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Abstract

Many hydraulic applications like the design of urban sewage systems require projec-
tions of future precipitation in high temporal resolution. We developed a method to pre-
dict the regional distribution of hourly precipitation sums based on daily mean sea level
pressure and temperature data from a Global Circulation Model. It is an indirect down-
scaling method avoiding uncertain precipitation data from the model. It is based on a
fuzzy-logic classification of atmospheric circulation patterns (CPs) that is further subdi-
vided by means of the average daily temperature. The observed empirical distributions
at 30 rain gauges to each CP-temperature class are assumed as constant and used
for projections of the hourly precipitation sums in the future. The method was applied
to the CP-temperature sequence derived from the 20th century run and the scenario
A1B run of ECHAMS. According to ECHAMS5, the summers in southwest Germany will
become progressively drier. Nevertheless, the frequency of the highest hourly precip-
itation sums will increase. According to the predictions, estival water stress and the
risk of extreme hourly precipitation will both increase simultaneously during the next
decades.

1 Introduction

State of the art in the design of urban sewage systems is the application of hydraulic
models. The dimensioning of channels and reservoirs is based on the results of nu-
merical discharge simulations, e.g. the frequency of backwater events in the channel
network. As a major input hydraulic channel models require precipitation data of ap-
propriate resolution, which depends on the concentration time of the channel network
(Berne et al., 2004). Since sewage systems are very fast reacting systems, a resolution
of one hour or shorter is required.

Frequently, observed precipitation time series are used as input, implying the as-
sumption that precipitation from the past is representative for the future. Under chang-
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ing climatic conditions, however, this assumption is the less and less true the further
one looks into the future. Since sewage systems are very long lasting investments,
changes in precipitation during their lifespan have to be considered in the design.

Main source of information on future climate conditions are Global Circulation Models
(GCMs). While the various GCMs agree on an increase of surface temperature, predic-
tions for precipitation exhibit high spread among the models. The complex physics of
precipitation genesis results in high spatial and temporal heterogeneity, which cannot
be represented to full extend by the GCMs.

On the global scale an increase in precipitation is expected during the 21st century
due to enhanced evaporation under warmer climatic conditions. The GCMs used in
IPCC’s fourth assessment report predict a global precipitation increase of 1 to 3%°C”"
of global warming (Held and Soden, 2006). Wentz et al. (2007) estimated the relation
between average global temperature and total global precipitation volume from satelite
observations and found a rate of 7.4 % (with a possible error of +£2.6 %) °C™'. The rate
is in aggreement with the Clausius—Clapeyron relation which states that the moisture
capacity of the air increases by about 7%°C~". Over the oceans evaporation is mainly
governed by the moisture capacity. A warmer atmosphere can evaporate and carry
more water, which has to fall down somewhere so that the mass balance is fullfilled.

Regional changes in precipitation, however, differ from the Clausius—Clapeyron in-
crease rate since they are not only governed by the potential evaporation, but also by
changes in other factors, e. g. atmospheric circulation or soil moisture. In an extensive
study comparing several runs of the AM3P from Met Office Hadley Centre, UK, Kendon
et al. (2010) evaluated the effects of global changes in different climatic factors on re-
gional precipitation. According to the model, one of the key factors for most parts of
Europe is soil moisture depletion, leading to drier conditions during summer months
when atmospheric temperature is rising (Kendon et al., 2010).

In observed time series regional deviations from the Clausius—Clapeyron relation
have been found, too. In central Europe during the second half of the 20th century
temperature had been increasing, but an increase in precipitation volume could not
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be observed. An increase during winter months was balanced by a decrease during
summer (Hundecha and Bardossy, 2005). Simultaneously, daily precipitation extremes
had become more pronounced (Hundecha and Bardossy, 2005), indicating a shift in
the distribution. Both trends are confirmed by climate model runs and are predicted
to continue in the future, e. g. by the PRUDENCE ensemble study of 19 combinations
of Global and Regional Circulation Models (RCMs). (See Déqué et al., 2007 for the
seasonal shift, Fowler et al., 2007 for the extremes.)

Most studies analyzing GCM output deal with monthly or daily precipitation sums.
Although GCMs exhibit a temporal resolution of up to 30 min, sub-daily values are
generally discarded. Due to the limited spatial resolution of GCMs, convective events,
which are responsible for the highest precipitation intensities, can only be modeled con-
ceptually (Trenberth et al., 2003). The parametrization of convection, however, is still
problematic (Guichard et al., 2004). Hence, it is assumed that model errors are highest
in the shortest time steps, where convection plays a major role. To avoid the applica-
tion of uncertain GCM-data, climate predictions of sub-daily precipitation amounts are
generally based on spatial-temporal downscaling of daily values.

Downscaling can be done dynamically by nesting an RCM with higher resolution but
limited spatial extend in the global model and/or by statistical methods. While dynami-
cal downscaling is based on physical information finding its expression in the equations
of the RCM, statistical downscaling is merely based on the statistical relation of precip-
itation on different scales, e.g. of daily and sub-daily resolution. In general, statistical
downscaling methods are calibrated with data from past time observations. The es-
tablished relation is then applied to the GCM data of the future. Nguyen et al. (2007)
developed a downscaling scheme that links daily and hourly precipitation extremes by
a multiple linear regression approach that takes spatial correlations into account. An-
other possibility are cascade models that link precipitation of different spatial-temporal
resolution by the multi-fractal scaling characteristics (e.g. Molnar and Burlando, 2005).
As they exhibit a low number of parameters and an easy model fit, they are frequently
used for downscaling applications. Groppelli et al. (2011) for example use a random
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cascade model for spatial downscaling of daily GCM precipitation sums. The grid cells
of the GCM are about 200 km2, the target scale of the catchment model is 2km x 2 km.
Willems and Vrac (2011) compare several other downscaling methods, e.g. the delta
change method and the analogues method. In the delta change method, the abso-
lute precipitation values of the GCM are discarded, only the trend signal (the delta
change) is kept, which is used to modify locally observed distributions of the past.
Lenderink et al. (2007) examine the effect of the delta change method on river dis-
charges simulated in a hydrological model. While the average discharges are similar
to the discharges calculated directly from RCM precipitation, the extremes are much
higher when delta changed data is applied. The analogues method does not use any
precipitation data from the GCM, but uses observed precipitation from past days as
predictions for the future. The choice of the past days that are assigned to the GCM
output is based on a similarity measure, e.g. of the predicted atmospheric circulation.

The application of statistical downscaling in climate change studies implies the as-
sumption that the relation between the scale of the GCM and the target scale is con-
stant over time. Concerning precipitation, the assumption becomes problematic if the
temporal target resolution is shorter than one day, since there is strong evidence that
global warming affects the relation between daily and sub-daily precipitation sums. An
examination based on data from several hundred rain gauges in South West Germany
revealed changes in the temporal scaling. In portion of the daily sum that can fall within
one hour has been increasing during the second half of the 20th century. This increase
concerns the extremes as well as average events (Beck, 2013, 153-157).

For De Bild, Netherlands, it was found that the 99 % quantile of hourly preciption
amounts increases by the double of the Clausius—Clapeyron relation if the atmospheric
temperature exceeds 14 °C, while the 99 % quantile of daily sums grows by the Clau-
sius—Clapeyron rate of 7% °c! (Lenderink and van Meijgaard, 2008). It proves that the
relation between hourly and daily precipitation is temperature-sensitive and, therefore,
will react on global warming. A sucessing study revealed similar behaviour in Hong
Kong, under subtropical climatic conditions (Lenderink et al., 2011). Thus, the findings
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are not limited to temperate climate, but might probably indicate a universal property
of precipitation. Trenberth et al. (2003) predicted such a behaviour, called “super Clau-
sius—Clapeyron”, for convective precipitation events assuming a positive feedback ef-
fect at the onset of condensation: The higher absolute moisture content of a warmer
atmosphere leads to a stronger latent heat release during condensation, which in turn
reinforces the convective uplift responsible for condensation (Trenberth et al., 2003).

If a constant relation is assumed between daily and hourly precipitation, super Clau-
sius—Clapeyron behavior is ignored resulting in a problematic underestimation of ex-
treme hourly precipitation frequencies. Therefore, any temporal downscaling method
used in climate change studies requires additional information to represent changes in
the relation of daily to sub-daily precipitation.

This paper describes a GCM downscaling scheme that takes information on atmo-
spheric circulation and temperature into account. The output are not time series but the
expected future distribution of hourly precipitation which, in a next step, can be used
as basis for stochastic time series simulation. It is an indirect method which does not
use any GCM precipitation data. Instead, it relies on predictions of the mean sea level
pressure (MSLP) and atmospheric temperature, which are considered as more reliable
(see for example Kendon and Clark, 2008). The downscaling scheme is presented by
an application on the regional scale, namely the federal state of Baden-Wirttemberg
in the southwest of Germany (about 35000 km2).

Outline

In the next section the methodology of the CP classification system is explained and
how it is used for downscaling purposes.

In section three the observed CP sequence between 1958 to 2003 is analyzed. CPs
which frequently lead to high hourly precipitation sums are identified and trends in the
CP-sequence estimated. It is investigated how the CPs react on temperature.
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Section 4 gives a prognosis on the CP sequence until 2060 based on the Global Cir-
culation Model ECHAMS. Expectations for the yearly precipitation sum and the proba-
bility for extreme hourly precipitation sums are derived from the CP sequence.

The paper concludes by an estimation of the reliability of the projected trends in
hourly precipitation and a short outlook of how the result can be incorporated in syn-
thetic time series generation.

2 Methodology
2.1 Fuzzy rule based CP classification

The proposed downscaling method is based on a circulation pattern (CP) classification
of the atmospheric flow field. The CPs result from an objective and automated classifi-
cation which does not require any expert judgment. It follows the method described by
Bardossy (2010), expect for modifications concerning the objective function. The CPs
are further subdivided into temperature classes to take the temperature sensitivity of
the relation between hourly and daily rainfall depths into account.

The classification is performed by a fuzzy rule system based on normalized mean
sea level pressure (MSLP) anomalies derived from the NCEP/NCAR reanalysis (Kistler
et al., 2001). The temporal resolution is 2.5° by 2.5°. Based on the pressure anomalies,
five fuzzy states are defined:

1. large positive anomalies

2. medium positive anomalies
3. medium negative anomalies
4. large negative anomalies

5. arbitrary.
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The fuzzy rule set defining the n., CPs specifies the required fuzzy state for each of
the grid points. It can be described by a matrix:

V=v(ij); =1, Ny Jj=1,...ng. (1)

The definition of one CP class j consists of the state index v = (1, 5) to each grid point
i of the nys grid points in the MSLP-anomalies field over Europe and the northern
Atlantic Ocean. The state “arbitrary” is assigned to all points that are indifferent to the
respective weather type definition. For each day the current anomaly field is compared
with the CP-defining fuzzy rule set. The CP with the highest resemblance, resulting in
the highest degree of fulfilment (DOF) of the fuzzy rule, is chosen as the CP of the day.
The number of CPs is set to n, = 12. All days that cannot be assigned to any of the the
twelve predefined CPs, because the DOF is below a certain threshold, are assigned to
the additional class “CP99".

2.2 Definition of the rule set

The rule set which forms the classification system is not predefined, but found by
a stochastic optimization. A Simulated Annealing algorithm (Aarts and van Laarhoven,
1989) arbitrarily chooses grid points, assigns fuzzy anomaly states and evaluates the
performance of the resulting classification system by an objective function O, the tar-
get of the optimization. The optimal classification is found if the CPs differ as much as
possible in their statistical properties, which is measured by O.

Since the classification will be used to examine the effect of climate change on
sub-daily precipitation, the objective function is designed to detect differences in the
distribution of hourly precipitation amounts. According to the sketch in Fig. 1, the CP
classification is optimal when the distribution of 1 h precipitation amounts of all days
belonging to the same CP differs the most from the climatic average. The difference
is measured by the variable ,1/2 which is equal to the sum of the squared residuals in
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relative frequency h, (j) between the histogram class ; for all days belonging to one CP
/ and the same histogram class for the climatic average A, (/) without classification:

Ng

©

k
> 2 (1() = him (/) — max (2)
j=1

-
1]
g

(,1/2 is equal to the sum of the squared lengths of the arrows in Fig. 1.)

The limits of the j € [1, k] histogram classes are defined by the empirical quantiles
to predefined CDF values. To shift the focus towards high precitation amounts, the
classes are not equidistant in CDF but smaller for higher CDFs. The upper limits of the
histogram classes are F~' (0.6), F~' (0.8), F~' (0.9), F~' (0.95), F~'(0.98), F~'(0.99)
and F (1.0), which means that the last class is open to the right. The CDFs are
calculated from all wet hours with no less than 0.1 mm of precipitation. The histograms
are calculated for two seasons, from September to April and from May to August to
account for convective precipitation enhancement during summer months.

The difference of the CPs to the climatic average in hourly rainfall frequency is taken
as a second part of the objective function O to distinguish between wet and dry CPs.

Data basis for the histograms calculation is a homogeneous set of 30 close to com-
plete hourly precipitation time series from 1991 to 2003. The locations of the rain
gauges are spread all over Baden-Wurttemberg (see Fig. 2). To make the rainfall
depths of different stations comparable, histogram classes are defined at each sta-
tion individually according to the local CDF. Then the relative frequency of each class
of each CP is averaged over all stations.

2.3 Temperature subdivision

The 12 CP classes are further subdivided according to the average observed daily

air temperature at 156 measurement stations in Baden-Wurttemberg, which is seen

as a representation of the atmospheric temperature. The subdivision is made by the

observed temperature CDF to each CP. The 20% of days with the coldest average
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temperature in each CP class are declared “cold”, the next 20 % cool, followed by “avg”,
“‘warm” and “hot” conditions. To avoid seasonal effects, the quantiles are calculated on
basis of anomalies from the average yearly cycle.

2.4 CP-temperature classification as downscaling tool

The CP-temperature classification has two results. First the sequence of CP-
temperature classes and second, the empirical distribution of hourly precipitation sums
at the 30 precipitation stations of each CP-temperature combination in each of the two
seasons (September to April and May to August). The spatial-temporal downscaling
effect of the classification lies in the empirical distributions: information on hourly pre-
cipitation values on a regional scale is associated with daily information of the large
scale atmospheric circulation and atmospheric temperature.

The CP defining fuzzy rule set can be applied to gridded daily MSLP data of any
GCM. The only condition is that the spatial resolution is comparable to the resolution of
the NCEP/NCAR reanalysis. In this study it is applied to data from two runs of ECHAM5
from the Max-Planck Institute in Hamburg, Germany (Roeckner et al., 2003). The tem-
perature subdivision is based on the average daily temperature of the grid cell over the
study region.

Thus, pressure and temperature data are transformed into a time series of daily
CP-temperature classes. If it is assumed that the distribution of hourly precipitation
sums to each CP-temperature class in each season (September to April and May to
August) does not change over time, the observed statistics during the calibration period
from 1991 to 2003 can be used to derive hourly precipitation statistics from the CP-
temperature sequence of the GCM run. The average observed cumulated histogram
frequencies are seen as a prediction of the CDF, the observed rainfall frequency as
the expected rainfall probability. Taking the CP-temperature sequence of one target
year from the GCM run, the predicted yearly distribution is calculated as the weighted
average of the distribution to each CP-temperature class. The weights are the relative
frequencies of the CP-temperature classes in each of the two seasons. In a next step,
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other statistics can be derived from the expected distributions of the target year, e.qg.
the exceedance frequency of each histogram limit or the expected yearly precipitation
sum.

3 CP classification according to NCEP/NCAR reanalysis data
3.1 CPs with potential for high hourly precipitation sums

The maps in Fig. 3 show the average pressure anomalies according to the NCEP-
NCAR data set of all days belonging to three CPs which frequently lead to high hourly
precipitation sums. CP2 is a high pressure situation with generally weak atmospheric
exchange. CP7, with the low pressure center over South of Norway, generates west-
ern to northwestern fluxes. CP11 generates northern fluxes between the high pressure
zone over the Atlantic ocean and the low pressure zone over eastern Europe. It might
seem surprising in first respect that CP2 is among the CPs with highest potential for
intensive precipitation (Fig. 3a) since high pressure situations generally lead to dry con-
ditions. If it rains, however, convective events can provoke high intensities, especially
during summer months.

Figure 4 displays the relative exceedance frequencies of the 95 and 99 % quantile of
all wet hour precipitation amounts. In average over all CPs and both seasons the fre-
quency is 5%, respectively 1% during the calibration periode from 1991 to 2003. High
intensities are generally more frequent during summer months. The highest intenstities
are mainly produced by convective precipitation events. In winter convective events are
bound to turbulent mixing at cold fronts. During summer months the increased so-
lar heating is an additional driving force for convection or even triggers events that
are not bound to an approaching front. Therefore, the estival increase in the 95 and
99 % quantile exceedance frequencies indicates the influence of convection. The an-
ticyclonic CP2 exhibits an elevated potential for high hourly sums only during sum-
mer months, while the frequency of CP11 with turbulent northern fluxes is among the
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highest during both seasons. CPs with westerly fluxes as CP7 are less influenced by
convective intensity enhancement and show the lowest increase in the 95 and 99 %
quantile exceedance frequencies during summer months.

3.2 Changes in the CP sequence

An analysis of the occurrence frequencies reveals changes in the CP sequence (Fig. 5).
For this purpose the CPs were grouped according to their meteorological characteris-
tics. The first line of Fig. 5 shows the frequency of anticyclonic CPs between 1958 to
2004 according to the NCEP/NCAR reanalysis MSLP anomalies. During the CP cali-
bration period from 1991 to 2003, one of the anticyclonic CPs occurred on 35.6 % of all
days, but only 17.5% of all rainy hours at the 30 rain gauges used for calibration were
counted during that time. The second line in Fig. 5 displays the absolute frequency of
cyclonic CPs. From 1991 to 2003, one of these CPs occurred on 30.0% of all days.
They are responsible for 55.4 % of all hours with non-zero precipitation.

Potential trends in the CP sequence between 1958 and 2004 (NCEP/NCAR) are
quantified by linear regression and marked by a line in Fig. 5. The significance of the
regression is evaluated by a two sided hypothesis test. The value of “alpha” below the
equation of the regression function is the significance of rejecting the hypothesis that
the slope of the true regression line is zero.

Figure 5 suggest that the atmospheric circulation has shifted between 1958 and
2004. The number of days with anticyclonic CPs has increased, during the summer
months by almost two days in every five years between 1958 to 2004, the number
of days with cyclonic CPs decreased. Taking a = 5% as a limit, there is a significant
increasing trend in high pressure situations in both seasons and a decreasing trend in
low pressure situations from September to April.
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3.3 Reaction of temperature

The effect of the temperature subdivision on the empirical distribution of each CP is
demonstrated by the example of CP2, CP7 and CP11. It is tested by the hourly pre-
cipitation frequency with a threshold of 0.1 mm and the exceedance frequency of the
95 and 99 % quantile refering to all wet hours (R > 0.1 mm) of the respective CP.

All three tested CPs react on temperature with a particularly strong signal during
summer months. From May to August there is a pronounced drop in precipitation fre-
quency with increasing temperature (right column of Fig. 6). The exceedance frequency
of the 95% quantile is more than two times higher during “hot” days than during “cold”
days in any of the CPs (right column of Fig. 7). It seems that the highest hourly sums
are affected the most. The differences between “cold” and “hot” days in the 99 % quan-
tile are far more pronounced than in the 95 % quantile (right column of Fig. 8), going up
to an increase by a factor of 12 for CP11. From May to August the elevated exceedance
frequency of the 99 % quantile during days of CP7 and CP11 overcompensates the de-
crease in overall precipitation frequency. Refered to all hours, the highest hourly sums
occur more often — even if it rains more rarely than average on “hot” days.

During summer all three CPs react in the same way, although not to the same extend.
Higher temperatures lead to fewer rainy hours, but shift the distribution towards higher
precipitation amounts. Between September and April, the reaction on temperature is
less pronounced and more varying among the CPs. For CP2 the rainfall frequency
is slightly increasing, for CP7 and CP11 more or less constant (left column of Fig. 6).
During days of CP2 and CP7 high values are more frequent for higher temperature (left
column of Figs. 7 and 8). During CP11 the exceedance frequency of the 95 % quantile
is constant (Fig. 7e). The exceedance frequency of the 99 % quantile is the higher the
more the temperature deviates from the average (Fig. 8e).

The seasonal differences indicate that the reaction to atmospheric temperature de-
pends on the precipitation genesis. Due to the higher solar radiation, convective events
are predominant between May and August and that is when the temperature classifi-
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cation has the strongest effect on the frequency of high hourly precipitation amounts.
The findings are in agreement with physical considerations. Trenberth (1999) states
that an increase in atmospheric temperature should lead to fewer but more intensive
rainfall events due to the stronger convective uplift and the higher moisture capacity of
a warmer atmosphere. Thus, although the classification is merely based on statistical
properties, it leads to physically sound results.

Nevertheless, the CP and temperature classification is not able to completely sep-
arate the effects of higher atmospheric temperature and changes in the atmospheric
circulation. The atmospheric temperature over central Europe is not only a measure of
the moisture capacity and the potential strength of convective uplift, but also an indica-
tor of the origin of the arriving air masses. Since the days belonging to one CP class
do not have completely identical pressure maps, the flow field of each CP can vary to
a certain extend. Lower temperatures in winter for example may indicate a shift of the
flow direction to the North, which alters the path of the arriving air masses over the sea
and, therefore, the evaporation and the moisture content. This might explain some of
the variability in the CPs’ reaction on temperature, especially in winter months when
the energy input by radiation as driving force for convection is low.

Besides, daily temperatures do not capture all temperature dependent effect. The
particularly high 99% quantile exceedance frequency during cold days of CP11
(Fig. 8e) is an example. CP11 leads to northern fluxes. If the atmosphere was warm
before, the drop in temperature when the northern flux sets in releases much water
due to the decreasing storage capacity of the air. The amount of released atmospheric
water is rather a function of the temperature difference in this case and depends on
the amount of available water that is present from the days before. For a more de-
tailed classification, it could be beneficial to consider the temperature history before
a precipitation event.
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4 CP classification according to ECHAM5
4.1 Expected CP sequence

The CP-temperature classification will only give a valid prognosis for future precipita-
tion if ECHAMS is able to predict the CP sequence in a realistic manner. For a com-
parison with observations the CP defining rule set is applied to gridded MLSP data
from the ECHAMS 20th century run. Figure 9 presents CP-frequencies of cyclonic and
anticyclonic CPs between 1961 and 2000 according to the ECHAMS5 simulation. The
results derived from the NCEP/NCAR reanalysis (Fig. 5) are seen as a reference for
the observed CP sequence. Since the 20th century run is a free simulation (except
for the CO, forcing), it cannot be expected that the absolute frequencies according to
ECHAMS are the same as in the reanalysis data. In average over several years, how-
ever, the frequencies should be comparable and the trend signals similar if the GCM
gives a valid representation of the atmospheric circulation.

ECHAMS reproduces the average frequencies of cyclonic and anticyclonic CPs cor-
rectly (Fig. 9), but has limited capacity to represent the observed trend signals. Be-
tween September and April the trend is underestimated (Fig. 9a), in summer months it
is completely missed (Fig. 9b). For the anticyclonic CPs ECHAMS5 models a decreasing
trend from September to April (Fig. 9¢) that cannot be seen in the reanalysis data. The
observed decreasing trend in summer, on the other hand, is underestimated (Fig. 9d).

4.2 Expected trend in 1h precipitation amounts

It was shown that the CP sequence has been significantly changing during the last
forty years. Anticyclonic and, thus, dry conditions have become more frequent. In the
same time, atmospheric temperature has been rising, shifting the distribution of hourly
precipitation amounts towards higher values. The question is, how the two trend signals
are combining in the future.
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The downscaling method described in Sect. 2.4 is applied to two data sets, from the
20th century run (1961 to 2000; left column in Fig. 10) and the scenario A1B run of
ECHAMS5 (2001 to 2060; right column in Fig. 10). Based on the expected distributions
of each year, the yearly sums (first line in Fig. 10) and the exceedance frequency of the
95 and 99 % quantile during the calibration period from 1991 and 2003 (second and
third line in Fig. 10) are calculated. Since the calculation of the 95% (99 %) quantile
for the calibration period is based on wet hour only (R > 0.1 mm), the expected ex-
ceedance probabilities in respect to all hours in the year is lower than 5% (1%). An
additional analysis is performed considering only the summer months from May to Au-
gust (Fig. 11). Potential trends are estimated by linear regression, marked by a line in
the respective diagramm. “Alpha” is the significance in a two sided hypothesis test of
rejecting the hypothesis that the slope of the true regression line is zero.

The CP-temperature sequence derived from ECHAMS consists of drier CP-
temperature classes than the observed sequence. The expected yearly sums spread
around 600 mm per year during the 20th century and the scenario run (Fig. 10a and b).
The observed average over the 30 precipitation station used for calibration is about
150 mm higher. The expected yearly sums vary within a realistic range of 160 mm dur-
ing the 20th century and the scenario run and exhibit no significant trend. The ex-
ceedance probabilities of the 95 and 99 % quantile of the calibration period, on the
other hand, are increasing with time. The trend signal is strongest in the exceedance
probability of the 99 % quantile during the scenario run, which is increasing by almost
20 % between 2000 and 2060 and with a very strong significance of @ < 1%.

The trend signals in the exceedance probabilities of the 20th century run and the sce-
nario run correspond well. The slopes of the linear regression function in both periods
do not differ by more than some percent. The absolute values, however, are discontin-
uous. At the break point between 20th century and scenario run, from 2000 to 2001,
the probabilities drop again to the level of 1960 to start increasing anew. Only in the
precipitation sum, the end of the regression function of the control period is close to
the starting point for the future period. Since the empirical histograms used for the cal-
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culation are constant, it indicates a break point in the CP-temperature sequence and,
thus, in the atmospheric circulation or the temperature data between the 20th century
and the scenario run.

The summer months between May and August are predicted to become dryer
(Fig. 11a and b), which indicates a shift of the precipitation activity towards winter.
Nevertheless, the exceedance probabilities of the 95 and 99 % quantiles from the cali-
bration period are still increasing during summer. The increase is strongest in the 99 %
quantile (Fig. 11e and f), which is a result of a shift in the distribution towards the high-
est hourly precipitation amounts. Although it will rain less according to ECHAMS, it will
rain more heavily. Again, the regression lines between the 20th century run and the
A1B scenario run are discontinuous.

5 Conclusions

An objective, automated CP classification was set up that divides all days according to
their distribution of the hourly precipitation sums. The CPs were further subdivided ac-
cording to the atmospheric temperature. The results of the CP-temperature classifica-
tion correspond well to physical considerations. During summer months, when convec-
tion plays a major role in precipitation genesis, there is a strong reaction to atmospheric
temperature. On hot days it rains less frequent, but the frequency of extreme intensities
is nevertheless higher. The reaction also depends on the CP. Anticyclonic CPs exhibit
strong enhancement of extremes. CPs with western fluxes, leading to frontal rainfall,
show the lowest enhancement. Outside the main convective season, from September
to April, the reaction on temperature is less pronounced and more varying between the
CPs. An increase in precipitation with higher temperature, which would be indicated
by the Clausius—Clapeyron relation, could not be observed for all CPs. Probably, the
CP-temperature classification is not able to completely separate the effect of circulation
and temperature. Slight changes in atmospheric circulation also affect temperature, but
do not necessarily change the CP class.
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The CP-temperature classification is used as a spatial-temporal downscaling
scheme for a prognosis of sub-daily precipitation in the future derived from large scale
atmospheric circulation and temperature. It implies two major assumptions: Firstly, that
ECHAMS is able to predict the CP sequence of the future in a realistic manner and,
secondly, that the precipitation distribution of each CP-temperature class is constant
over time, which means that changes in the CP sequence and atmospheric tempera-
ture fully explain the changes in precipitation.

The capacity of ECHAMS to represent the “true” CP sequence is limited. The
CP frequencies are realistically modeled compared to the CP sequence based on
NCEP/NCAR reanalysis data. Observed trends, however, e.g. an increase in high pres-
sure situations during summer months, are missed. With the given data it cannot be
judged if the differences between observed and simulated CP series are due to model
errors. The verification period of forty years is too short to exclude that the deviations
are merely a result of the different representation of inter-decennial variability between
NCEP/NCAR and ECHAMS. The second assumption cannot be verified either. The
temperatures in the future will most probably exceed the observed temperature range
leading to new situations that have not yet occurred in the past. Therefore, the sta-
tistical response of all CPs during “hot” days may change. In this case, the second
assumption is not valid any more. The same is true if climate change alters the atmo-
spheric circulation resulting in CPs that have not been observed during the calibration
period.

A clear problem of ECHAMS is the inconsistency between the 20th century and the
A1B scenario run. In most of the statistics, there is a pronounced jump between the
two ECHAMS runs. Probably, the results of the years 1961 to 2000 do not exhibit the
same bias and model errors as the results of the years 2001 to 2060, which makes the
interpretation difficult. If both data sets are regarded as one 100 yr long time series, no
significant trend signals are found. The increase during the single runs is canceled by
the jump at the break point between 2000 and 2001. The discontinuity is an indication of
systematic differences between the two model runs, e.g. in the GCM’s parametrization.
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On the other hand, a recent study revealed that the internal stochastic variability con-
cerning precipitation of climate models can attained a similar range as the difference
between climate models (Deser et al., 2012). If the MSLP fields are to the same extend
affected by internal variability, the jump could arise from pure random effects. However,
MSLP data from GCM are regarded as more reliable than precipitation (Kendon and
Clark, 2008).

In this study, the developed downscaling method is applied to a set of thirty rainfall
stations that represent the average conditions of an area of about 35000 km?. With the
same methodology it is also possible to provide precipitation data on the local scale
if the empirical histograms are calculated for one single rainfall station. However, the
restriction to one single location introduces a higher sampling uncertainty as the em-
pirical precipitation frequencies of each CP-temperature combination are much lower.
Since a stable estimation of the empirical histograms to each CP-temperature combi-
nation is crucial for the performance, the time series used for calibration have to be
much longer and the number of CPs should be reduced, e.g. by regrouping the CP-
temperature classes according to similarities in the empirical distributions. A regroupe-
ment into seven classes was tested by the given regional data and did not significantly
affect the main findings.

Although the implicit assumptions and possible model errors are leading to high un-
certainty in terms of the absolute trend signal, we have confidence in the general trend
direction. The shift of precipitation from summer to winter is consistent with observed
trends (Hundecha and Bardossy, 2005) and confirmed by a direct analysis of RCM
precipitation (Déqué et al., 2007). The predicted increase in extreme precipitation and
the related shift in scaling towards more intensive short term events pursues a trend
that has been observed in past data (Beck, 2013) and is consistent with physical con-
siderations (Trenberth, 1999).

If the predictions are right, it will have severe consequences for all domains in which
short term precipitation intensities play a major role. Besides urban hydrology with
small catchments and fast response times, agricultural production will be severely af-
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fected. The lower precipitation volume during summer months in combination with in-
creased evaporation due to higher temperatures will augment the risk of water stress.
Simultaneously, the probability for extreme precipitation intensities is increasing which
means that crops will be damaged more frequently during rain storm events. For farm-
ers this is problematic. They face a higher effort for irrigation in combination with more
frequent losses of income due to bad harvests.

6 Outlook

The adaptation of sewage network design on future climate conditions would require
complete future rainfall time series in hourly temporal resolution that can be fed to hy-
draulic channel models. The derived expected distributions of hourly rainfall sums are
only the first step in this task. Next, it is intended to include the projections that were
developed in this study in the data driven time series generator “NiedSim” (Bardossy,
1998), which is used by the authorities of several federal states of Germany. Nied-
Sim is a two step simulation that first sets up an initial time series by drawing from
a theoretical distribution and then optimizes the order of values according to statisti-
cal target values like the autocorrelation on different lags or the scaling characteristics
that are derived from observed precipitation time series. The generator makes as few
conceptual assumption as possible and, instead, evaluates the time series by its ap-
pearance. Therefore, the distribution function defining the initial time series can be
changed without affecting other properties, which makes it easy to incorporate future
climate projections. In such a manner, the expected future distributions of hourly pre-
cipitation are going to be used for the set-up of the initial time series. The predicted
changes in rainfall frequency during summer months or an assumed change in scaling
could be modeled explicitly by altering the statistical target values of the optimization.
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Fig. 1. Principle of the objective function for the CP definition in the simulated annealing

scheme.
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Fig. 2. Set of 30 high resolution rain gauges with continuous measurements from 1991 to 2003
and low number of missing values.
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Fig. 3. 1 hPa isobars of mean sea level pressure anomalies of CPs related to high precipitation

intensities.

(b) CP7
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Fig. 5. Trends in the frequency of anticyclonic (first line) and cyclonic CPs (second line) accord-
ing to NCEP/NCAR reanalysis.
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Fig. 10. Linear trend in the expected yearly precipitation sum and the probability of hourly
values exceeding the 95 and 99 % quantile of the calibration period according to the CP-
temperature sequence derived from ECHAMS.
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Fig. 11. Linear trend during summer months in the expected precipitation sum and the yearly
probability of values exceeding the 95 and 99 % quantile of the calibration period according to
the CP-temperature sequence derived from ECHAM5’s 20th century and scenario A1B run.
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