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Abstract Precipitation extremes affect various economic
sectors and may result in substantial costs for societies.
Future projections of such extreme occurrences are need-
ed to successfully develop robust regional adaptation
strategies. Model ensemble-based approaches provide a
higher level of confidence since they compensate to some
degree for the uncertainties of individual climate model
projections. An ensemble of twelve regional climate pro-
jections from five regional climate models was used to
evaluate the suitability of a modified version of the
Rainfall Anomaly Index (mRAI) as an alternative to the
Standardised Precipitation Index (SPI) in assessing future
precipitation conditions. We compared frequency distribu-
tions and trends of the mRAI with the SPI for a test
region that is climatologically representative of Central
Eastern Europe. Both indices are highly correlated with
each other at all tested timescales—both for stations and
for regionally averaged data—with Pearson correlation
coefficients >>0.9 and Spearman correlation coefficients
>0.99. There are no significant differences in their fre-
quency distributions, although the mRAI shows slightly
higher frequencies in the classes of ‘moderately dry’ to
‘very dry’ conditions. The change signals revealed by SPI
and mRAI are very similar for mean changes as well as
for changes in the extremes. Considering the large band-
width of change signals of individual regional climate
projections, the mRAI provides sufficiently robust results
for the evaluation of future precipitation anomaly trends.
The notably more complex calculation of the SPI has no
appreciable advantage for this application.

1 Introduction

Observed and projected increases in precipitation extremes,
such as intense rain, snow, sleet or hail as well as severe dry
and wet phases impact many economic sectors (e.g. agricul-
ture, forestry, water management). Related potential effects
have recently been extensively discussed (e.g. Easterling
et al. 2000; Fink et al. 2004; Lehner et al. 2006;
Kundzewicz et al. 2006; Rebetez et al. 2006). Regional-scale
analyses and consequently societal adaptation to the inevitable
consequences of changing local and regional climatological
conditions are needed since effects of global climate change
vary notably on spatial scales.

We study observed and projected monthly precipitation
data for the greater Dresden area in Saxony, Germany.
Recent examples for the vulnerability of the study region to
extreme events are the major Central European flood event in
August 2002 (Ulbrich et al. 2003), the Europe-wide heat wave
and drought in the summer of 2003 (Fink et al. 2004;
Schönwiese et al. 2004) and the Elbe flood in June/July
2013. Future increases in frequency or magnitude of such
extreme events would translate into a situation that is not only
critical to the economy and for disaster preparedness but
would also impact water resources, agriculture and numerous
infrastructures. Using an ensemble of 12 RCMs from the
ENSEMBLES-project, Schwarzak et al. (2014) described in-
creases in dry spell duration, particularly during summer,
more persistent wet spells during winter and increases in the
frequency of heavy precipitation events in most seasons and
for the late twenty-first century in the study area. Despite
projected decreasing average summer precipitation, the most
extreme precipitation events above the 99th percentile are
likely to increase by the end of the twenty-first century in most
seasons. The authors have also shown high biases of some
RCMs in the study area, most of them with strong
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overestimations of rainfall amounts, thus complicating the
evaluation of future drought severity (Schwarzak et al. 2014).

Several indices are in practical use to identify and assess
frequency, duration and intensity of extreme precipitation
events on different timescales (e.g. index lists by Karl et al.
1999; Manton et al. 2001; Nicholls and Murray 1999). Heavy
precipitation events as well as dry and wet periods are often
analysed based on indices of daily precipitation totals; but
long-term drought events and wet periods leading to serious
water shortage in the water sector, are best assessed based on
monthly and seasonal precipitation totals. Drought indices like
the Standardised Precipitation Index (SPI) (McKee et al.
1993) are applied for that purpose.

The study of standardised precipitation anomalies as ap-
plied here, allows for the comparison of models with different
biases (related to observation data). Here, two precipitation
anomaly indices were selected. The first is the internationally
widely accepted SPI (McKee et al. 1993) which has been
proposed as the universal drought index by the WMO
(Lincoln Declaration on Drought Indices, WMO 2009;
Hayes et al. 2011). The second one is the computationally less
demanding Rainfall Anomaly Index (RAI; van Rooy 1965) in
its modified version (mRAI). Both indices normalise precipi-
tation data, albeit with a more complex procedure for the SPI.
While the SPI is widely used internationally (Guttman 1999;
Wu et al. 2007; Moreira et al. 2013; Zhang et al. 2013), in-
cluding the analysis of projection results (Heinrich and Gobiet
2012; Vidal et al. 2012), the RAI receives a lot less attention
(Tilahun 2006). Nevertheless, several studies have already
shown a comparable performance to the SPI (Keyantash and
Dracup 2002; Loukas et al. 2003). The RAI offers a higher
degree of transparency and tractability and demands a lower
degree of sophistication than the SPI with regard to the eval-
uation criteria for drought indices as proposed by Keyantash
and Dracup (2002). In principle, the RAImay be calculated on
the same timescales as the SPI and is similarly robust. Here,
we focus on shorter timescales of 1 to 6 months.

This study assesses if the mRAI delivers equivalent re-
sults to the SPI and may thus be used as a computationally
less demanding alternative to the SPI in evaluating future
extreme precipitation characteristics on monthly to season-
al scales. Generally, projections derived from climate
models come with manifold uncertainties. These uncer-
tainties relate to, e.g. the future development of the human
society—represented by greenhouse gas emission scenari-
os, the variability of results due to the selection of a climate
model (which uses different schemes of simplifying the
complex climate system) and last but not least, to the in-
ternal climate variability—represented by different runs of
the same climate model. Multi-model ensemble ap-
proaches are used to increase the confidence in the
projected future climate changes in order to build a robust
basis for mitigation and adaptation decisions.

We address the question, if the differences between the two
indices SPI and mRAI influence the interpretation of the cli-
mate model ensemble results. The exemplary analysis is based
on a total of twelve runs from five regional climate models
(RCMs) for the study area. The focus was set on the compar-
ison of the results that both indices delivered and not on the
individual RCMs used in this study or the specific ensemble
results for the study area.

2 Materials and methods

2.1 Study area

The greater Dresden area in Saxony, Germany (model region
of the climate adaptation project REGKLAM; see www.
regklam.de) was selected as a representative region for the
temperate climate zone of Central Eastern Europe (Fig. 1).
The region features a warm temperate, fully humid climate
with warm summers (Koeppen climate classification: Cfb
climate; Kottek et al. 2006). The annual mean temperature
was 8.3 °C, and the annual mean precipitation was 793 mm
during the climate normal 1961–1990. Climate differences in
the study area are mainly related to the influence of the mid-
elevation mountain ranges to the south (Erzgebirge). While
the mean temperature is primarily linked to altitude (mean
annual temperature of 9 °C in Dresden-Klotzsche, 222 m a.
s.l., versus 4.5 °C in Zinnwald, 877 m a.s.l.), the precipitation
distribution (mean annual precipitation of 640 mm in the low-
lands and of 1000 mm on the mountain ridges) is additionally
affected by the position of the mountains in relation to the
prevailing wind direction (Bernhofer et al. 2009).

2.2 Data

The comparison of dry and wet anomalies between mRAI and
SPI was based upon 20 rain gauge stations (Fig. 1) for the
observation period 1951–2010 and on the output of an ensem-
ble of five RCMs, reflecting two dynamical and three statisti-
cal downscaling approaches for the period 1961–2100. All of
these RCMs were nested within the global climate model
ECHAM5/MPI-OMT63L31 (Roeckner et al. 2003, 2004,
2006). We used precipitation simulations of the two physical
dynamical downscaling techniques REMO (Jacob and
Podzun 1997; Jacob et al. 2008) and COSMO-CLM
(Hollweg et al. 2008). The three statistical RCMs involved
different versions of the same weather pattern-based down-
scaling method, developed by CEC Potsdam (http://www.
cec-potsdam.de/Produkte/Klima/WettReg/wettreg.html);
WEREX IV (Enke et al. 2001, 2005), WETTREG 2006
(Spekat et al. 2007) and WETTREG 2010 (Kreienkamp
et al. 2010a, b). The physical models provide grid data with
different spatial resolutions, while the statistical models
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provide data as point information (stations correspond to ob-
servation data).

We solely focussed on the emission scenario A1B
(Nakicenovic and Swart 2001), since analyses of the five
REGKLAM-RCMs have shown much larger variability in
projected precipitation of the different models as compared
with the different emission scenarios (Bernhofer et al. 2011).
The number of individual runs differs between the RCMs,
with a larger number for the statistical ones. The physical
RCMs are a lot more complex in their calculation require-
ments and need much longer computing times. Of these
RCMs, only one run (REMO) and two runs (CLM) were
available for the REGKLAM project. Ten realisations were
available for each of the statistical models, yet we display
only three results that have been synthesised from the ten

realisations. These runs are called normal, dry and wet for
WEREX IV and WETTREG 2006; indicating their general
precipitation characteristics over the entire study period
1961–2100 (Spekat et al. 2007). For WETTREG 2010, the
arithmetic average of all ten runs (Avg.), the run delivering
the lowest (Min.) and the highest (Max.) value or trend, were
used (Table 3). Detailed information about these climate pro-
jections can be obtained from Bernhofer et al. (2011) and
references therein.

2.3 Precipitation anomaly indices

The Standardised Precipitation Index (SPI), developed by
McKee et al. (1993), is based on the probability distribution
of precipitation. The calculation is made by fitting a

Fig. 1 Location of the study area
within Europe (upper panel) and
location of the rain gauge stations
within the study area (lower
panel)
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probability distribution function to a long-term precipitation
series, which is then transformed into a normal distribution.
The SPI can be calculated for different timescales. For a de-
tailed information about the general calculation of the SPI, see
McKee (1993, 1995) and Guttmann (1998, 1999). In this
study, the SPI is calculated for the timescales of 1 month
(SPI-1), 3 months (SPI-3), 6 months (SPI-6) and 12 months
(SPI-12), fitting a gamma probability density function to the
monthly precipitation record of the period 1961–2000.

The Rainfall Anomaly Index (RAI), designed by van Rooy
(1965), considers the rank of the precipitation values to calcu-
late positive and negative precipitation anomalies. The origi-
nal calculation of the RAI was modified to better fit the 40-
year-long validation period 1961–2000 and to achieve a max-
imum comparability to the SPI. The modified RAI—mRAI—
of a certain month i is calculated in this study as follows:

mRAIi ¼ �SF˙ Pi−P
� �

= E−P
� �

; ð1Þ

where

Pi Monthly precipitation sum of month i
P Median monthly precipitation of the validation

period 1961–2000 for the respective month (e.g. if i

is January, then P is the median of all January
precipitation sums of the years 1961–2000)

Ē Mean of the 10 % most extreme precipitation sums
(10 % percentile for positive anomalies, 90 %
percentile for negative anomalies) of the validation
period 1961–2000 for the respective month (e.g. if i
is January, then Ē is the mean of the 10 % most
extreme January precipitation sums of the years
1961–2000)

±SF Scaling factor (positive for Pi ≥ P, and negative for

Pi < P)

We use the median instead of the arithmetic average to

estimate the mean of the precipitation time series P for
1961–2000, as the precipitation distributions are skewed at
most of the analysed timescales. Ē represents the mean of
the four most extreme events of the validation period 1961–
2000 in our RAI calculation. Originally, Ē was used to char-
acterise the variability of the dataset and referred to the ten
most extreme events (van Rooy 1965). We modified the
amount of extreme events in the calculation of Ē, as our un-
derlying time period is notably shorter than the ones van Rooy
(1965) used in his analysis. We believe that considering the
10 % highest and lowest values, respectively, delivers more
realistic results and furthermore refers to the general definition
of moderate extreme events. Applying different values of Ē
for the positive and negative precipitation anomalies is a
simple mechanism of accounting for the asymmetry of
distributions and is preferred over the use of the standard
deviation. Originally, van Rooy (1965) used a scaling factor
of SF=3. We apply an SF=1.7, thus aiming at similar values
and class frequencies as those of the SPI. For other climate
regions and applications the scaling factor may be adjusted.

The mRAI can also be calculated on timescales exceeding
1 month, similar to the SPI. The same timescales (1 month
(mRAI-1), 3 (mRAI-3), 6 months (mRAI-6) and 12 months
(mRAI-12)) were calculated for the comparison with the SPI.
The main focus was on the monthly timescale, yet seasonal
and yearly anomalies were compared, too.

The dimensionless mRAI and SPI values can be evaluated
according to a classification scheme. We modified the original
classification of van Rooy (1965) and McKee (1993) in order
to: 1) develop SPI classes for wet conditions, 2) include a
‘near normal’ condition class and 3) create a classification
for mRAI and SPI that results in comparable frequencies.
The original classifications and our modified classification
with nine classes ranging from extremely wet to normal to
extremely dry are shown in Table 1.

Table 1 SPI and RAI classification according to their original definitions and a modified definition as applied in this study

Original definition (McKee et al. 1993) Original definition (van Rooy 1965) Classification used in this study

SPI Description RAI Description Class SPI and mRAI Description

≥3.00 Extremely wet 1 ≥2.00 Extremely wet

2.00 to 2.99 Very wet 2 1.50 to 1.99 Very wet

1.00 to 1.99 Moderately wet 3 1.00 to 1.49 Moderately wet

0.50 to 0.99 Slightly wet 4 0.50 to 0.99 Slightly wet

−0.49 to 0.49 Near normal 5 −0.49 to 0.49 Near normal

0.00 to −0.99 Mild drought −0.99 to −0.50 Slightly dry 6 −0.99 to −0.50 Slightly dry

−1.00 to −1.49 Moderate drought −1.99 to −1.00 Moderately dry 7 −1.49 to −1.00 Moderately dry

−1.50 to −1.99 Severe drought −2.99 to −2.00 Very dry 8 −1.99 to −1.50 Very dry

≤−2.00 Extreme drought ≤−3.00 Extremely dry 9 ≤−2.00 Extremely dry
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2.4 Comparison of both indices

Both indices were calculated and compared for the period
1951–2010 (measured precipitation data; observations) and
for the period 1961–2100 (RCM data). Selected rain gauge
station data were compared for the observation period and are
displayed to show how regional differences such as altitude
may influence the comparability of both indices. In addition,
averaged index values over the study areas were compared to
ensure the comparability with the display of the RCM data.
For the RCM data, only index values and trends, averaged
over the study area, were compared to ease the display and
interpretation of the RCM ensemble results. Thereby, the pre-
cipitation anomaly indices were initially calculated separately
for each data point (raster cell or station) that covers a part of
or is situated within the study area. The individual signals
were averaged thereafter. Directly calculating the anomaly
indices for the regionally averaged precipitation is not suit-
able, as the spatial averaging of the precipitation would
strongly smooth the precipitation distribution; thus rendering
a realistic representation of precipitation extremes impossible.

The analyses cover the study period 1951–2100 with a
focus on the validation period 1961–2000 and the time-slice
comparisons of 2021–2050 and 2071–2100 versus the last
climate normal 1961–1990. The correlation between the indi-
ces SPI and mRAI was evaluated for the observations for
1951–2010, using the Pearson product moment correlation
coefficient und the Spearman rank correlation coefficient. X-
Y scatterplots were used to illustrate the relationship between
the two indices on a monthly scale. Pearson correlation coef-
ficients were evaluated for the RCMmonthly index values for
two periods, namely 1961–2000 and 2061–2100 (Table 3). In
addition to the X-Y scatterplots, time series of the 2 months
with the lowest and the highest correlation of both indices are
displayed in Fig. 3 for the regional average of the observations
and in Fig. 6 for the RCMs. Two selected observation stations
(Fig. 1), representing the lowlands and the mountainous areas
of the study area, were chosen to evaluate spatial influences on
the index comparison. These monitoring stations are located
near Riesa in the northern lowlands of the study area
(142 m a.s.l.) and Neuhausen in the southern Erzgebirge
(593 m a.s.l.).

The frequencies of SPI and mRAI in the nine anomaly
classes (Table 1) were compared for the observations of all
months (Fig. 4) and for the RCMs of January and July (Fig. 5)
within the validation period 1961–2000. Precipitation anom-
alies were standardised to the validation period 1961–2000,
resulting in a mean precipitation anomaly of zero for this
period for all RCMs. Thus, individual RCM biases to ob-
served precipitation data are irrelevant for the subsequent
analyses. Existing RCM biases are not displayed here.

Linear trends and Mann–Kendall trends (Mann 1945;
Kendall 1970) of the index series were calculated for

1951–2000 (observations; Fig. 3) and for 2001–2100
(RCM data; Fig. 6; Table 6). Changes in the frequency
distribution of the indices were analysed by comparing
the time slices 2021–2050 (mid-twenty-first century) and
2071–2100 (late twenty-first century) with the reference
period 1961–1990. These analyses were done for the
months (Fig. 7; Table 5), the seasons (Fig. 8; Table 4)
and the half years (summer half year (SHY)—AMJJAS;
winter half year (WHY)—ONDJFM; Fig. 9; Table 4). The
focus was laid on the classes representing ‘very dry/wet’
and ‘extremely dry/wet’ conditions.

3 Results and discussion

3.1 Observation data

Correlations The correlations between the index time series,
averaged over the study area (timescale, 1 month), are
displayed in Fig. 2 for all months. SPI and mRAI are highly
correlated, with all Pearson product moment correlation coef-
ficients above 0.959. More than 90 % of the variability of the
SPI is explained by the mRAI. While a linear model may
approximate the relation between both indices, it is not
completely linear. There is a tendency for lower SPI than
mRAI values—particularly in the range of extreme conditions
(index values, >2 and ≤ -2, respectively), while the mRAI
tends to have slightly lower values in the normal range.
Accordingly, the correlations are even higher if applying the
Spearman rank correlation coefficient (0.997 to 1.000).

The comparatively low Pearson correlation coefficients in
April (0.962) and September (0.959) are due to exceptionally
low SPI values of −5.0 (April 2007) and −4.6 (September
1960), respectively. These values are connected with monthly
precipitation totals of 0.8 and 1.0 mm averaged over the study
area and several zero precipitation values at station level. The
SPI reacts very sensitive to such low precipitation totals and
may yield unrealistically low values as already described by
Hayes et al. (1999) and Lloyd-Hughes and Saunders (2002).
The associated mRAI values are only about half as large, but
they still belong to the class of ‘extreme drought’. This lower
sensitivity of the mRAI in depicting the magnitude of dry
extremes must not be a disadvantage or limitation, as in most
times the class of ‘extreme drought’ is reached and the abso-
lute magnitude of the index is not to be interpreted.

Figure 3 shows the time series’ similarity of both indices
(timescale, 1 month) and related linear trends for the observa-
tion data, averaged over the study area, and additionally for
two exemplary months at two representative rain gauge sta-
tions (Riesa and Neuhausen). These months were selected
according to the correlation coefficients over the study area.
The lowest Pearson correlation occurred in September (0.959)
and the highest Spearman correlation in October (1.000). The
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correlation coefficients of the station data are in a similar range
as those of the study area average displayed in Fig. 2. The
Pearson correlation coefficients of both index time series for
the period 1951–2010 range for all months from 0.933
(September) to 0.997 (August) at Riesa and from 0.938
(September) to 0.998 (November) at Neuhausen. The
Spearman correlations are 1.000 for almost all months for both
stations. The course of the SPI and the mRAI time-series
curves is very similar for the station data as well as for the
regional average. Considerable deviations occur only for the
most extreme dry events, e.g. September 1960. The correla-
tion analyses show that the mRAI fits the SPI very well, even
for the highly skewed monthly precipitation totals.

Trends Generally, the computed linear trends are very much
the same for both indices and the regional differences in the

trends are larger than the differences between the two indices
(Fig. 3; Table 2). Opposite trend directions may be indicated
by the SPI and the mRAI only if the change signals in the time
series are very small. These differences are not relevant, how-
ever, as they occur only for time series without significant
changes. The significance of the monthly precipitation anom-
aly trends for 1951–2000 using theMann–Kendall trend test is
shown for 18 stations within the study area and for the average
over the entire region in Table 2 (trends for two stations with
shorter times series are not indicated). The Mann–Kendall
trend delivers almost identical values and related statistical
significances for both indices. This is true for the individual
stations and for the regional average in all months. No general
statistically significant monthly precipitation trend emerged
for the period 1951–2000 in the study area. Only November
showed some indication of increasing precipitation totals at

Fig. 2 Correlation between SPI-
1 and mRAI-1 within 1951–2010
for all months; values averaged
over the REGKLAM-model
region
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more than half of the stations, albeit at a low significance level
(α=0.2).

Frequency distribution A comparison between the frequency
distribution of the SPI and of the mRAI was made for the
period 1961–2000, which was also used as the validation pe-
riod for the RCMs. The Kolmogorov-Smirnov test showed no
significant differences in the distributions of SPI and mRAI.
The frequencies within the nine wetness and dryness classes,
as depicted in Table 1 and averaged over the study area, are
shown in Fig. 4. Similar results were obtained for individual
stations (not shown here). The frequency distribution ofmRAI
classes is not fully symmetrical, yet the statistical tests did not
show any significant deviation from the normal distribution at
the 5 % significance level. The mRAI shows a slightly higher
frequency in the classes ‘moderately’ and ‘very dry’ than the
SPI, while the mRAI yields fewer events in the ‘extremely
dry’ class. SPI and mRAI are well comparable in their fre-
quencies in the ‘extremely’ and ‘very wet’ classes, but the
frequency of mRAI in the classes of ‘slightly’ to ‘moderately
wet’ conditions is lower than the one of SPI in many cases.
These (non-significant) deviations in the distributions are
caused by the right-skewed distribution of monthly precipita-
tion totals, where the more complex normalisation procedure
of the SPI has some advantages over the more simple RAI
calculation. In a next step, we are going to assess if these
deviations in the frequencies of individual moisture condition
classes are significantly skewing the results of a regional cli-
mate model ensemble.

3.2 Regional climate models

RCM validation The regional models were validated against
the observation dataset for the period 1961–2000 by compar-
ing the frequency distribution of each RCM run with the ob-
served characteristics (Fig. 5; exemplary for January and
July). All model runs reflect the general frequency distribution
of the anomaly classes rather well—despite differences in ab-
solute precipitation deviations (Bernhofer et al. 2011).
Individual model runs partly show a large range in the per-
centage of certain precipitation anomaly classes; this is most
distinct for the ‘near normal’ class. The general characteristics
of individual models are preserved by the mRAI and SPI. For
instance, the dry run ofWEREX IV shows a lower percentage
in the ‘near normal’ class for both indices and a higher per-
centage in the ‘slightly dry’ class for January as compared to
the observation data. The general ‘overestimation’ of the fre-
quency in the classes moderately and very dry by the mRAI
and the ‘underestimation’ in the classes ‘slighly’ and ‘moder-
ately wet’ is also visible in the RCM ensemble.

Correlations The linear Pearson product moment correlation
coefficients between the precipitation indices SPI and mRAI
for monthly time series, averaged over the study area, are
similarly large for the model runs (Table 3) as already shown
for the observations (Fig. 2). They range between 0.929 and
1.000, with most values above 0.990. The only exceptions are
the values of the minimum and maximum run of WETTREG
2010 that show consistently lower correlations, yet most

Fig. 3 Comparison of SPI-1 and
mRAI-1 time series and related
linear trends for September and
October (1951–2010) averaged
over the study area and at the rain
gauge stations Riesa and
Neuhausen
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values are still above 0.950. The lower correlations for these
two ensemble members are explained by their creation from
ten runs of the model WETTREG 2010. The minimum/
maximum values may belong to another model run each year
and slight differences in the min/max as identified by the two
indices add up to a weaker correlation than for the individual
runs (correlation coefficients between 0.975 and 1.000). The
correlations remain high (>0.97) for the time series of the
ensemble mean. The correlations are robust over time—there

are no systematic deviations in the magnitude of the correla-
tions between the validation period 1961–2000 and the end of
the twenty-first century (2061–2100). This demonstrates that
the mRAI does not develop significant systematic deviations
to the SPI within a changing climate and may be applied for
climate projections.

The monthly time series of the RCM with the lowest
and the highest Pearson correlation coefficient are shown
exemplarily for the entire study period 1961–2100 in

Table 2 Mann–Kendall trends for the two precipitation anomaly indices SPI and RAI, calculated for 18 rain gauge stations and using the regional
average of the study area for 1951–2000

The background colour indicates the direction (blue, precipitation increase; orange, precipitation decrease) and the significance of the trends (the darker
the colour, the higher the statistical significance)

S. Hänsel et al.



Fig. 6. Both belong to the model REMO with 0.937
(March, 2061–2100) and 1.000 (June, 1961–2000).
Lower than usual correlations are mainly due to higher
mRAI than SPI values for the dry and wet extremes.
The absolute mRAI and SPI values of extreme events
are to be interpreted with great care, but the influence of
these deviations between the two precipitation anomaly
indices on the evaluation of changes in the frequency of
extreme events are comparatively low as shown in Figs. 7,
8 and 9 and in Tables 4 and 5.

Change in the mean and statistical significance The absolute
seasonal change signals of mRAI and SPI for the late twenty-
first century (2071–2100 compared with 1961–1990) are giv-
en in Table 4 for each of the 12 ensemble members. The trends
for the mid-twenty-first century are not shown here since they
are comparatively small with a large bandwidth of individual
RCM results. Generally, the relative magnitude of the change
signals is well comparable between mRAI and SPI. The
RCMs based on dynamical downscaling approaches (CLM
and REMO) show an increase in the mean precipitation anom-
aly indices in spring (related to wetter conditions compared to
the reference period). All other RCM runs are characterised by
no or negative changes in the spring precipitation anomaly
indices. For the summers, more dry episodes as compared

Fig. 4 Frequency distribution of
precipitation anomaly classes for
observation data from 1961 to
2000. Dark grey represents the
SPI-1, and medium grey
represents the mRAI-1

Fig. 5 Frequency distribution of monthly precipitation for January and
July, based on the SPI (left column in each class) and the mRAI (right
column in each class), on observation data and on 12 regional climate
projections under the SRES scenario A1B averaged over the study area

Is the mRAI an alternative to the SPI?



with 1961–2000 (negative change signal of anomaly indices)
are projected by all model runs for the end of the century.
Autumns also show predominantly drier conditions. All mod-
el runs—except for WETTREG 2010 with negative trends—
show no or a positive trend for the anomaly indices in winter
(related to unchanged or wetter conditions).

The significance of the monthly trends projected by the
RCMs for the twenty-first century (2001–2100) was test-
ed with the Mann–Kendall trend test. Background colours
in Table 6 illustrate the trend significance of the regional
average. Both indices generally deliver similar trends with
a similar statistical significance. There is a tendency for
the mRAI to deliver slightly larger and sometimes more
significant trends; yet the general picture is very well
comparable.

Changes in the extremes Changes in the frequency distri-
bution are of practical interest in extension to those
changes in average precipitation conditions. Despite the
small shift in the frequency distribution between mRAI
and SPI in the period 1961–2000, projected change sig-
nals are very similar for both indices on different temporal
scales (Figs. 7–9; Tables 4 and 5). SPI and mRAI show
comparable bandwidths and a comparable mean (median
and arithmetic average) of the different model runs for the
change signals in winter (January) and summer (July).

The mean change signals in the precipitation anomaly clas-
ses for January are more or less negligible, when comparing
the period 2021–2050 with the reference period 1961–1990.
July shows a small tendency towards increases in the dry
classes for the same period (Fig. 7). The mean change signals

Table 3 Monthly Pearson product moment correlation coefficients between SPI-1 and RAI-1 for 12 RCM-runs (WEREX IV (WX),WETTREG 2010
(WG06), WETTREG 2010 (WG10)) and the ensemble mean (A1B-Avg) averaged over the study area for the two periods 1961–2000 and 2061–2100

The magnitude of the correlations is illustrated by the grey background color scale from white = lowest correlation to middle grey = highest correlation
coefficient

*R run number of the driving GCM ECHAM5
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of all models remain negligible for January for the late twenty-
first century (2071–2100; Fig 7). A clear signal toward more
frequent dry conditions is visible for July in period 2071–
2100. Moderately to extremely dry conditions became more
frequent in almost all regional projections. These changes to-
wards more ‘dry extremes’ occur during all three summer
months (Table 5) and are thus strongly visible in the larger
timescales of 3months (summer; Table 4, Fig. 8) and 6months
(summer half year; Table 4, Fig. 9). Tables 4 and 5 illustrate
the seasonal and monthly changes for events above an index
value of 1.5 (representing the ‘wet extremes’) and those below
-1.5 (representing dry extremes). The ensemble average

shows a plus of 20 % in the frequency of dry extremes in
the summer season as well as the summer half year. The fre-
quencywithin these two classes was 7.0 for the SPI and 8.3 for
the mRAI (values averaged over the study area and all
months) in the reference period 1961–1990. Thus, more than
a doubling in severely to extremely dry conditions is to be
expected to occur in summer in the study area at the end of
the twenty-first century.

While there are some (non-signficant) differences in
the frequencies within the nine classes between the SPI
and the mRAI, the trends of average and extreme precip-
itation are barely influenced. Both precipitation anomaly

Fig. 6 Time series of SPI-1 and
mRAI-1 averaged over the study
area for the RCM REMO-R1 un-
der SRES scenario A1B for the
months March (upper panel) and
June (lower panel) with linear
trends over period 1961–2100
and Pearson correlation coeffi-
cients for the sub-intervals 1961–
2000 and 2061–2100

Fig. 7 Changes in the tails of the
precipitation distribution
averaged over the study area
during the months of January
(left) and July (right), based on
the SPI and the mRAI on a
monthly scale, for an ensemble of
12 regional climate projections
under the SRES scenario A1B for
the periods 2021–2050 (upper
panels) and 2071–2100 (lower
panels) versus period 1961–1990
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indices show a similar range and a similar average of
change signals with the clearest overall signal for July
for the late twenty-first century period. Thus, the mRAI
has shown its applicability as a worthy alternative for the
SPI in evaluating the average and extreme precipitation
trends of RCM ensembles in the study area, representative
for Central Eastern Europe (warm temperate climate
zone).

3.3 Adopting the RAI concept for the climatic water balance

Using purely precipitation-based indices such as the SPI
and mRAI for the evaluation of future drought condi-
tions may yield underestimations of the drought poten-
tial. These indices are only reliable drought estimators,
if the other relevant climate parameters behave station-
ary. This is not the case in a warming climate and with

Fig. 8 Same as Fig. 7 but for
summer (SPI-3/mRAI-3 for
August) and winter (SPI-3/
mRAI-3 for February)

Fig. 9 Same as Fig. 7 but for the
summer (SHY, SPI-6/mRAI-6 for
September) and winter (WHY,
SPI-6/mRAI-6 for March) half
years
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Table 4 Comparison between the change signals of SPI and mRAI for
2071–2100 versus 1961–1990 for the absolute seasonal precipitation
anomalies, the wet extremes and the dry extremes of 12 regional

climate projections (WEREX IV (WX), WETTREG 2010 (WG06),
WETTREG 2010 (WG10)) and the regional average (A1B-Avg) under
SRES scenario A1B

Trends are illustrated with colour coding (red = precipitation decrease/less wet extremes/more dry extremes, white = no change, blue = precipitation
increase/more wet extremes/less dry extremes), with colour intensity illustrating trend magnitudes
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Table 5 Same as in Table 4 but for monthly trends of wet and dry extremes
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increasing evapotranspiration rates since rising tempera-
tures potentially aggravate drought conditions. Thus,
evaluations of future drought risk should include not

only precipitation, but also other climate parameters—
at least temperature. Related indices are the Palmer
drought severity index (PDSI) (Palmer 1965), the

Table 6 Mann–Kendall trends for SPI-1 and mRAI-1, calculated for 12 regional climate projections under the SRES scenario A1B averaged over the
study area for period 2001–2100

The background colour indicates the direction (blue, precipitation increase and orange, precipitation decrease) and the significance of the trends (the
darker the colour, the higher the statistical significance; see below)
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reconnaissance drought index (RDI) (Tsakiris and
Vangelis 2005) and the standardised precipitation evapo-
transpiration index (SPEI) (Vicente-Serrano et al. 2010).
The latter applies the same methodology as the SPI but
uses the water balance (precipitation minus evapotrans-
piration) instead of precipitation as input variable. A
log-logistic distribution function is used in the calcula-
tion procedure instead of the gamma distribution.

The RAI concept may be applied to the water balance
(WB=P−ETP) similar to the SPEI, yielding a water balance
anomaly index WBAI:

WBAIi ¼ �SF⋅
WBi−WB

E−WB
; ð2Þ

where

WBi Monthly water balance of month i
WB Median monthly water balance of the validation

period 1961–2000 for the respective month (e.g. if

i is January, then WB is the median of all January
water balance sums of the years 1961–2000)

Ē Mean of the 10 % most water balance sums (10 %
percentile for positive anomalies, 90 % percentile
for negative anomalies) of the validation period
1961–2000 for the respective month (e.g. if i is
January, then Ē is the mean of the 10 % most
extreme January water balance sums of the years
1961–2000)

±SF Scaling factor (positive for WBi ≥ WB, and
negative for WBi<n)

The scaling factor may be different from the one applied for
the mRAI. First, tests (not displayed here) show thatWBAI and
SPEI are similarly well comparable as mRAI and SPI have
shown to be in this study, but further analyses are needed.

4 Conclusions

This study evaluated the use of a modified version of the
Rainfall Anomaly Index (mRAI) as an alternative to the SPI
in assessing future (extreme) precipitation conditions and
trends in the temperate climate zone, using multi-model en-
semble outputs.We analysedmonthly and seasonal mRAI and
SPI values for 12 regional climate projections in terms of
absolute change signals, the statistical significance of trends
and shifts in the frequency of precipitation anomaly classes
with a focus on extreme events.

The mRAI is highly correlated with the SPI on monthly
and seasonal timescales. Although this relationship is not
completely linear and slight (non-significant) deviations in

the frequency distributions may result, the magnitude and sta-
tistical significance of observed and projected trends are bare-
ly affected. SPI and mRAI deliver a similar spread and mean
of all ensemble members, regarding the frequency of certain
anomaly classes on timescales of 1 to 12 months. Taking into
account the large bandwidth of change signals of individual
regional climate projections, we assume that the mRAI pro-
vides sufficiently robust results for the evaluation of future
precipitation anomaly trends for climate change adaptation
purposes. The notably more complex calculation of the SPI
bears no relevant advantages for this application. An analysis
of a worldwide climate dataset would be needed to extend
these conclusions to other climate zones.

For a specific evaluation of the future drought risk, purely
precipitation-based indices like the tested SPI and mRAI bear
some limitations and tend to underestimate the real drought
risk. Rising temperatures potentially increase evapotranspira-
tion rates, and thus may aggravate drought conditions. Thus
future drought conditions should be evaluated using indices
such as the Palmer index or the SPEI that also include tem-
perature and evapotranspiration, respectively. Here, the appli-
cation of the RAI concept on the water balance may be a
similarly effective, robust and computationally less demand-
ing alternative.
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