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Abstract. Soil moisture-precipitation feedback is an important factor in the water and energy cycles. But how important is
it on the time scale of an atmospheric extreme precipitation event? We are investigating this question using the example of
heavy precipitation in July 2021, which led to destructive flash floods in Western Europe. To quantify the importance of land-
atmosphere coupling and continental moisture sources for the precipitation, we perform numerical simulations with wet, dry
and normal soil moisture conditions over Europe. Ensembles of simulations are performed using a global set up of the ICON
numerical weather prediction model with a grid refinement over Europe. To account for both the limited predictability and the
delayed response of the atmosphere to changes in soil moisture, we use data assimilation to steer the system’s development
toward the extreme event, but only to the extent necessary so that our interventions in the soil are not undone. We find that
the moisture supply of the event crucially depends on continental moisture sources. This result is further confirmed using
moisture tracking. Conversely, increased soil moisture only leads to slight precipitation increases, since surface moisture fluxes
are energy-limited. Moisture is also important for the development of the near surface low pressure system, which had a
central role in the event. Our ensemble simulations also show that there is potential for more devastating events, i.e., more

precipitation.

1 Introduction

The heavy precipitation over Western Europe in mid July 2021 caused severe flooding, especially in the Ahr, Erft and Meuse
river catchments (e.g., Mohr et al., 2022; Ludwig et al., 2023). Generally, such high-impact events require favorable initial
conditions, the presence of a large-scale driver, positive (local) feedback and some random component to initiate the evolution
(Sillmann et al., 2017). Due to its severity (Group et al., 2021; Lehmkuhl et al., 2022), the July 2021 event has led to a series
of studies examining the various factors that contributed to its origin. Many of these studies focus on the influence of anthro-
pogenic factors such as global warming or river management. For example, in a study by Tradowsky et al. (2023), a higher
likelihood for this kind of extreme event and an increase in intensity is attributed to climate change. A similar conclusion is
given in a rapid attribution assessment of the influence of anthropogenic emissions on the event by Kreienkamp et al. (2021).
Using pseudo global warming simulations and a regional climate model, Ludwig et al. (2023) find that precipitation scales

according to the Clausius—Clapeyron relationship and find a non-linear effect on flood peaks. This non-linear response to mete-
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orological forcing due to local effects is a crucial amplification mechanism in this event. Interactions between meteorological,
hydrological and hydromorphological processes are discussed in Mohr et al. (2022). Several studies point to the fact, that the
July 2021 flood event in the Ahr Valley could have been worse (Vorogushyn et al., 2025; Thompson et al., 2025; Voit and Heis-
termann, 2024), either through changes in the large scale dynamics leading to longer persistence, slightly shifted precipitation
patterns, or by similarly plausible precipitation events at other times and locations.

The July 2021 event was characterized by a quasi-stationary low pressure system, which came with long-lasting precipitation
over the affected region. Because of the circulation pattern, it is plausible that surrounding regions are crucial in supplying
moisture, but previous studies have mixed interpretations of which regions are important. Mohr et al. (2022) highlight the
importance of sea surface temperature over the North and Baltic Sea, while Tradowsky et al. (2023) report that according to
meteorological services, ”...warm and very humid air masses [were supplied] to Central Europe from the Mediterranean in a
rotating movement.” Insua-Costa et al. (2022) and Staal and Koren (2023) discuss the role of North American forests and find
that there is no increase in evaporation in Europe prior to the event. Moisture tracking results using WAM?2layers (Kalverla
et al., 2025) by Weijenborg et al. (2022) indicate that moisture sources were mostly located over the European continent.

Inspired by the latter contribution, we investigate the role of soil moisture as a source of moisture for the July 2021 heavy pre-
cipitation event. We conduct global ensemble simulations of the event with the ICON model (Zingl et al., 2015) in accordance
to the storyline approach (Shepherd et al., 2018). To this end we perform simulations under different soil moisture scenarios,
with a control that uses best-estimate soil moisture conditions, and counterfactual scenarios with prescribed, anomalously dry
and wet soil moisture conditions. Since all other conditions remain unchanged, we can attribute changes in the evolution of the
precipitation event directly to soil moisture. To distinguish these signals from natural variability, each scenario further includes
a set of ensemble simulations with perturbed initial conditions and ICON model parameters.

The ability to predict the behavior of a chaotic system such as the atmosphere is limited (e.g., Charney, 1966; Lorenz,
1996). Consequently, the ability to accurately predict the event deteriorates the further the start of the simulation is away from
the onset of the event. This is a problem in our storyline experiment, because it takes time for the moisture that ends up as
precipitation during the event to reach the event’s location from the point where it entered the atmosphere. The closer the start
of the simulation is to the onset of the event, the more moisture has already evaporated, thereby proportionally diminishing
the effect of an imposed change in the soil moisture. Therefore, we require a method to constrain the evolution of the system
while also interfering with the water cycle as little as possible to not undo changes made to the water cycle via manipulating
soil moisture. Because lateral boundary conditions in regional simulation can introduce positive precipitation biases over land
(Goergen and Kollet, 2021), we use a global ICON model with a grid refinement over Europe. To constrain the system, we use
a limited form of data assimilation (LDA), where data assimilation is applied everywhere except in the region of interest. In
this way, the system has greater flexibility to adapt to our modifications in the soil moisture conditions.

We describe the simulation setup and the soil moisture scenarios in Sections 2.1 and 2.2. To track the origin of soil moisture
we use WAM2layers of Kalverla et al. (2025) as described in Section 2.3. In Section 3.1, we investigate how the LDA approach

affects predictability and discuss how soil moisture impacts the development of the event. Section 3.2 describes the results of
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Figure 1. Overview of the spatial extents of the EU nest (green), the region in which observations are set to passive in the assimilation

scheme (purple) and the focus region (red).

moisture tracking, where according to Weijenborg et al. (2022), we asses the relative importance of source regions. A brief

discussion of the main findings can be found in the conclusions Section 4.

2  Methods
2.1 Simulation Setup

Our atmospheric simulations use the ICON (ICOsahedral Non-hydrostatic) modelling framework (Zéngl et al., 2015), which
is a development by the German Weather Service (DWD) and the Max Planck Institute for Meteorology (MPI-M). We use
ICON in the same configuration as the ICON-DREAM reanalysis (Valmassoi et al., 2025), which in turn is adapted from the
operational system at DWD. The simulations are global with a resolution refinement over Europe (EU nest), which is shown
in Fig. 1. The refinement follows the common two-way nesting approach with some ICON specific adaptations (Zingl et al.,
2015). ICON uses an unstructured triangular grid, which is derived from projecting an icosahedron on a sphere (see Linardakis
et al., 2011, for details). Due to this grid construction scheme, the EU nest must have half the grid spacing of the global grid.
The grids we use are encoded as RO3B07 (RO3B08) for the global (EU nest) deterministic run and RO2B06 (R02B07) for
the global (EU nest) ensemble. The corresponding grid spacings are approximately 13 km (6.5 km) for the global (EU nest)
deterministic run and 40km (20 km) for the global (EU nest) ensemble. Using a global simulation has the advantage that we
do not need to prescribe any lateral boundary conditions, as it would be the case with a limited area version of ICON. Since
different resolutions require different settings and physical parametrizations, neither global nor nested simulation results are
necessarily comparable among themselves. We always analyze results of the global deterministic run at 13 km grid spacing or
the EU nest ensemble at 20 km grid spacing, if not stated otherwise.

We perform a set of simulations for each of the three scenarios: A control run with unaltered soil moisture (CTL) as well
as a dry and a wet soil moisture scenario denoted as DRY and WET. Details are given in Section 2.2. Each scenario ensemble

consists of a deterministic simulation and an ensemble with 20 members at the coarser horizontal resolution. The ensemble
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members have perturbed initial conditions as given by the ICON-DREAM ensemble and perturbed physics tuning parameters
(see Reinert et al., 2026, for details).

Since the predictability of the event is limited, but the impact of soil moisture onto the atmosphere takes time to fully
develop, we constrain the evolution of the atmosphere with data assimilation. Data assimilation in [CON-DREAM follows
a hybrid approach consisting of a local ensemble transform Kalman filter combined with a 3D variational method (Reinert
et al., 2026). Our assimilation procedure is the same, with the exception that we are limiting the assimilation of observations
to everywhere except Europe. All observations over the region marked in Fig. 1 are ignored by setting them to “passive”,
which means they are not assimilated but still available for verification. The passive region is chosen such that the relevant
continental moisture source regions - except North America - are included. Otherwise, their contributions would be affected by
the observations. Essentially, the assimilation window acts like a soft boundary, because the observation assimilation system
draws the atmospheric state towards observations, but does not overwrite it completely. Since the data assimilation is only
applied on the global scale, the mismatch between the passive observation region and the EU nest does not affect the result.

Using the limited data assimilation (LDA) enables us to start the simulation on 30 June 2021 at 00 UTC while retaining a
sufficiently accurate representation of the event (see Section 3.1) with respect to the precipitation over the focus region (see
Fig. 1). The start date was chosen such that there is enough lead time to allow soil moisture to impact the atmosphere in a
meaningful way (see Section 3.1). The initial conditions are taken from ICON-DREAM. The simulations end on 15 July 2021

at 21 UTC at which point the peak in precipitation intensity over the focus region has passed.
2.2 Soil Moisture Scenarios

We use the default land surface scheme available for ICON called TERRA-ML. The surface model manages the exchange
of energy and water at the surface and for several subsurface layers. Only vertical fluxes are considered in TERRA-ML, as
there is no exchange with neighboring grid cells. To assess the maximal possible impact of soil moisture on precipitation in
our scenarios, we follow the method in Roque Mamani and Valmassoi (2025) and override the update step of soil moisture in
TERRA-ML itself. In the CTL simulation, TERRA-ML is used with default settings, i.e., we use the soil moisture analysis
to get the best possible estimate of moisture conditions. In the DRY scenario, soil moisture is set to permanent wilting point,
i.e., the level of moisture at which plants are no longer able to draw water from the soil. In the WET scenario, soil moisture
is set to saturation. In TERRA-ML, these levels are pre-defined for each soil type. This approach effectively disables the land-
atmosphere coupling with regard to the water cycle, since precipitation and evapotranspiration continue to take place, but no

longer affect soil moisture.
2.3 Moisture Tracking

Modifying evaporation caused by changes in the soil moisture might affect the relative importance, or even the spatial distribu-
tion, of the moisture source regions relevant to this event. To assess such effects, we use the Water Accounting Model — 2 layers
version 3 (WAM2layers; Kalverla et al., 2025). WAM2layers is an offline, Eulerian atmospheric moisture tracking model. As

the name suggests, the vertical extent of the atmosphere is divided into an upper and a lower layer. The model then calculates
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the amount of water exchanged between grid cells as well as the two vertical layers and keeps track of the moisture, which was
“tagged” at the start of the tracking procedure. It is assumed that the horizontal transport of tagged moisture is proportional to
the overall moisture transport.

Since we are interested in the moisture sources of the event, the tagged moisture is the precipitation that occurred within the
focus region as displayed in Fig. 1 between 13 July 2021 at 00 UTC and 15 July 2021 00 UTC. The tagged moisture is then
tracked back to the grid cell where it evaporated, or is considered not tracked if it either leaves the tracking domain or remains
in the atmosphere at the end of the tracking process, which is on 1 July 2021 at 00 UTC. We discard the first 24 hours of the
simulation to let ICON adapt to the forced soil moisture conditions in the soil moisture scenarios. In our case, the tracking
domain reaches from 80° W to 60° E and from 25° N to 65° N. This area was chosen to include the source regions reached
within the tracking period.

WAM?2layers uses a few simplifications that introduce errors in the tracking results. It only considers specific humidity in
the flux calculation, other phases of water are neglected. Also, WAM2layers’ budget analysis assumes hydrostatic balance
in the vertical integration, which conflicts with ICON’s non-hydrostatic dynamical core. Another ICON specific problem is
that WAM2layers is currently not pre-configured to work with ICON’s triangular grid. We therefore interpolate our hourly
simulation output to a geographic coordinate system of 0.15° grid spacing. All of this introduces errors in the tracking results,

which we cannot readily correct or quantify, but which apply equally to all simulations.

3 Results
3.1 Simulation

As discussed above, when choosing the start date of the simulations, there is a conflict of objectives between accurately
reproducing the event and allowing for the time required for soil moisture modifications to take effect. To demonstrate this,
we use free forecasts with ICON initialized from ICON-DREAM on different dates. Here, we are using the same ensemble
setup as described in Section 2.1, but without any data assimilation. Figure 2 demonstrates how the predictability of the event
is limited to a couple of days without data assimilation.

To enable a comparison between the simulations, the “event” is defined as the precipitation total between 13 July 2021
00UTC and 15 July 2021 00 UTC, aggregated over the focus region shown in Fig. 1. We use the ICON-DREAM reanalysis as
reference. Of course, the actual precipitation distribution and amounts are associated with large uncertainties (e.g., Kracheletz
et al., 2025), but since ICON-DREAM uses the same model and the full set of observations, it is the best point of reference.
Since some deviation from the reference in timing and location is permissible, we relax the event definition in the free forecasts.
Instead of the aggregated precipitation over a predefined time interval and area, we search for the maximum we can get over a
spatio-temporal aggregation window of the same size, if we allow it to be offset by up to 12 h temporally or 3° spatially.

As expected, the amount of precipitation in the free simulations increases the closer the initialization date gets to the start
of the event and converges towards the reference, which is the ICON-DREAM reanalysis. We see no evolution into a heavy

precipitation event for lead times of 6 days or more. Precipitation totals begin to approach the reference value only at 5 days
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Figure 2. Percentage of precipitation in ICON-DREAM (blue line, left axis) that has been tracked back by WAM2layers to it’s source up
to the given days. The box-whiskers (right axis) indicate the precipitation amounts for “the event” in different simulations, based on the
respective 20 member ensembles for the free forecasts with 12 different initial dates at 00 UTC, ICON-DREAM, and CTL (with LDA). For
ICON-DREAM and the CTL simulation, precipitation is accumulated over the focus region shown in Fig. 1 between 13 July 2021 00 UTC
and 15 July 2021 00 UTC. For the free simulations maximum precipitation amount is shown for the same area and time frame but shifted by

up to 12 h temporally or 3° spatially.

and less before the event. The share of precipitation that could be tracked back to it’s source region, however, increases with
lead time (blue line in Fig. 2), and ranges from about 15 % for a lead time 1 day to 60 % for a lead time of 12 days. For a lead
time of 4 days, only 40 % of the precipitation is tracked back, and could potentially be affected by soil moisture, since it has
not been evaporated yet. The conclusion is that the time it takes for our changes to soil moisture to fully affect the atmosphere
is longer than the prediction horizon in the free forecasts.

Figure 2 also shows the result using the LDA approach in the CTL run. The forecast accuracy in terms of precipitation
total is greatly increased, as the ensemble median now corresponds to that of ICON-DREAM. The ensemble spread in the
LDA ensemble is much larger, because differences between the ensemble members grow over the 13 day long simulation — at
least within the passive observation region (see Fig. 1). It is noteworthy that the ensemble includes simulations showing up to
60 % more precipitation compared to the narrow distribution of the reanalysis, which is in line with other studies that identify
potential for an even more severe July 2021 precipitation event (Vorogushyn et al., 2025; Thompson et al., 2025; Voit and
Heistermann, 2024).

Maps of simulated precipitation in the deterministic runs are shown in Fig. 3. Shown are 48 h precipitation totals between 13
July 2021 at 00 UTC and 15 July 2021 00 UTC. The general shapes and locations of the precipitation patterns are fairly similar
across all simulations. This proves that the LDA approach adequately constrains the large-scale evolution of the system. The

CTL simulation (Fig. 3d) produces similar amounts of precipitation as [CON-DREAM (Fig. 3a), although the spatial patterns
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Figure 3. Comparison of precipitation totals between 13 July 2021 at 00 UTC and 15 July 2021 00 UTC in the deterministic simulations of
(a) ICON-DREAM, (b) the WET, (d) CTL, and (e) DRY scenario. Subfigures (c) and (f) show the differences of the scenarios to the CTL.

The red boxes indicate the focus region.

are smoother in the focus region. In the WET scenario (Fig. 3b), the added moisture increases the precipitation amounts
substantially compared to the CTL simulation (Fig. 3c) with up to 115 mm less precipitation in parts of the focus region.
We also see an eastwards shift of the precipitation hot spot in the WET scenario. The biggest differences appear in the DRY
scenario (Fig. 3e), where, compared to the CTL simulation, up to 95 mm less precipitation is generated over 48 h in large parts
of the focus region.

While Fig. 3 demonstrates the potential impact of soil moisture on precipitation, it is only one realization of a system
with considerable uncertainties. To confirm that the signals are not due to natural variability alone, we present the ensemble
information in Fig. 4a as a time series. As with the spatial patterns before, we see a general agreement in the timing of
the precipitation over the focus region. All four simulations produce three distinct peaks on the 10th, 13th and 14th of July.
Compared to ICON-DREAM, the CTL simulation produces slightly more precipitation of about 5 % over the duration shown
in Fig. 4 when comparing the median values. Saturating the soils causes a modest increase in median precipitation of about
10 % compared to the CTL median over the plotted six day time span. Drying the soils has a larger impact of about 36 % less
median precipitation compared to CTL.

In the resolutions used here, ICON is not convection permitting, and convective, sub-scale precipitation is generated by the
convection parameterization. As can be seen in Fig. 4b, the timeseries of convective precipitation shows that, at least in our
simulations, it plays a minor role during the peak of the event. Consequently, changes in soil moisture seem to have little impact

on small-scale convective processes in our simulations. We do see, however, a significant impact during the preceding smaller
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Figure 4. Time series of (a) total and (b) convective precipitation hourly rates (de-accumulated) aggregated over the focus region as shown in
Fig. 1 in ICON-DREAM (REA), the CTL simulation, the DRY and WET scenario. The solid lines are the deterministic runs, the shaded areas
indicate the interquartile ranges of the 20 member ensemble. For ICON-DREAM the interquartile ranges of the ensemble is comparatively
small (not shown). (c) CAPE averaged over the focus region. (d) Top level soil moisture averaged over the "Mid-Europe” PRUDENCE region
(Christensen and Christensen, 2007). (e) Weighted averages of evapotranspiration rate (instantaneous). The grid cells are weighted according

to the amount of evapotranspiration they contributed to the tagged precipitation, as determined by WAM2layers.

precipitation event on 10th July 2021, which evolved due to the formation of a convergence line. Here, the DRY scenario

shows a pronounced decrease in precipitation. The lack of moisture in the atmospheric boundary layer also reduces the already
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modest values of convective available potential energy (CAPE, Fig. 4c), which further inhibits the formation of small-scale
precipitation.

To distinguish changes in precipitation at various spatial scales, we also perform a wavelet analysis according to Szemkus
et al. (2025). The results are displayed in Appendix A and confirm our findings from Fig. 4. We observe an increased (de-
creased) of precipitation amounts in the WET (DRY) scenario relative to the CTL simulation. However, we find no evidence
for systematic differences in spatial scales between the scenarios, indicating that the precipitation changes occur consistently
across all resolved scales. We further performed a wavelet analysis for temporal scales (not shown), which likewise revealed
no systematic differences between the scenarios.

Figure 4d shows the development of top level soil moisture exemplified for the "Mid-Europe” PRUDENCE region (Chris-
tensen and Christensen, 2007), which supplies a considerable amount of moisture to the precipitation as will be shown in
Section 3.2. The aggregate of top level soil moisture stays fairly constant throughout each experiment. This is expected in the
WET and DRY scenarios, since soil moisture is forced to saturation or wilting point. But also the CTL and I[CON-DREAM top
level soil moisture exhibits only small variations on this short timescale. Even more interesting is the fact that it is the WET
scenario, which strongly deviates from the others. During this period, the median of top level soil moisture in the WET scenario
is about 161 % higher than that of the control run. In the DRY scenario it is about 30 % less. Considering that the precipitation
responds stronger to the dry conditions than the wet conditions demonstrates the non-linear response of precipitation to soil
moisture.

From a synoptic point of view, our understanding of the processes that lead to the enhanced (reduced) precipitation in
the WET (DRY) scenario is the following: Inspecting the ensemble members, we see that the large-scale synoptic pattern is
mostly unaffected by the moisture changes. However, variables and processes within the atmospheric boundary layer undergo
substantial modifications, particularly in the DRY scenario. Here, the drastic reduction in evapotranspiration as seen in Fig. 4e
most likely leads to an increase in sensible heat flux, while the latent heat flux strongly decreases. A reduced latent heat
flux limits evaporative cooling, ultimately resulting in higher near-surface temperatures during daytime. Indeed, average 2 m
temperature increases by 1.964+0.99 K across the DRY ensemble compared to the CTL run during the event in the focus
region. At the same time, the enhanced sensible heat flux likely strengthens buoyancy-driven turbulence, promoting stronger
entrainment of dry air into the atmospheric boundary layer.

Due to the limited surface moisture supply and enhanced entrainment, specific humidity is substantially lower and more
spatially confined in the DRY scenario compared to the WET and CTL runs. Although warmer air can hold more moisture, the
lack of moisture input causes a pronounced decline in the relative humidity and the total column integrated water vapor (TQV).
Averaging over the focus region, relative humidity drops by 5+3 % in the DRY scenario during the event depending on the
ensemble member, but the spatial variability is large. As an example, TQV is shown for 14 July 2021 at 12 UTC in Appendix B.
We think that, as a consequence of reduced boundary-layer moisture and increased entrainment of dry free-tropospheric air,
the lifting condensation level is likely to rise and parcel buoyancy to decrease, thereby suppressing convective initiation despite

higher surface temperatures.
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Figure 5. Scatter plots of precipitation totals against the minima in (a)-(c) sea level pressure and (d)-(e) 500 hPa geopotential height. Totals
are calculated over the focus region as shown in Fig. 1 and between 13 July 2021 at 00 UTC and 15 July 2021 00 UTC. For the minima in sea
level pressure and geopotential height, the focus region is expanded by 2° in all directions. The deterministic runs are marked with crosses,
the ensemble members with dots. The dashed lines are linear fits to the data with estimated confidence intervals to a level of 95 % indicated

by the shaded areas.

An additional notable difference is found in the development of the surface low that played a key role in the Western
European flood event. The dynamic circulation patterns of the ensemble members remain largely consistent. The variation
within the ensemble is primarily evident in the strength of the dynamic circulation, which is reflected in fluctuations in the core
pressure at the surface. We find an associated pronounced spread in core sea level pressure (SLP) across ensemble members.
Figure Sa—c shows precipitation sums against the lowest value in SLP found throughout the event in each scenario and ensemble
member. The minimum is taken with respect to an area corresponding to the focus region but expanded by 2° in all directions.
We find that increased soil moisture enables the formation of stronger lows and vice versa. Figure 5d—f shows a similar
relationship for the geopotential trough at the 500 hPa level, which also deepens with increased moisture. Given our synoptic
understanding, we attribute the general formation mechanism of the surface low to upper troposphere divergence, on which
humidity is likely to only have an indirect effect. However, increased humidity appears to intensify the low-pressure system,
most likely through latent heat release. Figure 5 also shows that ensemble members with lower core SLP or a deeper 500 hPa
geopotential height trough generally produce more precipitation. Some of the scatter plots in Fig. 5 show a positive linear
relationship. The explained variance between the trough depth at 500 hPa and the total precipitation in the WET ensemble
amounts to about 31 %. Although these are not the only explanatory variables and the variability is high, the 95 % confidence

intervals of the regression lines indicate a positive correlation in CTL for SLP and in WET for the 500 hPa trough depth.

10
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Figure 6. Moisture source regions for precipitation between 13 July 2021 at 00 UTC and 15 July 2021 00 UTC over the focus region (see
Fig. 1). The back-tracking was performed using WAM2layers (Kalverla et al., 2025). Percentages of tracked moisture are 60,% in ICON-
DREAM, 56 % in the CTL simulation, 66 % in WET and 52 % in the DRY scenario.

3.2 Moisture Sources

Table 1. Amount of moisture backtracked to the given region in each simulation using WAM2layers. For the continental regions, we use the
PRUDENCE regions (Christensen and Christensen, 2007), i.e., the British Isles (BI), the Iberian Peninsula (IP), France (Fr), Mid-Europe
(ME), Scandinavia (SC), the Alpine region (AL), the Mediterranean region (ME) and East Europe (EA). We also show values for the
Mediterranean Sea (MeS), the Baltic Sea (BaS), the North Sea (NoS), the West European shelf (WES) and the North Atlantic (NAt). Values

are given as percentages compared to the total amount of tracked moisture.

Sim. BI 1P FR ME SC AL MD EA MeS BaS NoS WES NAt

REA 04 64 116 224 04 89 07 54 26 02 0.7 49 30.1
CTL 0.6 70 119 21.1 08 74 03 15 24 03 0.9 57 346
DRY 04 11.7 55 75 0.1 28 07 03 58 0.1 1.3 6.8 457
WET 03 102 92 228 03 132 14 71 29 02 0.3 3.8 229

Tracking experiments were performed for ICON-DREAM and all of our simulations as outlined in Section 2.3. We list
shares of tracked moisture for selected regions in Table 1 for a quantitative comparison. Figure 6 gives a qualitative overview
of the resulting moisture source regions. Figure 6 shows that the spatial distribution of source regions is fairly similar across
the four datasets indicating that the large scale circulation is effectively constrained using the LDA approach. In all cases,
the largest contributors are the North Atlantic and Mid-Europe. The differences lie in the relative importance of the source

regions. As with precipitation above, it is the DRY scenario, which stands apart. Here, evapotranspiration is severely limited.
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Consequently, maritime moisture sources - especially the North Atlantic - contribute considerably more of the overall moisture
compared to the other simulations. At the same time, less precipitation in the dry scenario means that less moisture is being
tracked, which is why we see less contribution of the North Atlantic in absolute terms in Fig. 6. In the WET scenario, the high
soil moisture increases the relative contribution of all continental moisture source regions at the expense of maritime sources.
Since the WET scenario only sees a slight increase in precipitation compared to CTL, this also implies an absolute shift, e.g.,
less tagged evaporation over the North Atlantic under wet conditions compared to CTL, as can be seen in Fig. 6.

In Section 3.1, we already discussed the non-linear response of precipitation to soil moisture. Using the tracking results, we
can identify which regions are relevant for the precipitation during the event and use them as a basis for comparison. Figure 4e
shows a weighted average of evapotranspiration during each simulation. Weights are assigned to each grid point based on the

proportion of moisture that has contributed to the tagged precipitation across all simulations, i.e.,

Zs,t €s,t,p

P
Zs,t,p €s,t,p

where w,, is the weight assigned to a specific grid point, A,, it’s area, e the evaporation that contributed to the tagged precipita-

6]

wp=A4

tion at a specific grid point and time in a given simulation and the summations are over the simulation s, time ¢ and grid point
p. The evapotranspiration timeseries in Fig. 4e therefore mostly reflect the shaded areas in Fig. 6. We can tell from Fig. 4e that
evapotranspiration in the relevant source regions is limited not by the availability of moisture, but by the availability of energy:
Even though Fig. 4d demonstrates that actual soil moisture levels are closer to permanent wilting point than to saturation, evap-
otranspiration increases less sharply with saturated soils than it decreases with dried-out soils. This is a well-known response
(e.g., Seneviratne et al., 2010). Since we only consider regions that contribute to the event’s precipitation, this relationship also

explains why the precipitation signal is stronger in the DRY scenario.

4 Conclusions

In this study, we simulated the heavy precipitation event in July 2021 under extreme soil moisture conditions. To achieve
sufficient accuracy in the realism of the simulated event, we constrained the large scale evolution of the system by using data
assimilation. Limiting data assimilation to everywhere except a European region allowed us to have two weeks of lead-time,
which is enough time for the planetary surface to influence the atmosphere in a meaningful way and allows dynamical changes
to unfold.

Our results show that the soils of the European continent are a highly relevant source region, and that evapotranspiration
is energy-limited, as removing soil moisture produces a disproportionally stronger response in surface moisture flux and ulti-
mately in precipitation. We observe changes in the atmospheric boundary layer that are related to soil moisture, but convective
processes only account for a fraction of the total precipitation. Wavelet analysis of the precipitation fields also shows no shifts
in spatial and temporal scales. Given that, for example, Lenderink et al. (2025) find that their convection-permitting down-
scaling simulation shows an increased response to their pseudo-global warming signal, it is possible that a lack of small-scale

response is partly attributable to the resolution of our model. Like other studies (Vorogushyn et al., 2025; Thompson et al.,
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2025; Voit and Heistermann, 2024), our ensemble shows the potential for more severe events, especially in the wet scenario.
At the synoptic scale we see that increased soil moisture favors the intensification of the near surface low pressure system.
We show that continental moisture sources are essential for the development of the July 2021 event, as the rainfall would not
have been as heavy under dry conditions. This is confirmed by the results of the moisture tracking. Our results contrast with
Mohr et al. (2022) and Tradowsky et al. (2023), as we observe only minor contributions of moisture from the North Sea, the
Baltic Sea or the Mediterranean, which would suggest that SST anomalies are not decisive for the development of the event.
Since any moisture tracking is subject to inherent methodological uncertainties, it would be ideal to carry out further storyline

simulations under various SST scenarios in the future.

Code and data availability. The code for generating the presented figures and table is available at https://github.com/tfohrmann/july21_eval.
The corresponding data is available at https://doi.org/10.5281/zenodo.19818501.

Appendix A: Spatial scale analysis using wavelets

We apply a wavelet transform to deterministic model simulations to examine structural changes in spatial precipitation fields.
The analysis focuses on the EU nest region (Fig. 1), which is interpolated to geographical coordinates on a regular grid
with a spacing of approximately 7km. We employ the dual-tree complex wavelet transform (Kingsbury, 1998), which is
particularly well suited for analyzing spatial precipitation fields due to its approximate shift invariance and improved directional
selectivity (see, e.g., Szemkus et al., 2025; Buschow, 2024). The transform decomposes the precipitation field into scale-
dependent components, providing a localized spectral representation that enables the quantification of spatial variability as a
function of scale. We interpret the resulting wavelet energy as a measure of scale-dependent variance.

To reduce artifacts arising from the finite domain, the precipitation fields are linearly smoothed to zero over the outermost
15 grid points prior to the transformation. A two-dimensional wavelet transform is then applied at each time step, yielding the
spectral energy distribution across discrete spatial scales of (7-2°,7-2%,...,7-2%)km. This results in a wavelet spectrogram
for each time step, describing the temporal evolution of variability across spatial scales.

Figure A1 shows the time series of the wavelet spectrogram for the CTL simulation, while for the WET and DRY simulations,
differences relative to the control (WET-CTL and DRY-CTL) are presented. Consistent with Fig. 4, total variance increases
(decreases) in the WET (DRY) scenario relative to the control simulation. Notably, these changes occur across all resolved

spatial scales.
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Figure Al. Time series of the wavelet spectrogram from deterministic simulations over the EU nest region based on a dual-tree complex

wavelet transform. Shown are the control simulation (b) and difference plots for the WET (a; WET-CTL) and DRY (c; DRY-CTL) scenarios.



295

300

305

https://doi.org/10.5194/egusphere-2026-2424
Preprint. Discussion started: 20 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Appendix B: Total column integrated water vapor in the scenarios

Figure B1 shows an example of the TQV in the deterministic runs of the scenarios on 14 July 2021 at 12 UTC. A clear decrease
in moisture can be seen in the dry soil moisture scenario. At this particular point in time, the decrease is mostly concentrated

on Eastern Europe.

¥ 8383
TQV in kg m~2

—
o

o

Figure B1. Map of total column vapor in (a) the deterministic CTL simulation, (b) the WET and (c) the DRY scenarios. Values are shown
for 14 July 2021 at 12 UTC.
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