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Water boards in Germany require decadal predictions to develop optimized management
and adaptation strategies, especially within the claims of flood protection and water
distribution management. Specifically, the Wupper catchment water board in western
Germany is interested in decadal predictions of drought indices, which are correlated to
dam water levels. For the management of small catchments, they need multi-year means
and multi-year seasonal means of the hydrological seasons for forecast years 1-3 at
high spatial resolution. Thus, the MPI-ESM-LR global decadal prediction system with 16
ensemble members at 200 km resolution was statistically downscaled with EPISODES
to ~11km in Germany. Simulated precipitation was recalibrated, correcting model
errors and adjusting the ensemble spread. We tested different recalibration settings
to optimize the skill. The 3-year mean and 3-year seasonal mean SPI (Standardized
Precipitation Index), indicating excess or deficit of precipitation, was calculated. We
evaluated the prediction skill with HYRAS observations, applying skill scores and
correlation coefficients, and tested the significance of the skill at a 95% level via 1,000
bootstraps. We found that the high-resolution statistical downscaling is able to preserve
the skill of the global decadal predictions and that the recalibration can clearly improve
the precipitation skill in Germany. Multi-year annual and August-October mean SPI
predictions are promising for several regions in Germany. Additionally, there is potential for
skill improvement with increasing ensemble size for all temporal aggregations, except for
November—January. A user-oriented product sheet was developed and published on the
Copernicus Climate Change Service website (https://climate.copernicus.eu/decadal-
predictions-infrastructure). It provides 3-year mean probabilistic SPI predictions for the
Wupper catchment and north-western Germany. For 2021-2023, a high probability of
negative SPI (dry conditions) is predicted in most of the area. The decadal prediction
skill is higher than using the observed climatology as reference prediction in several
parts of the area. This case study was developed in cooperation with the Wupper
catchment water board and discussed with further German water managers: The skill of
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high-resolution decadal drought predictions is considered to be promising to fulfill their
needs. The product sheet is understandable, well-structured and can be applied to their

working routines.

Keywords: decadal prediction, drought, high resolution, statistical downscaling, recalibration, water management,

user co-production, case study

INTRODUCTION

Water resources and food security are strongly impacted by large-
scale droughts (Benson and Clay, 1998). In spring and summer
2018, Central and Northern Europe were hit by strong drought
conditions, resulting in reductions of crop yields up to 50%,
which are projected to be a common occurrence in the mid of
the 21st century (Toreti et al., 2019). This long-lasting and strong
summer drought seems to be more extreme than the drought
of 2003, resulting in larger influence on forest ecosystems in
Central Europe (Schuldt et al., 2020). The combined drought
and heat affected river navigation, impacting the transportation
and tourism sectors (Wieland and Martinis, 2020). On the other
hand, Central Europe experienced extreme rainfall and flooding
in summer 2021, damaging local critical infrastructure systems,
such as bridges, schools and hospitals (Koks et al., 2021). The
observed heavy rainfall amounts strongly exceeded historical
records in several parts of the affected area and caused over 200
fatalities (Kreienkamp et al., 2021). This catastrophe discloses the
needs to decrease vulnerabilities and improve adaptive capacities
in the context of future challenges of climate variations (Bosseler
etal., 2021).

Such events raise the question which climate information
on extreme events is needed by the German water management
sector to implement appropriate actions to adapt to future
climate variability (Changnon, 2003). Answers are found in
intensive discussions with climate data users on workshops
and individual meetings at the Deutscher Wetterdienst (DWD)
and Copernicus Climate Change Service (C3S). To optimize
management and adaptation plans mainly for water distribution
and flood protection in the face of climate variations in the
upcoming years, water boards require decadal predictions
of atmospheric variables for hydrological impact modeling
in Germany—since planning processes often take time.
Additionally, the skill and uncertainties of the predictions need
to be communicated. For instance, the Wupper catchment
water board (Wupperverband) controls water level and
quality of 14 dams in a catchment area of 813 km” in western
Germany. It requires decadal predictions of the Standard
Precipitation Index (SPI, McKee et al, 1993) or alternatively
of the Standardized Precipitation Evapotranspiration Index
(SPEIL, Vicente-Serrano et al., 2010) for the coming 3 years,
because drought indices are correlated to water levels of dams
(Lorza-Villegas et al., 2021). To manage smaller dams and
river catchments high spatial resolution is essential. Different
temporal aggregations, such as multi-year means of the calendar
year and the four hydrological seasons, are required to cover
different water management and also natural processes, like the
vegetation period.

These needed decadal climate predictions of the next 1-
10 years lie between seasonal forecasts and climate projections
and are of particular interest for mid-term water resource
managers (Meehl et al., 2009). Multi-model decadal predictions
were coordinated in the Coupled Model Intercomparison
Project Phase 6 (CMIP6, Eyring et al., 2016), and the World
Meteorological Organization (WMO) Lead Centre for Annual to
Decadal Climate Predictions (ADCP) publishes a Global Annual
to Decadal Climate Update (GADCU, Hermanson et al., 2022).
Predictability arises from greenhouse gas and aerosol forcing
(Van Oldenborgh et al., 2012) and the initialization of the ocean
(Matei et al., 2012), land surface or sea ice (Bellucci et al., 2015)
with observations. Thus, skill is found for ocean temperature
in the North Atlantic subpolar gyre (Hermanson et al., 2014),
surface temperature, precipitation and atmospheric circulation
(Smith et al., 2019), such as the North Atlantic Oscillation
(NAO) impacting western Europe (Athanasiadis et al.,, 2020;
Smith et al., 2020). Statistical postprocessing procedures like
recalibration (Pasternack et al., 2018, 2021) can further improve
skill by adjusting model bias, drift and ensemble spread toward
observed statistics.

The drought indices required by water managers compare
the available water amount with a long-term climatological
value (Palmer, 1965). The SPI divides the anomaly of rainfall
by its standard deviation (McKee et al., 1993) but works
inappropriately in dry areas because rising temperature and
evapotranspiration due to climate change are not regarded
(Lloyd-Hughes and Saunders, 2002). The SPEI (Vicente-Serrano
et al., 2010) standardizes the difference between precipitation
and potential evapotranspiration (PET), i.e., the climate water
balance. If the PET is parameterized following Thornthwaite
(1948), the SPEI cannot be assessed for colder regions like
Germany (Paxian et al, 2019). Several recent studies analyze
the prediction skill of drought indices: Paxian et al. (2019)
find high 4-year mean SPEI skill in the tropics, e.g., northern
Africa, and smaller SPI skill hot spots at 5° resolution. Higher 2°
resolution improves spatial structures mostly without reducing
skill. Solaraju-Murali et al. (2021) investigate the SPEI skill for the
months before the wheat harvest and find decadal prediction skill
for several global regions. Decadal predictions are feasible for soil
water storage in North America, given a correct soil initialization
(Chikamoto et al., 2015), and skillful for Sahel summer rainfall
(Sheen et al., 2017). In Europe, Solaraju-Murali et al. (2019)
detect skill for the 5-year mean summer SPI in Scandinavia and
neighboring areas and for the SPEI in Southern Europe. A C3S
case study for the energy sector! finds skillful predictions of

Uhttps://climate.copernicus.eu/decadal- predictions- energy
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the 10-year extended winter precipitation in Southern European
river basins based on a multi-model NAO prediction.

To reach a higher resolution of climate predictions different
downscaling approaches were analyzed in former studies:
Dynamical downscaling has larger computational costs but
reveals skill for annual and seasonal temperature means
(Feldmann et al., 2019) and added values for temperature and
precipitation in some European areas compared to the global
model (Reyers et al., 2019). Regional prediction skill is stated
for user-oriented quantities and extremes, such as frost, heat
wave or growing degree days (Moembken et al., 2020). Cost-
efficient statistical-dynamical downscaling reveals skill for annual
mean wind speed and wind energy output, partly preserving
and partly improving the global model skill (Moemken et al.,
2016). For West African rainfall, dynamical downscaling of
decadal predictions shows the ability to reduce bias (Paxian
et al, 2016) and improve skill (Paeth et al, 2017). In the
United States, statistical downscaling improves decadal rainfall
predictions for impacts assessments at high resolution (Salvi
etal,, 2017). As to drought indices, downscaling of a multi-model
seasonal SPEI prediction for 6 months in winter and spring for
water management in South Korea improves skill (Sohn et al.,
2013). Instead, global model skill is mostly preserved in statistical
downscaling of seasonal predictions for hydropower production
in Germany and Portugal (Ostermoller et al., 2021).

Given the skill of decadal predictions and their importance for
society in terms of climate adaptation and resilience, first steps
toward developing user-oriented decadal prediction products
can be taken (Kushnir et al., 2019). The information should
be tailored to user needs, paying attention to its format and
its applicability in user working routines (Bruno Soares et al.,
2018). The design of climate service prototypes based on seasonal
forecasts in the EUPORIAS project highlights the importance
of user interaction and involvement in the development of
successful services (Buontempo et al., 2018). To address the
needs of climate-sensitive sectors and inform decision-making
in the context of climate risks the C3S offers climate datasets
and sector-specific applications already (Buontempo et al., 2019).
Its first step toward prototype climate services based on decadal
predictions is the C3S_34c contract developing case studies
for the insurance, agriculture, energy and infrastructure sectors
(Dunstone et al., 2022). Both the user co-development and the
exchange between scientific partners proved to be essential for
developing sectoral applications for decadal predictions to be
published on the C3S website?.

Thus, this study analyzes high-resolution decadal drought
predictions needed by German water boards to set up water
management and flood protection plans. The Wupper catchment
is chosen as case study, and its water board co-develops
the C3S_34c climate service on decadal predictions for the
infrastructure sector®. To achieve the necessary high resolution,
the German decadal prediction system MPI-ESM is statistically
downscaled to a resolution of ~11km in Germany. We chose
the cost-efficient statistical downscaling due to the large decadal

Zhttps://climate.copernicus.eu/sectoral-applications- decadal- predictions
Shttps://climate.copernicus.eu/decadal- predictions-infrastructure

hindcast set. Simulated precipitation is statistically recalibrated
to address model errors and standardized to calculate the
SPI because it might be difficult to assess the PET for SPEI
in colder regions such as Germany. The SPI prediction is
estimated for 3-year means of the calendar year and four
hydrological seasons, and skill is evaluated with observations.
A user-oriented product sheet is developed and discussed with
different German water managers. Thus, Section MATERIALS
AND METHODS of the manuscript describes the model and
observational data applied and the methods used: the statistical
downscaling, the recalibration procedure, the calculation of the
SPI, the skill assessment and the computation and display of
the probabilistic prediction. Section RESULTS illustrates the
impacts of downscaling and recalibration and shows the SPI
skill and prediction for 2021-2023 for all temporal aggregations.
In addition, the resulting product sheet is presented, and the
user co-production and feedback is illuminated. Finally, Section
DISCUSSION gives a summary of the major results, highlights
relevant conclusions and draws a final outlook.

MATERIALS AND METHODS

This section presents the global decadal prediction system,
the statistical downscaling for Germany and the observational
dataset used in this study. Furthermore, the post-processing
including the statistical recalibration and the calculation of the
SPI are described. Finally, the methods to calculate probabilistic
predictions and to assess prediction skill scores are explained.

Global Decadal Climate Predictions

The global decadal predictions are taken from the Max Planck
Institute for Meteorology Earth System Model Low Resolution
Version 1.2 (MPI-ESM-LR) which consists of the coupled
atmosphere-ocean model ECHAM6/MPIOM. The atmosphere
reveals a horizontal resolution of ~200 km and 47 vertical levels,
and the oceanic component features a GR15 (~1.5°) resolution
and 40 levels (Jungclaus et al,, 2013; Pohlmann et al., 2013;
Stevens et al., 2013). The atmosphere is initialized nudging full-
fields of ERA40 reanalyses (Uppala et al, 2005) before 1978
and ERAS5 reanalyses (Hersbach et al., 2020) after. The ocean
initialization is based on temperature and salinity anomalies
from the EN4 observations (Good et al., 2013) assimilated in the
ocean via an Ensemble Kalman filtering method (Brune et al,
2015). This MPI-ESM-LR assimilation run is the basis for the
initialization of global decadal predictions on 1st November in
every year from 1960 until 2020 for a 10-year simulation period.
The prediction ensemble consists of 16 members which were
started from different ocean states. The external forcing was
taken from CMIP6, including observed states before 2015 and
the SSP245 (Shared Socioeconomic Pathways, Fricko et al., 2017)
scenario after. The global decadal prediction data of MPI-ESM-
LR will soon in 2022 be available on the ESGF (Earth System Grid
Federation) node at DWD*.

“https://esgf.dwd.de/projects/esgf-dwd/
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Statistical Downscaling

To fulfill the needs of the German water management sector for
high-resolution predictions the empirical-statistical downscaling
method EPISODES (Kreienkamp et al., 2018, 2020) was applied
to downscale the MPI-ESM-LR global predictions to ~11km
in Germany. The other global decadal prediction systems of
the C3S_34c partners, i.e., CMCC-CM2-SR5, EC-Earth3 and
DePreSys4, could not provide the necessary input data for
statistical downscaling. In this method, statistical relationships
are searched between local HYRAS observations (Rauthe et al.,
2013; Frick et al., 2014) in Germany and the large-scale
atmospheric state in NCEP/NCAR reanalyses (Kalnay et al,
1996) in greater Central Europe. These relationships are then
transferred to the simulated MPI-ESM-LR large-scale predictions
(Kreienkamp et al., 2018):

The first step includes the detection of analog days, selecting
those 35 days of the reanalysis that are most similar to a
certain model day (“perfect prognosis” approach, e.g., Klein
et al., 1959; San-Martin et al., 2017). This selection is based on
temperature, relative humidity and geopotential height fields at
different vertical levels (500, 700, 850, and 1,000 hPa) interpolated
to a reduced grid of 100km resolution. For the selected 35
analog days, linear regressions are derived between the large-scale
quantities and the small-scale observations (e.g., of near surface
temperature or precipitation), and then applied to the value of
the respective large-scale predictor from the global prediction.
This first interim prediction for each day is, however, inconsistent
for the downscaled variables and grid points of the reduced
100 km grid. In the second step, the short-term precipitation and
temperature variation of the interim prediction is compared to
the short-term variation of all days in the observational archive,
and the most similar day is selected consistently for all output
variables and the entire output grid. The final synthetic time
series at high resolution results from summing up this selected
short-term variation and the daily climatology of observations of
that day in year to be forecasted. Thus, this statistical downscaling
approach provides multi-variable and multi-site consistent time
series. The operationally downscaled decadal prediction dataset
will be available on the ESGF node at DWD* during 2022 or on
request before.

Observations

The precipitation observations for evaluating the skill of high-
resolution decadal predictions were taken from the HYRAS
observations. They provide gridded daily precipitation data for
Germany and corresponding river catchments in neighboring
countries at 5km spatial resolution. The gridded fields were
derived from up to 6,200 precipitation stations applying the
REGNIE procedure. This method combines inverse distance
weighting and multiple linear regression including orographical
conditions and thus, preserves the station values in their grid
boxes (Rauthe et al., 2013). The time period was extended to
1951-2020 for precipitation. The dataset also includes daily grids
for mean, minimum and maximum temperature and relative
humidity (Razafimaharo et al., 2020). The HYRAS precipitation

FIGURE 1 | Location of the Wupper catchment in Europe, in western Germany
and in the German federal state North Rhine-Westphalia (received from
Wupper catchment water board and published as part of the product sheet on
https://climate.copernicus.eu/decadal- predictions-infrastructure, modified).

dataset is available via the open data section of the DWD Climate
Data Center (CDC)’.

Hydrological Seasons and Wupper

Catchment

The German water management sector is interested in decadal
predictions of annual means and all four hydrological seasons
for forecast years 1-3. Thus, the yearly averages of January-
December, February-April (FMA), May-July (M]]), August—
October (ASO) and November-January (NDJ) were calculated
for EPISODES and HYRAS precipitation data. Additionally,
model and observational data were interpolated to a common
regular 0.1° horizontal grid. The considered case study is located
in the Wupper catchment in the German federal state North
Rhine-Westphalia in western Germany. The location of this
catchment in shown in Figure 1 and marked in each plot of
the results chapter. In addition, all results are also shown for
whole Germany (as a second focus) to fulfill similar needs of
other German water managers gathered on a user workshop (see
Section User Co-production and User Feedback on the Usability
of the Product Sheet).

Recalibration

The statistical downscaling EPISODES was developed for climate
projections and aims at selecting the large-scale input variables
with strongest relationships to the local target variables to
provide high-resolution data consistent for different variables
in space and revealing hardly any systematic bias. However,
EPISODES does not consider to choose the large-scale variables
with highest skill in reproducing the observed variability in
the past. Thus, skill is preserved at high resolution but hardly
enhanced (Ostermoller et al., 2021).

Shttps://opendata.dwd.de/climate_environment/CDC/grids_germany/daily/
hyras_de/precipitation/
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However, decadal prediction skill can be improved by post-
processing techniques addressing systematic model errors, model
drifts, trends and ensemble spread, like the Decadal Forecast
Recalibration Strategy (DeFoReSt, Pasternack et al., 2018). This
procedure uses a parametric drift correction (Kruschke et al.,
2015) which applies third order polynomial parameters to correct
the model drift over forecast years (Gangsto et al, 2013). A
linear trend along start years is used to consider non-stationary
drifts (Kharin et al., 2012). The conditional bias and the
ensemble spread are adjusted by a third order and second order
polynomial approach over forecast years and a linear approach
over start years. The training of the recalibration parameters of
a certain decadal prediction of 10 years is performed in cross
validation mode omitting those decadal predictions as training
data which were initialized within this prediction period. The
adjustment of bias, drift, conditional bias and ensemble spread
was shown to improve the skill (Pasternack et al, 2018). A
more flexible improvement of DeForReSt applies a systematic
model selection via non-homogeneous boosting to asses model
orders directly from the dataset without restricting them before
as well as an additive term for the ensemble spread correction
(Pasternack et al., 2021). This boosted recalibration procedure
was used in this study in two different settings: the first
version follows the maximum orders of DeFoReSt (denoted as
“standard recalibration version”) and the second version applies
a third order polynomial as maximum order along start years to
correct the ensemble mean (denoted as “optimized recalibration
version”) to consider a higher interannual variability of high-
resolution precipitation. In both settings, the boosting selects the
best model orders of the fits only restricted by the maximum
orders defined.

The annual precipitation means of January-December and
the four hydrological seasons of EPISODES were recalibrated
separately. All hindcast years were adjusted, whereas the training
period was set to 1961-2020 (1961-2019 for NDJ) following the
availability of HYRAS observations serving for both recalibration
and skill assessment. This “unfair” procedure (Risbey et al., 2021)
uses future data for recalibration of hindcasts in the past, which
are not available for operational predictions and might include
artificial skill. Thus, we performed a test of a “fair” recalibration
applying only the preceding 30 years for the correction of a
decadal prediction of a certain start date. The evaluation period
was shortened to 1991-2020 since 1991 was the first start date of
a decadal prediction to be recalibrated by 30 years from the past.
However, we found major skill patterns to be robust between both
approaches (not shown). Since long time periods are needed to
achieve robust results when skill and recalibration vary in time,
we decided to apply the original recalibration approach with
cross validation (as described above).

For annual means and three of four hydrological seasons, the
first year 1961 showed extremely dry conditions after optimized
recalibration, identifying a clear outlier compared to the residual
time series. Thus, this single year has been omitted in further
SPI processing steps. Since the recalibration might destroy the
standardization of the SPI (Paxian et al., 2019) it is executed
before the SPI is calculated in this study [see Section Standardized
Precipitation Index (SPI)]. This study applies the recalibration

software tool (Pasternack et al., 2021) of the “Free Evaluation
System Framework for Earth System Modeling” (FREVA, Kadow
et al,, 2021). Information on code availability can be found in
these cited articles.

Standardized Precipitation Index (SPI)

The drought index SPI divides the anomaly of precipitation
by its standard deviation (McKee et al., 1993). The parameter
estimation for standardizing precipitation uses the Gamma
distribution function. The resulting SPI values can be interpreted
as follows (Lloyd-Hughes and Saunders, 2002): normal water
availability is defined for values between —1 and 1, lower
values describe dry and higher values wet conditions. The SPI
calculation of this study uses the caeli package® of the WARSA
working group at the Institute of Technology and Resources
Management in the Tropics and Subtropics of the Cologne
University of Applied Sciences in Germany because it is used
by the Wupper catchment water board for their routine work.
This assures that the resulting SPI values are comparable to their
former results.

To provide proper standardized prediction products, the SPI
needs to be calculated for each dataset (EPISODES ensemble
members and HYRAS for different temporal aggregations)
separately. The data needs to be aggregated, including temporal
smoothing, spatial interpolation and ensemble averaging, before
calculating the SPIL. Thus, the yearly precipitation means
of January-December and the four hydrological seasons of
the recalibrated EPISODES hindcast set and the HYRAS
observations were averaged for forecast years 1-3. The
EPISODES ensemble mean was computed to calculate the SPI
for EPISODES separately for the individual ensemble members
and the ensemble mean. Thus, both probabilistic and ensemble
mean SPI predictions can be analyzed. Since the SPI cannot be
calculated for negative precipitation means, those time steps and
grid boxes revealing negative means after statistical recalibration
were set to zero.

The chosen time period for the standardization of HYRAS
data per grid box is the evaluation period 1962-2020 (1962-
2019 for NDJ), including all 3-year means within this period.
The EPISODES model period is the same one but extended by
the current 3-year mean forecast, i.e., 2021-2023. This is done
because the chosen SPI algorithm of the WARSA working group
does not allow to use a different time period for parameter
estimation (needs to be equal for observations and model) and
application of parameters for computing standardized time series
(needs to include the current 3-year mean forecast). Thus, the
period of standardization for EPISODES is only one 3-year
mean longer (denoting the current 3-year mean forecast 2021-
2023) than that for HYRAS, which is a marginal difference
given the considered total period of almost 60 3-year means.
This standardization can also be classified as “unfair” (Risbey
et al,, 2021) because it applies future data for standardizing
past hindcasts which might produce artificial skill (see Section
Recalibration). Since the caeli package does not allow computing
the SPI based on a subset of the input data, we could not test

Ohttp://warsa.de/caeli/
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the impact of this “unfair” approach on the skill. However, this
algorithm is essential for this climate service being part of the
routine working environment of the Wupper catchment water
board. Thus, skill results need to be interpreted with caution.

Skill Assessment

The quality of the EPISODES predictions is assessed in
comparing those initialized in the past with HYRAS observations
in the evaluation period 1962-2020 (1962-2019 for NDJ).
The skill of the ensemble mean is evaluated by means of
the Pearson (or anomaly) correlation coefficient, and the
probabilistic prediction skill of the full ensemble is estimated
by the Ranked Probability Skill Score (RPSS) compared to
the observed climatology in the evaluation period (describing
a distribution of equal weights for all categories) chosen as
reference prediction.

The strength of the linear relationship between the ensemble
mean prediction (X) for the selected forecast years initialized
in the past and the corresponding observation (Y) along all
hindcast start years (N) is assessed by the Pearson (or anomaly)
correlation coefficient (ryy). Predictions and observations are
considered as anomalies with respect to the corresponding long-
term climatological mean (). A correlation coefficient of zero
indicates no correlation between prediction and observation,
whereas values of 1 and —1 define a high positive and negative
correlation, respectively (see e.g., Ernste, 2011):

ry = YL G — ) (Y= )
VI, - u0? YN, (Y- )

The RPSS compares the probabilistic skill of a decadal prediction
in reproducing the past observed variability with the skill of
a reference prediction which can be used alternatively, e.g.,
the observed climatology in the evaluation period (defining
a distribution of equal weights for all categories). Anomalies
of predictions initialized in the past and observations with
respect to a long-term climatology are grouped in the three
categories of equal frequency “below normal”, “normal,” and
“above normal.” The limits are based on the 33rd and 66th tercile
values of the predicted and observed climate characteristics
of a reference period (see Section Calculation and Display of
Probabilistic Predictions). Computing this separately for model
and observations results in an inherent bias correction. The
squared error between the cumulative probabilities of predictions
Pj) and observations Ojj for n start years and K categories
(here: three) is defined as ranked probability score (RPSp,0). The
predicted probability of each category is assessed empirically (as
described in Siegert, 2014), following the frequency of individual
ensemble members per category. The observed probability of
a category is zero if the observed value is located in a higher
category than selected and one if not. The RPSS relates the RPSp o
between predictions and observations to the RPSg o between the
alternative reference prediction and observations (Ferro et al.,
2008; Wilks, 2011; Kruschke et al., 2014):

n

RPSpo
RPSSpro = 1 — ’
PRO RPS

K 2
Y (P —0i)

j=1 k=1

, with RPSp o =

S| =

R,O

If the decadal prediction is better than the reference prediction

in reproducing past observations, the RPSS is larger than zero,
if worse than smaller. If they perform equally well, it is zero.
If the decadal prediction is in perfect agreement with the past
observations, it is one.

However, the RPS is biased due to the finite prediction
ensemble size. Thus, the ensemble-size adjusted FairRPS (Ferro,
2013; Richling et al., 2017) is estimated assuming the ensemble
size grows to infinity to be able to compare predictions of
different ensemble sizes. For the ensemble size M and the
cumulative number of members of the prediction ensemble
E corresponding to a certain category k, the FairRPS; of one
forecast-event pair t can be defined as follows. The FairRPSS
can be estimated based on the FairRPSp o and the FairRPSg o
following the equation before:

OMA(M —1)

K 2

. Ex E (M — Ey)

FairRPS; = (— — Ok> _— i|
zl(

For the (anomaly) correlation coefficient, RPSS and FairRPSS,
the significance is tested to analyze if small sample sizes cause
random variations influencing the skill assessment. Since the
distribution of the RPSS is not known, the test applies non-
parametric bootstrapping choosing randomly 1,000 samples of
equal sizes from the given time period with replacement. A block
bootstrapping allows for autocorrelation in decadal predictions.
The random samples are analyzed using a significance level of
95%. If correlation coefficient, RPSS or FairRPSS are significantly
different from zero, the skill analysis has not been impacted
by random variations. Please note that such assessments of
significance are subject to issues with multiple testing and
should include control of the False Discovery Rate (Wilks,
2016). However, for more than 5,000 grid boxes in Germany
and a significance level of 90% we would need ~50,000 non-
parametric bootstraps for this approach which is not possible
due to restrictions in computing time and sample size (~60 start
years). Some tests revealed that 1,000 bootstraps clearly preserve
the robust overall spatial structure of significance, but some small
details might vary slightly (not shown). Thus, we highlight that
one should act with caution to not over-interpret the significance
of skill of single grid boxes. Only regional clusters of significant
grid boxes are considered to be robust.

The correlation coefficients and (Fair)RPSS of this study
were assessed based on the FREVA (Kadow et al, 2021)
software tools MurCSS (Murphy-Epstein decomposition and
Continuous Ranked Probability Skill Score, Illing et al., 2014)
and ProblEMS (PROBabiListic Ensemble verification for MiKlip
using SpecsVerification, Richling et al., 2017, based on routines
from Siegert, 2014), respectively. Code is available as described in
these cited articles or on request.

Calculation and Display of Probabilistic
Predictions

Based on the distribution of the decadal prediction ensemble
probabilistic SPI predictions are calculated. The 16 individual
ensemble predictions are divided into the three categories of
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equal frequency “dry”, “normal” and “wet” defined by low,
medium and high SPI values. The groups are split by the 33rd
and 66th tercile thresholds of the predicted climate characteristics
of the WMO reference period 1981-2010. Finally, the predicted
probability of occurrence [%] of each category is based on the
frequency of ensemble members per category. However, since
the number of ensemble members (16) is still restricted the
estimated probability is adjusted considering the uncertainty of
small sample sizes (Dirichlet-Multinomial Model, Agresti and
Hitchcock, 2005). An inherent bias correction is included when
the probabilistic model prediction is shown in conjunction with
the tercile thresholds from observations in the reference period.
The probabilistic predictions were estimated based on FREVA
(Kadow et al., 2021) software tools. Original code can be accessed
as pointed out in this article, and code adapted for this case study
can be provided on request.

Following user needs collected on user workshops and
individual user meetings prediction products should be displayed
combing the prediction and its skill. Thus, the map of the final
prediction product includes one dot per EPISODES grid box
whose color describes the probabilistic prediction and whose
size indicates the prediction skill, i.e., the RPSS compared to
the reference prediction “observed climatology.” Thus, a decadal
prediction with a better, similar or worse skill than applying
the observed climatology as prediction is represented by a dot
of large, medium or small size. Many users are interested in
predictions of all three levels of skill to compare the whole
prediction map with real observations and understand the
concept of skill. Impact modelers need the whole dataset to
drive e.g., hydrological models. Both prediction and skill of the
hydrological output can be compared to those of the atmospheric
input to understand the connection between different variables.

RESULTS

In this chapter the impacts of statistical downscaling and
recalibration on decadal prediction skill are analyzed, presenting
(anomaly) correlation coefficients and the RPSS to investigate
the skill of ensemble mean and probabilistic decadal predictions,
respectively. Furthermore, we show the SPI prediction skill of
annual means and all four hydrological seasons for forecast years
1-3 and the probabilistic prediction for 2021-2023. All results
are presented for whole Germany first and then, the focus is
set to the Wupper catchment area in western Germany marked
in each plot. Please note that single grid boxes with significant
skill should not be over-interpreted. Only regional clusters of
significant grid boxes are considered to be robust (see Section
Skill assessment). Finally, the product sheet of the case study
published on the C3S website is presented, the user-cooperation
is highlighted and the user feedback on its usability is evaluated.

Impacts of Statistical Downscaling and

Recalibration

The decadal prediction skill for 3-year means of annual
precipitation from MPI-ESM-LR is presented at ~200km
horizontal resolution in Germany. Some significantly positive

correlation coefficients of 0.2-0.4 can be found in northern and
eastern parts and negative correlation in south-western parts
(Figure 2A). The statistical downscaling EPISODES succeeds in
preserving the prevailing skill of the global decadal prediction
system at higher horizontal resolution of ~11km (Figure 2B).
More local details can be seen and significantly positive
correlation coefficients in several northern and eastern areas.
The RPSS reveals rather similar patterns to the correlation.
For MPI-ESM-LR, it is slightly negative in most regions,
achieving statistical significance in the far south-western parts,
except for a few positive values in some northern areas
(Figure 2C). EPISODES again preserves the skill at higher
resolution (Figure 2D), but more significantly negative RPSS
values are stated in the southern parts. For the Wupper
catchment, correlation and RPSS show slightly negative values for
MPI-ESM-LR and EPISODES.

In applying the standard recalibration version with a
linear trend along start years, the correlation coefficients
of EPISODES clearly improve in some southern, south-
western and far north-western areas (Figure 3A) compared
to the unrecalibrated output (Figure2B). However, some
negative correlation remains in north-western parts and
some significantly negative values in south-eastern parts. The
usage of the optimized recalibration version applying a third
order polynomial along start years is much more successful
in adjusting the statistical properties of the high-resolution
precipitation output to observations. It results in significantly
positive correlation all over Germany, except for some small
eastern areas (Figure 3B). In some regions correlations higher
than 0.6 are calculated. Concerning the RPSS, the standard
recalibration reveals some more significantly positive scores in
the far northern parts but several more significantly negative
scores in the western and south-eastern areas (Figure 3C)
than the unrecalibrated model (Figure2D). In contrast, the
optimized recalibration version strongly improves RPSS values
in north-western, western and southern Germany, achieving
significantly positive scores in several regions (Figure 3D).
In the Wupper catchment area, the standard recalibration
degrades both scores but the optimized version results in
strong improvements.

Some additional analyses showed that precipitation skill
enhances from 1- to 3-up to 5-year means because small-
scale unpredictable noise is reduced. Furthermore, skill
remains rather constant from the beginning to the middle
and then clearly drops until the end of the simulation
period of the decadal prediction, denoting a clear lead-
time dependency. The skill against the reference prediction
“uninitialized climate projection,” i.e., the same model system
but without initialization, reveals that the impact of the
initialization clearly remains until the mid of the predicted
decade (not shown).

This analysis of precipitation is done in the full evaluation
period 1961-2020 to be consistent for MPI-ESM-LR, EPISODES
and both recalibration versions. Thus, the improvement of the
optimized recalibration is found even when the outlier (year
1961) is included. However, in all following SPI analyses this
outlier is omitted because the calculation of SPI is not possible.
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FIGURE 2 | Decadal prediction skill for 3-year means of annual precipitation for forecast years 1-3 in the evaluation period 1961-2020: (Anomaly) correlation
coefficient between MPI-ESM-LR at ~200 km (A) or EPISODES at ~11 km (B) and HYRAS observations and RPSS of MPI-ESM-LR (C) or EPISODES (D) compared
to the observed HYRAS climatology as reference prediction. Dots indicate significant skill (significance level of 95%).
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FIGURE 3 | Decadal prediction skill for 3-year means of annual precipitation for forecast years 1-3 in the evaluation period 1961-2020: (Anomaly) correlation
coefficient between EPISODES at standard (A) or optimized recalibration (B) and HYRAS observations and RPSS of EPISODES at standard (C) or optimized
recalibration (D) compared to the observed HYRAS climatology as reference prediction. Dots indicate significant skill (significance level of 95%).
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FIGURE 4 | Decadal prediction skill for 3-year SPI of January-December (A), February-April (B), May-July (C), August-October (D) and November—January means
(E) for forecast years 1-3 in the evaluation period 1962-2020 (1962-2019 for November-January): (Anomaly) correlation coefficient between EPISODES at optimized
recalibration and HYRAS observations. Dots indicate significant skill (significance level of 95%).

SPI Prediction Skill western, central and north-western Germany the correlation is
After applying the optimized recalibration version to annual  clearly improved, showing widespread areas of values between
precipitation means and all four hydrological seasons the 0.4 and 0.6 and several regions exceeding a correlation of
corresponding SPI values and prediction skills for forecast years ~ 0.6. In eastern Germany, the area of negative values is also
1-3 are computed. The correlation coefficients of 3-year SPI ~ reduced. For RPSS, similar results can be stated. Enhanced
of annual means (Figure4A) are rather similar to those of  positive scores in western Germany and less negative scores
precipitation (Figure 3B) in southern Germany. However, in  in eastern Germany are shown for SPI (Figure 5A) compared
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FIGURE 5 | Decadal prediction skill for 3-year SPI of January-December (A), February—April (B), May-July (C), August-October (D) and November-January means
(E) for forecast years 1-3 in the evaluation period 1962-2020 (1962-2019 for November-January): RPSS of EPISODES at optimized recalibration compared to the
observed HYRAS climatology as reference prediction. Dots indicate significant skill (significance level of 95%).

to precipitation (Figure 3D). This also holds for the Wupper  (Figure 4C) and NDJ (Figure 4E) are restricted to some smaller
catchment area. regions, i.e., mainly in central-eastern and southern Germany,

Concerning the 3-year means of the four hydrological seasons, ~ whereas NDJ shows even negative correlations in some western
FMA reveals as well significantly positive correlation coefficients ~ parts. Highest correlations of all seasons are found for ASO
over most of Germany, achieving widespread maxima of 0.4-  (Figure 4D), revealing widespread values of 0.4-0.6 in northern
0.6 in western, central and southern parts and minima in the = and western Germany and maxima of 0.6-0.8 north-east of
far north (Figure 4B). Significantly positive correlations in MMJ  the Wupper catchment and at the coastline of the North Sea.
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Regarding the RPSS, FMA shows widespread positive scores,
but significance is only found for single grid boxes in southern
Germany which should not be over-interpreted (Figure 5B).
M]JJ also reveals only some significantly positive RPSS values
in southern and central-eastern parts which might also be not
robust (see Section Skill assessment) and even more negative
scores (Figure 5C). As expected, worst skill results are found
for NDJ with widespread negative scores and some significant
ones in western parts (Figure 5E). Again, highest and widespread
significantly positive scores are found for ASO in northern and
western Germany (Figure 5D). However, significantly negative
scores are seen in some eastern areas. The Wupper catchment
area shows significantly positive correlations in ASO and partly
in FMA. The RPSS is significantly positive as well in ASO but
might be significantly negative in NDJ.

The FairRPSS can indicate which potential RPSS values could
be achieved if the ensemble size grows further, e.g., in considering
a larger multi-model ensemble. For the prevailing study, this
was not possible since other decadal prediction systems did not
provide necessary daily input data for statistical downscaling with
EPISODES, but this might change in the future. For all temporal
aggregations, the FairRPSS (Figure 6) shows more significantly
positive scores and less significantly negative ones than the RPSS
of the 16-member ensemble (Figure 5). Thus, a high potential
for skill improvements due to a possible future enlargement of
the ensemble size is found. For 3-year SPI of annual means,
widespread skill over many German regions is found, except
in eastern areas (Figure 6A). In FMA (Figure 6B) and M]]
(Figure 6C), significant skill is mainly discovered in southern
and eastern parts, whereas ASO reveals widespread significantly
positive scores in western and northern regions (Figure 6D).
However, skill in NDJ remains limited to some small areas in
the far north and south-west, even for larger ensemble sizes
(Figure 6E). In the Wupper catchment area, significantly positive
FairRPSS scores are computed for annual means, ASO and partly
also for FMA (whereas the latter should not be over-interpreted).

Probabilistic SPI Prediction for 2021-2023

Following user needs the probabilistic SPI prediction for 2021-
2023 (Figure 7), i.e., forecast years 1-3 initialized in November
of 2020, is shown in combination with the corresponding RPSS
prediction skill compared to the reference prediction “observed
climatology” (cf., Figure 5). The color of the dots indicates the
probabilistic prediction, and the size of the dots signifies the
prediction skill. The 3-year SPI of annual means (Figure 7A)
shows high probabilities of occurrence (larger than 85%) for dry
conditions (negative SPI) in comparison to the characteristics
of 1981-2010 in most of the area. The prediction skill is better
than applying the observed climatology in several parts of north-
western, central and south-eastern Germany (large dots). Again,
caution needs to be taken to not over-interpret single grid boxes.
The skill and the probability for dry conditions are smaller
in the eastern areas and in the far south. In the far north
some probability for wet conditions prevails. Dry conditions are
predicted for the whole Wupper catchment area, and there might
be some significantly positive skill in its eastern parts.

A widespread drying for most of Germany is also predicted
for FMA, but the probability of occurrence is often smaller, and
skill is rarely better than the observed climatology (Figure 7B).
Normal conditions are forecasted for the northern parts. In MJJ,
the prediction of dry conditions focusses on the north-western,
eastern and south-western areas, whereas normal conditions
prevail in between (Figure 7C). Skill is found in some central-
eastern and southern regions but needs to be interpreted with
caution. A stronger drying is again predicted for the whole
western part of Germany in ASO with widespread significant
skill in north-western areas (Figure 7D). The eastern and the
far northern parts show normal or wet conditions but some
negative skill scores prevail in the eastern areas (small dots).
Finally, the predicted dry conditions are mostly limited to central
Germany in NDJ (Figure 7E). Wet conditions are forecasted in
the northern and the south-western parts and normal values in
between. However, the prediction skill is worse than the observed
climatology in some western regions. For the Wupper catchment
area, dry conditions are predicted in FMA, MJ] and especially in
ASO and rather mixed conditions in NDJ, though, robust skill is
only found in ASO.

Product Sheet of the Case Study

The 3-year SPI of annual means was selected for the C3S
product sheet (Figure 8) showing widespread high prediction
skill. To comply with the limited space given in the product
sheet and keep the readability of the user-oriented combined
prediction and skill plot, the spatial focus of the product sheet
was set on north-western Germany (50.5-53.5°N, 6.5-11°E).
This area reveals highest and most significant prediction skill,
includes the Wupper catchment area and further addresses
similar needs of neighboring water managers as stated on a
C3S_34c showcasing event (see Section User Co-production
and User Feedback on the Usability of the Product Sheet).
The format of the product sheet was developed in cooperation
with the scientists of all four C3S_34c case studies considering
intensive user feedback (see Section User Co-production and
User Feedback on the Usability of the Product Sheet). The
first page includes a short description of the goal of the case
study and the main prediction message within a prominent red
box. Below that main information the combined prediction and
skill plot and a corresponding text describe the probabilistic
prediction in more detail. Further background information on
the needs of the Wupper catchment water board and the data
and methods used to compute the prediction is given on the
second page. It also includes the RPSS prediction skill, applied
to define the dot sizes of the combined prediction and skill
plot, and the correlation coefficients. However, please note that
the C3S product sheet was published in 2021 (see below) based
on 500 bootstraps, whereas the figures of this manuscript use
1,000 bootstraps which might lead to slight differences in the
significance of skill.

The product sheet was published in the Section “Decadal
predictions for infrastructure” (see text footnote 3) on the
C3S website on “Sectoral applications of decadal predictions”
together with the three other C3S_34c case studies on agriculture,
energy and insurance. This website is at a pre-operational
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FIGURE 6 | Decadal prediction skill for 3-year SPI of January-December (A), February—April (B), May-July (C), August-October (D) and November-January means
(E) for forecast years 1-3 in the evaluation period 1962-2020 (1962-2019 for November—January): FairRPSS of EPISODES at optimized recalibration compared to the
observed HYRAS climatology as reference prediction. Dots indicate significant skill (significance level of 95%).

Higher Predicition Skill

state, offering the predictions initialized in November 2019 and
2020. This manuscript describes the case study initialized in
2020 only because that initialized in 2019 covers a shorter
evaluation time period, a smaller area (only the Wupper
catchment) and a different drought index (the SPEI) based
on the old DWD prediction system and is less robust (see
Section Conclusions). Further detailed information on model

and observational data, post-processing and evaluation methods
and the analysis protocol for all four case studies was published
in a common technical appendix’.

7https://climate.copernicus.eu/sites/default/files/2021-09/
Technical_appendix_2020.pdf
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User Co-production and User Feedback on

the Usability of the Product Sheet

The 3-year SPI product sheet and corresponding analyses of
hydrological seasons were generated in close co-production with

the Wupper catchment water board. They computed the SPI
following their usual workflow based on the downscaled and
recalibrated decadal predictions of DWD. After standardization,
the skill analysis, computation of the probabilistic prediction
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Figure 1: Probabilistic prediction and prediction skill of SPI for the 3-year period 2021-2023. Areas outside Germany are blank.
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FIGURE 8 | C3S product sheet on decadal predictions for infrastructure: 2021-2023 SPI forecasts for the Wupper catchment and north-western Germany, started in
November 2020 (published on https://climate.copernicus.eu/decadal- predictions-infrastructure).

Background Information

The Wupper water board is in decadal of drought indices (such as the SPI), which
are correlated to dam water levels. High spatial resolution is needed, especially for the management of small
river catchments and dams. Different temporal aggregations influencing different water management processes
are regarded, e.g. multi-year means (January-December) and multi-year seasonal means of hydrological seasons
(February-April, May-July, August-October and November-January) for forecast years 1-3. This document presents
the results for the multi-year mean that showed the highest skill.
The forecasts in this document are based on a model ensemble of the MPI-ESM-LR decadal prediction system
with 16 ensemble members in total. In order to reach sufficient spatial resolution, the global simulations at 200km
ion (initiali on 1st for each ten y t) were downscaled to ~11km over Ger-
many. Then, the multi-year means for forecast years 1-3 were selected. The SPI was constructed in standardising
pi ion. The SPI was with HYRAS observations on the evaluation period 1962-2020. A recalibra-
tion correcting model errors and adjusting ensemble spread is performed. Figure 2 shows the RPSS skill score (on
which the evaluation of the decadal prediction in Figure 1 is based) and the correlation. The significance of skill at a
95% level was tested via 500 to exclude due to small samples. The skill of decadal
predictions is better than that of the observed climatology in several parts of the studied area.

Prediction skill for SPI (RPSS)
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Further information can be found in the Technical Appendix.
This work was produced with funding from the Copernicus Climate Change Service (C3S) which is implemented by ECMWF
on behalf of the European Commission.

Produced on 5" August, 2021.

and design of the product sheet was done by DWD. The
development of the climate service included several feedback
loops, but the close co-development guarantees that the resulting
climate service matches the needs of the Wupper catchment
water board in terms of content and format to be applied in their
working routine. They consider the skill of the high-resolution
SPI predictions for annual means and ASO to be promising and
would be interested in receiving similar skillful products for the
other seasons (to cover the whole annual water management
cycle: water storage in winter with regard to flood protection
and water usage in dryer seasons) and the SPEI as well. The
latter describes also the possible losses from the water surface
of greater reservoirs than the SPI. Thus, it correlates better
to water levels of dams of bigger sizes (Lorza-Villegas et al.,
2021), and would further improve the applicability of this climate
service. Analyses of SPEI predictions were also performed in
co-production and were part of the product sheet initialized in
November 2019. However, they proved to be less robust and
skillful after a model update for the predictions initialized in 2020
(see Section Conclusions). Nevertheless, first user needs of the
Wupper catchment water board could be clearly fulfilled.

In addition, a common C3S_34c event was organized to
showcase the four case studies on sectoral decadal predictions.
Several German water managers were present to discuss the
developed product sheet (the old version initialized in November
2019). They found it well-structured and understandable and
could use it in their work. It shouldn’t include any technical
terms but the technical appendix could do so. The combined
plot of prediction and skill is very interesting but probably
needs some further explanation, e.g., more information on
the thresholds of the categories of the probabilistic prediction
(see below). Overall, the product sheet is important for water
managers in communicating the probabilistic prediction and its
skill. In addition, hydrological modelers would be interested in
information on further atmospheric variables relevant for impact
modeling for different German regions or temporal aggregations
and would also need the downscaled data for modeling. An
operational product sheet could be accessible via the C3S website
or even sent per e-mail.

Some feedback could be considered already within the project
and some is part of the outlook (see Section Outlook): we
modified the product sheet with respect to technical terms and
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FIGURE 9 | Thresholds between the three categories of the decadal probabilistic prediction for 3-year SPI of January—December for forecast years 1-3, based on the
33% (A) and the 66% (B) terciles of observations in the reference period 1981-2010 (published on https://climate.copernicus.eu/sites/default/files/2021-09/

Technical_appendix_2020.pdf, modified).

explanations of the combined plot and enlarged the study area
of the (old) product sheet from the Wupper catchment area
to whole north-western Germany (as shown in this paper) to
fulfill similar needs of neighboring water managers. A map of
the 33 and 66% terciles of observations in the reference period
1981-2010, defining the thresholds between low and normal SPI
as well as normal and high SPI, respectively, was added to the
technical appendix (Figure 9). In the north-eastern and south-
eastern part of the study area the lower SPI threshold is below
zero and the upper threshold above zero as expected. However,
in the north-western, south-western and central parts both
thresholds are above zero, indicating that the reference period
reveals higher SPI values, i.e., wetter conditions, than the long-
term evaluation period 1962-2020 chosen for standardization.
This is especially true for the Wupper catchment area. Thus,
the probabilistic SPI prediction for 2021-2023 in the product
sheet showing widespread drying conditions for north-western
Germany needs to be interpreted in the context that the reference
period was clearly wetter than the long-term standardization
period in several parts of the study area.

DISCUSSION

This final section provides a summary of the key findings of this
study, discusses the major conclusions drawn from the results
and gives a final outlook for future research.

Summary

In this study we present user-oriented high-resolution decadal
drought predictions for German water boards, with focus on the
Wupper catchment. To reach the desired horizontal resolution

of ~11km the global decadal climate predictions of MPI-ESM-
LR are statistically downscaled by EPISODES. This procedure
succeeds in preserving the prevailing MPI-ESM-LR prediction
skill at higher resolution. The skill assessment is performed
applying (anomaly) correlation coefficients and the RPSS
against the reference prediction “observed climatology.” For the
downscaled predictions, the standard recalibration version with a
linear trend along start years does not produce the expected skill
improvements as achieved with global predictions. However, an
optimized recalibration version using a third order polynomial
along start years is able to clearly enhance correlation and
RPSS in many German regions. After standardizing precipitation
predictions, the SPI drought index reveals similar or higher skill
than unstandardized precipitation.

The 3-year SPI of annual means for forecast years 1-3 shows
widespread positive RPSS skill in many parts of Germany,
achieving significance in several north-western, central and
south-eastern regions. Concerning 3-year means of hydrological
seasons, the skill of ASO predictions is significantly positive in
many northern and western areas. However, the positive skill in
FMA and M]JJ achieves significance only in some limited areas
(which should not be over-interpreted), whereas significantly
negative skill is found in western Germany in NDJ. The FairRPSS
shows higher scores, thus indicating that there is a clear potential
of further skill improvement with increasing ensemble size.
Widespread significantly positive scores are found in all temporal
aggregations, except for NDJ where skill remains limited to some
smaller areas.

A user-oriented plot combining prediction and skill is applied
for the probabilistic SPI prediction for 2021-2023, initialized
in November 2020. The 3-year SPI of annual means results in
dry conditions compared to 1981-2010 in most of Germany.
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The predicted drying is similarly widespread in FMA but less
extensive in MJJ and ASO, leaving some smaller areas for
which wet and normal conditions are forecasted. In NDJ, the
prediction of dry conditions is limited to central Germany, and
wet conditions are computed for the northern and south-western
parts. However, significantly positive skill is mainly found for
annual means and ASO. The Wupper catchment area is a typical
example in western Germany: Mixed conditions are predicted in
NDJ and dry conditions in all other temporal aggregations, but
skill might only be prominent for ASO and partly for annual
means (which should be interpreted with caution).

A 2-page product sheet was designed including the main
message, information on the probabilistic prediction and
background information on data and methods used and resulting
skills. The 3-year SPI of annual means was selected showing
widespread high skill. Due to the limited space of the product
sheet, the study area is focused on north-western Germany
including the Wupper catchment area (instead of showing whole
Germany). The product sheet based on predictions initialized in
November 2020 is published on the C3S website (see text footnote
3), together with three other sectoral case studies. Detailed
additional information on data and methods can be found in the
C3S technical appendix (see text footnote 7).

Co-production of the product sheet with the Wupper
catchment water board guarantees its usability. Their feedback
and that of further German water managers was gathered at
a C3S_34c showcasing event. They stated that the product
sheet can be used in their work and considered the skill to
be promising. Further product sheets and data for hydrological
modeling would be useful. Following their needs, the study area
in the product sheet was enlarged from the Wupper catchment
area (old version) to north-western Germany, and a map of
the observed tercile-based thresholds of the categories of the
probabilistic prediction was included in the technical appendix.
It shows that the reference period 1981-2010 was wetter than
the long-term SPI standardization period in several regions. This
needs to be considered in interpreting the widespread drying in
north-western Germany in the product sheet.

Conclusions

(1) High spatial resolution of decadal predictions is needed
by many users, especially water managers of small river
catchments, such as the Wupper catchment water board. We
find that the cost-efficient empirical-statistical downscaling
procedure EPISODES is able to preserve the skill of the
global prediction system at higher resolution of ~11km.
This observed conservation of skill at higher resolution
confirms also former findings of applying EPISODES to
seasonal predictions of hydropower production in Germany
and Portugal (Ostermoller et al., 2021).

(2) The optimized recalibration version applying third order
polynomial parameters along start years can adjust high-
resolution EPISODES precipitation to observed statistics and
clearly improve correlation and RPSS in most of Germany.
The standard recalibration version using a linear trend along
start years (cf., Pasternack et al., 2018, 2021) is sufficient
for global predictions at coarser resolution, e.g., for global
drought indices at 5° or 2° resolution (Paxian et al,, 2019).

However, the variability of high-resolution precipitation in
Germany makes the use of higher order polynomials, e.g., of
the third order, necessary. This study reveals that statistical
approaches can improve dynamical models which has also
been shown by Sahastrabuddha and Ghosh (2021) applying
multi-variate singular spectrum analysis, a computationally
inexpensive data-driven model addressing oscillations and
trends. The choice of approaches depends on variable, time
and space under consideration and needs to be carefully
considered in product development.

(3) Overall, skillful high-resolution decadal predictions for 3-
year SPI of annual means are possible for several north-
western, central and south-eastern parts of Germany,
exceeding correlation coeflicients of 0.6 and/or revealing
significantly positive RPSS against the reference prediction
“observed climatology.” This also holds for 3-year mean
ASO predictions in northern and western Germany. The
skill of these high-resolution results is mostly similar to
decadal drought predictions of former studies: Paxian et al.
(2019) find similar skill for 4-year mean SPI predictions in
different areas of the globe. Four-year mean SPEI predictions
based on the Thornthwaite (1948) parametrization for PET
achieve higher skills in the tropics due to large temperature
trends but cannot be applied to colder seasons in Germany.
Solaraju-Murali et al. (2021) find as well positive RPSS for
5-year mean SPEI predictions for the 6 months preceding
the wheat harvest month in several regions worldwide, based
on a multi-model. For northern Germany and Scandinavia,
Solaraju-Murali et al. (2019) detect multi-model skill of five-
year mean summer SPI. Finally, similar correlations and
probabilistic scores are found for a NAO-based multi-model
prediction of the 10-year mean winter precipitation for
regional means of Spanish and Italian river catchments (see
text footnote 1).

(4) The close co-production with the Wupper catchment water
board in developing the product sheet is essential to
guarantee that it is understandable, matches user needs and
that format and content can be used in their working routine.
They computed the drought index following their standard
procedure because they use statistical relationships between
drought index values and dam water levels based on this
method. In addition, feedback of the Wupper catchment
water board and further German water managers at the
C3S_34c showcasing event was gathered. The usability of the
product sheet in their work was confirmed, first feedback
could be considered within the project, and we aim at
developing further required products to consider the residual
feedback in the future. This confirms similar experiences in
the development of the DWD climate predictions website®.
Users are involved in the product development via individual
meetings, surveys and workshops, and such feedback loops
strongly improve the understandability and applicability of
the final climate service.

(5) This case study was part of the C3S_34c contract developing
sector-specific applications. A close scientific exchange
between the developers took place improving the prevailing

8www.dwd.de/climatepredictions
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product sheet. The first case study using the decadal
predictions initialized in November 2019 applied the
downscaling of the old MPI-ESM version. The focus was
set on the 3-year mean high-resolution SPEI of the FMA
season, closely following the user need and applying the
Penman-Monteith parametrization (Allen et al., 1998) for
PET. Unfortunately, high-resolution observations for wind
and radiation in Germany are only available for a short
evaluation period of 1995-2012. However, after a model
update to the new MPI-ESM-LR version the first case
study was not skillful any more. The developers of the
other case studies recommended to use a longer evaluation
period to be more robust, more ensemble members from
different models to be more resilient against model updates
and to improve skill in Europe considering the signal-to-
noise paradox of weak predictable model signals (Scaife
and Smith, 2018) and skillful large-scale teleconnections
to improve the skill (see text footnote 1)°. In the second
case study based on the downscaling of the new model
version initialized in November 2020 (and presented now in
this paper) the 3-year mean high-resolution SPI is chosen,
allowing for a long evaluation period and robust statistical
recalibration due to available high-resolution precipitation
observations. The FairRPSS results (cf., Figure 6) indicate a
potential skill improvement with increasing ensemble size.
However, a multi-model cannot be downscaled because the
daily input data for EPISODES is not (yet) available (see
Section Outlook). In addition, large-scale teleconnections
between a multi-model NAO prediction (based on the four
global models of the scientific partners) and high-resolution
SPI and SPEI observations in Germany were analyzed
but the link is not strong enough to improve skill (see
Section Outlook). Nevertheless, a skillful high-resolution SPI
prediction is found, highlighting the benefit of close scientific
exchange in product development.

The final conclusion is the most important one and directly
results from the experiences described in conclusion (5).
User needs and scientific capabilities need to be weighed
against each other. Users often ask for very specific products,
considering complex variables, high spatial resolution and
short time periods. However, decadal prediction skill is
mostly found for large-scale variables over large regions
and time periods. Thus, if no skill is detected for a certain
user need, a “compromise solution” might be found in
analyzing other variables, but of a similar kind, larger areas
or longer time periods as described in conclusion (5). Within
the co-production of a climate service such alternative
products need to be defined in cooperation with the user,
of course.

Outlook

This study motivates further research to improve decadal
prediction skill of high-resolution drought predictions for
German water boards: first, the statistical downscaling
EPISODES should be applied to more ensemble members
of a multi-model ensemble. To reach this goal daily temperature,

“https://climate.copernicus.eu/decadal- predictions-insurance

relative humidity and geopotential height fields at different
levels need to be available from decadal prediction systems.
In addition, EPISODES was developed to downscale climate
projections and is thus, optimized to reduce bias but not to
enhance skill. Thus, the downscaling should not only consider
the best relationship between a large-scale input variable and a
high-resolution output variable but also the best skill of the large-
scale input. More skillful large-scale teleconnection patterns in a
larger region of the North Atlantic/European sector need to be
considered in statistical downscaling. A first analysis shows that
the teleconnection of the NAO to Germany is not strong enough,
but further teleconnections need to be investigated.

Second, the C3S_34c showcasing event revealed that German
water boards are interested in decadal predictions of high-
resolution droughts and further atmospheric variables relevant
for water management and hydrological impact modeling.
Concerning more robust SPEI predictions, high-resolution
observations for radiation and wind with long time periods
would be needed for the Penman-Monteith parameterization
(Allen et al., 1998) of PET. In this context, it would be
interesting to test the parameterization of Hargreaves and Samani
(1985), requiring less input data than Penman-Monteith and
thus, simplifying the search for high-resolution observations in
Germany. Instead, the parameterization of Thornthwaite (1948)
cannot be computed for cold seasons in Germany. Overall, DWD
plans to publish operational predictions for high-resolution
drought conditions in Germany for the next weeks, months
and years based on sub-seasonal, seasonal and decadal climate
predictions on the DWD climate predictions website (see text
footnote 8). Further relevant variables such as wind, humidity
or radiation might be added as well to cover the needs of
German water boards and hydrological modelers. In addition,
the access to the downscaled prediction data should be enabled.
Regular exchange in user workshops, surveys and individual user
meetings supports the development of this climate service to
ensure that the presented operational prediction products are
understandable and can be applied in the working routines of
the users.
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