Reply to the editor and reviewers indicating changes made to the manuscript
Reply to the editor
Dear authors,

as you have seen, the two reviewers provide an excellent list of detailed comments on your
manuscript. Although they both appreciate your efforts and agree on the general interest of your
study, they nevertheless provide very mixed assessments.

| agree with the main points made by Reviewer #1, that (1) AWC may not be the most suitable choice
to quantify root-zone storage characteristics and that (2) insufficient information is given on the
implementation and evaluation of the model used here - what were the choices made here and why?
How does this influence the interpretation?

| encourage you to address these points and all other comments and incorporate them in a meaningful
way in a revised version of your manuscript.

Best regards, Markus Hrachowitz
Dear Markus Hrachowitz,

Thank you for your evaluation of the reviews of our manuscript. Below, we note how and where we
implemented the comments of the reviewers, or specifically state when and why we did not do so.
With regard to your main remarks:

(1) We fully agree that the Siootz0ne derived from soil parameters might not always agree with the
actual amount of water available for crops. However, given the focus of our regional study on
agricultural grid cells, we prefer the chosen Srootz0ne parameterization as our main approach as
it considers a lower boundary, i.e., the depth is constrained to a level below which roots are
unlikely to develop (Section 2.3, line 206-215). This does not mean that roots of agricultural
crops make full use of the entire rootzone, as was pointed out by reviewer #1 and mentioned
in the manuscript (Section 4, line 573-574). Therefore, we included additional sensitivity
analyses, i.e., doing the same analyses but with a different parameterization of the root zone
(description in new Section 2.8). Although the sensitivity analyses will not provide the answer
about the most optimal Srotzone parameterization across space and time, a topic that we
believe would fit better in a separate study with a different scope, it will at least provide some
feasible scenarios of Srootzone fOr the considered agricultural grid cells. Finally, we would like to
mention that we acknowledge the idea of a climate-based root zone mentioned by reviewer
#1 and discuss this possibility in Section 4 (line 580-589). However, we don’t think it is feasible
to include this in the current study, given that our focus is on agricultural grid cells with annual
crops, whereas a climate based rootzone works with the hypothesis that roots develop (over
time) to deal with droughts of certain return periods.

(2) The implementation and structure of the model, and choices made in the set-up of the model,
are now carefully outlined in Section 2.3 (flowchart of the model in new Fig. 2, model
description on lines 170-186, modeling assumptions explained together with some critical
remarks on why these assumptions differ from reality on line 192-215). The way the model
was evaluated is described in new Section 2.4 and results of this evaluation are presented in
Section 3.1 and the new supplementary material (Fig. S2-S4). The sensitivity analyses,
investigating the impact of changing the root zone storage, as well as the impact of
investigating SM drought instead of SM stress, is outlined in section 2.8. The way how this
changed the interpretation of the results is now presented (Section 3.3, Fig. S5-S8) and



discussed (Section 4). Finally, we would like to mention here that we prefer a sensitivity
analyses using scenarios of rooting depth over some kind of optimization analyses trying to
find the Srootzone that results in the best model performance. This, because such an optimization
exercise requires a study with a different scope, i.e., focusing on more forested or grassland
catchments within the study area. Further, we can modify / calibrate Srootzone but will not know
whether we get a better match with observed streamflow because we simulate SM in the
agricultural grid cells better or because for other reason, e.g., we simulate SM in forest or
grassland grid cells better.

Kind regards,
Erik TijJdeman and Lucas Menzel
Reply to the comments of the reviewers.

We would like to thank the reviewers again for their critical and constructive remarks on our
manuscript. Below, we indicate (in blue) how and where we implemented the comments (shown in
black) in the revised version of the manuscript. Line numbers, sections and figure numbers refer to
the track-changed manuscript (below) or the newly added supplementary material. We mainly focus
on highlighting the changes made to the manuscript given that more detailed explanations were
already provided in the previous replies to each review.

Reply to the comments of reviewer #1
Major comments.

The data used for the available water-holding capacity (AWC, i.e., the amount of plant available water
inthe root zone at field capacity), might not be representative for the actual amount of water available
to vegetation at all and could be significantly biased as climate and land cover types are in reality the
main controls on root zone storage capacity and not the soil type. This would be fine, however, if we
would accept that AWC is simply a soil characteristic, but then the definition of soil moisture stress
occuring at 30% AWC might be biased instead.

- We now clearly explain how we derived the AWC of Sootzone (Section 2.2 line 127-129,
Section 2.3 line 206-212).
- We justify why we used a soil-based definition of Srootzone and further acknowledge that this
might not be representative of real-world conditions (Section 2.3, line 212-215).
- We then propose a sensitivity analysis in Section 2.8, i.e., what if:
o We use a soil-based definition of the root zone but constrain the maximum depth to
one meter
o We use a root zone with a fixed AWC of resp. 100 mm and 200 mm, specifically
focusing on certain crop type with a low or high amount of water availabillity.
- With the sensitivity analysis, we present (new Section 3.3, Fig. S5-S8) and discuss
(throughout section 4) how:
o SM stress characteristics change and,
o Controls on SM stress characteristics change,
depending on the used parameterization of the root zone.
- We did not include a climate based Srootzone but discuss this possibility in Section 4 (Line 580-
589). The in this paragraph mentioned reasons a climate based Srootzone Was not included
were:



o Because we do not think this approach works well for the Agricultural grid cells, i.e.,
the hypothesis behind the climate-based root zone is that it adapts over time to deal
with droughts of certain return periods, whereas annual agricultural crops cannot do
that.

o It would require an analysis of a different scope to test whether a climate-based root
zone results in better modeling results.

- Overall, we still do not know for sure how much water plants have access to across the study
region and over the considered period of record, and stress this again in the discussion
(Section 4, Line 586-588) and conclusion (Section 5, Line 664-665). That being said, this is a
common problem in regional models, yet they are being used for drought assessments. The
additional sensitivity to the used root zone parameterization provides insight on how robust
or not the derived results are, whereas the sensitivity analyses comparing SM stress and
drought events point towards some interesting differences between the two different
metrics.

- Conclusions are drawn on AWC being a control of reaching 30% AWC. This is clearly circular
reasoning and those findings can hardly be considered surprising.

- We agree that these findings are obvious. Nonetheless, we believe that they are worth
showing, also in the context of the use of meteorological proxies of SM drought (Section 4,
Line 517-519).

- We think the “unsurprising” findings become more interesting with the newly included
sensitivity analyses, especially, the differences between SM drought and SM stress. We now
show the AWC has an obvious control on SM stress characteristics, whereas it has little or
sometimes even a contrasting control on SM drought characteristics (Section 2.8, 3.3, 4, Fig.
S5-S8). This provides some interesting material for discussion on different methods for
agricultural drought assessments (Section 4, line 605-620; new Fig. 10 and S10), i.e., SM stress,
shows some obvious relationships with the AWC, whereas SM drought does not show the
obvious relation with the AWC (but is therefore more robust to uncertainties in the
parameterization of the root zone).

This study evaluates the soil moisture within a hydrological model (TRAIN), however, there is no
information shown on the setup of the model and whether this model performs well at all based on
streamflow or other measurements. This might be shown in the papers that are referred to, but |
would find it useful here as well. Neither is it evaluated how crucial information/parameterization
affects the results. Does the in- or exclusion of the AWC data vs. a fixed value improve model
performance? Is the vegetation water stress formulation in TRAIN really the best and would other
parameters lead to worse or better streamflow predictions?

- We now provide a conceptual model overview, which displays all fluxes and stores of the
TRAIN model (new Fig. 2) as well as a description how these are derived (Section 2.3, lines
170-186).

- Itis worth mentioning that TRAIN has been developed to simulate the water fluxes at the soil-
vegetation-atmosphere interface, i.e., it is not a rainfall-runoff model (see Fig. 2). Focus in the
model is on the control of evapotranspiration through water availability in the soil. Thus, it
necessarily includes a vegetation water stress approach which has been deduced from own
research and recent findings documented in the literature. However, we do not know if it is
really “the best” —if such a best approach really exists.



- Based on the aggregated water fluxes generated by the model, we included a model
evaluation using streamflow of 60 catchments with near-natural flow located across the study
area (new Fig. S1). This evaluation is described in new section 2.4 and includes:

o A comparison between the simulated and observed average annual water balance
(new Fig. 5a)

o An assessment of the correlation between annual simulated and observed water
balance (Fig. 5b)

o An assessment of the agreement between SM and river flow (during drought years),
under the hypothesis that the drying of SM caused by meteorological dry spells should
also be visible for some catchments (Fig. S2)

o Aninvestigation whether most event flow occurs when simulated SM of the majority
grid cells in the catchment exceed field capacity (Fig. S3, S4).

Overall, these results suggest that the TRAIN model provides a reasonable estimate of the
simulated fluxes and stores.

- Weargue against a calibration of the root zone against streamflow observations in the context
of this research, as we do not know whether a possible improvement according to one of the
points above relates to a more realistic representation of the root zone for the considered
agricultural grid cells. This, because each catchment encompasses a mixture of different land
uses (See also reply to major comment #1). Rather, we investigated how the derived drought
characteristics change depending on some possible parameterizations of the root zone
(described in new section 2.8).

Specific comments

#1: “L38: “Droughts are often defined as a below normal water availability”
| would have expected some critical reflections on this directly in or directly after this paragraph and
not by the end of the introduction.”

Critical reflection is now provided directly in this paragraph (Section 1, line 48-50).

#2: “L75: “which is indicative for low soil moisture levels causing drought stress for plant”

Given the fact that at this point in the introduction drought has only be described to be defined as an
anomaly and not as an absolute measure, low soil moisture levels can occur without having a drought,
so the plants in this example just experience water stress and not drought stress.”

Changed to soil moisture stress (Section 1, line 93).

#3: “L109: “Vectorized soil property data (field capacity and wilting point of the root zone soil) were
derived from the BK-50 (scale of 1:50,000) dataset provided by the Federal State Office for Geology
Resources and Mining (LGRB, 2019).”

Is this the available water-holding capacity in the rootzone? Does it include thickness as well as soil
type? This is not clear. More importantly: how do you know that plants’ roots really access all this
water? There have been many studies showing that the root zone storage capacity is not a
characteristic of the soil, but mainly that of the climate and the plant (e.g., de Boer-Euser et al., 2016;
Fan etal., 2017; Gao et al., 2014; Guswa, 2008; Kleidon, 2004; Nijzink et al., 2016; Speich et al., 2018).
Therefore, it should be made clear in the manuscript that AWC is a soil property within a part of the
rootzone, but not necessarily a characteristic of the rootzone itself, and may even be completely
unrelated to root zone water storage capacity.”



More information about the root zone soil data is added to section 2.2 (Line 128) and 2.3 (Line 206-
212). This data includes thickness as well as an estimate of the AWC from soil properties. A justification
why we make this assumption is added to Section 2.3 (line 212-215), i.e., we argue why we prefer the
used assumption in this regional modeling study and mention that it is more often used, but also
briefly note why this assumption might be different from reality. We added a sensitivity analyses that
investigates the impact of some alternative parameterizations of Srootzone ON the derived results, i.e.,
constraining the depth or the size of the Srootone to differentiate between shallow and deep rooting
crops (Section 2.8). We added a note to the discussion about climate-based root zones (Section 4, line
582-586), but argue that this is less applicable in our study, given that we focus on agricultural grid
cells. This note will also be added to the dataset that accompanies this paper. Together with some
additional remarks in the discussion and conclusion (e.g., Line 587-589, 597-599, 644-646), we
sufficiently clarified that the assumed root zone might differ from the actual root zone.

#4: “L145-146: “Thus, the root zone soil is not subdivided into different layers but understood as one
uniform soil column.”

Does it have a specific pre-defined thickness? Was it calibrated on something? This is a crucial
parameter, so a more comprehensive description would be useful to the reader.”

The way the soil thickness is incorporated is now explained in Section 2.2 and 2.3. The thickness and
AWC of Srootzone Were not calibrated, for reasons mentioned in the reply to major comment #3.

#5: “L218-L220: “The latter suggests a stronger influence of root zone soil characteristics, over the
influence of the climatological setting, on whether or not SM drought stress developed. SM drought
stress was further found to be more likely to develop in soils that have a lower AWC (Fig. 5a), as the
likelihood of Socc increases with decreasing AWC.””

Yes, obviously this is the case. The probability of occurrence of SM drought stress (defined as <30% of
AWC!) is related to AWC. It's extremely obvious that these variables are related, so it’s not surprising
at all to find a strong relation, especially as this is an entirely model-determined results. This is clearly
circular reasoning and can hardly be considered surprising.”

See the reply to major comment #2.

#6: “L302-L303: “SM drought stress was generally more likely to develop, and evolved faster and
earlier in the year, in shallow root zones with a lower AWC.”

Yes, obviously this is the case as SM drought stress is defined as <30% of AWC! This is again clearly
circular reasoning and can hardly be considered surprising.”

See the reply to major comment #2.

#7: “L305-L306: “Results also confirm that AWC of the root zone is an important factor to determine
the vulnerability to agricultural drought”

In your model that is and with a definition where agricultural drought is defined as a percentage of
AWC. This conclusion is, therefore, overstated and should be withdrawn in case it cannot be backed
up with any observations (crop yields, vegetation observations, etc.) or hard proof that the
hydrological model is a reliable descriptor of true states and fluxes.”

The conclusion is rephrased and more carefully stated using the additional sensitivity analyses (Section
5, line 639-643). In addition, TRAIN has proven to be reliable on the plot-scale (e.g. studies mentioned
in Section 2.3) and the newly included comparison against streamflow observations are reasonable as
well (Section 3.1, Fig. 5, S1-S4).



#8: “L352: “However, roots do not necessarily utilize the water in the entire soil column”

Exactly! Or they are able to access more water than what you think based on the soil map and model
parameterization. There would likely be great differences between forests, grasses and crops and the
roots would develop differently under different climates. Therefore, what you define as soil moisture
drought stress could be far from reality.”

We emphasize that the focus is on agricultural grid cells. (e.g., Abstract, Line 18; Section 2.3, Line 200,
Section 2.5, Line 260). We now refer to SM stress instead of SM drought stress (throughout the
manuscript), and now discuss why our simulations might differ from reality (Section 2.3, Line 206-215;
Section 4, Line 573-589). We further note that this is a common issue with regional drought simulation
studies, which more often use soil based definitions of the root zone. This is also (or especially) the
case when studying SM drought, i.e., SM might be anomalously low but that does not it has the
potential to cause drought impacts (Section 4, line 608-614).

#9: “L357: “However, by analyzing a large sample of grid cells, we cover most combinations of root
zone characteristics and climatological settings that occur within the study region”

Even if we accept that the rootzone characteristics and climate to be wrongly represented in individual
grid cells, you have no basis to claim that the probability distribution function of root zone vs. climate
is representative of reality.”

We now investigate how probability distribution functions change under different assumptions of the
root zone (Section 3.3). We use this, and other reasons, to discuss that probability functions are only
valid if the assumptions behind the simulations apply, and that studies with different scopes can have
different assumptions (Section 4, Line 597-599).

Minor comments
Reviewer #1

L34: “aerial overview” What does this mean? Aerial in the literal sense or as a figure of speech?
Perhaps just use overview.

Changed to just overview as suggested (Section 1, Line 43)
L71: “it’s”
The word ““it’s” is removed (Section 1, Line 85).

The numbers on the side are probably some kind of coordinates, but not defined. Moreover, all text
is really small and difficult to read.

We re-projected the maps to the Latitude Longitude coordinate system and further increased the size
of all l[abels (modified Fig. 1, modified Fig. 3).

L114: “watt/m2 ” Just an example, but notation should be W m= (please look at HESS Mathematical
requirements)

Changed as suggested throughout the manuscript

L123: “T, Uspeed, RH and RG” Just an example, please avoid acronyms where a single symbol could
easily be used and use italic notation for physical quantities (please look at HESS Mathematical
requirements)



Throughout the manuscript, we now use italic notation for all physical quantities. We further either
removed these two letter abbreviations (as we only used them once or twice) or kept them in case
they are more commonly used in literature (e.g. SM, AWC).

Fig. 3. Units missing in the legend.
Units are now added to the legend (modified Fig. 4).

L204-L205: “For ease of notation, we omit the grid cell and year identifiers (i and y) from the variable
subscripts in the remainder of this paper.” | don’t think it was necessary then to introduce i in the first
place. Moreover, y is used in the remainder of the manuscript making the statement incorrect.

We believe that it is helpful to introduce i, to emphasize that SM stress characteristics were calculated
for each agricultural grid cell i (and year) separately (see also third comment of reviewer #2). We
rephrased the sentence where it now notes that grid cell identifiers are omitted and year identifiers
are omitted where applicable (Line 301-302).

Fig. 5 and beyond. What is defined here as likelihood should be probability. There is no hypothesis
testing or anything that would justify using the term likelihood.

We now refer to probability throughout the manuscript.
L229. “at least once in a year (Socc = 1)”. The symbol of at least once is > and not =.

Socc refers to the binary timeseries, which indicate whether SM stress was reached for at least one day

“u_n

or not. Therefore “=" is correct in this case.

L330: “vegetative stress” Water stress for vegetation
Changed as suggested (Section 4, Line 548).

Reply to the comments of Eric Hunt (reviewer #2)

The only major issue is the authors terminology of defining drought for soil moisture in absolute terms
as opposed to as an anomaly. While opting to look at soil moisture as a % of available water content
(putting a current observation in the context of field capacity and wilting point) is highly appropriate,
many members of the drought community would take significant issue with saying anything under
30% AWC is drought, if that occurs more than 20% of the time for a given location and time period.
However, what the authors are conveying in the paper is soil moisture stress, or perhaps more
correctly- low enough soil moisture to cause significant water stress for vegetation, in the context of
drought and flash drought formation. Therefore, | ecommend the authors consider changing the term
"SM drought" to "SM stress". This would in no way reduce the importance of the article or the
effectiveness of the message. Clearly in years like 2003, 2015, 2018, and 1991, SM drought was
appropriate but in other years it may not be, especially for grid points where that is a common
occurrence.

- We changed the term “SM drought stress” to “SM stress” throughout the manuscript.

- We added a Figure to the discussion to show how uncommon (or anomalous) SM stress is (Fig,
10) and discuss that SM stress is often still an anomalously low event that develops during
periods with below normal precipitation (Section 4, line 609-620).

Another thing for the authors to consider is to look at the development time and see what percent of
cases were more flash drought oriented (e.g., 25-40 days from start to ) vs. a more traditional drought



that develops more slowly. That could then be tied to the temperature and precipitation anomalies,
in addition to what is already shown in Figure 7.

- We changed former Fig. 7 in the following way:

o Split al SM stress events in quickly developing, flash drought-oriented events (<30

days) and slower, more traditional developing events (modified Fig. 9a).

o Split al SM stress events in shorter (<30 days) and longer events (modified Fig. 9b).
Interestingly, the meteorological conditions during the more flash-drought oriented events
ten to be more extreme (relatively lower precipitation and higher temperature and
evapotranspiration).

- We mention the percentages of SM stress events belonging to each category (short / long) in
the caption of the Figure.

Finally, please make it more clear in the methods that Socc is only for a particular year and grid point
combination. This is implied in the article but more explicitly stating it will help the readers.

We added an extra clarifying remark (Section 2.5, Line 265-266)
Line 39: List some examples of drought indices and their references

We replaced the more general reference to Lloyd-Hughes (2014) with a short list of some commonly
used (standardized) meteorological indices relevant for our study (Section 1, Line 52-53).

L52-54:There are indices (e.g., ESI) that account for both ET and potential ET.

We introduced indices such as the ESl in this paragraph (Section 1, Line 61-63)

L65: As in future climate scenarios or forecasting of soil moisture at S2S?

We clarified that the sentence refers to climate change scenarios (Section 1, line 79).
L71-72: Consider re-writing sentence on drought.

We rephrased the part of the sentence that mentioned that there is a common consensus on the
slowly developing nature of drought (Section 1, line 86).

L82: Below normal precipitation?

We added a note that below normal refers to hydrometeorological variables (Section 1, line 96-97).
L131: What does TRAIN stand for?

We mention that TRAIN is an abbreviation of TRAnspiration and INterception (Section 2.3, line 150).

L156: Please clarify the length of spin-up time for the model? Was it truly 1 year (1988) or all 31 years
and only 1989-2018 considered in the analysis? If the former, you will need to provide justification for
doing so.

We now justify having only one warmup year in Section 2.3 (line 226-227).
Elaborate further on why you chose to use FC as opposed to an AWC of say above 0.70.

We added a Figure to the supplementary material where we show how development time changes if
we change the starting point to different AWC values (Fig. S9) and discuss how much faster
development time becomes if the initial conditions are different (Section 4, line 484-486).



Reply to the comment of Zhiyong Liu

It seems the authors used the linear correlation and regression models to identify the individual
contribution from different controls on SM drought features. However, these two approaches can
not differ the co-influencing between the controls (i.e., the soil properties and climate settings).
Probably, the partial least squares regression (PLSR) and the partial correlation analysis could be
more efficient to identify the individual. Kindly see the R function, e.g., plsr and pcor.test in R
program. The results based on the PLSR and partial correlation could be different from the current
results. The Authors could make some tests based on their sample data. It is only a suggestion.

In the end, we did not included partial correlation, but rather included a sensitivity analysis to
investigate what happens to the correlation when changing or constraining the AWC of the root zone
(section 3.3, Fig. S7).

Reply to the comments of Chunyu Dong

Figure 1a. | would suggest clipping the elevation map and only reserve the Baden-Wirttemberg.
Then you may add a small panel at the corner which indicates the location of Baden-Wiirttemberg in
Germany

Applied as suggested in modified Figure 1.

In this paper, the SM drought threshold is set to 30% of AWC. Then a binary time series of SM
drought stress occurrence becomes the basic data of this study. | am thinking it might be helpful to
further classify the SM drought to different levels, for example, moderate, severe and extreme SM
droughts. In this case, Figure 4 may demonstrates the temporal variations of cell counts for different
drought severity. It may provide some information like whether climate warming has increased the
drought severity in this region-

In the end, we decided not to include the additional thresholds in the manuscript. The sensitivity
analyses already added a significant amount of material and adding additional thresholds would mean
a threefold increase in this amount.

SM drought stress occurrence (Socc) was computed in the basis of calendar year in this paper.
Normally, most of the soil moisture droughts in Germany happen between spring and autumn.
However, was there some winter droughts over 1989-2018, which began at the end of a year and
ended in the following year? If yes, these special circumstances may overestimate the drought
occurrences in the successive two years. In addition, how did you calculate the development time and
duration for these special droughts? | assume these events are very rare in this region.

We mention that multiyear SM stress events did not occur in the study region (Line 503-507).

This sentence is confusing. What does "the latter" refers to? What | see is that drought tends to
develop at warmer locations for all prominent drought years but not for all the other years. Please
make it more clear.

We rephrased this sentence as indicated in the comment and removed the latter (Line 363-364).
(L255-258. It would be helpful to add the significance test of the rank correlations in Table 1

We did not include significance, as it distracts from the main message, i.e., the sign and magnitude of
the correlation, and how it changes depending on the used root zone parameterization method or SM
stress / drought identification method, is most important.
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Abstract

The drought of 2018 in Central and Northern Europe showed once more the large impact this natural hazard can have on the
environment and society. Such droughts are often seen as slowly developing phenomena. However, root zone soil moisture
deficits can rapidly develop during periods of lacking precipitation and meteorological conditions that favour high
evapotranspiration rates. These periods of soil moisture dreught-stress can persist for as long as the meteorological drought
conditions last, thereby negatively affecting vegetation and crop health. In this study, we aim to characterize past soil moisture
dreught-stress events over the croplands of Southw-Western Germany, and as-wel-astefurther to relate the characteristics of
these past events to different soil and climate properties. We first simulated daily soil moisture over the period 1989-2018 on
a 1-km resolution grid using the physical based hydrological model TRAIN. We then derived various soil moisture stress
characteristics; probabilitylikelihood, development time and persistence, from the simulated time series of all agricultural grid
cells (n = 15000). Logistic regression and correlation were then applied to relate the derived characteristics to the plant-

available storage capacity of the root zone as well as to the climatological setting. Finally, sensitivity analyses were carried

out to investigate how results changed when using a different parameterization of the root zone, i.e., soil based or fixed, or

when assessing soil moisture drought (anomaly) instead of stress. Results reveal that the majority of the-agricultural grid cells

across the study region reached soil moisture dreught-stress during prominent drought years. The development time of these
soil moisture dreught-stress events varied substantially, from as little as 10 days to over 4 months. The persistence of soil
moisture dreughtstress varied as well and was especially high for the drought of 2018. Fhe-A deminant-strong control on the
likeltheed-andprobability and development time of soil moisture dreught-stress was found to be the storage capacity of the

root zone, whereas the persistence was not strongly linearly related to any of the considered controls. On the other hand, the

sensitivity analyses revealed the increased control of climate on soil moisture stress characteristics when using a fixed instead

of a soil-based root zone storage. Thus, the strength of different controls depends on the made modelling assumptions.

Nonetheless, storage capacity of the root zone, whether it is a characteristic of the soil or a difference between a shallow or

deep rooting crop, remains an important control on soil moisture stress characteristics. This is different for SM drought

characteristics, which show little or a contrasting relation with the storage capacity of the root zone. Overall, results give
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insights in the large spatial and temporal variability of soil moisture stress characteristics and highlight-suggest the importance

of considering differences in root zone soil storage for agricultural drought assessments.

1 Introduction

Droughts are naturally (re-)occurring phenomena that can appear in different domains of the hydrological cycle and cause
associated impacts (Tallaksen and Van Lanen 2004; Stahl et al., 2016). Because of their multifaceted characteristics, droughts
are often classified in different types (Wilhite & Glantz, 1985). One of these drought types is agricultural drought, which refers
to the impacts of lacking water availability on the health and growth of crops. These agricultural droughts can reduce yields
and thereby cause large economic losses. A crucial first step to reduce the risk of (agricultural) drought impacts involves
effective monitoring and early warning of the drought hazard (UN/ISDR, 2009). Agricultural drought monitoring and early
warning occurs at different scales; from plot-scale observations and simulations to regional-scale drought mapping. Regional-
scale drought monitoring and early warning provides an aerial-overview of regions at drought risk, which raises awareness and
helps decision-making. Accurately depicting areas affected by agricultural drought is complex as its occurrence is influenced
by a variety of factors, including often spatially heterogeneous climate and soil characteristics. A better understanding how
these climate and soil characteristics control (the development of) agricultural droughts is needed.

Droughts are often defined as a below normal water availability. with the normal often depending on space and time (Tallaksen

and Van Lanen 2004)._Such an anomaly-based definition allows depicting regions and episodes with below normal water

availability across the world according to different hydro-meteorological variables. However, the identified events with below

normal water-availabillity might not necessarily have the potential to cause drought related impacts. -Fhis-The below-normal

definition of drought forms the basis of many drought indices, which reflect whether a certain hydro-meteorological variable

is anomalously low or high (e.g., Heyd-Hughes; 2644 Anderson et al., 2007; McKee et al., 1993; Samaniego et al., 2012;

Vicente-Serrano et al., 2010). Soil moisture anomaly time series, or proxies of the latter, are often used for agricultural drought

assessments (e.g., Sheffield et al., 2004; Andreadis et al., 2005; Samaniego et al., 2012). Different drought characteristics can
be derived from these soil moisture anomaly time series, including drought magnitude, duration, and areal extent.

The data used for agricultural drought assessments stems from different sources. These data sources include direct soil moisture
measurements, remote sensing observations, meteorological proxies and hydrological- or land surface model simulations (e.g.,
Berg and Sheffield, 2018). Soil moisture measurements provide the most realistic information about the soil moisture status at
a certain depth but are point based and thereby limited in their spatial coverage. Remote sensing observations ean—of soil
moisture provide a regional coverage but these-direct observations are only able to detect soil moisture changes in the upper

soil layer, at least in the case of microwave remote sensing. On the other hand, remote sensing observations of heat fluxes and

vegetation health can provide an estimate of the ratio between actual and potential evapotranspiration and thereby depict

regions with soil moisture stress (e.g. Anderson et al., 2007). Meteorological proxies for agricultural drought include drought

indices such as the Palmer Drought Severity Index (PDSI; Palmer, 1965) or Standardized Precipitation Evapotranspiration



65

70

75

80

85

90

95

Index (SPEIL, Vicente-Serrano et al., 2010). The strength of these meteorological proxies is their relative ease of computation
and often low data requirements. However, meteorological proxies are often based on potential evapotranspiration and do not
consider some other relevant terrestrial processes that influence soil moisture and agricultural drought, such as the reduction
of evapotranspiration during soil moisture dreught-stress. Many of these terrestrial processes are also included in physical-
based hydrological and land surface models. The physical basis of these models makes their use often preferable over the use
of meteorological proxies for past and future agricultural drought assessments (e.g., Berg & Sheffield, 2018; Sheffield et al.,
2012).

Various hydrological and land surface models have been used to assess past and future soil moisture drought events. One
example is the Variable Infiltration Capacity model (VIC), which has been applied to characterize major soil moisture drought
episodes across different regions (e.g., US: Sheffield et al., 2004; Andreadis et al., 2005; China: Wang et al., 2011: and the
world: Sheffield & Wood, 2007). The latter analyses enabled the cataloguing of past soil moisture drought events according
to a variety of characteristics, providing a benchmark for current and future drought events. Another example of a regionally
applied model to simulate soil moisture (drought) is the mesoscale Hydrological Model (mHM, Samaniego et al., 2010). The
output of the mHM has been used for both historic soil moisture drought assessments (Hanel et al., 2018) as well as for future

soil moisture drought projections according to different climate change scenarios across Europe (as part of a model ensemble

in Samaniego et al., 2018). The latter studies provide valuable insights about the severity of recent soil moisture drought events
over Europe, e.g., 2003 and 2015, and also show that these recent events were not as rare when considered in a more long-
term historical perspective and that similar or worse events are likely to occur under different climate change scenarios. The
mHM is also run in near-real time and its output is used by the German Drought Monitor (Zink et al., 2016).

Studies mentioned in the previous paragraph focus on characterizing past and future soil moisture drought events, whereas

other studies aim to characterize its development.

aatureDrought is often referred to as a slowly developing phenomena, that can take up to years to reach its full extent (Wilhite

& Glantz, 1985). However, not all drought events are slowly developing phenomena and soil moisture deficits can develop
relatively quickly during dry weather conditions that favor high amounts of evapotranspiration (e.g., Hunt et al. 2009). These
rapid developing droughts, sometimes termed “flash droughts”, can severely impact agriculture (e.g., Svoboda et al., 2002,
Otkin et al., 2018). Several case-study flash drought events in the US have been described in Otkin et al. (2013; 2016). The
latter studies show that precipitation deficits can be quickly followed by a reduction of evapotranspiration, which is indicative
for low soil moisture levels causing drewght-water stress for plants. Christian et al. (2019) aimed to make a regional assessment
of past flash droughts and developed a framework of objective criteria to identify flash drought events from simulated soil
moisture output. By applying this framework to soil moisture simulations over the US, they show that particular regions, such
as the Great Plains, are more sensitive to flash drought occurrence.

Most of the above-described soil moisture drought assessments characterize drought as a below normal anomaly according to

different hydrometeorological variables, which is in line with the traditional definition of drought. However, from an

agricultural drought impact perspective, it can make more sense to directly study the characteristics of (the development of)

3



100

105

110

115

periods of lacking amounts of root zone soil moisture, i.e., soil moisture dreught-stress, which is in line with the soil moisture
drought index proposed in Hunt et al. 2009. Following this reasoning and inspired by the methods used in previous soil
moisture anomaly studies, we aim to study simulated soil moisture dreught-stress events across Southwestern Germany. Our

objectives are to:
1) Characterize past soil moisture dreught-stress events,
2) Investigate dominant controls on soil moisture dreught-stress characteristics

3) Portray meteorological anomalies during (the development of) soil moisture dreught-stress

Finally, we aim to carry out a sensitivity analyses to investigate how derived (controls on) characteristics change when using

different parametrizations of the root zone soil or when investigating soil moisture drought instead of soil moisture stress.

2 Data and methods
2.1 Study region

The study region encompasses Baden-Wiirttemberg (area = 36000 km?), a federal state of Germany located in the Southwestern
part of the country (Fig. 1). The area of interest covers both flat and lowland regions such as the Rhine valley as well as higher
located, more mountainous regions such as the Black Forest and the Swabian Jura (Fig. 1a). The topography of the study region
affects both temperature (annual average (7..u..1) between 4.5 °C and 11.6 °C, Fig. 1b) and precipitation (annual average sum
(Pannuat) between < 600 mm and > 2000 mm, Fig. 1¢). Land cover and soil characteristics vary over the study region (Fig. 1d,e).
Most of the cropland is located in the lower areas (Fig. 1d). Thicker soils with a higher available water-holding capacity (AWC
in mm, i.e., the amount of plant available water in the root zone at field capacity) are generally found in the valleys, and more

shallow soils with a lower AWC in the higher elevated, mostly forested regions (Fig. 1d, e).
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Figure 1: Study region and its (a) elevation, (b) average annual temperature, (c) average annual precipitation sum, (d) land cover
and (e) available water-holding capacity of the root zone soil. Gridded data used to derive this Figure are described in Section 2.2.

2.2 Data and interpolation

The data used in this study stem from various sources. Gridded elevation data (1-km resolution) were obtained from the Federal
Agency for Cartography and Geodesy (BKG, 2019). Vectorized land cover data come from the Corine-2006 dataset and were
retrieved from the German Environment Agency (UBA, 2018). Vectorized soil property data (field capacity. and-wilting point,
air capacity and depth of the root zone soil based on soil properties of different layers) were derived from the BK-50 (scale of

1:50,000) dataset provided by the Federal State Office for Geology Resources and Mining (LGRB, 2019). River flow data

comes from the Environment Agency of Baden-Wiirttemberg (LUBW). Daily meteorological data for the period between

1989-2018 used in this study stem from both gridded data as well as station-based observations. Gridded precipitation (P, mm)
comes from the REGNIE dataset (Rauthe et al., 2013) and was sourced from the climate data center of the German Weather
Service (DWD, 2019). Gridded satellite based global radiation data (RG-watt!W m~) stem from the SARAH dataset and were
derived from the Satellite Application Facility on Climate Monitoring (Pfeifroth et al., 2019a,b). Station-based meteorological
observations of temperature (7, °C), relative humidity (RH5-%) and sunshine duration ($5B5-hours) as well as sub-daily
observations of wind speed (Hipeed;-Bft) and wind direction (Hlirecions-degrees °) originate from the climate data center of the
German Weather Service (DWD, 2019). The sub-daily values of Hspeea-wind speed and Hireciion-wind direction were aggregated
to daily values (for Hgpeeawind speed: arithmetic average, for Haireeiionwind direction: average of Cartesian coordinates).

All data were interpolated to 1-km resolution grids covering Baden-Wiirttemberg. Land cover and soil property data were
interpolated based on the majority class within each grid cell. Gridded meteorological data were re-projected to match the
extent and resolution of the soil and land cover grids. Station-based meteorological observations were interpolated to grids ef
FYpeeas RH-and-RG-using the INTERMET software (Dobler et al. 2004; software ran in default settings). The software first
converts (the units of) some of the meteorological observations, i.€., Hspeea-wind speed (Bft) to Hepeea-wind speed (m #s1) and

SSB-sunshine duration to RGglobal radiation. The software then interpolates these (and all other) meteorological observations

to daily grids using different kriging-based interpolation techniques. These interpolation techniques consider distance to the
station, and, depending on the variable, the possible relationship between the variable of interest and other external factors
such as elevation, wind direction, or relief. The grids of RG-global radiation interpolated with INTERMET were only used
for days for which the SARAH dataset did not provide any data (< 0.25 % of days).

2.3 Soil moisture modelling

We applied the physically based hydrological model TRAIN (TR Anspiration and Interception, indicating the major processes

considered during the initial phase of model development; Fig. 2). The model was used to simulate different fluxes, such as

the different components of evapotranspiration (Eio1) and percolation (Qpercolation) @s Well as stores such as soil moisture (SM)

at a daily resolution over Baden-Wiirttemberg. The TRAIN model follows some basic principles, of which the most important
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ones are the applicability of the model on both the plot and the areal scale (e.g., Stork & Menzel, 2016; Tornros & Menzel,
2014) as well as the ability to run the model with as few input data as possible, —Fhelatter-michtreduce-the-accuracy-ofthe
model-on—theplot-secale-but which benefits its general applicability on larger scales. TRAIN includes information from

comprehensive field studies of the water and energy balance for different surface types, including natural vegetation and

cropland (Menzel, 1997; Stork & Menzel, 2016). Special focus in the model is on the water and energy fluxes at the soil-

vegetation-atmosphere interface.

P Input

1 (a) Meteorology

E o E Precipitation
sublimation mterceptnon Temperature

Psnow |nten:eptmn Rel. Humidity
Wind
Global radiation

transplrat\on

Ssnow Intercemlun (b) Land cover
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Vegetation height

Emerging & Harvest date
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1 M surface
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S <:|] Depth

rootzone Field capacity

Wilting point
Air capacity

Qperl:ﬂlatiun
—-

Figure 2. Conceptual flowchart of the fluxes and stores considered in TRAIN.

In brief, the model works as follows. First, precipitation is divided in either rain (Prain) or SNow (Psuow), depending on whether

daily average T exceeds the threshold temperature (7inreshold = 0 °C) or not. Pguoy 1S temporary accumulated in a snow storage

reservoir (Ssnow). Which grows via accumulation of Py, or shrinks via melt (M, occurring when 7> Tinreshold and derived using

the degree day method; Kustas et al., 1994) or sublimation (Esublimation; derived following the Penman-Monteith equation, with
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canopy resistances set to zero; Wimmer et al., 2009). Prainis either stored as interception (Sinterception). Where the size of Sinerception

depends on the leave area index (LAI), or bypasses the interception reservoir if it is (partly) filled or non-existent. Water is

removed from the interception reservoir via evaporation (Einterception). Which is modelled to occur at different intensities as a

function of the Sinterception and the present meteorological conditions (Menzel, 1997). Prin and M either infiltrate in the root zone

storage reservoir (Srootzone) Or generate surface runoff (Osurtace). The total water storage capacity of Srootzone 18 divided in different

parts, i.e., immobile water (the volume of water below wilting point) plant available water (the volume of water between

permanent wilting point and field capacity; also referred to as AWC) and excess water (volume of water above field capacity;

constrained by the total porosity of the root zone soil). QOsurface 1S 0nly generated when Srootzone 18 saturated and P exceeds an

intensity threshold of 20 mm day'. The simulation of transpiration (Eanspiration) is based on the Penman-Monteith equation. It
depends on the calculation of canopy resistances, which are modified by the state of growth of the vegetation, the status of
Srootzone_and the weathermeteorological conditions (Menzel, 1996, box (a) of Fig. 2). The calculation of percolation (Opercolation)

follows the conceptual approach from the HBV-model (Bergstrom, 1995) and occurs at a rate that is a function of the amount

of excess water in the root zone.

Land cover properties are related to vegetation development, i.e., the temporal dynamics of LAI and vegetation height as well

as emerging and harvest date in case of agriculture (Fig. 2, box b). They were derived from the Corine dataset (Section 2.2),

which encompass general land use classes, such as broadleaved forest or agriculture. Each of these land use classes were

assigned associated temporally varying vegetation properties that are typical for the study region. For the agricultural grid

cells, on which we focus in this study, we considered a mixed parameterization of typical agricultural crops of the region. It

should be noted that in reality, there are crop specific differences that further vary in space and time due to e.g. spatiotemporal

differences in climate or temporal changes in climate or genotypes (e.2. Bohm et al., 2019; Ingwersen et al., 2018; Rezaei et

al., 2018). However, given the absence of detailed spatiotemporal information over the region about these differences, we used

the generalization as described above.

Srootzone Was derived from soil properties from the BK-50 dataset (Section 2.2, Fig. 2 box ¢). This dataset is based on extensive

field investigations on soil profiles distributed over the whole of Germany, which led to a detailed soil map, including

8
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information about soil types, grain size distribution, sequence and depth of soil horizons as well as parameters describing the

water-holding capacity (field capacity, wilting point, air potential). In addition, it includes information about the potential

depth of the root zone, broadly ranging between a few decimeters up to two meters and constraint by e.g. the occurrence of a

root restrictive layer. In addition to soil properties, other factors, such as plant type, climate and meteorological conditions

during certain growth stages influences how deep plant roots grow and thereby the AWC of the root zone (e.g. Fan et al., 2016;

de Boer-Euser et al., 2016). However, we used the above-described soil-based parametrization of Siootzone. (More commonly

used in regional modeling studies), as detailed spatiotemporal information about these other factors are unknown, and the used

soil-based parameterization provides a reasonable boundary condition.

zoneS wowone SotHmeistare-were set to field capacity at the start of the model run on the first of January of 1988. The first year

(1988) was used as warm-up years-(enly-one-year-to-get-the-initial snow-conditions—right), whereas the following 30 (1989-

2018) years were used for the analyses. A longer warm-up was not needed for the purpose of this study given that only the

amount of snow that accumulated in the winter of 1988-1989 affected the considered fluxes and stores over the studied period.

Snapshots of the soil moisture status during different stages of the drought year 2018 are shown in Figure 23; complete daily

animations of soil moisture status during different drought years are stored in an online repository (Tijdeman and Menzel, in

review). This online repository also contains all daily simulations of soil moisture.;-evapetranspiration; pereolationandruneff:
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Figure 23. Simulated soil moisture (expressed as the % of AWC left in the root zone) during different stages of the drought of 2018.

In this study, we specifically analyzed simulated soil moisture (SM, expressed as the % of AWC left in the root zone) and

simulated total evapotranspiration (Ewi, mm fday-). Eremrnew-enFor the SM stress analyses, we focus on grid cells classified

as agricultural, as the focus of this study is on agricultural drought. Grid cells of other land uses were only considered for the

model evaluation.

2.4 Model evaluation

On the plot scale, the performance of TRAIN was evaluated against observed SM and £ observations in various previous

studies (e.g. Sect. 2.3). However, such observations are scarcely available on the regional scale. Therefore, evaluation of the

10
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simulated fluxes and states vs. observed streamflow is helpful to get insight in whether these are reasonable or not. Given that

TRAIN is not a rainfall runoff model a direct comparison between daily streamflow simulations and observations (Qgbserved) 1S

not possible (Fig. 2). Rather, we evaluated for 60 catchments with near-natural flow located across the study region (Fig. S1)

whether:

1) The average annual water balance is comparable (Opercolation T Orunott T AS = Oobserved); Where AS' is the change in

catchment storage over the period of record.

2) The annual variability in water balance is comparable and correlated.

3) The gradual drying of simulated SM during meteorological drought is also visible for part of the Ogpserved timeseries,

1.e., those without a large groundwater flow contribution that can sustain low flows.

4) Event- or quick-flow mainly occurs when simulated SM exceeds field capacity for most grid cells within the

catchment.

Several storage components encompassed in AS, €.2. Ssnow O Srootzone. are simulated in the TRAIN model; however

groundwater is not (Fig. 2). For the first criterion, the impact of not considering groundwater in AS is relatively small as the

sums of P, Eioal and Qobserved_0over the considered period are much larger. For the second and third criteria, not considering

groundwater in AS can have a larger influence, especially for catchments with extensive groundwater stores.

2.4-5 Soil moisture dreughtstress characteristics

We identified SM dreught-stress events, i.e., events where SM was continuously at or below a threshold (1), from all daily
simulated SM time series of agricultural grid cells. In this study, T was set to 30% of the AWC (i.e., 30% of available water
left in the root zone), which is in line with the threshold used by the German Weather Service to define possible low-water
dreught-stress (DWD, 2018). Various characteristics were calculated for the identified SM dreught-stress events. We first
created a binary time series of annual SM dreughtstress occurrence (Socc) for each agricultural grid cell i=1,2 ... 15359)

and calendar year (y = 1989, 1990 ... 2018), which indicates whetherin—a-eertain—yearorgridfor each grid cell and each
eellyear whether SM dreught-stress was reached (Socc,iy = 1) or not (Socc,iy = 0). Then, if Socciy = 1, i.c.. grid cell i reached SM

stress in year y, various other SM dreught-stress characteristics were derived for that grid cell and year, namely:

Sstart,i,y The first day of SM dreught-stress (doy)

Sdevtime,iy The development time of SM dreught-stress (days), i.e., the time it took to drop from field
capacity (last day) to SM dreught-stress (first day).

Stotal iy The total time in SM dreught-stress (days), i.e., the number of days SM;y <t

11



Smaxdur,iy The maximum duration of SM dreught-stress (days), i.e., the maximum number of consecutive

days with SM;, <1t

These different SM dreught-stress characteristics are exemplified in Figure 43.
270

In this study, SM stress episodes were defined based on the percentage of water left in the soil. Thus, SM stress differs from

SM drought, which is expressed as anomaly.
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Figure 34. Simulated soil moisture (SM) time series of an exemplary agricultural grid cell (i) showing the development and
persistence of SM dreught-stress in 2003. The considered SM drought-stress characteristics are presented in the lower-right legend,
i.e., whether seilmeistureSV drought-stress developed or not (Socc,i2003) and the development time (Sdevtime,i,2003), first day (Sstart,i,2003),
total number of days (Stotali,2003) and maximum duration (Smaxdur,i,2003). In this plot, SM time series are capped at 100%-AWC.

2.5-6 Controls on simulated SM dreught-stress characteristics

We related the derived SM dreught-stress characteristics in different years (y) to the soil properties (AWC, Figure le) and

climatological setting (Zannual & Pannuat, Figure 1b,c). Two different techniques were used:

1) Logistic regression for the binary data of Socc,y

2) Spearman’s Rank correlation for the integer time series of Ssart,y, Sdevtime,y, Stotal,y aNd Smaxdur,y

Both the logistic regression and correlation analyses were carried out for each year separately to investigate whether the results

were consistent over the years or exhibit a year-to-year variability.

2.6-7 Meteorological anomalies during (the development of) SM dreught-stress

We further characterized the meteorological anomalies during (the development of) SM dreught-stress. For all grid cells and
years (and when So.c=1), we calculated anomalies of P, 7, and Ei..l (percentiles; resp. Pperciiys Iperc,i,ys and Eperc,iy) during both
the development (dev) and annual maximum duration (maxdur) of SM dreught-stress. Weibull plotting positions were used to
calculate these percentiles, i.e., rank(x)/(n+1); where x is the meteorological variable of interest and n the sample size (in this

study, n=30 years). The time window for which these percentiles were derived matches the time window of development and

13
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annual maximum duration. For the example in Figure 34, SM drought-stress developed between the 31 of May and 24™ of
June and had its maximum duration between the 10% of July and 1% of October of 2003. For this event, P perc.dev.i 2003, Tpere.dev.i2003
and Epere,dev,i2003  (Pperc,maxdur,i,2003, Tperc,maxdur,i,2003 and Epercmaxdur,i2003) e€xpress the meteorological anomalies of the period
between the 31 of May and the 24™ June (10" of July and 1 of October) in 2003, relative to the same time window in all

other years.

For ease of notation, we omit the grid cell identifiers (i) and where applicable year identifiers (i-ar€-y) from the variable

subscripts in the remainder of this paper.

2.8 Sensitivity to the parameterization of Srootzone and used identification method

The AWC of Siotzone Was derived from properties of the root zone soil (Sect. 2.3; from now on referred to as soil based Siootzone)-

To investigate the sensitivity of the derived (controls on) simulated SM stress characteristics to the parameterization of the

Srootzone, W€ carried out the same analyses but with simulations derived using different root zone parameterizations. For one

parameterization-eil-based1-m1), the AWC of the root zone was again based on soil properties but the depth of the root zone

soil was constraint at one meter, placing a fixed lower boundary on rooting depth. For two other parameterizations, (fixed100

mmand-fixed200-mm)-we fixed the size of the AWC of Siootzone t0 resp. 100 mm and 200 mm, aiming to differentiate between

(more shallow rooting) crops with a lower water availability and (deeper rooting) crops with a higher water availability.

SM stress episodes were defined based on the percentage of plant-available water left in the root zone soil. However, given

that percentage of water left in the soil differs from SM anomalies commonly used for drought studies, we carry out a sensitivity

analyses to investigate how (controls on) SM stress characteristics differ from (controls on) SM anomaly characteristics

hereafter referred to as SM drought. For this comparison, daily SM values were first transferred to anomaly space using Weibull

plotting positions (Sect. 2.7), ranking daily SM values of a certain calendar day and year compared to SM values of the same

calendar day in other years. The 20™ percentile threshold commonly used for drought studies was used to extract drought

episodes from the SM anomaly time series. Then, (controls on) the characteristics of these drought episodes were characterized

in the same way as was done for SM stress episodes (Sect. 2.5, 2.6).

3 Results

3.1 Model evaluation

Overall, annual average Qgbserved revVeals a good agreement with the sum of annual average simulated Qpercolation and Qrunotr (Fig.

5a). Differences are mostly within the 100 mm range, with few exceptional catchments showing slightly larger differences

especially in the wetter domains of the study region encompassing mostly forested catchments. Figure 5b reveals the
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distribution of Spearman’s rank correlation coefficients between annual Qgpserved and the simulated annual sum of Opercolation and

Orunotr (averages over the hydrological year) for all catchments. The generally high correlation coefficients indicate that TRAIN

simulates the inter-annual variability more or less right, especially when considering that TRAIN does not have a base flow

reservoir and therefore is not able to simulate (annual) variability in groundwater storage. In addition, simulated monthly SM

and Oopserved_generally show relatively high correlations over the growing season (April-October; Fig. S2a). Thus, episodes

with anomalously low SM eeineide-with-generally coincide with episodes of anomalously low river flow (as is also exemplified

for drought year 2018 in Fig. S2b-c). Finally, Figure S3 and S4 reveal that a relatively large proportion of precipitation

contributes to event flow whenever Sioozone Of all grid cells within the catchment are filled to a level at or above field capacity.

This relative contribution of precipitation to event flow strongly declines whenever a large proportion of grid cells within the

catchment drop to a level below field capacity.
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Figure 5. (a) Annual average Qobserved VS. the annual average sum of simulated Qpercolation and Qrunott (€ach dot reflects one catchment;
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3.2 (Controls on) past SM stress characteristics

Figure 4-6 presents the percentage of grid cells that reached SM dreught-stress at least once in different calendar years (Socc =
1). In general, results reveal a large temporal variability in the fraction of cells that reached SM dreught-stress. SM dreught

stress was reached in all years for at least a small proportion of the cells. However, most prominent drought years (i.e., the
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years in which most cells reached SM dreught-stress) were 2003 and 2018, followed by 2015 and 1991. During these years,
up to 89% of the grid cells reached SM dreught-stress.
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Figure 46. Percentage of cells that reached soil moisture drought stress for at least one day (Socc = 1) in different calendar years.
Most prominent years (1991, 2003, 2015 & 2018) are highlighted in colour.

Figure 5-7 shows the relationship between the probabilitylikeliheod- of reaching SM dreught-stress (Socc) and different controls
(AWC, Pannual, Tannual). In general, probability likeliheod—functions derived with the AWC show a steeper and annually
consistent increase than probabilitylikeltheod functions derived with Pannuat and Tannuat. The latter suggests a stronger influence
of root zone soil characteristics, over the influence of the climatological setting, on whether or not SM dreught-stress
developed. SM dreught-stress was further found to be more likely to develop in soils that have a lower AWC (Fig. Sa7a), as
the probability likelihoed-of So. increases with decreasing AWC. The direction of increasing probability likelihoed-was
consistent for every year, i.e., grid cells with a lower AWC always had a higher probability likelihoed-of reaching SM dreught
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stress than grid cells with a higher AWC. However, during the most prominent drought years, the probability likeltheod

functions are shifted to the right, revealing a higher probability likeliheod-of reaching SM dreught-stress for grid cells with a

higher AWC during these dry years. SM dreught-stress was further found to be more likely to develop in drier regions with a
lower Pannuat (Fig. 5b7b). The probability hkeliheod-of SM dreught-stress as a function of Tannuat Shows more variation in the

direction of increasing probability tikeliheod-(Fig. 5¢7c). In some years, including the prominent drought years, SM dreught

stress was more likely to develop in the warmer regions;-but-thelatter-wasnot-the-case forall-consideredyears:

some other years, no strong relationship with temperature was observed.

whereas in
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Figure 57. Likeliheod-Probability of reaching SM dreught-stress at least once in a year (Socc =
Pannual, (¢) Tannual. Each curve reflects the likelihoodfunction-of-a different year. Curves of prominent drought years are highlighted

in colour.
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Figure 6-8 shows the variation in SM dreught-stress characteristics. In general, there was a lot of within year variability in
these drought-stress-characteristics, whereas differences between prominent drought years were often less pronounced. Sart
varies from the end of April to the end of September (Fig. 6a8a). The distribution of Ssart is comparable between 2003, 2015
and 2018, whereas the distribution of Ssare 0f 1991 indicates a generally later onset of SM dreughtstress. Sgeviime Shows a large
variability; from as little as 10 days to over 4 months (Fig. 6b8b). Despite the large within year variability of Sdeviime, there
were no evident differences in the development time distribution among the prominent dreught-years. Siwl shows both a large
within year variability as well as distinct differences among the prominent drought years (Fig. 6e8c). The distribution of Siotai
reveals that 2003 and especially 2018 were characterized by the longest total time in SM dreught-stress (median Siotai2018= 91
days, 95" quantile Siowi2018 =151 days). A similar within year variability and between year differences was found for Smaxdur
(Fig. 648d). Especially 2018 was characterized by persistent SM dreught-stress events (median Smaxdur201s of 79 days, 95
percentile of 147 days).
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Figure 68. Variability of different SM dreughtstress characteristics shown for the prominent drought years. Shown are (a) first day
(SstareSstart), (b) development time (Sqevtime) (¢) total number of days (Stotal), and (d) maximum duration (Smaxdur) of SM dreughtstress.
Box: percentiles 25, 50 and 75. End of whiskers: percentiles 5 and 95.
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Table 1 reveals Spearman’s rank correlation coefficient between various SM dreught-stress characteristics and the AWC of
the root zone as well as the climatological setting (Pannuat, Tannual) during prominent drought years. Both Ssiart and Seviime Were
most strongly correlated with the AWC, whereas the correlation with Pannuat Of Tannuat Was weaker or absent. These correlations
imply that the start of soil moisture dreught-stress tends to be later and the development time tends to be longer for soils with
a higher AWC. The correlations between the persistence of SM drought-stress (Siotat and Smaxdur) and the considered soil and
climate controls suggest that the time in soil moisture drought stress tends to be longer for soils with a lower AWC that are
located in drier and warmer domains of the study region. However, the correlations were weak or non-existent, and the sign
of the correlation coefficient was not always consistent.

Table 1. Spearman’s rank correlation coefficient between different SM drought-stress characteristics; first day (Sstart), development
time (Sdevtime), total time (Stota)) and maximum duration (Smaxdur), and different soil and climate controls; available water-holding
capacity of the root zone (AWC), annual average precipitation (Pannual) and annual average temperature (Fannuat L annuar), during four
prominent drought years.

Year AWC Pnnual Tannuai
1991 0.72 0.15 0.02
5 [ 2003 0.71 0.08 -0.02
X [ 2015 0.79 0.05 0.14
2018 0.74 0.09 0.04
1991 0.85 0.34 0.48
g 2003 0.77 0.14 0.15
& | 2015 0.84 037 0.53
2018 0.77 0.21 0.24
1991 -0.47 035 0.14
= | 2003 -0.37 0.37 031
A [ 2015 0.32 0.22 0.12
2018 0.09 0.47 0.6
1991 -0.38 0.39 0.19
£ 2003 0.00 -0.46 0.44
£ | 2015 0.11 0.21 0.24
2018 0.23 045 0.61

400 Figure 79 shows the meteorological anomalies during the development and annual maximum duration of SM dreught-stress

(all events of all years combined; but separated based on the length of the development time and duration, i.e., shorter or longer

than 30 days). 3~During the development of set-meistureSM dreught-stress, Ppercdev Was almost always anomalously low,

whereas Tperc,dev and especially Eperc dev Were often anomalously high. especially for the more quickly developing events (Fig.

Fa9a). The distribution of Eperc dev and especially Tperc dev Shows a larger spread than the distribution of Pperc gev. The latter implies
that especially P needed to be anomalously low for SM dreught-stress to develop, whereas £ and T could be more variable
during the development. During the annual maximum duration SM dreught-stress event, Ppercmaxder Was again generally

anomalously low (Fig. 769b). However, Ppere,maxdur Shows a larger variation and spread and was generally higher than Pperc dev.
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particularly for the shorter events. Tpercmaxdur @0d Eperc.maxdur Show contrasting anomalies, where 7 was often above normal and

E often below normal during the annual maximum duration SM dreught-stress event, especially for the events with a longer

410  duration.
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Figure 79. Meteorological anomalies (percentiles) of precipitation (Pperc), temperature (7perc) and actual evapotranspiration (Eperc)
during (a) the development (dev) and (b) the annual maximum duration (maxdur) of SM dreught-stress. Results are split in SM

415 stress episodes with a relatively short (< 30 days; ) and relatively long (>>30 days) development time (ratio S/L is 40/60 %) and
maximum duration (ratio S/L is 67/ 33 %). Box: percentiles 25, 50 and 75. End of whiskers: percentiles 5 and 95.

3.3 Sensitivity to the parametrization of Srootzone and used identification method

The sensitivity analyses reveal that the parameterization of Syootzone affected the total amount of agricultural grid cells that reach

SM stress (Fig. S5). However, this parameterization had little effect on the relative ordering among drought years, i.e.
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independent of the chosen Srootzone parameterization, most severe drought years in terms of the amount of grid cells that reach

SM stress were 2018 and 2003, followed by 2015 and 1991. Further, differences in the amount of grid cells that reach SM

stress were small between results derived from simulations with a soil based Siootzone and a soil based Srootzone_constrained at

one-meter depth. -Larger differences were found among results derived from simulations with a Syootzone that had a fixed AWC.

More distinct were differences between SM stress and SM drought. Most grid cells reached an anomalously low state at least

once in a calendar year, independent of the parameterization of the root zone, whereas SM stress shows more variation between

individual years.
The probability of reaching SM stress was affected by the AWC of the root zone -for results derived from soil based Siootzone

parameterizations (Fig. S6). In case the AWC was fixed, its control was obviously removed, and the climatological setting

(Pannual & Tannuat) had a larger influence. Especially results derived from a fixed AWC of 200 mm show a clear distinction

where SM stress had a higher probability to develop in relatively dry and warm regions, with a shift in probability functions

towards wetter and colder regions during prominent drought years. For SM drought, there was little to no relationship between

the probability of reaching SM drought for at least one day in a certain year and the considered controls, given that most grid

cells reach SM drought for at least one day in most years.

The parameterization of Sieotzone also affected other SM stress characteristics (Siarts Sdevtimes Stotal a0d Smaxdur) 10 their overall

magnitude (Fig. S7). However, the relative ordering in the severity of prominent drought years according to those

characteristics was often preserved. The distributions of Sswrt Were comparable between soil based Siootzone parameterization-s,

whereas Sgure is generally earlier for root zones with a fixed AWC of 100 mm and later for root zones with a fixed AWC of 200

mm (as expected). More pronounced was the difference between S of SM stress and SM drought, as daily SM anomalies

reached a below normal state for the first time much earlier in the vear. Sgevime also varied depending on the Srootzone

parameterization. As expected, SM stress developed faster for root zones with the AWC fixed at 100 mm, slower for root

zones with the AWC fixed at 200 mm, and somewhere in between these ranges for soil--based parameterizations of the root

zone (with again little differences between the two soil based parameterizations). The ordering of the boxplots amon
prominent drought years were comparable among Szootzone parameterizations, despite for 2003 developing relatively fast with

the AWC fixed at 100 mm, and 2015 developing relatively slow with the AWC fixed to 200 mm. The distributions of the Siotal

and Smaxdur in different drought years were comparable among Srootzone parameterizations. More notable is the difference with

SM drought, i.e., SM was much longer (continuously) in an anomalously low state as compared to the time in SM stress. The

ordering of most severe drought years according to duration of the drought remained the same and is comparable to the ordering

of SM stress, with one notable difference for the drought of 2003 derived from a fixed Siootzone parametrization with an AWC

200 mm, which lasted relatively long compared to other drought years.

Sstart Of SM stress derived from the simulations with a soil based root zone parameterization was most strongly related to the

AWC and less to the climatological setting (Fig. S8). When the AWC of Srootzone Was fixed, Sstart positively correlated with

Pannual and negatively with Tannuar i.€., SM stress started later in wetter and colder regions. This is different for SM drought

(anomaly), of which the first day is positively correlated with Pannua and negatively correlated with Tannual. Sdevtime Of SM stress
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is most strongly correlated to the AWC, and less to the climatological setting for soil-based root zone parameterizations. For

root zone parameterizations with a fixed AWC, no correlations with Payua and a negative correlation with Tapnea (SOmMe years)

were found. Siowl and Smaxaur Of SM stress were only weakly correlated to the AWC of the root zone, whereas the total and

maximum duration of SM drought showed a strong positive correlation with the AWC. In other words, SM droughts lasted

much longer in thicker root zones with a higher AWC whereas these root zones were not necessarily in a longer state of SM

stress. Smaxdur and Sioral 0f SM stress were further correlated t0 Pannual_and Tannual. €specially for (shallow) root zones with a fixed

AWC, whereas Smaxdur and Sioral 0f SM drought generally showed lower correlations with Pannual and Tannual,

4 Discussion

Our first objective was to characterize the occurrence, development time and persistence of simulated past soil moisture (SM)
dreught-stress events. Results revealed a large temporal variability in the amount of grid cells that reach SM dreught-stress in
a certain year (Eigare-Fig. 64). The most extreme-severe SM dreught-stress years were 2003 and 2018, during which up to 89
percent of the agricultural grid cells reached SM dreught-stress. These percentages of grid cells were found to be (slightly)

different depending on the parameterization of Siootzone (Fig. S7), implying differences between e.g. shallow rooting crops with

limited access to water and deeper rooting crops with a larger water availability. Nevertheless, the ordering of most severe

drought years was not affected by the parameterization of the root zone, i.e., 2003 and 2018 were always characterized as most

severe in terms of the amount of grid cells that reached SM stress. Previous studies already showed that 2003 was an extreme

drought year within and around the study region (e.g., Schir & Jendritzky, 2004; Ionita et al., 2016). Results of this study

imply that the recent 2018 event was comparable to 2003 in terms of the amount of grid cells that reach SM dreught-stress.
However, even during these most severe drought years, SM dreught-stress did not develop for some of the agricultural grid

cells_(unless a root zone with a fixed AWC of 100 mm was used), either because of 1) local variations in meteorological

conditions (e.g. local rains storms) and b) root zone soils having a large enough storage capacity that acted as a buffer during
dry conditions. This illustrates that even during the most extreme drought years, regional differences can occur. The factors
that control these differences, i.e., the occurrence of local rainstorms and differences in soil characteristics can be spatially
heterogeneous. The latter implies that regional agricultural drought assessments and monitoring should occur at a relatively
high spatial resolution to be able to capture these differences.

A large variability in the development time of simulated SM dreught-stress was found (Fig. 86b). SM dreught-stress could
develop in less than 10 days, e.g., in shallow root zones with a low available water--holding capacity (AWC). This is faster
than the minimum development time of 30 days used to identify rapid-onset (flash) droughts in, e.g.; Christian et al.; (2019).
On the other hand, it could also take a lot longer (over 4 months) for SM dreught-stress to develop. This slower development
matches better with the traditional description of drought, being a slowly developing (creeping) phenomena (Wilhite & Glantz,

1985). The above-stated (ranges in) development time were reduced when the starting point of SM stress development was set

to a level lower than field capacity (Fig. S9), implying that it is important to keep track of partially depleted soil moisture
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stores that can be a precursor of more rapid development. The sensitivity analyses revealed that fixing Siootzone reduces the

variability in development time; however, also showing the distinct differences between root zones with a relatively low and

high storage capacity, indicative for differences between shallow and deep rooting crop species. Further, the relative ordering

of drought years in terms of their Sgeviime Was often the same, besides few exceptions, which relates to specific differences in

the configuration of meteorological dry spells and whether they caused SM stress under different S;ootzone parameterizations.

Overall, the large differences in development time suggest that different types of forecasting systems could be suitable to
predict the development of agrienttural-droughtSM stress; medium range weather forecasts for quickly developing events and
more long-term meteorological forecasts for slower developing episodes.

The persistence of SM dreught-stress (total days and maximum duration) varied strongly between years and grid cells (Fig.
Se8c,d). Results of this study showed that the total days and maximum duration of SM dreught-stress was generally highest in
2018, making this event more severe than earlier (recent) benchmark events, such as 2003. The long nature of the drought of
2018 was also found in a recent study for Switzerland, the country directly south of our study region, in Brunner et al., (2019).

The ordering of most extreme drought years according to duration was often found to be independent of the parameterization

of Siootzone_Or Whether SM stress or drought was analyzed (Fig. S8). On the other hand, distinct differences in duration were

found, especially between SM stress and drought, i.e., SM was generally much longer in an (continuous) anomalously low

state compared to the time it was in a state of SM stress. This can partially be explained by the fact that SM can be anomalously

low without being severely depleted, especially towards the end of the year after a severe drought year when SM stores are

not completely filled to field capacity again (as would normally be the case). We also found that the annual maximum duration

and total time of SM dreught-stress never exceeded 6 months, and most of the root zones reached field capacity again each
year before the start of the new growing season. Thus, SM dreught-stress was never a multi-year phenomenon for the

considered agricultural grid cells. SM drought on the other hand, can last longer and could more easily persist into the next

year.
Our second objective was to investigate the dominant controls on the probabilitylikeltheed, development time and persistence

of SM dreught-stress. Both likelihood-andprobability and development time were most strongly related to the AWC of the root
zone and less to the climatological setting (Fig. 57, Table 1). SM dreught-stress was generally more likely to develop, and it
evolved faster and earlier in the year in shallow root zones with a lower AWC. These findings are in line with results for the
2012 flash drought in the US presented by Otkin et al. (2016), where anomalous soil moisture conditions generally first
appeared in the topsoil layer (lower AWC) and only later in the entire soil layer (higher AWC).- Results also confirm that
AWC of the root zone is an important factor to determine the vulnerability to agricultural drought, as was also stated in, e.g.,

Wilhelmi & Wilhite (2004). Here, it is important to state that AWC is not only a soil parameter but also encompasses

differences between e.g. a shallow or deep rooting crop, as was exemplified by the differences between the two root zone

parameterizations with a fixed AWC found in the sensitivity analyses (Fig. S5, S7). Finally, these results imply that agricultural

drought assessments purely based on meteorological proxy indicators should be interpreted with care, as most meteorological

proxy indicators do not consider differences in root zone soil characteristics.
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The persistence of SM dreught-stress was only weakly correlated with the AWC of the root zone and_more strongly with the

climatological setting (Table 1), especially when considering a parameterization of Siowene With a fixed AWC (Fig. S8). The

reason for the overall weaker correlations with the AWC might be related to the different mechanisms that govern the
persistence of SM dreughtstress in different types of root zones. In root zones with a low AWC, SM dreught-stress can develop
rather quickly. However, the total deficit that can build up is limited and only a small rainfall event is enough to alleviate SM
dreught-stress conditions. In root zones with a high AWC, larger SM deficits can potentially develop. However, this
development takes longer, and the SM dreught-stress threshold is only exceeded towards the end of the growing season, after
which further development is limited because of lacking evapotranspiration. The most persistent SM dreught-stress events
might therefore occur for root zones with an intermediate AWC. In these root zones, SM dreught-stress can develop reasonably

fast but can also build up a large enough deficit that can endure some smaller rainfall events. This is different for the duration

of SM drought (anomaly) which is positively correlated with the AWC of the root zone, i.e., SM droughts tend to last longer

for root zones with a higher storage (Fig. S8). One reason for this is that SM (anomaly) time series derived from root zones

with a larger AWC often exhibit a much more gradual behavior, whereas SM (anomaly) time series derived from root zones

with a smaller AWC are often flashier. Another reason for this is that it can take much longer for root zones with a larger AWC

to reach a level of field capacity towards the end of the year (normal conditions) after a prolonged meteorological dry spell.

The third objective of this study was to portray the meteorological anomalies during (the development of) simulated SM

dreught-stress. During the development, especially precipitation needed to be anomalously low. particularly during the more

rapid developing events (Fig. #a9a), suggesting that lacking precipitation was the most important prerequisite for SM dreught

stress to develop. However, also air temperature and espeetally-evapotranspiration were often above normally high during the
development of SM dreught-stress, implying an enhancing (compound) effect of these variables (see also Manning et al.,

2018), especially during rapid onset events. During Puring—the annual maximum duration SM dreught—stress events,

precipitation was often below normal as well, especially for the longer events (Fig. #69b). However, precipitation anomalies

during the maximum duration events were not as extreme as during the development, possibly because SM only needed to
remain in a steady state condition of SM dreught-stress rather than having to decline from field capacity to a level of SM
dreught-stress. Temperature and simulated evapotranspiration show contrasting anomalies during the annual maximum
duration SM dreught-stress events, with temperature generally being above- and simulated evapotranspiration generally being
below- normal, particularly during the longer events. The reason for these contrasting anomalies might be related to a different

energy partitioning of heat fluxes during SM dreught-stress (described in e.g., Seneviratne et al., 2010). During SM dreught

stress, simulated evapotranspiration was anomalously low because of the vegetative-stresswater stress for vegetation that

causes plants to limit their evapotranspiration assumed in the model. The incoming solar radiation that is normally consumed
by evapotranspiration (latent heat flux) is now used to warm up the soil and lower atmosphere (sensible heat flux), possibly
explaining the above normal temperatures during SM dreught-stress (Miralles et al., 2014). This energy partitioning during

SM dreught-stress and resulting contrasting temperature and evapotranspiration anomalies highlight that agricultural drought
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assessments derived from meteorological proxy indicators based on potential evapotranspiration should be interpreted with
care.

Our regional assessment of SM stress is subject to inaccuracies, challenges, and assumptions; something common for these
kinds of analyses. One source of inaccuracies relates to the modeling of SM. Previous studies showed that the physical based
TRAIN model was able to provide a good temporal representation of soil moisture over agricultural fields (e.g., Stork &
Menzel, 2016). However, it is important to bear in mind that the studied results are regional model simulations for a-specific
soil and ageneral-land use parameterizations that can differentiate from the heterogeneous real world. IaadditienAn evaluation

of the simulated hydrological fluxes with observed streamflow suggests that TRAIN provides a reasonable estimation of the

water balance and its variability (Fig. 5. S2-S4). However, there are other models, model structures and model

parameterizations to simulate soil moisture, implying a dependency between the used model (parameterization) and the results
(shown in e.g., Samaniego et al., 2018; Zink et al., 2017). The latter studies use ensembles of resp. different models or different
model parameterizations to consider model or parameter related uncertainties; something outside the scope of the current study.
Another source of inaccuracies stems from the data used to set-up and force the model. One challenge was the interpolation of
several different meteorological variables over a rather complex terrain, which is prone to biases, especially for variables such
as wind speed. Another challenge was the spatially accurate representation of the root zone soil, both in terms of the
interpolation of heterogeneous soil and land use characteristics as well as in the parameterization of the rooting depth. The
interpolation of soil and land use characteristics was based on the majority class within a 1-km grid cell. However, each grid
cell can still exhibit a large variability in soil and land use characteristics, implying that the simulated SM dynamics might not
be representative for the entire grid cell.

The parameterization of the rooting depth of each grid cell was further based on soil characteristics, which is a more often used
procedure to parameterize regional models. However, roots do not necessarily utilize the water in the entire soil column, and
rooting depth is depending on other factors such as the type of crop. For example, a soil might have a maximum rooting depth
of a meter; however, if a shallow rooting crop species is grown on this soil, roots may not have access to all water. A sensitivity

analyses revealed that derived results change depending on the used parameterization. Differences in (controls on) simulated

SM stress characteristics are small between a soil-based root zone and a soil-based root zone constrained to one-meter depth

implying that the latter depth-constrain does not have a great impact on simulated SM stress characteristics. Larger were

differences when the volume of the AWC of the root zone was constrained to a fixed value, i.e., mimicking shallow and deeper

rooting crop species with resp. lower and higher water availabilities. A not considered option was a climate-based

parameterization of the root zone, which works with the hypothesis that the (catchment-average) size of the AWC of Siootzone

(dynamically) develops to deal with meteorological droughts of certain return periods (e.g. 10 years). Various studies show

improved model performances for a selection of catchments when defining the root zones in such a way as opposed to a soil

based definition (e.g. de Boer-Euser, et al., 2016). The reason why we did not apply this parameterization in our study is that

1) we focus on annual agricultural crops, that are harvested every year and thereby do not have the opportunity to gradually

adapt their root zones over time, 2) such analyses requires a study with a different scope. In the end, an accurate spatiotemporal
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representation of the root zone, considering the influence of soil-, climate- and crop speeifie-characteristics{as—wel-as-their
interactions)y—an—important—challensef. With the sensitivity analyses, we cover four possible scenarios, but different

assumptions might apply depending on the scope of the study.

The soil-based parametrization of the root zone, the variability of soil and land use characteristics within a single grid cell as
well as possible biases in interpolated meteorological variables means that results might not always be accurate for a specific
grid cell or for a single agricultural field located within this grid cell. However, by analyzing a large sample of grid cells and

by including a sensitivity analyses to the parameterization of the root zone, we cover meost-a large number of combinations of

root zone characteristics and climatological settings that occur within the study region (Fig. 1). Lessons learned from this-these

large samples, e.g., about the relationship between SM dreught-stress characteristics and soil or climate properties (e.g. Fig.

75, Table 1), are-therefore-tikelyto-be-applieable-at-theprovide insights that might be relevant for smaller (local) scales within

the study region-, however, only when the modeling assumptions, e.g., behind the parameterizations of Srootzone. apply. Here,

the most suitable assumption can vary depending on the studied crop, e.g., whether a crop is studied that makes full use of all

plant-available water in the root zone soil or a shallow rooting crop that only uses of part of it.

An assumption that was made in this study relates to the definition of SM dreughtstress. Ia—this—study—wWe defined

characterized periods of SM dreught-stress i-an(-absolute) way-rather than as-anSM drought (anomaly). We used one fixed
threshold of 30% of the AWC to define SM dreught-stress. This threshold is in line with the indicative threshold for potential
SM dreught-stress used by the German Weather Service (DWD, 2018). However, it should be noted that this threshold, as well

as the relationship between the degree of SM dreught-stress and the amount of available water left in the root zone, varies
depending on, e.g., crop species, climatological conditions and soil type (Allen et al., 1998). Notwithstanding these
assumptions, we believe that from an agricultural drought impact perspective, the used definition of SM dreught-stress is more
closely related to actual water stress experienced by plants than an anomaly-based definition. Especially so, because set
motstureSM anomalies can be significantly different from SM dreught-stress and below normal anomalies often correspond

to situations of sufficient soil moisture (Fig. 10). SM stress often still relates to an anomalously low state that develops and

persist during periods with below normal precipitation (Fig. 9). (Figare-8). However, SM stress also incorporates temporal

variability with an increased occurrence during the growing season and a limited occurrence during the non-growing season

whereas SM drought occurs equally distributed over the year (Fig. 10). Further, rareness of SM stress is affected by the plant

available water-holding capacity of the root zone soil and the climatological setting as revealed by e.g. the ranges in Fig. 10 or

the difference between Fig. 10c and d, whereas this is not the case for SM drought. On the other hand, it should be noted that

derived SM stress characteristics are more sensitive to modeling assumptions and uncertainties. SM stress characteristics

derived from simulations using different parametrizations of the root zone reveal more variation (Fig. 10) but therefore also a

higher degree of disagreement on whether SM stress was reached (Fig. S10b). Soil moisture anomalies show a higher degree

of agreement, i.e., results are more robust and much less sensitive to the (uncertainties in) parameterization of the root zone

(Fig. S10b). Overall, Fhe-the in this study used definition of SM dreught-stress might be applicable in other regions or for

other research purposes, e.g., that aim to investigate changes in agricultural drought vulnerability under climate change.
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Figure 10. Temporal variation in SM stress and drought occurrence frequency derived for each day of the yvear from results of
different parameterizations of the root zone (a) soil based, (b) soil based constrained at 1 meter depth, (¢) Srootzone With a fixed AWC
of 100 mm and (d) Srootzone With a fixed AWC of 200 mm.
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5 Conclusion

Meteorological droughts cause soil moisture levels to decline. Diminished root zone soil moisture can largely affect
agricultural productivity, as crops might experience soil moisture dreught—stress. In this study, we investigated the
characteristics of simulated past soil moisture dreught-stress events across Southwestern Germany as well as their relationship
with different-soil and climate variables. The total agricultural area that reached soil moisture dreughts-stress conditions was
found to vary strongly among the years and was highest in 2003 and 2018. In terms of the development time, 2003 was not
much different from 2018. In both years, development time varied from as little as 10 days to over four months. What made
2018 distinctively different from 2003 was the generally longer total time and maximum duration of simulated soil moisture
drought-stress, highlighting the extraordinary severity of the most recent event studied.

Both the occurrence and development time of soil moisture dreught-stress were found to be strongly related to the available

water-holding capacity of the root zone and not so much to the climatological setting. That is. when we assume roots can make

use of all available water in the root zone column either or not constrained at a depth of 1 meter. When we assume root zones

of fixed sizes, the influence of the climatological setting increases, vet the difference between a shallower rooting crop (lower

AWC) and a deeper rooting crop (higher AWC) remain. Thus, the above findings stress the importance of considering

differences in root zone storage characteristics for agricultural drought assessments and monitoring and early warning,

independent on whether these differences in storage are related to the difference in soil or crop species. Nonetheless, a major

challenge remains the accurate spatial-temporal characterization of the root zone soil that considers (the interactions between)

soil, climatological, meteorological and crop specific factors.z

Results of this study further imply that below normal precipitation was the most important reason for soil moisture dreught
stress to develop. However, the often above normal anomalies of temperature and especially simulated evapotranspiration
during development, suggest an augmenting effect of these variables. During soil moisture dreught—stress, temperature
anomalies were found to be often above normal, which contradicted with the often below normal simulated evapotranspiration
anomalies. These contrasting anomalies of temperature and evapotranspiration imply that agricultural drought assessments
derived from meteorological proxies based on potential evapotranspiration should be interpreted with care. The same is the
case for agricultural assessments based on soil moisture anomalies, as below normal anomalies were found to not necessarily

correspond to a situation of soil moisture drenght-stress, especially for periods outside the growing season. In addition, the

sensitivity analyses revealed that SM drought characteristics, and controls on these characteristics, can differ significantly from

(controls on) SM stress characteristics—. Overall, Fthe in this study presented approach of directly characterizing simulated

soil moisture dreught-stress events for agricultural drought assessments might in some cases be a suitable alternative to

approaches based on meteorological proxies or soil moisture anomalies.

Code and data availability. Gridded model simulations of soil moisture used in this study as well as animations of the latter

during major drought events are available from the Heidata repository of the Heidelberg University. The following DOI is
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reserved and will become active upon acceptance https://doi.org/10.11588/data/PRXZAS. For reviewing purposes, the data is
accessible via the following link https://heidata.uni-heidelberg.de/privateurl.xhtml?token=fb658f7f-0ec8-49db-84d0-

a8e726936743). Input data for the model can be derived from publicly available sources (Section 2.2). The used Models and

R-code can be obtained from the authors upon request.
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