surface roughness of that field, as explained before. A similar
difference is recorded for maize and oats. While for maize the remarkable roughness due to
the typical land management (ploughing before sowing creates a furrow structure of 15 cm
broad strips with micro-elevation differences of 10 cm) might be a cause of the under-
estimation from space, no clear explanation for the underestimation could be identified for
the oat test field. Despite the limitations discussed, it is worth noting that the mean soil
moisture of all measured test sites (average of all ground data: 28 Vol%) is determined
with an error less than 3 Vol% (average of all data from the satellite: 27 Vol%). This
accuracy still holds for May 3 (26 Vol% vs. 27 Vol%) and for May 10 (18 Vol% vs. 19
Vol%). By May 16, however, the difference increases to 7 Vol% (13 Vol% vs. 20 Vol%)
due to the increased vegetation cover.

Figure 11 displays the dynamics and the spatial distribution of the soil moisture of the
agricultural fields during the measurement campaign, all determined from the four ASAR
datasets. One can see that the moisture decreases from the first to the third date and also the
erroneous increase from the third to the fourth date because of the soil moisture overes-
timation due to the increased vegetation cover. It should be noted that the soil moisture of
winter rape fields in particular (e.g. coloured red in the third image) is not estimated
correctly at all dates, because the vegetation cover is rather dense, even at the beginning of
the measurements. The same comment is valid for the grassland areas, as explained above.
For all other winter and summer crops, the derived correlation between ground and satellite
data is considered to be reliable until the 3rd date (May 10). At May 16, only the fields of
maize, oats and summer barley (pink, magenta and dark-green in the land use map) are
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Table 5 Changes in statistical properties for the water content [m3/m3] estimated from ASAR data (‘e.”)
and from ground-measured data (‘m.’) on the winter wheat test field during the four dates of the spring 2008
measurement campaign

24th April 03rd May 10th May 16th May

m. e. m. e. m. e. m. e.
Mean 0.271 0.270 0.248 0.239 0.174 0.181 0.118 0.200
Variance 0.022 0.008 0.010 0.022 0.012 0.003 0.023 0.001
Ist quartile 0.261 0.267 0.010 0.022 0.012 0.003 0.106 0.197
2nd quartile 0.270 0.271 0.251 0.233 0.174 0.181 0.114 0.200
3rd quartile 0.276 0.276 0.254 0.241 0.180 0.184 0.129 0.203
Min. value 0.233 0.237 0.223 0.221 0.155 0.173 0.097 0.192
Max. value 0.311 0.286 0.261 0.283 0.197 0.194 0.147 0.206
RMSE 0.013 0.016 0.014 0.083
MAE 0.010 0.013 0.012 0.082

covered with somewhat sparse vegetation, which allows the relationship of backscattering
signal and soil moisture to be applied reliably.

4 Simulation experiments on the influence of pre-event soil moisture
on flood simulation

As described in the introduction, a major motivation for the multi-scale soil moisture
observations is to investigate and evaluate the potential for further use in modelling
catchment hydrology or even flood forecasting (Fig. 3). The requirements for such a model
are as follows:

— It has to work in a distributed manner to be able to account for the spatially distributed
soil moisture information, as well as the spatial data of land use and topography;

— It has to account for the governing hydrological processes, and—in the case of flood
simulation—for flood-generating processes, which in the Weisseritz area are saturation
excess overland flow and fast reacting subsurface flow mechanisms such as quick
ground drainage flow and eventually subsurface stormflow (see Figs. 1, 2);

— It should provide a flexible model structure and an efficient coding to enable the
integration of soil moisture data into the simulation process and to perform sufficiently
fast model runs.

4.1 Short description of the model used

Based on these considerations, the hydrological model WaSiM-ETH, which is a modular,
deterministic, process-oriented and distributed model for meso-scale catchments (Klok
et al. 2001; Gurtz et al. 2003), has been selected. It was adapted and further applied to the
Weisseritz catchment upstream of the gauge at Ammelsdorf, see Fig. 4. The chosen spatial
discretisation is 100 m, the simulation time step 1 h, which is considered small enough to
enable an appropriate representation of the governing flood runoff mechanisms. Rainfall
data in hourly resolution were taken from five available meteorological stations within and
nearby the catchment, spatially interpolated by inverse distance weighting.
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WaSIM-ETH offers various options to represent soil moisture stores and fluxes (Schulla
1997; Schulla and Jasper 2007). We used the version, where the unsaturated zone water
fluxes are described in a simplified manner, by conceptually distinguishing three different
subsurface water storages: (a) field capacity unsaturated storage, (b) gravitational (above
field capacity) unsaturated storage and (c) saturated storage. The field capacity unsaturated
storage is vertically subdivided into the root zone and the below-root zone, where the water
in the root zone represents the plant available store (PAS). When infiltration into the soil
occurs (which is calculated in a preceding step), water fills the field capacity unsaturated
storage if free pore space is still available (non-saturated conditions). Otherwise, the
infiltration water enters the gravitational unsaturated zone. The gravitational unsaturated
zone storage either generates interflow (which exfiltrates into the river system) or perco-
lates into the saturated zone storage. The exfiltration from the saturated zone storage forms
the baseflow. Total runoff is composed from surface runoff (either by exfiltration overland
flow or by saturation overland flow), interflow or baseflow.

Surface flow and interflow, as well as the unsaturated zone storages, are simulated for
each grid cell, while the saturated zone storage and the resulting baseflow are calculated in
a lumped manner on subcatchment level. The actual moisture conditions of the whole
catchment are calculated continuously by the overall saturation deficit representing the
catchment-wide difference between full catchment saturation (all stores filled) and the
actual moisture. This overall saturation deficit is calculated for each time step, and its
distribution within the catchment (i.e. the local saturation deficit at each grid) is estimated
indirectly from the so-called soil-topographic index (Beven and Kirkby 1979). This means
that not all soil water fluxes are simulated explicitly for each grid cell. This simplification
yields quite fast simulations which explains the meso-scale potentials of this model, e.g. for
flood-forecasting purposes. Process approaches for interception, evapotranspiration, infil-
tration, snow melt and streamflow dynamics are also included, see (Schulla and Jasper
2007) for details.

The model was calibrated for the 2-year period from summer 2000 until summer 2002,
by the application of a Monte Carlo approach to provide 400 parameter-ensembles (within
an adequate parameter space which was determined by preceding tests) from which the
best-performing parameter combination was selected. Using observed discharge at the
Ammelsdorf gauge, the Nash—Sutcliffe efficiency (NSE) for the calibration period was
NSE = 0.61. For model validation, the period June 2002 to April 2006 was chosen, where
a corresponding NSE was 0.14. This low value can be attributed to bad performing sim-
ulations of snow melt events during the validation period. For the subsequent analysis of
flood modelling, we therefore focused on rainfall-triggered flood events (i.e. not triggered
from snow melt) with a peak discharge of >1 m¥/s, yielding a total number of 8 events for
further analysis, two of which are presented below.

4.2 Sensitivity analysis of simulated flood discharge to soil moisture

To assess the sensitivity of simulated flood runoff to soil moisture, simulation experiments
were conducted for a series of storm rainfall events. The soil moisture conditions at the
beginning of each flood event were taken from continuous simulations. For each simulation
experiment, one of the three storages (a) plant available storage, (b) gravitational unsat-
urated storage and (c) saturation deficit (conceptually related to the saturated storage) were
(1) increased by maximum 10% (if free pore space available) or (2) decreased by 10%.
This yields a total number of seven simulations for each event: one unmodified and six
modified initial water content conditions. We consider these scenarios as physically
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plausible because the values of increase/decrease are chosen to be within the physical
range of soil moisture, the increase has been limited by an upper bound (i.e. saturation) and
only one storage per scenario was modified in order not to generate increase in moisture in
one storage and decrease in another one. Table 6 gives an overview of the actual values of
the water contained in the three different model storages and the modifications for two
selected rainstorm-triggered flood events in June 05 (total precipitation: 133 mm) and
September 2007 (total precipitation: 96 mm). It is important to understand that the model’s
plant available storage (obtained from the continuous simulations) is almost filled at the
beginning of the two events (182 mm and 170 mm, which corresponds to 99.9 and 92%
saturation, respectively). That is why a further increase is hardly possible (only 0.01 mm
and 5.3 mm, respectively).

Figure 12 presents the results for the simulation experiments for the two selected
events. As expected, an increase in storage filling leads to an increased discharge. WaSiM-
ETH reacts rather sensitively to the 10% reduction (18 mm) in the PAS (e.g. up to more
than 2 m*/s in the left panel of Fig. 12). This model feature can be attributed to the high
water content in the PAS as explained before. As flood generation processes such as
saturated overland flow and subsurface storm flow become active only if the PAS is
saturated, a reduction in PAS content explains the high model sensitivity. The model
sensitivity is moderate towards changes in the saturated storage and changes in the
gravitational zone storage.

4.3 Using observed soil moisture for flood simulation

In order to assess the potentials of pre-event soil moisture data for flood modelling, we
tested the satellite-based data (as described in Sect. 3.3) as initial conditions for the

Table 6 Initial soil moisture values (spatial averages) for the simulation experiments of the flood events in
June 2005 and September 2007

June 2005 September 2007
Unmodified Increase Decrease Unmodified Increase Decrease
(mm) (mm) (mm) (mm) (mm) (mm)
Plant available 182 0.01 —18 170 53 —17
storage
Unsaturated zone 6 0 —-04 19 0.3 —-1.7
Saturation deficit 52 5 -5 69 7 -7
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Fig. 12 Results from simulation experiments for two selected events in June 2005 (leff) and September
2007 (right) assessing the sensitivity of the WaSiM-ETH model to changes in initial conditions in the three
storages (a) plant available store, (b) unsaturated zone and (c) saturation deficit with 10% increased (/) or
decreased (2) storage content
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simulation of flood events. In general, we aimed at directly incorporating the observation
values in the initial conditions to be provided for the flood modelling procedure. Even
though the utilisation of how to use soil moisture data for the modelling procedure seems to
be straightforward, there are some important problems constraining their operational value:

1. The sampling depth of the observations is different from the depth relevant for flood
generation processes. In particular, the dynamics of the soil moisture in the saturated
zone (e.g. the groundwater) can be highly relevant for flood generation but remote
sensing methods are unable to capture the groundwater state.

2. Even satellite or airborne systems may not deliver soil moisture observations covering
the whole catchment, due to only partial coverage of the catchment (in case of the
airborne system) or due to difficulties with areas covered by dense vegetation (see
Sects. 3.2 and 3.3) Thus, the missing data have to be estimated by interpolation or
regionalisation (transfer) methods from the measured values.

3. Even if soil moisture data would be available or could be estimated for the entire
catchment area, those values might be difficult to apply to many rainfall-runoff
models, because these models rarely use direct and spatially distributed soil moisture
values, usually using more conceptual types of soil moisture information such as filling
of storage functions. The transfer of the observed values into the model parameters is
not a trivial task and not unequivocal.

Instead of applying the actually recorded, very little rainfall amount following the
period after our measurement campaigns, we used two previously recorded heavy rainfall
periods of 1 month duration (total rainfall of the 1st period: 161 mm; total rainfall of the
2nd period: 156 mm) as precipitation input for the simulation of scenario-type flood
events. As initial soil moisture conditions we used:

1. The satellite-based soil moisture observations from 24th April 2008. The spatially
averaged observation values was 27 Vol% (see Table 5), which is equivalent to a
relative moisture value of 71%. These spatially distributed observation values were
prescribed for both the plant available storage and the gravitational unsaturated
storage. In case satellite-based values were not available (such as for most of the
forested areas), we used as a uniformly distributed proxy the average value measured
at the STDR ‘forest cluster’.

2. Soil moisture obtained from continuous simulations for 24 April 2008. The moisture of
the plant available storage obtained by continuous simulation for that day had a value
of 100% soil moisture, i.e. full saturation. The gravitational unsaturated storage had in
average a filling of 10 mm, what corresponds to a relative soil moisture value of 17%,
as the storage capacity at that day amounted in average to 60 mm.

It is important to realise that there exist three major differences between the two initial
condition types: the total moisture value is different, the moisture is allocated differently to
the two near-surface model storages and the spatial pattern is not the same. Hence, it is not
surprising that the simulated flood hydrographs for these two different initial conditions
show a clear difference in flood peak. In the case of the first simulated rainfall event (left
part of Fig. 13), the peak discharge obtained by using the observed soil moisture is about
10 m*/s compared with 14 m*/s when using the initial conditions derived from continuous
simulations. The second simulated rainfall event (right part of Fig. 13) yields a peak
discharge of roughly 6 m®/s when using the observed soil moisture as compared with
8.5 m*/s when using the initial conditions derived from continuous simulations.
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Fig. 13 Testing the influence of soil moisture on flood event simulations with scenario-type storm rainfall.
Left: scenario rainfall no. 1 (total rainfall: 161 mm), right: scenario rainfall no. 2 (total rainfall: 156 mm).
Initial conditions are from continuously simulated soil moisture values at the date of the sampling campaign
(IC from model) as well as from satellite-based observed soil moistures from the sampling campaign (IC
from obs.). More explanations are given in the text

Thus, one can clearly see that pre-event soil moisture conditions are of major impor-
tance for flood simulations. One has to be aware that neither the storage filling derived
from the remote sensing nor the one derived from continuous simulation can be considered
the ‘right’ one, as both bear method-specific uncertainties: the remote sensing data reflect
water content only at the soil surface and besides do hardly contain any information in
densely vegetated areas, such as forests. The soil moisture status derived from continuous
simulation may better be able to represent the overall catchment response to rainfall.
However, it requires model calibration, and therefore the thereby adjusted soil moisture
storage values might be over- or underestimated to compensate for other model
shortcomings.

5 Discussion

As outlined in the first section, pre-event catchment wetness is crucial for the runoff
response to rainfall or snow melt events. Thus, it is an obvious aim to monitor this
important catchment condition to improve the performance of runoff modelling, including
floods. Our study has shown that there are a range of measurement methods available, from
the conventional (e.g. thermogravimetric method) to innovative techniques (e.g. STDR,
GPR and airborne SAR). It could be shown that it is possible to conduct measurement
campaigns to record soil moisture at multiple spatial scales, different measurement depths
and observation frequencies at least partially link the information derived from the dif-
ferent methods and scales. However, one has to be aware that such campaigns and
application of novel technologies still require lots of efforts, time and manpower and thus
can hardly be conducted for an operational real-time purpose, such as flood forecasting,
today.

Besides these encouraging results, however, one has to deal with several constraints
which limit the potential of the measurements for further use in flood modelling: (a) the
different measurement methods are associated with various kinds of uncertainties; (b) the
different measurement methods have limited coverage in space and/or time; (c) the various
flood generation processes are influenced differently by soil moisture and (d) many
hydrological models, including most forecasting models, are unable to incorporate soil
moisture values directly.
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5.1 Uncertainties and limitations of the tested soil moisture measurement methods

During the measurement and data processing procedures, one faces the following
uncertainties:

— Uncertainties directly associated with the measurement method (measurement error);

— Uncertainties due to different spatial coverage, spatial resolution, measurement depth
and observation frequency;

— Uncertainty due to the data processing, i.e. due to the transformation of the measured
signal to a soil moisture value (e.g. electromagnetic model and inversion model).

In the following, we discuss these issues for the different spatial scales studied here.
5.1.1 Plot scale

The gravimetric measurement method is well known as a fairly accurate method, in terms
of both measurement error and signal processing, e.g. if the sampled soil is rather
homogeneous and the method is applied carefully, the resulting uncertainty can be below 2
Vol%. However, the use of this method is very limited, because one can neither retrieve
soil moisture information covering meso-scale catchments nor repeat measurements at the
same site. The FDR-based point measurements (by hand-held Theta probes) come with a
total measurement uncertainty of at least 3—7 Vol% for the 2007 campaign and represent
only the small-scale values, similar to the results from thermogravimetric measurements.
Nevertheless, such measurements can be repeated at the same site (or even recorded
continuously if connected to a data logger) and can be distributed over a couple of km?>
during measurement campaigns. One must also be aware that such field campaigns with
hand-held FDR yield moisture data for the near-surface only (rod length 6 cm).

5.1.2 Field scale

As described in Sect. 3.1, the soil moisture at field scale was monitored by two STDR
clusters (see Figs. 6, 7) and by GPR. In addition, field scale soil moisture was derived from
spatially interpolated FDR data collected during the intensive measurement campaigns (see
Table 1; Fig. 5). Figure 6 shows high small-scale spatial variability and temporal dynamic
of soil moisture monitored with the STDR cluster. Thus, the main source of uncertainty of
that measurement technique can be referred to the specific small sampling scale of that
method and is reflected by a strong and almost random micro-scale spatial variability.
These strong small-scale variations dominate the appearance of soil moisture patterns over
the two monitored STDR cluster areas, as there was hardly any organised variability
detectable.

The mean and the maximum of the standard deviations of the FDR measurements for
three investigated agricultural fields have been calculated for the 2007 campaign. At all
fields, the mean of the standard deviations of a sampling point was below 3 Vol% (2.6
Vol% for winter triticale, 2.3 Vol% for field grass, and 2.4 Vol% for maize, respectively),
while the maximum of the standard deviations can reach 7 Vol% for some individual
sampling points (6.0 Vol% for winter triticale, 4.5 Vol% for field grass, and 7.4 Vol% for
maize, respectively). Hence, one has to acknowledge a measurement uncertainty of 3-7
Vol% for the point measurements by FDR.

The GPR measurements revealed a similarly strong small-scale variability as identified
from the STDR clusters. However, the overall soil moisture showed a notably different
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pattern compared with the one derived from the FDR measurements (not shown here).
Besides differences in measurement errors, we attribute these differences to the different
measurement depth of the two methods (6 cm for the FDR and approx. 8—12 cm for the
GPR, respectively).

Referring to the measurement duration and frequency in time, it is evident that the
STDR clusters collect continuous data as the individual STDR probes are connected to data
loggers. Actually, in our study, the STDR method was the only one collecting continuous
soil moisture data. GPR and FDR measurements are limited to the campaigns, as the GPR
device needs to be drawn manually over the soil surface and the FDR probes have to be
inserted manually into the chosen points distributed over the sampling area.

5.1.3 Catchment scale

As described in Sects. 3.2 and 3.3, the soil moisture at the catchment scale was monitored
by airborne microwave remote sensing (small catchment scale) and by analysing ASAR
satellite images (larger catchment scale).

The uncertainties of the airborne microwave remote sensing can be related to the
electromagnetic model and to the inversion model, respectively: The concept of modelling
a vegetation volume by means of polarimetry assumes a cloud of uniformly shaped par-
ticles with a certain orientation perpendicular to the incidence plane (Cloude et al. 1999).
Hence, there are two parameters, the particle shape and the particle orientation, for which
assumptions have to be made (Yamaguchi et al. 2005). These simplifications are necessary,
but cause uncertainties that contribute to the bias of the presented results. In the inversion
procedure, simple electromagnetic models are used to describe single components, which
might not be adequate for the scattering of certain vegetation covers. Moreover, the
modelled ground components are related to the decomposed ground components, which
may introduce some additional uncertainties. It is not possible to quantify these uncer-
tainties on their own, but one can compare the results with ground measurements (e.g. by
FDR) and from there derive an uncertainty of roughly 3 Vol% in average and 7 Vol%
maximum.

In Fig. 10 and Tables 4 and 5, the statistical properties of the satellite-based method
have already been displayed. One must emphasise that this method still requires the
simultaneous collection of ground data to derive an empirical relationship between ground
data and signals monitored in space. If this relationship is known, ASAR data allow the
estimation of soil moisture from the satellite data with an error lower than 3 Vol% for bare
agricultural fields. For densely covered fields, the relationships are much more uncertain
(10 Vol% or more), which strongly reduces the applicability of satellite data for such land
cover. To allow an operational use of satellite-based radar data, further research needs to be
performed deriving an universal relationship for all acquisition dates, taking into account
the influences of vegetation cover and roughness. Upcoming satellite missions with L-band
and polarimetric data will provide new opportunities based on the methodology shown in
the Sect. 3.2. Today, the identification of the spatial distribution and temporal dynamics of
soil moisture (e.g. analysing one satellite scene per week) is limited to bare sites.

Referring to the measurement duration and frequency in time, one must keep in mind
that both the airborne and the satellite observations are available only for the dates of the
over-flights, which restricts the availability of such data so far, e.g. not more than once or
twice a plane flight a year and roughly one satellite scene per week, respectively.
Therefore, continuous data from such systems, in particular from the airborne system, are
not available. To really track the trend and the changes in soil moisture, a time series is
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Table 7 Usability of the different measurement methods to capture soil moisture at the adequate coverage,
space—time scales and accuracy required for three flood runoff generation processes influenced by soil
moisture. The measurement accuracy is rated acceptable only if the required measurement depth can be
achieved

Measurement method Required Required Required Required
areal measurement measurement measurement
coverage depth frequency accuracy

Flood-generating process: Saturation excess induced overland flow (SO)

Thermogravimetric No Yes No Yes
Theta probe (FDR) Yes® Yes No Yes
STDR cluster No Yes Yes Yes®
Ground-penetrating radar (GPR) No Yes No Yes
Airborne polarimetric SAR Yes® Yes No Yes
Satellite Envisat ASAR Yes Yes No Yes?
Flood-generating process: Subsurface stormflow (SSF)
Thermogravimetric No No No
Theta probe (FDR) No No No
STDR cluster No Yes® Yes Yes®
Ground-penetrating radar (GPR) No No No
Airborne polarimetric SAR Yes No No
Satellite Envisat ASAR Yes No No
Flood-generating process: Quick groundwater drainage (GD)
Thermo-gravimetric No No No
Theta probe (FDR) No No No
STDR cluster No No Yes
Ground-penetrating radar (GPR) No No No
Airborne polarimetric SAR No No No
Satellite Envisat ASAR No No No

In case many individual measurements (measurement campaign) can be performed
But near-surface values unreliable due to uncertain inversion of measured signal
For rather small catchment sizes (to be covered by a flight campaign)

But ground calibration needed

But extensive post-processing of data needed

necessary, which can represent weekly and seasonal fluctuations and thus might reveal
critical catchment states.

The uncertainties and shortcomings of the different measurement methods constrain the
value of such soil moisture values for an operational use, e.g. for flood forecasting. Here, it
is worthwhile distinguishing the main three flood runoff generation processes: Saturation
excess—induced overland flow, subsurface stormflow and quick groundwater drainage, as
explained in the introduction (Fig. 2). Table 7 summarises the usability of the soil moisture
data resulting from the different measurement methods. For the applied technologies, the
measurement accuracy is not the most constraining problem. Instead, it is obvious that
there is no method that can deliver on its own all the necessary spatial and temporal
information, in area, depth and frequency.

The generation of saturation excess induced overland flow (OF) depends on the pres-
ence of saturated areas at the soil surface. Thus, for this process, it is sufficient to have
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information on the direct surface conditions available, obtained from all measurement
methods. The areal coverage can be gained from the remote sensing methods and/or by
FDR measurement campaigns. However, continuous measurements can be collected only
from a ground-based system connected to a data logger (in our case the STDR clusters),
which does not allow for spatial coverage at the catchment scale.

Subsurface stormflow (SSF) might occur in the case of occasionally saturation in a well
conductive sloping layer overlying a zone of little or no permeability and corresponding
lateral preferential flow phenomena. That means that the identification of SSF-favourable
catchment conditions requires soil moisture information through the soil down to layers of
reduced permeability, which might be at least to a depth of approx. 1 m to 2 m, with a
dense resolution in space and time. With the exception of the STDR cluster, none of the
systems can deliver a measurement depth relevant for that process. Even the STDR cluster
cannot deliver catchment-wide information, because of its restriction to a relatively small
area (a few 100 m2) and to a maximum measurement depth of 60 cm.

Quick groundwater drainage (GD) occurs in the case of a steep increase in the
groundwater gradient, triggered by fast groundwater recharge processes, e.g. through
preferential flow paths. Thus, GD occurrence might be guessed from direct groundwater
table observations in space and time. As none of the measurement techniques applied in
this study measure the groundwater gradient, GD cannot be assessed.

5.2 Limited usability of soil moisture data for flood modelling and forecasting

At a first glance, the idea of using soil moisture data to initiate better flood modelling
(including flood forecasts) seems to be a rather straightforward approach. However, this
approach also bears some technical problems regarding the operational use of such data
and the model parameterisation. A main constraint is that the observation of spatially
distributed soil moisture, and the subsequent data processing is still far from an operational
stage because continuous or quasi-continuous airborne observation and processing of soil
moisture (as presented in Sect. 3.2) are not available. Also, satellite data are not yet readily
available continuously and in a way that they can be used directly for flood forecasting, see
3.3. In our case, only two dates with airborne soil moisture information were available (the
results from one date are presented in Sect. 3.2). However, this date (which had to be fixed
months ahead to enable the complex and costly measurement flight and the parallel ground
campaign to take place) was not followed by a heavy rainfall. Thus, we cannot directly
assess the usefulness of this measurement for the simulation of a real flood in a forecasting
mode.

Last but not least, one has to acknowledge the limited readiness of many hydrological
models to directly use soil moisture data. As demonstrated in Sect. 4, these difficulties are
because most models rarely use spatially distributed soil moisture values as input, rather
than the more conceptual type of soil moisture information such as the filling of storage
functions as a state variable of the model. A transfer function may relate observed moisture
to this state variable. However, the transfer of the observed values into such model vari-
ables is not unequivocal.

6 Conclusions and outlook

Basically, observed soil moisture data may improve the performance of operational rain-
fall-runoff models in three ways:
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Soil moisture data can be used for model initialisation, possibly using a transfer
function, which relates the observed moisture to a state variable of the model.
Although continuous hydrological models need to be initialised as well, this is of
primary importance in event-based modelling. In any case, moisture data need to be
available for all spatial units (e.g. sub-basins) of the model at the date of initialisation.
Data on observed soil moisture may be exploited by assimilation techniques. Data
assimilation aims at re-estimating model parameters or state variables using the latest
observations. Again, if a distributed hydrological model is used, moisture data must be
available for all spatial units.

Observed time series of soil moisture may be used in conjunction with hydrographs to
calibrate the multiple parameters of a rainfall-runoff model or to verify its simulation
results. In that case, spatial and temporal completeness of the data is not a prerequisite.
However, it is crucial that the observations actually represent the corresponding spatial
units of the model and, as always, the relation between observations and a model’s
state variable must be known.

Having these three potential uses of soil moisture observations in mind, the following

results of our study seem to be important:

The satellite radar data tested are frequently, but not continuously, available and cover
a large area with high spatial resolution. However, they allow for a reliable estimation
of bare-soil moisture only. For areas with a significant vegetation cover (which may
be > 80% of the catchment before harvest), soil moisture data of sufficient quality
cannot yet be retrieved. In contrast, the airborne radar data do appear suitable for
estimating the average soil moisture in the top soil for the crop-covered areas tested.
However, similar to the satellite approach, no data may be collected for a considerable
part of the catchment, which is covered by forest. Generally, airborne radar data do not
require simultaneous ground measurements but are not operationally available. In
summary, both kinds of the remotely sensed data can hardly be used for initialising a
distributed hydrological model or for the purpose of operational data assimilation.
The ground-based measurements of soil moisture using TDR/FDR, GPR, STDR and
the thermogravimetric approach revealed a high spatial variability at the point scale,
the plot scale, and also the hillslope scale. Furthermore, the agreement between the
different methods with respect to absolute values of the moisture is rather low.
Consequently, it is difficult to compare soil moisture data measured at a single point,
plot, or hillslope with simulated values taken from a meso-scale hydrological model.
Also, one must expect large errors when point data are regionalised by geostatistical
approaches. The high correlation of the soil moisture time series recorded at the single
probes of STDR clusters suggests that a comparison of measured and modelled soil
moisture data should focus on the dynamics but not on absolute values.

The STDR clusters equipped with a data-logging system were the only system in our
study capable of recording continuous data. Thus, in terms of achieving a reasonably
comprehensive picture of soil moisture in space and time, a combination of local but
continuous measurements, with techniques covering rather large areas (remote
sensing), is recommended.

It has to be realised that, in spite of innovative measuring techniques at all spatial scales,

soil moisture data for entire vegetated catchments are still not operationally available yet.
Therefore, we suggest that observations of soil moisture should primarily be used to
improve the quality of continuous, distributed hydrological catchment models that simulate
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the spatial distribution of moisture internally. Thus, when and where soil moisture data are
available, they should be compared with their simulated equivalents in order to improve
the parameter estimates and possibly the structure of the hydrological model. Depending
on its spatial discretisation, such a comparison may require that ground-based measure-
ments and remotely sensed data are combined to yield ‘observations’ on a spatial scale that
is similar to the size of a model unit.

It was explained that river discharge and in particular flood events are composed from
different runoff generation processes. Each of such processes is influenced by the soil
moisture through different mechanisms. In this study, the recorded soil moisture was at the
soil surface or near the soil surface. This information is important for saturated overland
flow. In contrast, subsurface stormflow and quick groundwater drainage are related to
deeper soil moisture or to the groundwater conditions, respectively. Until now, there is no
technology readily available that could monitor subsurface stormflow in an operational
manner. Concerning quick groundwater drainage, one might derive important knowledge
by monitoring the groundwater level at selected observation wells of the upper ground-
water layer (to be recorded continuously) and combine this information with expert
knowledge of the spatial pattern of the groundwater table and its seasonal variations.
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