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Summary for Policymakers

It is very likely that mean sea level rise will contribute to upward trends in extreme coastal high water
levels in the future. There is high confidence that locations currently experiencing adverse impacts such as coastal
erosion and inundation will continue to do so in the future due to increasing sea levels, all other contributing factors
being equal. The very likely contribution of mean sea level rise to increased extreme coastal high water levels, coupled
with the likely increase in tropical cyclone maximum wind speed, is a specific issue for tropical small island states.
[3.5.3, 3.5.5, Box 3-4]

There is high confidence that changes in heat waves, glacial retreat, and/or permafrost degradation will
affect high mountain phenomena such as slope instabilities, movements of mass, and glacial lake outburst
floods. There is also high confidence that changes in heavy precipitation will affect landslides in some regions. [3.5.6]

There is low confidence in projections of changes in large-scale patterns of natural climate variability.
Confidence is low in projections of changes in monsoons (rainfall, circulation) because there is little consensus in climate
models regarding the sign of future change in the monsoons. Model projections of changes in El Niño–Southern
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Figure SPM.5 | Projected annual changes in dryness assessed from two indices. Left column: Change in annual maximum number of consecutive dry days (CDD: days with
precipitation <1 mm). Right column: Changes in soil moisture (soil moisture anomalies, SMA). Increased dryness is indicated with yellow to red colors; decreased dryness with
green to blue. Projected changes are expressed in units of standard deviation of the interannual variability in the three 20-year periods 1980–1999, 2046–2065, and 2081–2100.
The figures show changes for two time horizons, 2046–2065 and 2081–2100, as compared to late 20th-century values (1980–1999), based on GCM simulations under emissions
scenario SRES A2 relative to corresponding simulations for the late 20th century. Results are based on 17 (CDD) and 15 (SMA) GCMs contributing to the CMIP3. Colored shading
is applied for areas where at least 66% (12 out of 17 for CDD, 10 out of 15 for SMA) of the models agree on the sign of the change; stippling is added for regions where at least
90% (16 out of 17 for CDD, 14 out of 15 for SMA) of all models agree on the sign of the change. Grey shading indicates where there is insufficient model agreement (<66%).
[3.5.1, Figure 3-9]

13

Summary for Policymakers

It is very likely that mean sea level rise will contribute to upward trends in extreme coastal high water
levels in the future. There is high confidence that locations currently experiencing adverse impacts such as coastal
erosion and inundation will continue to do so in the future due to increasing sea levels, all other contributing factors
being equal. The very likely contribution of mean sea level rise to increased extreme coastal high water levels, coupled
with the likely increase in tropical cyclone maximum wind speed, is a specific issue for tropical small island states.
[3.5.3, 3.5.5, Box 3-4]

There is high confidence that changes in heat waves, glacial retreat, and/or permafrost degradation will
affect high mountain phenomena such as slope instabilities, movements of mass, and glacial lake outburst
floods. There is also high confidence that changes in heavy precipitation will affect landslides in some regions. [3.5.6]

There is low confidence in projections of changes in large-scale patterns of natural climate variability.
Confidence is low in projections of changes in monsoons (rainfall, circulation) because there is little consensus in climate
models regarding the sign of future change in the monsoons. Model projections of changes in El Niño–Southern
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Figure SPM.5 | Projected annual changes in dryness assessed from two indices. Left column: Change in annual maximum number of consecutive dry days (CDD: days with
precipitation <1 mm). Right column: Changes in soil moisture (soil moisture anomalies, SMA). Increased dryness is indicated with yellow to red colors; decreased dryness with
green to blue. Projected changes are expressed in units of standard deviation of the interannual variability in the three 20-year periods 1980–1999, 2046–2065, and 2081–2100.
The figures show changes for two time horizons, 2046–2065 and 2081–2100, as compared to late 20th-century values (1980–1999), based on GCM simulations under emissions
scenario SRES A2 relative to corresponding simulations for the late 20th century. Results are based on 17 (CDD) and 15 (SMA) GCMs contributing to the CMIP3. Colored shading
is applied for areas where at least 66% (12 out of 17 for CDD, 10 out of 15 for SMA) of the models agree on the sign of the change; stippling is added for regions where at least
90% (16 out of 17 for CDD, 14 out of 15 for SMA) of all models agree on the sign of the change. Grey shading indicates where there is insufficient model agreement (<66%).
[3.5.1, Figure 3-9]

17 CMIP3 GCMs;
stippling: at least 16 models 
agree on sign of change

IPCC SREX (2012)
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Can RCMs add value on the GCMs?
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Precip. in 1961-00 and 2061-00

7 European Climate Assessment & Dataset , ENSEMBLES(ECA&D)
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Precipitation
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More
Longer                 dry/wet spells in a future climate?
More intense 
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What is a dry/wet spell?

9

already dry, water stresses are likely to increase, especially
during the summer season, due to the insufficient accumu-
lated rainfall from the preceding months.

In the AMRs (East Asia and South Asia, Fig. 5c and d), a
substantial increase of more than 10% is projected during the
summer months with a high level of model consistency,
possibly implying the strengthening of the summer mon-
soon. This considerable increase is not simply a summer
feature but extends into the preceding spring in East Asia
and into the following autumn in South Asia. The
consistency level is relatively low during the colder months
in both regions. Although there is an increase and a decrease
in the respective winter responses in East and South Asia, the
changes are not clear as compared to the corresponding
ranges of model uncertainty. Because of this, the likelihood
of drought cannot be excluded despite the increased mean
annual precipitation in these regions. Analyses of precipita-
tion climatology reveal nothing more than the possible
changes in drought conditions. The actual changes in
frequency, intensity, duration, and seasonality of drought
are discussed further in section Future drought climatology.

4 Present-day drought climatology

Before drought climatology in the future is analyzed, we
first examined the present-day climatology of drought
simulated by the 15 models. Drought was described in
terms of frequency, intensity, and duration, based on the
MME method. A drought event was defined as the value of
the minimum EDI smaller than –1.0. Onset was defined as
the date when the EDI drops below –0.5, and secession, as
the date when EDI exceeds this value last, maintaining a
negative value after onset. Duration was defined as a period
between onset and secession dates and intensity as the
minimum EDI during the duration.

An example of defining the three drought variables using
the EDI time series is shown in Fig. 6. Precipitation and

calculated EDI data at 35°N and 125°E for last 5 years in
CCSM3 20C3M were randomly selected. At this grid point
for 20 years, there were a total 23 drought events (not
shown), and this figure shows that 8 out of these 23 events
occurred in the last 5 years. Double arrows and open circles
denote the durations and the intensities of each drought
event. In Fig. 6, the mean frequency is 1.6/ year, the mean
intensity is the mean of 8 EDI values represented by open
circles, and the mean duration is the mean of the 8 durations
represented by numbered double arrows.

Figure 7 shows the MME horizontal patterns of the mean
frequency, mean intensity, and mean duration of drought
events in the 20C3M. In the present-day climate, the GCMs
simulated that drought occurs at an average rate of 0.8∼1.2/
year over a major part of Asia, with a notable exception
being the Arabian Peninsula, which showed relatively low
frequencies of 0.4/year. Mean intensities were about –1.5 of
EDI in most areas, but were also weak in the Arabian
Peninsula. The mean durations were about 120 days but
longer, up to 280 days, in the Arabian Peninsula. These
results reveal that over the southern West Asia, an arid
region, intensive drought occurs less frequently than in
other regions but tends to last longer.

5 Future drought climatology

5.1 Change in general drought

Figure 8 shows the plot of MME differences between the
three drought variables in the A1B and the 20C3M. The left
panels show changes in the mean frequency, mean intensity,
and mean duration, while the right panels show the
corresponding consistency index. By comparing Fig. 8a
and d with Fig. 2b and c, respectively, it is clear that the
drought frequency tends to respond to the mean precipita-
tion. It is projected that drought recurs with greater
frequency over West Asia by 0∼0.2/year than in the
present-day climate. This corresponds to an increase of
0∼50% and is supported by a high degree of model
consistency. On the other hand, drought is expected to
occur less frequently over the rest of the Asian land mass.
The decrease is comparatively large over North (–0.6∼–0.4/
year) and East Asia (–0.4 ∼ –0.2/year) where the model
consistency is high. In percentage terms, these decreases are
equivalent to about from 30 to 60%. A weak decrease of –
0.2∼0/year is dominant in South Asia, corresponding to a
reduction of 0∼20%; the corresponding consistency level is
also relatively low.

The difference pattern of the intensity (Fig. 8b) reveals
that the West Asian drought, which was anticipated to be
more frequent, will be more intensive. This is more
apparent over the northern part of West Asia where

Fig. 6 Example of defining the frequency, intensity, and duration of
drought using CCSM3 data at 35°N, 125°E from 1996 to 2000. Upper
time-series is the EDI and bottom bar is precipitation. Double arrow
and open circle indicate respectively the duration and the intensity of
drought event

144 D.-W. Kim and H.-R. Byun

with the averaging period 
L = 365 days

intensity

duration

dry

wet

Byun & Wilhite (1999)

standardization with mean climate

EPt =
LX

n=1

"(
nX

m=1

Pt�m

)
/n

#

EDIt =
EPt � µj(t)

�j(t)
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Effective Drought Index
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105 dry spells
118 wet spells observed in 1961-2000
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Mean Dry Spell Lenghts and 
Intensities 1961-2000
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Mean Wet Spell Lenghts and 
Intensities 1961-2000
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mean
dry
wet

spell intensity

dry
wet

spell length

B. Ahrens: Dry & wet spells: observed and simulated 5

tion EP (Byun and Wilhite, 1999) given with

EPt =
LX

n=1

"(
nX

m=1

Pt�m

)
/n

#
(1)

for each date t with Pt�m the precipitation m days prior to
some date t and with L the length of the accumulation pe-
riod in days for the EP. A natural selection for L is 365 as
the annual cycle is a dominant precipitation factor. Shorter
accumulation lengths are appropriate if the focus is on fast
processes in water resources management, but this study fo-
cused on longer and larger scale dry and wet spell anomalies.

The EDI for date t can be calculated through standardiza-
tion of EPt to

EDIt =
EPt�µj(t)

�j(t)
(2)

with µj(t) and �j(t) the mean annual cycle of EP and its inter-
annual standard deviation, respectively. This standardizes for
the first two moments (mean and inter-annual variability) of
the precipitation climate. To be more representative (here
only 40 years are available for estimation of µj(t) and �j(t)),
we smoothed µj(t) and �j(t) with a Gaussian filter with ef-
fectively monthly filter length.

Thus, EDI can be interpreted as an accumulated precipi-
tation anomaly. Through standardization with the seasonal
cycle of mean and inter–annual variability of the effective
precipitation, the EDI is applicable in and comparable be-
tween different climates. Developed for dry spells, the EDI
is also applicable for wet spells since it only relies on quan-
tification of the distance of effective precipitation to normal
values.

The µj(t) and �j(t) are estimated from the time series con-
sidered, or from the time series of a reference period (as sug-
gested in Kim and Byun (2009)). This allows the comparison
of spells (a) with respect to the period’s own climate or (b)
with respect to the reference period. Of course, in case (b)
the EDI is not standardized with mean 0 and variability 1 any
more.

We decided not to focus on extreme spells and defined a
dry spell following Kim and Byun (2009): A dry spell starts
when EDI decreases below -0.5 the first time and ends when
it crosses the zero line the first time. This defines the length
of the dry spell (DL). The intensity of the dry spell (DI) is
the minimum value of EDI within this period. A typical dry
spell builds up slowly and breaks down fast after a larger pre-
cipitation event. For the wet spells we mirror the dry spell
definition: start at EDI passing 0.5 from below and end when
EDI decreases below 0 determine the wet spell length (WL),
intensity (WI) is the maximum EDI value within this period.
In case of a usual wet spell the wetting is fast and the drying
is slow. Therefore, the start threshold is not sensitive, but the
stop threshold is. We kept the latter at zero and the results
presented in the next section show that, using these defini-
tions, the dry and wet mean spell lengths are of similar size

Table 3. Spatial means (µ) and spatial correlations (r) of site pa-
rameters mean dry/wet spell intensity (DI/WI) and mean dry/wet
spell length (DL/WL) in days in the control period. The correla-
tions are between the simulated and the observed site means. The
best two simulations per parameter are marked using bold letters.

Obs ERA GCM1 GCM2 RCM1 RCM2

µDI -1.06 -1.10 -1.09 -1.10 -1.07 -1.07
µWI 1.39 1.35 1.34 1.27 1.36 1.40
µDL 62 68 65 69 64 69
µWL 59 65 65 68 62 63
rDI 1 .27 .22 .45 .28 .25
rWI 1 .21 .37 .26 .56 .43
rDL 1 .54 .46 .32 .57 .42
rWL 1 .61 .43 .21 .57 .43

(this might be surprising, but we look at longer time scales
and not at single heavy rain events) and there is a reasonable
number of spells (in the order of 100 in 40 years on average).

4 Results and discussion

4.1 Observations

Figure 3 shows the evolution of EDI derived from the ob-
served precipitation time series at Kremsmünster with re-
spect to the control period 1961–2000. There is a large vari-
ability in EDI observed, but with a small trend (the mean EDI
is slightly positive, i.e. wetter on average than in the control
period). For the control period mean/maximum lengths of
dry and wet spells are 55/538 and 43/381 days, respectively;
and the mean intensities of dry and wet spells are -1.5 and
1.36, respectively. At Kremsmünster the number of detected
dry and wet spells using EDI were 105 and 118, respectively,
in the control period. Table 3 shows the mean spell lengths
and intensities over all stations shown in Fig. 1.

Figure 4 shows mean spell lengths. These parameters were
derived from moving EDI time windows of 40-year length
standardized with the effective precipitation statistics within
these time windows. Mean dry spell lengths are smoothly
varying between about 50 and 60 days. Mean wet spells are
about 45 days until the 1950s, grow to more than 60 days in
the 1970s, and decrease in length again rapidly afterwards.
This illustrates the importance of decadal variability and that
the investigation and interpretation of 40-year periods has to
be done very carefully. Changes in spell length and also in
spell intensity have to be discussed very carefully and inter-
pretation of decadal variability as trends has to be avoided.
For a sound statistical analysis the available time series of ob-
servations are not long enough. The consideration of trends
of neighboring stations is of limited help as we suspect that
they are not independent since we investigate long–scale and

=> RCMs add value on GCMs
But:
> Significance? (Yes, they are even better than 
ERA40, which is in-phase with our climate system)
> Why? (Better orography => better spatial 
pattern, but why better temporal pattern?)
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Significance?
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Out-of phase by O(10y) ⤳ O(10 days)

=> Initialization challenge:  A prediction needs to 
know the initial state of the ocean and land surface 
(e.g. soil moisture) globally and perfectly
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Why RCMs better than GCMs?
Ok, better spatial patterns (-> orography), but 

systematic differences in precip. not relevant 

for EDI 

and timing of precipitation events driven by 

GCMs ...

but: systematic precipitations differences feedback

16
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Why RCMs better than GCMs?
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with efficiency � =
P

ET + IN

IN OUT
ET P

ET moisture limited:  Soil-moisture - Precipitation feedback 

& modification of persistence!

Asharaf et al, JHM, in rev.
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Mean Spell Intens. 2061-2100 @ A1B
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EDIt =
EPt � µj(t)

�j(t)

Proj1: std. with future
Proj2: std. with control climate
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Mean Spell Intens. 2061-2100 @ A1B
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EDIt =
EPt � µj(t)

�j(t)

Proj1: std. with future
Proj2: std. with control climate
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Mean Effective Precipitation
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2061-2100
1961-2000

standardization with control climate => it looks like more 
extremes ... but it is change of the mean climate

Ahrens & Schröder, NHESS, in rev.
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Summary & Questions
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•Climate models useful in describing characteristics/

patterns of wet/dry spell climate

•RCMs add value on GCMs

•What is the reference of future extremes? 

Compared to the control climate the Med. expects 

longer and more intense droughts ...

•Feedbacks (SST-,SM-Precipitation) well simulated? 

and
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Variability
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What size is the natural variability?

How to get in-phase with the natural system? I.e. How
to initialize? Do we need the soil moisture content in 3m
depth etc. for decadal predictions?
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