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The purpose of this paper is to contribute to the understanding of the importance of the initial soil
moisture state for flash flood magnitudes. Four extreme events that occurred in different case study
regions were analysed, one winter and one autumn flash flood in the Giofiros and Almirida catchments
in Crete, and two summer floods in the Rastenberg catchment in Austria. The hydrological processes were
simulated by the spatially distributed flash flood model Kampus. For the Crete cases Kampus model was
calibrated against remotely sensed soil moisture while for the Austrian case the model was calibrated
against observed runoff. Kampus model was then used to estimate the sensitivity of the stream flow peak
to initial soil moisture. The largest of the events analysed (in terms of specific peak discharge) was found
to have a sensitivity of less than 0.2% flood peak change per % soil moisture change while the smallest
event had a sensitivity of more than 3% flood peak change per % soil moisture change. This suggests that
initial soil moisture effects on the flash flood response probably depend on event magnitude rather than
on the climate or region. Moreover, the Austrian catchment was found to exhibit a more nonlinear rela-
tionship between antecedent soil moisture and the peak discharge than the Cretan catchments which
was explained by differences in the soil type.
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1. Introduction for rapid runoff and flash flooding. Saturated soils obstruct precip-

itation to infiltrate, resulting in higher runoff regardless other envi-

Europe has experienced numerous catastrophic flash floods in
the last decades with vast social and economic impacts on the
affected areas (Hall et al., 2013; Merz et al., 2014). The frequency
and the magnitude of the flash flood events have differed between
Continental and Mediterranean regions in Europe, with a tendency
of the latter to produce more extreme floods (Gaume et al., 2009;
Norbiato et al., 2009).

There are a number of factors that affect the severity of floods
including precipitation intensity, percentage of sealed catchment
area, soil permeability, water holding capacity, topographic slopes
and soil moisture content soil at the beginning of the event. In con-
trast to the other characteristics that do not change much between
events, soil moisture can vary significantly, even on a sub daily
time scale. Soil moisture can vary from near to the wilting point
to saturation. It is considered as the most important soil factor
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ronmental conditions. Soil moisture can, in fact, control whether a
given rainstorm produces a major flash flood or not, due to the
non-linear nature of runoff response to rainfall (Hlavcova et al,,
2005; Komma et al., 2007; Zehe and Bloschl, 2004). In the frame-
work of flood warning systems, the knowledge of soil moisture is
crucial (Georgakakos, 2006; Javelle et al., 2010; Lacava et al,,
2005; Raynaud et al., 2015; Van Steenbergen and Willems, 2013).
Hence, it is essential to capture antecedent soil moisture well
for flood forecasting applications (Berthet et al., 2009;
Yatheendradas et al., 2008).

Michele and Salvadori (2002) evaluated the influence of antece-
dent soil moisture conditions on the flood frequency distribution
based on derived distribution theory. Based on an analysis of soil
moisture from point (in-situ) to footprint (remote sensing) scale
(Joshi et al., 2011) concluded that soil properties and topography
are the most significant physical parameters that jointly control
the spatio-temporal evolution of soil moisture. In a similar study
on an experimental catchment, (Nasta et al., 2013) found that, dur-
ing wet periods, catchment topography is an important factor of
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spatial soil moisture distribution whereas, during dry periods, it
depend primarily on soil hydraulic properties. This is consistent
with the earlier findings of (Grayson et al., 1997) in the Tarrawarra
catchment. Based on model simulation, (Yoo et al., 1998) found
that, during the rainfall event, soil texture plays a greater role for
the soil moisture evolution than rainfall variability although this
finding may be contingent on their particular catchment condi-
tions (Viglione et al., 2010).

In order to assess soil moisture effects on flood magnitudes, soil
moisture is needed at the catchment scale. However this is difficult
to measure on an in-situ basis. An alternative is soil moisture retrie-
val by satellite sensors such as the series of passive multi-frequency
radiometers (SMMR, Windsat, AMSR-E, etc. - see (de Jeu et al,,
2008)) for which a long record of continuous measurements start-
ing in 1978 is available, and the series of active microwave scat-
terometers, which begun with launch of the ERS 1scatterometerin
1991 (Naeimi et al., 2009; Wagner et al., 1999). The Advanced Scat-
terometer (ASCAT) started in 2007 (MetOp-A and MetOp-B) and
continues to operate to date (Bartalis et al., 2007).

This paper investigates the importance of initial soil moisture
for the flood magnitude in catchments of different geomorphology
and hydro-meteorological regimes by making use of satellite-
retrieved soil moisture and hydrological modelling.

2. Methodology
2.1. ERS scatterometer soil moisture data

The ERS scatterometer data used here allow the retrieval of sur-
face soil moisture information on the top 2 cm soil layer (Parajka
et al., 2006). The top layer of hydrological models, however, is usu-
ally considered to be the root zone which is much deeper than the
satellite beam can penetrate. A transformation of the ERS data was
hence used to account for the time delay as the water infiltrates
from the surface into the soil based on a simple linear filter in
the time domain (Wagner, 1998). In this method, soil water index
(SWI) that should reflect root zone soil moisture is defined:

SWI (£) — 2T o < ¢ (1)

Zie$
where m; is the surface soil moisture estimate from the ERS Scat-
terometer at time t; and T is the time constant of the filter. T is
related to the hydraulic characteristics of the top soil with more
permeable soils being associated with smaller T because of the fas-
ter infiltration. However, at the pixel scale, this relationship is diffi-
cult to identify based on soil characteristics and can best be
obtained by backcalculation from terrestrial soil moisture data
and/or hydrological models (Parajka et al., 2009; Wagner, 1998).
The SWI is calculated if there are at least one ERS Scatterometer
measurement in the time interval [t, t — T] and at least three mea-
surements in the interval [t, t — 5T]. Following (Brocca et al., 2012,
2010; Wagner, 1998; Wagner et al., 1999) a time constant of
T =20 days is well suited for the present application.

2.2. The hydrological model Kampus

The Kampus model used in this study is a spatially-distributed
continuous rainfall-runoff model (Bloschl et al., 2008; Viglione
et al,, 2010). Kampus model uses a 15 min time step and consists
of a snow routine, a soil moisture routine and a flow routing rou-
tine. The snow routine represents snow accumulation and melt
by the degree-day concept. The soil moisture accounting routine
is the main part controlling runoff formation. It represents the run-
off generation and changes in the soil moisture state of the catch-
ment and involves three parameters: the maximum soil moisture

storage L, a parameter representing the soil moisture state above
which evaporation is at its potential rate, termed the limit for
potential evaporation Lp, and a parameter in the non-linear func-
tion relating runoff generation to the soil moisture state, termed
the non-linearity parameter f3. Runoff routing on the hillslopes is
represented by an upper and two lower soil reservoirs. Excess rain-
fall Q, enters the upper zone reservoir and leaves this reservoir
through three paths, outflow from the reservoir based on a fast
storage coefficient ky; percolation to the lower zones with a perco-
lation rate cp; and, if a threshold of the storage state L, is exceeded,
through an additional outlet based on a very fast storage coeffi-
cient ko. Water leaves the lower zones based on the slow storage
coefficients k, and ks. Bypass flow Qyy is accounted for by recharg-
ing the lower zone reservoir (k;) directly by a fraction of the excess
rainfall. k; and k-, as well as c¢p have been related to the soil mois-
ture state in a linear way. The outflow from the reservoirs repre-
sents the total runoff Q; on the hillslope scale. These processes
are represented on a 1 km x 1 km grid. Kampus model states for
each grid element are the snow water equivalent, soil moisture S
of the top soil layer, the storage of the soil reservoirs Sy, S, S3 asso-
ciated with the storage coefficients k, ko, k3, with kq <k, < k.

In the soil moisture routine, the sum of rain and melt, P, + M, is
split into a component dS that increases soil moisture of a top
layer, S, and a component Q, that contributes to runoff. The com-
ponents are split as a function of S;:

Q- (f—)/ (P, + M) 2)

Ls is the maximum soil moisture storage, 8 controls the characteris-
tics of runoff generation and is termed the non-linearity parameter.
If the top soil layer is saturated, i.e., S = L, all rainfall and snowmelt
contributes to runoff and dS is 0. If the top soil layer is not saturated,
i.e., Ss < L, rainfall and snowmelt contribute to runoff as well as to
increasing S; through dS > 0:

dS=P,+M-Q,—Qp if PL+M—-Q,—Qu >0 3)
as=0 otherwise

where additionally, bypass flow Qyy is accounted for. The effect of
the soil routine is that the contribution of precipitation to runoff
is small when the soil is dry (low soil moisture values), while it
becomes larger in wet soil conditions.

Analysis of the runoff data of the Rastenberg catchment indi-
cated that flow that bypasses the soil matrix and directly con-
tributes to the storage of the lower soil zone is important for
intermediate soil moisture states S;. For &;-Ls<Sg< &, - Lg (with
&1 =04, & =0.9) bypass flow was assumed to occur as:

Qby:“by'(Pr+M)
Qby :Lby

while no by pass flow was assumed to occur for dry and very wet
soils. Changes in the soil moisture of the top soil layer S; from time
step i—1 to i are accounted for by

Ssi =Ssii1+ (dS —Ea) - At (5)

The only process that decreases S; is evaporation E4 which is
calculated from potential evaporation, Ep, by a piecewise linear
function of the soil moisture of the top layer:

if oy - (Pr4+ M) < Lyy
otherwise

(4)

if Sq<1L,
otherwise

S
EA:Ep-ﬁ

E, —Ep (6)

where L, is a parameter termed the limit for potential evaporation.
Potential evaporation was estimated by the modified Blaney-Crid-
dle method as a function of air temperature.
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The model has been used in numerous studies including
(Grillakis et al., 2010) for analysis of the flash flood event that
occurred in Slovenia on 18 September 2007.

3. Case study areas
3.1. Description of the case study catchments

The Giofiros catchment (Fig. 1) is a small (186 km?) Mediter-
ranean catchment located in the central part of Crete near Herak-
lion city (lat 35°12’, long 26°06’). The climate of the catchment is
classified as Csa in the Koppen-Geiger climate classification (Peel
et al., 2007) with warm dry summers and clement winters. Precip-
itation occurs mainly in the winter months between October and
May. The average annual precipitation over the catchment ranges
between 469 mm and 1217 mm with a mean of 827 mm over a
30 year record (1976-2005). The lower part of Giofiros catchment
is relatively flat with smooth slopes while its upstream parts are
steep. The soil is mainly alluvial and contains a relatively high per-
centage of clay, and some areas of rock. The geology consists of
extensive strata of marly limestone, flysch and sandstone, gypsum
and alluvial deposits. The major land use types are vineyards, olive
trees and farmlands, which are also present along the stream
banks. During the last two decades the northern parts of the basin
near the outlet have been abruptly urbanised. The catchment exhi-
bits seasonal flow, mainly during the wet period, typically between
October and March (Ganoulis, 2003).

Almirida is a 24.7 km? catchment (Fig. 1) in the West of Crete
near Chania (lat 35°26’ lon 24°12"). It exhibits moderate orography

3,000 Meters

1,500

with elevation ranging between 0 and 527 m with a mean of
206 m. Almirida has the same climate as Giofiros basin. The aver-
age annual precipitation within the basin is 648.7 mm from a
32 year record (1975-2007). The runoff of the catchment is
ephemeral and takes place only during rainfall events. Therefore,
there is no gauging equipment installed. The catchment is mainly
covered by scrub and natural grassland (42.3%), olive groves
(36.6%) and agricultural land interrupted by wide areas of natural
vegetation (20.6%), with as little as 0.6% urban fabric (Tsanis et al.,
2013). The geology is mainly biogenic limestone, marl, clay
and conglomerate, and crystalline limestones locally covered by
marbles, medium crystalline, grey to black-grey, well-bedded in
banks.

The Rastenberg catchment (Fig. 2) is located in northern Aus-
tria, approximately 120 km north-west of Vienna. At the Rasten-
berg stream gauge the catchment size is 96 km?. Elevations range
between 514 and 932 m. The catchment is drained by the Purzelk-
amp river which is a tributary to the Kamp river. The catchment is
hilly with deeply incised channels. The geology of the catchment is
mainly granite and gneiss. Weathering has produced sandy soils
with a large storage capacity throughout the catchment. Approxi-
mately 50% of the catchment is forested and the rest is crop land
and pasture. Mean annual precipitation is about 900 mm of which
about 300 mm become runoff. During flood events, only a small
proportion of rainfall contributes to runoff. Typically, the event
runoff coefficients are 10% or less. As rainfall increases in magni-
tude, the runoff response characteristics change fundamentally
because of the soil moisture changes in the catchment and the run-
off coefficients can exceed 50% (Komma et al., 2007).
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Fig. 1. Almirida and Giofiros river network (upper left and right) and catchment locations on the island of Crete (bottom). The ERS mesh on which the SWI was available for

the island is also shown.
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Fig. 2. Topography of Rastenberg catchment (top left) and Kamp catchment location in northern Austria (top right). The ERS scatterometer data are available for each cell in

the bottom panel with the dots indicating the centroids.

3.2. Case study flash flood events

The Giofiros flood on the 13th of January 1994 was extraordi-
nary both due to its total rainfall depth and its intensities. At noon
of 13th January 1994, the intensity of the precipitation increased,
reaching a maximum 5 h precipitation accumulation of 123 mm
at 21:00. The rainfall eventually stopped at 24:00, after almost
9 h (Koutroulis and Tsanis, 2010). The total rainfall depth of the
event for the 13th of January reached a maximum of 183 mm in
the southern part of the basin (Agia Barbara rain gauge, 570 m ele-
vation), which is very large compared to the mean annual precip-
itation of 827 mm. The maximum recorded intensity was 37 mm/
h at the Agia Barbara rain gauge. The spatial distribution of the
total precipitation of the event is shown in Fig. 3. There are three
key features that contributed to the large magnitude of the dam-
ages. The soils have relatively poor infiltration capacities. Addition-
ally, large areas with vineyard cultivation were ploughed in order
to be renewed as the Phylloxera disease had affected the vines,
which contributed to the poor soil condition. Finally, wooden deb-
ris accumulated in the river bed and decreased the transport
capacity of the stream. The exact flood characteristics were not
recorded due to stage gauge destruction at 20:00 during the flash
flood. A detailed synoptic meteorological analysis of the event
can be found in (Koutroulis and Tsanis, 2010) along with flow
and hydraulic modelling reconstruction of the event.

The flash flood event in the Almirida catchment took place on
the 17th of October of 2006. Before the event, no precipitation
was recorded in a five month period apart from 21 mm on 11th
and 12th of October. Even though the soils were very dry, the flood
event was substantial. Early in the morning the rain started, deliv-
ering a total rainfall depth of 200 mm, recorded by a rain gauge

Almirida 2006
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Giofiros 1994

b 2
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Fig. 3. Spatial distribution of the total precipitation for the analysed events.
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1 km west of Almirida’s catchment outlet. The total precipitation
depth of the event is shown in Fig. 3. The storm was caused by a
frontal depression that passed over the island of Crete. (Tsanis
et al., 2013) report an approximate storm speed of 65 km h™! esti-
mated from High-resolution MeteoSat imagery, that classifying it
as a potential Mediterranean tropical storm, a rather rare phe-
nomenon (Lagouvardos et al., 1996). The peak rainfall took place
at noon of 17th of October and a joint estimation using terrestrial
and radar measurements showed that it was about 23.0 mm h™!
and lasted for about 30 min (Daliakopoulos and Tsanis, 2012).
The precipitation resulted in an estimated peak discharge of
225m3s7!. A detailed post event field survey showed that the
water depth of the stream near the outlet reached approximately
2 m. The discharge was estimated with the help of floodmarks
(Gaume et al., 2009) and 1D/2D hydraulic modelling (Tsanis
et al.,, 2013).

For the Austrian catchment of Rastenberg, two events were
analysed. The first event is an extreme flood event that took place
on 7th of August 2002. The average basin rainfall was estimated at
about 200 mm over a time period of 42 h. The recorded peak dis-
charge was 110 m®/s, which is six times larger than the second lar-
gest observed peak in the 30year record, causing enormous
damage in the area (Merz and Bloschl, 2008a, 2008b). The second
event analysed is a small event that occurred on 7th of August
2000. The total rainfall depth reached 23 mm with maximum
intensities of 4 mm/15 min. Rainfall was highly localised so that
over the catchment area of 96 km? the event peak was only
2.5 m?/s. This event was included to the analysis in order to assess
the temporal behaviour of soil moisture dynamics and the effect of
antecedent soil moisture on event peak flow for a minor flood.

4. Results
4.1. Hydrological model calibration

For the two Cretan catchments ERS scatterometer data from
1992 to 2006 at a 25 km grid resolution were used (Fig. 1). From
the ERS data SWI timeseries were estimated for each catchment.
The Kampus model was calibrated for the Crete catchments in
two steps. In a first step, a recursive optimisation scheme was used
to calibrate the soil moisture controlling parameters S, Ls and p,
against the SWI index for the period between October 1992 and
July 1993. In the case of Almirida, data from nearby rain gauges
was combined to the weather radar data of NSA Souda Bay C-
Band radar to derive high temporal and spatial resolution precipi-
tation fields (Daliakopoulos and Tsanis, 2012). The resulted grid-
ded precipitation product was used to simulate the event, in
combination with model parameter identification from the avail-
able land cover, soil and topographic data. The simulated hydro-
graph was used as an input to a 1D and a 2D hydraulic model
(Tsanis et al., 2013). The simulations verified the maximum flood-
mark in specific control sections and the time of peak of the post
event field survey data. In the case of Giofiros event, the precipita-
tion was derived from IDW interpolation of high temporal resolu-
tion station data.

For the Austrian case study (Fig. 2), ERS scatterometer soil mois-
ture estimates for the period October 1997 and October 2000 were
used. Data accuracy was checked by a noise indicator (Bartalis
et al., 2006; Naeimi et al., 2009). The model parameters were then
identified based on the ‘dominant processes concept’ of (Grayson
and Bloschl, 2001; Reszler et al., 2008) which suggests that, at dif-
ferent locations and different points in time, a small number of
processes will dominate over the rest. Land use, soil type, land-
scape morphology (e.g. the degree of incision of streams) and infor-
mation on soil moisture and water logging based on field surveys

were used. The precipitation data were obtained from rain gauge
data that were interpolated using the inverse distance approach.
Discussions with locals provided information on flow pathways
during past floods. Runoff simulations, stratified by time scale
and hydrological situations, were compared with runoff data, and
the simulated subsurface dynamics were compared with piezo-
metric head data, both for the period 1993-2003. Due to the high
amount of data, the SWI was used for validation rather than for cal-
ibration. The model was extensively tested against independent
runoff data both at the seasonal and event scales for the period
2004-2006 (Blsschl, 2010).

4.2. Simulations results

Kampus model was designed to represent both runoff and
catchment scale soil moisture well. Figs. 4 and 5 present the times
series and scatter plots of simulated and satellite observed soil
moisture, respectively. There are significant differences between
the results obtained from the Cretan and Austrian catchments. As
would be expected, in the Mediterranean climate of Crete soil
moisture exhibits larger seasonality, due to the strong seasonality
of the precipitation regime. The Rastenberg climate exhibits much
smaller differences, as summer precipitation is slightly larger than
winter precipitation. The catchment never dries out completely. It
is interesting to note that there is a good agreement of simulated
and satellite retrieved soil moisture (SWI) in the summer and
autumn months in Rastenberg (Fig. 3, bottom) even though the
satellite data were not used for parameter calibration.

The statistical characteristics of the soil moisture dynamics are
given in Table 1. In Giofiros and Almirida there is very little bias as
the mean simulated soil moisture and the mean SWI match within
less than a percent. In Rastenberg, the mean simulated soil mois-
ture is only slightly larger than the mean SWI. Similarly, the stan-
dard deviations of simulated soil moisture and SWI are consistent
in all three catchments, indicating that SWI can capture the statis-
tical characteristics of seasonal soil moisture variability very well
for the events examined. In terms of the agreement between sim-
ulated soil moisture and SWI for a given point in time, the root
mean squared errors are 6.6%, 10.3% and 12.7% for the Giofiros,
Almirida and Rastenberg catchments, respectively. The differences
are even more pronounced for the coefficient of determination, 2,
which is 0.82, 0.67 and 0.37 for the three catchments. Overall, the
satellite data of the Crete case studies much better represent the
seasonal dynamics of soil moisture than those of the Austrian
catchment, mainly because of three reasons. First, the contrast
between summer and winter in Crete is much larger than in Aus-
tria. Second, there are snow processes in Austria which confound
the interpretation of the scatterometer soil moisture data. The days
with snow cover have been excluded from Fig. 4, as the scatterom-
eter data do not represent soil moisture when snow is on the
ground. Third, the Rastenberg catchment is highly forested which
can, again confound the satellite signal, while the Crete catchments
have very little forest.

The results of the hydrological simulations of the events are
shown in Figs. 5-8. Where available, the simulated soil moisture
state before the event was validated against SWI. The values of
SWI were 22% (Giofiros), 2.5% (Almirida) and 38% (Rastenberg,
2000 event). In all cases, the SWI represents the simulated soil
moisture well in terms of RMSE. More specifically, in Fig. 5 is
shown that the simulated soil moisture represents well the SWI,
prior and after the flood, in the case of Giofiros event. It is interest-
ing to note that the precipitation event, led to a 20% increase of the
soil moisture, but due to its short duration it did not surpass the
50% of its field capacity. On the other hand for the Almirida event
(Fig. 6) at the end of the summer, the soil moisture prior the event
was very low, while it almost increased by 50% from the flash flood
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Fig. 4. Model simulated soil moisture (continuous line) and satellite based SWI index (dots) for Giofiros, Almirida and Rastenberg. In the latter, days with snow cover are

excluded.

event. Due to the scarce ERS measurements, no SWI could be esti-
mated after the flash flood event of Almirida. For the Rastenberg
2000 event (Fig. 7), the SWI verifies the simulated soil moisture
series. The major precipitation event that caused the high flow of
the event increased the soil moisture by 25%. In Fig. 8 the Rasten-
berg 2002 flood is presented. The precipitation event occurred in
two phases. At the first phase, the soil moisture was increased from
50% to almost 85%. At the second phase, the precipitation cause a
further increase in the soil moisture, increasing it to almost 100%
by the end of the event. At that time, the peak discharge of
110 m3/s. During the event, no SWI measurements were available
to be compared to the simulated soil moisture.

4.3. Sensitivity analyses

In a next step, the effect of the initial soil moisture on peak dis-
charges and on the soil moisture evolution during the events was
examined. The initial soil moisture state was varied between 0%
and 90%. The simulated soil moisture was compared to the SWI
for the events of Giofiros and Rastenberg 2000 where SWI data
were available. Fig. 9 (left panels) shows the results in terms of
the goodness of fit (root mean squared error, RMSE) of the simu-
lated soil moisture to the satellite based SWI during the periods
shown in Figs. 5 and 7. As can be seen in Fig. 9 (dashed lines),
the minimum RMSE was obtained for initial soil moisture between
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Table 1

Characteristics of the seasonal soil moisture dynamics in the three catchments. The
simulated soil moisture is S, estimated by the hydrological model. SWI is the satellite
based soil moisture estimate. Figs. 3 and 4 show details of the soil moisture dynamics.

Catchment  Giofiros Almirida Rastenberg
Period Oct. 1992-July Oct. 1992-June Oct. 1997-0Oct.
1993 1993 2000
Simulated ~ SWI Simulated ~ SWI Simulated ~ SWI
Mean (%) 21.0 194 203 202 524 48.5
Stddev. (%) 14.9 153 16.0 18.0 133 141
RMSE (%) 6.6 10.3 12.7
2 0.821 0.667 0.370

20 and 30% in the case of the Giofiros event, and 50% for the Ras-
tenberg 2000 event, respectively. These ranges are close to the soil
moisture states actually used as initial conditions for the simula-
tions. Additionally, the relative peak runoff (peak runoff of the sen-
sitivity study divided by the observed peak runoff in percent) is
shown as solid lines in the four panels, representing the sensitivi-
ties of peak runoff to the initial soil moisture.

There are major differences between the events. The effect of
initial soil moisture on peak discharge is almost linear in the Cretan
case study events (Fig. 9 — upper panels). In contrast, the effect of
initial soil moisture on peak discharge is non-linear in the two Ras-
tenberg events. The non-linearity is attributed to the sandy soil
texture in the Rastenberg catchment. The initial losses in the catch-
ment can reach up to 60 mm (Reszler et al., 2008) as most of the
early event rainfall infiltrates. Once the storage capacity of the
catchment is reached, runoff increases dramatically. Equally
important to the non-linearity is the absolute value of the sensitiv-
ity of peak flow to initial soil moisture which is represented by the
slope (Table 1 - bottom line) of the solid lines in Fig. 9. The lowest
sensitivity occurs for the Almirida event. The specific peak flow of
this flash flood was 5 m>/s/km? which, by any standard, is enor-
mous for a 25 km? catchment (Merz and Thieken, 2009). Clearly,
this is the largest event, so the lowest sensitivity to soil moisture
is not surprising. This is because essentially all the event rainfall
becomes runoff since saturation is reached early in the event.
The magnitude of the peak flow is hence no longer controlled by
infiltration and runoff generation (since the runoff coefficient is
close to unity) but by runoff routing (Viglione et al., 2009). The Gio-
firos and Rastenberg 2002 events were both very large floods (but
not as large as the Almirida event). For these two events, the sen-
sitivity is similar and ranges between about 0.2% and 1% flood peak
change per % initial soil moisture change. The Rastenberg event in
2000 was rather small (the specific peak flow was 0.03 m?/s/km?
while it was 5 for the Almirida event). Not surprisingly, for the Ras-
tenberg event in 2000 the sensitivity is much larger than for all the
other events, ranging from 0.4 to about 3% flood peak change per %
initial soil moisture change. Clearly, as the event magnitude
decreases, the sensitivity of peak flows to initial soil moisture
increases (see Table 2).

5. Discussion and conclusions

This paper analyses the effect of antecedent soil moisture on the
magnitude of a few selected floods with extreme magnitudes. We
examined this question by analysing two flood events in Crete and
two events in Austria as case studies. The sensitivity analyses indi-
cate that initial soil moisture is in all cases important for peak dis-
charge but the magnitude of the effect depends on the magnitude
of the event. The Almirida flood was very extreme indeed with a
specific peak flow 5m?/s/km?. For this event, the sensitivity of
peak flow was always less than 0.2. However, for smaller events,
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initial soil moisture becomes increasingly more important and can reasoning as one would expect runoff generation to be more
affect flood peaks by a factor of more than 2 in the Rastenberg 2000 important for smaller events. This finding is very relevant for flash
example analysed here. This is fully consistent with hydrological flood forecasting systems as accurate antecedent soil moisture
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estimates may help avoid false alarms. Medium events usually
contribute the most to the expected annual damage (Apel et al.,
2006, 2004), so capturing them well is important. While the very

extreme floods produce the largest damage, due to their scarcity,
they do not contribute as much to the expected annual damage
(see Fig. 10).
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Table 2

215

Characteristics of the four flood events analysed in this paper. The sensitivity represents the % changes in the flood peak per % change in the initial (root zone) soil moisture S;. The
sensitivity range given relates to the minimum and maximum sensitivities for an initial soil moisture range between 0% and 90% as of Fig. 9.

Catchment Giofiros Almirida Rastenberg Rastenberg
Catchment area (km?) 186.7 24.7 96.0 96.0

Mean annual precipitation (mm) 827 648 900 900

Event 13th Jan. 1994 17th Oct. 2006 7th Aug. 2000 7th Aug. 2002
Event precipitation (mm) 183 220 23 200

Initial soil moisture (%) 22 25 36 51

Peak flow (m3[s) 296 1235 2.5 110

Specific peak flow (m?/s/km?) 1.59 5.00 0.03 1.15
Sensitivity (% flood peak change per % soil moisture change) 0.51-0.88 0.18-0.25 0.42-3.39 0.21-0.92

It is also interesting to note that the non-linearity in the smaller
floods is larger than it is for the larger floods. This is consistent
with the hydrological reasoning of the role of initial losses.
(Vieux et al., 2009) notes that “The sensitivity of the watershed
response to the initial degree of saturation is dependent on event
magnitude but becomes increasingly sensitive at higher degrees
of initial saturation.” This is exactly what has been found in the
present analysis for the Rastenberg events. The non-linearity is
mainly due to the high permeability of the sandy soils that fill up
and spill over like a bucket (Komma et al., 2008, 2007). It is also
interesting to note that the differences between the climates
(Mediterranean climate in Crete as opposed to a more continental
climate in Austria) seem to affect the sensitivity of flood peaks to
initial soil moisture less than the precipitation event magnitude.
While the moisture range can be larger in the Mediterranean
catchments, climate does not seem to be the main control on flood
response sensitivity for the events examined in this paper.
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A sensitivity of up to 3% flood peak change per % soil moisture
change looks large as, depending on whether the soil is wet or
dry the runoff peak may more than double. It should be noted that,
in the sensitivity analysis of this paper, the root zone soil moisture
Ss was varied while the remaining moisture storage in the aquifers
was assumed to be unchanged. This was to understand the accu-
racy of satellite based soil moisture estimates needed for water
hazard forecasts. If the entire catchment (including aquifers) dries
out or wets up, the sensitivities can be even larger than those
found in this paper, particularly for small events.

The coefficients of determination obtained by comparing the
SWI to catchment scale simulated soil moisture ranged from 0.37
in the Rastenberg catchment to 0.82 in the Giofiros catchment.
The Rastenberg 12 is relatively low because of the forest cover
and the influence of snow in the catchment while Giofiros is essen-
tially unforested and there is no snow. For the latter types of catch-
ments one can expect excellent correlations between the
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Fig. 10. Initial soil moisture (S;) effect on relative peak discharge (peak runoff of the sensitivity study divided by observed peak runoff in % - solid line) and RMS error between
simulated soil moisture (S;) and SWI index values for the event simulation periods (dashed line). The upper panels show the Crete catchments Giofiros and Almirida, the
lower panels show the 2000 and the 2002 events of the Rastenberg catchment in Austria.
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scatterometer SWI and soil moisture simulated by a hydrological
model which may be better than those between the scatterometer
SWI and point soil moisture measurements (Western et al., 2002).
It appears that the small scale variability of soil moisture and scale
issues confound the comparability of the point measurements with
the scatterometer SWI which applies to space scales of hundreds of
km? (Western et al., 2002). This makes it difficult to find relation-
ships across scales (Bloschl, 2006). In contrast, the catchment scale
hydrological model simulations seem to be fairly consistent with
the SWI index.

The analysis of all events suggests that the scatterometer SWI
can give valuable information for flash flood forecasting and, more
generally, flood hazard assessments. Obviously, the value of the
scatterometer data depends on how well it actually represents
catchment soil moisture and on the amount of hydrological ground
data available. For sparse hydrological networks, the scatterometer
soil moisture may be more important than for well instrumented
catchments. The results in this paper indicate that the effect of ini-
tial soil moisture on the flood magnitudes depends on event mag-
nitude and to a lesser degree on climate or region. The type of the
soil also plays an important role to the response of the runoff. In
the Rastenberg catchment the deep, sandy soils are the main rea-
sons for the non-linear runoff response behaviour and are strongly
related to the soil moisture dynamics in the catchment. In contrast,
the shallow and relatively more impermeable soils of Cretan case
studies describe well the more linear relationship between the
flood peak and the initial soil moisture. However, it should be
noted that only four events have been examined. While three of
these events were very large and therefore of particular interest
to flash flood warning, an extension of the present study to a larger
number of catchments and events would be of interest.

Given the importance of initial soil moisture on flood genera-
tion, the use of soil moisture satellite data seems to be a logical
way forward to contribute to more reliable flash flood warnings.
This can be either done by assimilating soil moisture into hydro-
logical forecasting systems (Parajka et al., 2009, 2006; Wanders
et al., 2014) or by combining flash flood guidance based on rainfall
depth-duration thresholds (Norbiato et al., 2009) with satellite
estimates of soil moisture.
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