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ABSTRACT: Frequency and intensity of cyclones over the North Atlantic are investigated using 2
data sets from simulations with the Rossby Centre regional climate model RCA3. The model domain
comprises large parts of the North Atlantic and the adjacent continents. RCA3 is driven by ECHAMS5-
OM1 general circulation model data for May to December from 1985 to 2000 and May to December
from 2085 to 2100 assuming the SRES-A2 emission scenario. We apply an objective algorithm to iden-
tify and track tropical and extratropical cyclones, as well as extratropical transition. The simulation
indicates increase in the count of strong hurricanes and extratropical cyclones. Contrasting, and gen-
erally weaker, changes are seen for the less extreme events. Decreases of 18 % in the count of extra-
tropical cyclones and 13 % in the count of tropical cyclones with wind speeds of >18 m s™! can be
found. Furthermore, there is a pronounced shift in the tracks of hurricanes and their extratropical
transition in November and December—more hurricanes are seen over the Gulf of Mexico, the
Caribbean Sea and the western Sargasso Sea and less over the southern North Atlantic.
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1. INTRODUCTION

Tropical and extratropical cyclones have profound
effects on human activities. Associated strong winds,
storm surges and heavy precipitation can have haz-
ardous impacts. Therefore, it is of great importance to
examine frequency and intensity of cyclones in future
climates. Can we expect a higher frequency of strong
tropical and extratropical cyclones over the North
Atlantic in a warming climate?

1.1. Tropical cyclones

Observations show that the frequency of North
Atlantic hurricanes has increased in recent decades
(e.g. Bell & Chelliah 2006). However, due to the large
decadal variability and due to the lack of high-quality,
long-term observations, it is difficult to attribute any of
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the observed changes to global warming (Landsea et al.
1996, 2006). There is a lot of uncertainty in future climate
predictions, as can be seen from the results of a selection
of previous studies (Table 1), which are not always con-
sistent (see also Meehl et al. 2007: Chapter 10.3.6.3). Ac-
cording to Oouchi et al. (2006), a 34 % increase in cy-
clone frequencies is expected over the North Atlantic,
while a global 6% decrease with even stronger de-
creases over the North Atlantic is predicted by Bengts-
son et al. (2006). This is despite a tendency towards
higher maximum wind speeds and the associated
extreme precipitation in cyclones, which is common
among high-resolution studies (e.g. Knutson & Tuleya
2004). It should be noted that the relationship between
maximum wind speed and maximum rainfall in tropical
cyclones is not yet well established from observations
(Groisman et al. 2004), although indications for such a re-
lationship exist (Shepherd et al. 2007). Because of the
large uncertainty, a start has to be made to investigate
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Table 1. Results of future changes in extratropical and tropical cyclone frequencies and intensities of a selection of studies.
GFDL: Geophysical Fluid Dynamics Laboratory; GCM: general circulation model; RCM: regional circulation model; SST: sea-

surface temperature

Study and method

Extratropical cyclones

Tropical cyclones

Knutson & Tuleya (2004): large number
of idealized experiments with GFDL
hurricane prediction system

(horizontal resolution: 9 km)

Oouchi et al. (2006): 10 yr time slice
experiments with GCM
(horizontal resolution: 20 km)

Yoshimura et al. (2006): 10 yr time slice
experiments with GCM
(horizontal resolution: 120 km)

Geng & Sugi (2003): 20 yr time slice
experiments with GCM
(horizontal resolution: 120 km)

Leckebusch et al. (2006): evaluation of
30 yr time slices of an ensemble of
GCM and RCM simulations
(horizontal resolution: ~200 km for
GCMs and ~50 km for RCMs)

Bengtsson et al. (2006): evaluation of
30 yr time slices of GCM experiments
(horizontal resolution: ~200 km)

Semmler et al. (2008): 16 yr time slices
of idealized RCM experiments consid-
ering an increased SST and homoge-
neous atmospheric warming
(horizontal resolution: 28 km)

Present study: 16 yr time slices of RCM
experiments driven by a GCM scenario
(horizontal resolution of RCM: 28 km)

In the midlatitudes of the Northern
Hemisphere 3 to 7% decrease in the
total number of cyclones, 26 % increase
in the number of intense cyclones in
summer and 8 % decrease in winter

Decrease in the total number of
cyclones over Central Europe, increase
in the number of intense cyclones with
more extreme wind events for western
parts of Central Europe

No change in storm intensity, 4 %
decrease in total number of Northern
Hemisphere cyclones in winter,
poleward shift of storm tracks

9% increase in North Atlantic cyclone
counts, 4-fold increase in North
Atlantic intense cyclone counts
(maximum 10 m wind speed >34 m s7!)

18 % decrease in North Atlantic
cyclone counts, 2-fold increase in North
Atlantic intense cyclone counts (maxi-
mum 10 m wind speed >34 m s7}),
increase in maximum 10 m wind speed
by 7%

6 % increase in maximum wind speed,
18 % increase in average precipitation
rate within 100 km of the storm centre

30% decrease in frequency of tropical
cyclones globally, but 34 % increase in
frequency of tropical cyclones over the
North Atlantic, 16 % increase in the
average of the annual maximum wind
speed over the North Atlantic

9 to 18 % decrease in frequency of
tropical cyclones, frequency changes of
intense storms uncertain

No change in storm intensity, 6 %
decrease in total number of cyclones,
stronger decrease over the

North Atlantic

39 % increase in North Atlantic cyclone
counts, nearly 3-fold increase in

North Atlantic Category 2 hurricane
counts

13 % decrease in North Atlantic
cyclone counts, 10 % increase in North
Atlantic Category 2 hurricane counts,
increase in maximum 10 m wind speed
by 4 %

different factors influencing the development of tropical
cyclones, their movement and their transition into extra-
tropical cyclones. Semmler et al. (2008) (hereafter re-
ferred to as S08) performed an idealized sensitivity
experiment investigating the influence of an increased
sea surface temperature (SST), which is known to be a
major influencing factor for tropical cyclones (e.g. Chan
etal. 2001, Davis & Bosart 2002) along with other factors
such as ambient relative humidity, static stability (SS)
(Emanuel 1987), convective available potential energy
(Holland 1997) and vertical wind shear (Michaels et al.

2005). The main finding in S08 is that a homogeneous
1 Kincrease in SST and atmospheric temperature, along
with unchanged relative humidity, leads to an increased
frequency and intensity of tropical cyclones over the
North Atlantic. An increase of 39% in the count of
tropical cyclones with wind speeds of >18 m s™! (the
threshold used by the National Hurricane Centre [NHC]
in Miami, Florida) was found in the sensitivity experi-
ment compared to the reference. Furthermore, a nearly
3-fold increase in the count of Category 2 hurricanes
(on the Saffir-Simpson hurricane scale, i.e. a wind
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speed of at least 42 m s™!; NHC 2008a) was simulated
in that idealized experiment.

1.2. Extratropical transition

Another important question to be addressed in this
study is: Could more hurricanes make a transition into
extratropical cyclones and reach western Europe or
the north-east coast of North America? This is very
important because of the highly destructive potential
of such cyclones (Hart & Evans 2001). Many studies
were restricted to selected or idealized cases (Ritchie &
Elsberry 2001, Klein et al. 2002). They investigated the
sensitivity of extratropical transition (ET), and re-
intensification to SST, SST gradient and vertical wind
shear. Thorncroft & Jones (2000) investigated 2 ET
cases in 1995. The interaction of ET cyclones with
baroclinic waves and the underlying SST were found
to play an important role in the possible re-intensifica-
tion of ET cyclones. Often subjective ET classification
methods were used. Hart & Evans (2001) based their
ET climatology on the subjective classification method
used by the NHC. Underlying SST, storm structure and
asymmetry were taken into account.

However, attempts were made to objectively charac-
terize ET. Evans & Hart (2003) defined ET onset as the
point where storm asymmetry increases above an
empirically determined threshold. Completion of ET
was determined on the basis of the thermal wind. They
applied their method to 61 Atlantic storms undergoing
ET during 1979 to 1993 and found reasonable agree-
ment with the subjective declaration of the NHC. They
found that important influencing factors on the speed
of ET are the zonality of the large-scale circulation, the
SST and its gradient, and the intensity of the original
tropical cyclone.

Another method to objectively classify cyclones into
tropical, extratropical and ET has been developed for
regional climate model (RCM) simulations and applied
to the idealized sensitivity experiment by S08. This
method has been shown to be capable of reliably clas-
sifying cyclones and will be applied in this study. In the
idealized experiment of S08, a slight increase in the
ratio of tropical cyclones undergoing ET from 44 % in
the standard to 48 % in the sensitivity experiment has
been found along with a strong increase in cyclones re-
intensifying after ET (12 % in the standard and 24 % in
the sensitivity experiment).

1.3. Extratropical cyclones

There are many different factors influencing the de-
velopment of intense extratropical cyclones. Static in-

stability, i.e. a combination of warm SST anomalies
and cold air masses, can lead to explosive cyclogenesis
(e.g. Chen et al. 1992, Gyakum & Danielson 2000).
Baroclinicity and temperature gradients have also
been found to influence the development of cyclones
(e.g. Sanders & Gyakum 1980, Pavan et al. 1999, Pacio-
rek et al. 2002). The Eady growth rate—a common
measure of baroclinic instability and SS—(e.g.
Lindzen & Farrell 1980, Hoskins & Valdes 1990), was
used by Hall et al. (1994) to diagnose changes in the
storm tracks in a double CO, general circulation model
(GCM) experiment. They found an increase in the
kinetic energy downstream the storm tracks by 10 %,
particularly over the north-east North Atlantic. Differ-
ent indices important for cyclone development, fre-
quency and intensity (meridional temperature gradi-
ent, Eady growth rate, 500 hPa temperature variance,
cyclone count, count of intense cyclones, extreme
wind) were used by Paciorek et al. (2002) to investigate
changes in extratropical cyclone activity over 1949 to
1999. Their results suggest a slight increase in the total
number of cyclones and Eady growth rate over the
North Atlantic until 1970 and a slight decrease there-
after. A pronounced increase in the number of intense
cyclones and extreme wind speeds over the North
Atlantic was reported until 1970; afterwards a stabili-
sation of these indices was found.

For the future climate, some features are common
among different studies. The most consistent feature in
future predictions is a poleward shift of the storm
tracks (Meehl et al. 2007: Chapter 10.3.6.4). Many
studies predicted a decrease in the total number of
cyclones in the future (e.g. Geng & Sugi 2003, Lecke-
busch et al. 2006, Bengtsson et al. 2006; see Table 1),
while the results of Fischer-Bruns et al. (2005) suggest
increasing storm activity over the North Atlantic.
Regarding the intensity of cyclones, there still is uncer-
tainty. While many studies predicted more intense
cyclones (e.g. Geng & Sugi 2003, Leckebusch et al.
2006), Bengtsson et al. (2006) suggested no change in
the intensity of cyclones. The idealized sensitivity ex-
periment by S08 assuming a homogeneous 1 K in-
crease in SST and atmospheric temperature, along
with unchanged relative humidity, suggested a 9%
increase in the count of extratropical cyclones with
maximum wind speeds of =18 m s™! and a 4-fold
increase in the count of very intense extratropical
cyclones with maximum wind speeds of >34 m s,

1.4. Aim of this study

In this study, the combined influence of an SST
increase and an increased dry static stability (DSS) of
the atmosphere on tropical, extratropical and ET
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cyclones and their associated parameters such as sea
level pressure, wind speed and precipitation is inves-
tigated for the North Atlantic using high resolution
RCM simulations and compared to previous studies.
Increased DSS is common to many greenhouse gas
warming GCM projections except for the Arctic region
(Meehl et al. 2007, their Fig. 10.7). The results can be
compared to S08 in detail as the same RCM domain in
the same horizontal/vertical resolution and evaluation
methods are used.

This article is organized as follows: in Section 2, the
design of the RCM experiments is described. Section 3
gives a comparison of simulated cyclone statistics with
observations. In Section 4 changes in frequency, inten-
sity and location of cyclones, as simulated in the cli-
mate change scenario experiment, are described.
Changes in wind speed and precipitation, which are
directly related to cyclone frequencies and intensities,
are discussed in Section 5. Section 6 gives a summary
and discussion of the results achieved in this study.

2. MODEL SETUP AND METHODS OF
EVALUATION

In the present study the regional climate model
RCA3 (Rossby Centre regional atmospheric climate
model, Version 3) (Jones et al. 2004, Kjellstrom et al.
2005) is applied on a model domain comprising large
parts of the North Atlantic Ocean and adjoining land

areas (Fig. 1). The model domain of S08 is used here to
allow a good comparison with the idealized sensitivity
experiment in their study. Moreover, the same lateral
boundary relaxation scheme (Davies 1976) and the
same convective parameterization (Kain & Fritsch
1990) are used.

RCA3 is driven by data of the coupled ocean-
atmosphere GCM ECHAMS5-OM1 (Roeckner et al.
2003). For the control simulation, the model is initial-
ized each year from 1985 to 2000 on 1 May and contin-
uously run until the end of December to ensure that we
simulate the strongest tropical storms including their
transition into extratropical storms. The scenario simu-
lation is run for the same months from 2085 to 2100.
The model is used in a horizontal resolution of 0.25° or
around 28 km with 31 non-equally spaced vertical lev-
els on a rotated latitude/longitude grid as in S08.

To identify and categorize cyclones into different
intensity classes and to track them over their lifetime,
an objective method has been developed, which is
described in detail in SO08. Here a short summary of
this method is given. Sea level pressure minima of
<1000 hPa within a radius of 4° latitude are found and
tracked in comparing 2 adjacent output intervals,
respectively. As a measure of cyclone intensity, the
maximum 10 m wind speed (W) rather than the sea
level pressure minimum is used, because this parame-
ter is of interest for storm damage. To distinguish
between tropical and extratropical cyclones and to
determine the time of extratropical transition, maxi-
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Fig. 1. Difference in the underlying sea surface temperature (SST, °C): scenario experiment (ECHAMS5-A2 driven, May to December
from 2085 to 2100) minus control experiment (ECHAMS driven, May to December from 1985 to 2000)
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mum wind speeds within the cyclone at 850 and
250 hPa are taken into consideration, similar to proce-
dures described by Walsh (2004). A cyclone is classi-
fied as tropical if the maximum wind speed at 850 hPa
is >1.2 times larger than the one at 250 hPa, and as
extratropical if the maximum wind speed at 850 hPa is
<0.8 times the one at 250 hPa. For the remaining
unclassified cyclones, a warm core criterion similar to
Vitart et al. (1997) is applied. A cyclone is classified as
tropical if there is a pronounced and symmetric warm
core in 500 hPa. This method is similar to previous
algorithms developed for coarse resolution GCM simu-
lations, but had to be adapted to the finer resolution of
the RCM.

3. EVALUATION

To gain confidence in the results accomplished with
the RCM configuration that was used, our simulation
results are compared to observation data for the pre-
sent-day simulation time period of May to December
from 1985 to 2000.

3.1. Tropical cyclones

For tropical cyclones, the 'hurricane best track’ ob-
servation data from the NHC (2008b) are used for eval-
uation. In S08, an RCA3 experiment driven by ERA-40
reanalysis data (from the European Centre for
Medium-Range Weather Forecasts, ECMWF,; referred
to as the RCAS3 standard experiment) (Uppala et al.
2005) is compared to the NHC (2008b) observation
data. The main findings are summarized as follows. On
average, 14.1 tropical storms (Wp.x > 18 m s7?, lifetime
>12 h) and 6.8 hurricanes (Wyax = 33 m s}, lifetime
212 h) were simulated per year, while 10.8 tropical
storms and 6.2 hurricanes were observed (Table 2).
Whax Tefers to the maximum 1 min average, 10 m
height wind speed within the cyclone during its life-

Table 2. Observed and simulated yearly average (+SD) tropi-
cal cyclone (TC) and hurricane (H) counts as from NHC
(2008b) best track data, ERA-40 driven RCA3 simulation
(RCA3 standard, results from Semmler et al. 2008) and
ECHAMS driven RCA3 control and scenario simulations.
NHC: National Hurricane Centre; RCA3: Rossby Centre
regional atmospheric climate model, Version 3

NHC RCA3 RCA3 RCA3
standard control scenario
TC 10.8 £ 3.6 14.1 £6.0 8.1+2.6 7.0+£2.9
H 6.2 +2.6 6.8 +4.0 44+15 41+20

time. Gusts are not included in the observation or sim-
ulation data. The agreement for the frequency of hurri-
canes was excellent, while the frequency of the
weaker systems appeared to be overpredicted. Both
in the observed and in the simulated data the year
with the lowest number of tropical storms was 1986
(6 observed and 4 simulated) and the year with the
highest number was 1995 (19 observed and 27 simu-
lated). There were 3 hurricanes observed and 1 simu-
lated for 1997, and 11 observed and 13 simulated for
1995. The interannual variability expressed as the
standard deviation was overpredicted (Table 2), but
years with little (much) simulated tropical storm activ-
ity matched years with little (much) observed activity.
Therefore, the correlations between observed and sim-
ulated yearly tropical storm and hurricane numbers
were high: 0.85 and 0.82, both significant at the
99.99% level. However, no major hurricanes (Cate-
gory 3 or more on the Saffir-Simpson hurricane scale
[NHC 2008a]; W, = 50 m s~') were simulated, indicat-
ing that an even higher resolution would be desirable.

RCAS3-simulated cyclone counts of different intensity
classes grouped by Wp,.x have been compared to ERA-40
data in S08. It turned out that RCAS3 clearly simulated
stronger cyclones than given by the coarse-resolution
(~125 km) ERA-40 data. In the ERA-40 data, no hurri-
canes and no tropical cyclones with W, = 26 m s7!
occurred, whereas RCA3 driven by ERA-40 simulated
hurricanes with W, >46 m s !. The observations show
hurricanes with W, ,x = 78 m s~ !. This indicates once
more that a high horizontal resolution is important
to capture strong wind speeds associated with cyclones.
In addition, it should be noted that different convection
and boundary layer processes in RCA3 and ERA-40 may
be responsible for different cyclone intensities.

It is also important to know if RCA3 driven by differ-
ent boundary data—namely ECHAMS5-OM1 data as
in this study — captures the observed cyclone climatol-
ogy for present-day climate. Since in ECHAMS-OM1
no observations are assimilated, it cannot be expected
that the observed year-to-year differences are simu-
lated. However, frequency and interannual variability
of cyclones of different intensity classes should be
comparable. In the RCA3 control experiment, on aver-
age 8.1 tropical cyclones and 4.4 hurricanes are simu-
lated per year (Table 2). Compared to the NHC obser-
vations, average ftropical cyclone and hurricane
numbers per year and their standard deviations are
underestimated, while they were overestimated in the
RCAS3 standard experiment using ERA-40 boundary
data. This difference might be explained by different
vertical wind shear. The wind speed difference be-
tween 250 hPa and the surface appears to be stronger
over the Gulf of Mexico and parts of the Caribbean and
Sargasso Seas in the ECHAMS-driven control experi-
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ment compared to the ERA-40-driven standard experi-
ment in August and September, the months with the
strongest tropical cyclone activity (not shown). Other
possible influencing factors, namely SST and atmo-
spheric temperature up to the 250 hPa level, are very
similar in both experiments over the tropical regions
(difference below 1 K). As in the RCAS3 standard exper-
iment from S08, no Category 3 hurricanes are simu-
lated in our control experiment, but the maximum
wind speed of 49.9 m s~ comes very close to 50 m s7!,
the threshold for Category 3 hurricanes as defined by
the NHC (2008a).

For confidence in the results, it is also crucial that the
dependencies of the maximum wind speed during life-
time (Whaya) on oceanic- and atmospheric-influencing
factors can be captured in our model simulations.
Therefore, dependencies on the SST, temperature dif-
ferences between the sea surface and different tropos-
pheric levels (250, 500 and 850 hPa) and vertical wind
shear between the different levels are examined for
NHC observations and for RCA3 control and scenario
experiments. For the analysis of the observations, only
Whax and location and time of the ET are available
from the NHC database, while the remaining parame-
ters have to be obtained from ERA-40 data. The most
significant regressions are found for the SST, the tem-
perature difference between the sea surface and the
850 hPa level and for the vertical wind shear between
850 and 250 hPa. Scatterplots including the derived
regressions are shown in Fig. 2.

All regressions are significant at the 99.5% level
according to the Student's ¢-test, but R? values indicat-
ing the explained proportion of variance are low. A
slightly higher R? value is found for the vertical wind
shear in the observations, which is not captured in the
simulations. This indicates that model tropical cyclones
are not hindered by the vertical wind shear as much as
observed ones. For the SST and the temperature differ-
ence, R? values are slightly higher in the simulations
than in the observations. This indicates a tendency
towards a too strong dependency on these parameters
in our model simulations. For the temperature differ-
ences between sea level and 500 hPa, as well as sea
level and 250 hPa, less significant regressions with
even lower R? values are found for both the observa-
tions and the simulations. The same is true if using
other levels than 850 and 250 hPa for the calculation of
vertical wind shear. As in the 2 RCA3 experiments in
S08, the regression coefficients indicating the slopes of
the regression lines are smaller for the simulations
compared to the observations. In fact the regression
coefficients for SST,,.,; of all 4 RCA3 experiments from
both S08 and from the present study agree with each
other within the uncertainty limits. However, for AT,
this is not the case: the slopes of the regression lines

are smaller in the present study than in S08. The
smaller regression coefficients in our model simula-
tions compared to the observations are probably
related to the underpredicted maximum wind speeds.

Despite the detected biases in tropical cyclone and
hurricane numbers, their standard deviation and the
sensitivity of cyclone intensity to oceanic and atmos-
pheric parameters, the application of a high-resolution
RCM leads to an improvement in simulating tropical
storms and hurricanes compared to a coarse-resolution
GCM and even compared to the ERA-40 data in
which no hurricanes and no tropical cyclones with
Wiax = 26 m 57! were found. This strengthens the con-
fidence in our climate change results compared to pre-
vious coarse-resolution GCM studies. While we can
use the same wind speed thresholds for tropical
cyclone and hurricane detection as used in the NHC, in
coarse-resolution GCM studies, artificially low thresh-
olds are usually used to match frequency climatologies
(Walsh 2004).

3.2. ET cyclones

The dependencies of the maximum wind speed of
the ET cyclones in the extratropical stage (Whaxe 2
18 m s7!) on the same oceanic and atmospheric para-
meters as for the tropical cyclones are examined for
both the NHC observation and for the RCA3 simula-
tion data. As in the 2 experiments in S08, ET cyclones
in their extratropical stage show no significant depen-
dencies, unless only the cyclones travelling across the
North Atlantic and moving east of 40°W are consid-
ered. Due to the restricted number of cases in each
experiment, a regression of DSS (temperature differ-
ence between sea surface and 850 hPa) to maximum
wind speed is calculated on the combined dataset of
both RCA3 experiments (not shown), which agrees
with the data by S08 for the idealized pair of experi-
ments within the uncertainty bounds.

As ET cyclones assume extratropical characteristics,
it can be expected that their intensity is related to
quantities important for extratropical cyclones, such as
the Eady growth rate, which is a combined measure of
SS and baroclinic instability. Therefore, the depen-
dency of ET cyclones moving east of 40°W on the Eady
growth rate is investigated from the combined NHC
observation and ERA-40 reanalysis data and our model
simulations. The Eady growth rate is determined
according to Paciorek et al. (2002) such that:

Eady = 0.31 f/N x |dv/dz|

with f being the Coriolis parameter; N, the Brunt-
Vaisalla frequency (Lee & Mak 1994); z, the vertical
distance; and v, the horizontal wind vector. Different
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Fig. 2. Scatterplots and regressions of maximum wind speed of tropical cyclones during their lifetime (W, [m s7!]): (a—c) versus

maximum temperature difference between sea surface and 850 hPa (AT,.qa [K]); (d-f) versus maximum SST (SST4.q[°Cl);

(Sheary, [d71]). (a,d,g) From National Hurricane Centre (NHC) observations,

(b,e,h) from the control experiment and (c, f, i) from the scenario experiment. Panels (a) and (d) reproduced from Semmler et al.

(2008), their Fig. 5 (a,d). In the regression equations, numbers in parentheses are standard errors; R? values (indicating the
explained proportion of variance) also given. Regressions fitted using the least-squares method

(g—i) versus minimum vertical wind shear

vertical levels have previously been used to deter-
mine the Eady growth rate; we use 850 and 925 hPa
in our study, since higher levels result in lower R?
values and significances. Since the maximum 10 m
wind speed almost always occurs over sea, the prob-
lem of the chosen levels lying below the land surface
(Paciorek et al. 2002) is not relevant here. Scatterplots

and regressions (significant on the 99.9% level) are
shown in Fig. 3.

Regressions from observed and simulated data agree
within the uncertainty limits. In contrast to the tropical
cyclones, the range of observed and simulated maxi-
mum wind speeds is comparable. R? values are smaller
in the simulations than in the observations. Further-
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less important for the simulation of
intense extratropical cyclones.
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The sensitivity of the intensity of extra-
tropical cyclones to the Eady growth rate
is calculated in the same way as for the
subset of ET cyclones in their extratropi-
cal stage. Fig. 4 shows scatterplots and
regressions (significant on the 99.99 %
level) for ERA-40 data and RCA3 control

204 and scenario experiments. Certainly the

e ‘ ERA-40 data cannot be seen as a re-
05 10 15 20 25 3.0 05 10 15 20 25 3.0 placement for observation data because
Eady aye Eady axe of the underestimation of the maximum

Fig. 3. Scatterplots and regressions of maximum wind speed during the lifetimes

of extratropical transition cyclones east of 40°W (Wyayxe [m s71]) versus maxi-

mum Eady growth rate (Eadyaye [d7}]) (a) from NHC observations and (b) from
pooled data of control and scenario experiments

more, the average yearly number of ET cyclones mov-
ing east of 40°W (Wiyaxe = 18 m s71) is similar between
the NHC observations (2.1) and the RCA3 control
simulation (1.8). Therefore, it can be concluded that
our model setup is able to simulate the characteristics
of ET cyclones.

3.3. Extratropical cyclones

Cyclone counts of different intensity classes grouped
by Whax have been compared to ERA-40 data in S08. It
turned out that RCA3 simulated stronger cyclones than
given by the coarse-resolution (~125 km) ERA-40
data. In the ERA-40 data no extratropical cyclones
with Wy« = 30 m s™! occurred, whereas RCA3 driven
by ERA-40 simulated extratropical cyclones with
Wiax = 38 m s~'. The difference between RCA3 and
ERA-40 is clearly more pronounced for tropical
cyclones, indicating that the horizontal resolution is

Wmaxle = Eadymaxle

+17.9(x 0.3), R2 = 0.20

X 2.2 (+0.2) w

maxle

= Eady
+17.8(+0.3), R?=0.15

wind speeds; nevertheless, a qualitative
comparison can be made. RCA3 control
and scenario experiments agree with
each other within the uncertainty limits,
while the ERA-40 data show a smaller
slope of the regression line, probably related to the
underestimation of the maximum 10 m wind speed in
this dataset.

Together with the good agreement with NHC obser-
vations for the ET cyclones in their extratropical stage —
which are basically a subset of all extratropical cyclones
and which show extratropical characteristics by defini-
tion —it can be stated that there is less of a resolution
dependency for the simulation of the most intense extra-
tropical cyclones compared to tropical cyclones.

4. CYCLONE STATISTICS IN THE SCENARIO
EXPERIMENT

4.1. Tropical cyclones

In contrast to the idealized study (S08), the count of
all tropical cyclones (Wy.x = 18 m s7') decreases by
13 % in the scenario experiment compared to the con-

x 3.6 (x0.2) W, axie = EAQY, o X 3.4 (2 0.2)

+18.0 (x 0.3), R =0.15

maxle

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.0 05 1.0 15 2.0 25 3.0 35

Eadymaxle

Eadyma)de Eadymaxle

Fig. 4. Scatterplots and regressions of maximum wind speed of extratropical cyclones during their lifetime (W,yaqe [m s7!]) versus max-
imum Eady growth rate (Eadymage [d7!]): (a) from ERA-40 data, (b) from the control experiment and (c) from the scenario experiment
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trol experiment (Fig. 5). Also for Category 1 hurricanes
(33 m s < Wy < 42 m s71) there is a slight decrease in
the count. In addition, the 10 % increase in the count of
Category 2 hurricanes (W, > 42 m s7}) is smaller than
in the idealized study. A total of 207 and 227 Category
2 hurricane counts are simulated in the control and
scenario experiment, respectively. The maximum wind
speed increases slightly (by 4 %), consistent with previ-
ous findings (Knutson & Tuleya 2004, Oouchi et al.
2006). However, despite some improvements in the
simulation of the most intense hurricanes compared to
previous coarse-resolution GCM studies (Section 3.1),
RCAZ still underestimates the maximum wind speeds
and shows biases in the dependencies on SST, SS and
vertical wind shear. Therefore, simulated changes in
hurricane counts and intensities have to be interpreted
with some caution. The length of the tropical cyclone
season remains similar.

The decrease in the tropical cyclone counts and the
smaller increase in the counts of strong hurricanes
happens despite a stronger warming in the present
study compared to in the idealized study. The SST is

ECHAMS-OM1 and RCA3 data on selected pressure
levels shows that RCA3 strongly follows ECHAMS5-
OM1 long-term averages. Maximum differences in
average temperature for the simulation time period at
850 hPa are generally below or close to 1 K, except for
the hurricane-prone regions of the Gulf of Mexico, the
Caribbean Sea and the Sargasso Sea. From statistical
analysis, the 850 hPa level seems to be more important
for the development of cyclones than the higher 500
and 250 hPa levels (Section 3.1). The RCM to GCM dif-
ferences are similar for the scenario and the control
experiments. This indicates that the GCM-simulated
changes in the vertical structure of the atmosphere are
also valid for the RCA3 simulations.

Fig. 6 shows ECHAMS5-OM1 vertical profiles of tem-
perature, dew point temperature and wind vectors for
a representative location in the tropics (the Caribbean
Sea) for the control and the scenario time periods.
Here, the surface to 850 hPa temperature difference
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30 /) AT BV B
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regions of the tropics (Fig. 1), while a homogeneous ) NK R 050
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Fig. 6. Tephigram for the Caribbean Sea (15°N, 80° W) from
ECHAMS5-OM1 averaged over all months of the control ex-
periment (May to December from 1985 to 2000) and over all
12 6 10 14 18 22 26 30 34 38 45 46 50 54 months of the A2 scenario experiment (May to December

10 m wind speed (m s77)

Fig. 5. Tropical cyclone counts as in the control experiment
for May to December from 1985 to 2000 and in the scenario
experiment for May to December from 2085 to 2100. In each
3 h time interval, all cyclones are categorized in intensity
classes with a width of 4 m s™! maximum wind speed (2 to 6, 6
to 10,..., 50 to 54 m 5’1) and counted. Thus, the statistics are
weighted by the lifetime of the cyclones, in order to consider
the higher potential impact of cyclones with a long lifetime.
Note the logarithmic scale

from 2085 to 2100). Thin blue lines: isobars (hPa); thin black
lines and thick dashed black line from top right to bottom left:
isotherms (°C); thin black lines from top left to bottom right:
dry adiabats (°C); curved red lines: saturated adiabats (°C);
magenta dashed lines: lines of constant mixing ratio (g kg™);
blue and green solid thick lines: temperature profiles of the
control and of the scenario experiment, respectively; blue and
green dashed lines: profiles of dew point temperature (control
and scenario experiment, respectively). The wind vectors
(rounded to the nearest 5 knots; short flag: 5 knots; long
flag: 10 knots) for the control (blue) and the scenario (green)
experiments are shown in the right-hand panel
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decreases by 1 K; the potential temperature increases
by 5 K from the surface to the 850 hPa level in the con-
trol and by 6 K in the scenario experiment. Therefore,
the DSS increases. However, it should be noted that
the equivalent potential temperature indicates a more
conditionally unstable situation in the scenario experi-
ment than in the control experiment: the equivalent
potential temperature decreases by 6 K from the sur-
face to 850 hPa in the control and by 10 K in the sce-
nario experiment. There is no difference in the equiva-
lent potential temperature from the surface to 500 hPa
in the control, and a decrease of 3 K occurs in the
scenario experiment. There are only minor changes in
the average vertical wind shear, and, therefore, the
increased dry stability could explain the decrease in
the total number of tropical cyclones.

While the locations of tropical cyclones remain
largely unchanged in May to October, in November
and December a pronounced shift is simulated (Fig. 7),
which is in contrast to the results by S08 in which
cyclone locations remain similar in all months. In
the control experiment, tropical cyclones with Wy, 2
18 m s™! occur over the southern North Atlantic, while
in the scenario experiment, they occur over the
Caribbean Sea, the Gulf of Mexico and adjacent areas.
This shift in November and December is also seen in
the increase in the counts of tropical cyclones over the
Caribbean Sea, parts of the Gulf of Mexico and the
Sargasso Sea in 10 x 10° boxes when the whole tropi-
cal cyclone season is considered (Fig. 8). In most other
regions, tropical cyclone counts decrease.

The shift in the location of tropical cyclones in
November and December can be explained by
changes in the atmospheric moisture. The changes in

the temperature profiles are very similar between the
Caribbean Sea (Fig. 9a) and the southern North
Atlantic (Fig. 9b), with increases of about 3 K close to
the surface and of about 8 K at 300 hPa. The relative
humidity increases strongly in the middle troposphere
over the Caribbean Sea and decreases over the south-
ern North Atlantic. This leads to a strongly decreased
moist SS over the Caribbean Sea and an only slightly
decreased moist SS over the southern North Atlantic.
The equivalent potential temperature over the
Caribbean Sea decreases by 2 K from the surface to
850 hPa and increases by 2 K from 850 to 500 hPa in
the control experiment, whereas it decreases by 3 K
from the surface to 850 hPa and by another 3 K from
850 to 500 hPa in the scenario experiment, leading to a
conditionally unstable situation. Over the southern
North Atlantic, the equivalent potential temperature
increases by 6 K from the surface to 500 hPa in the con-
trol experiment and by 3 K in the scenario experiment,
indicating that the atmosphere remains stable, on
average, in the scenario experiment.

4.2. ET cyclones

A decrease in the count of tropical cyclones under-
going ET by 9% is simulated, which can be explained
by the decrease in the total count of tropical cyclones.
However, the proportion of cyclones undergoing ET to
all tropical cyclones increases: 49% of all tropical
cyclones undergo ET in the scenario experiment, while
47%, in the control. Furthermore, in the scenario
experiment, 24 % of the cyclones re-intensify after
their ET, but only 15% re-intensify in the control.

Fig. 7. Cyclone tracks for all November and December storms with a maximum wind speed of 18 m s™! or more from: (a) the

control experiment (1985 to 2000) and (b) the scenario experiment (2085 to 2100). Gray arrows: cyclones classified as tropical;

black arrows: cyclones classified as extratropical. Only cyclones that sustain a minimum wind speed of 18 m s™! over at least
2 time steps are tracked
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Fig. 8. Counts of tropical cyclones with a maximum wind speed of >18 m s! over all simulated months per 10 x 10° box. (a) NHC

observations (May to December from 1985 to 2000), (b) control experiment (May to December from 1985 to 2000), (c) scenario ex-

periment (May to December from 2085 to 2100) and (d) difference scenario minus control. Panel (a) is reproduced from Semmler

et al. (2008), their Fig. 7d. All cyclones are counted in each 3 h output interval. Only 10 x 10° boxes completely included in the
model domain are plotted

These results are very similar to the idealized sensitiv-
ity experiment of S08.

Due to the shift in the location of tropical cyclones
in November and December, the areas affected by ET
cyclones are also changing in these months. None of
them reach the vicinity of western European coastal
areas, while more of them affect Central and North
American coastal areas (Fig. 7). If considering the
whole tropical cyclone season, several ET cyclones hit
western European coastal areas in the control experi-
ment, which is not the case for the scenario experi-
ment (not shown). In the control experiment, the re-
intensification proportion is 5% for ET cyclones
moving to the eastern North Atlantic (east of 40°W)
and 21 % for all other ET cyclones. These numbers are
13 and 26 % for the scenario experiment. Thus, the
shift of the ET location enhances the re-intensification
of ET cyclones.

4.3. Extratropical cyclones

In the ECHAMS-OM1-A2-driven scenario experi-
ment for 2085 to 2100, extratropical cyclone counts de-
crease for many intensity classes (Fig. 10). The count of
all major extratropical cyclones (Wpax = 18 m s7!) de-
creases by 18 %. For the stronger intensity classes be-
yond 34 m s7!, there is an increase in the extratropical
cyclone count. However, this 2-fold increase is smaller
than in the idealized sensitivity experiment of S08,
which showed a 4-fold increase. Because of a weaken-
ing of the thermohaline circulation in the ECHAMS-
OM1 simulation, the SST does not increase very much
over the north-eastern North Atlantic. Indeed, for a
small region southwest of Ireland and northwest of
Spain, a slight decrease is seen (Fig. 1).

Therefore, the increase in DSS in the extratropics is
even stronger than in the tropics. In the extreme case
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Fig. 9. Tephigrams for (a) the Caribbean Sea (15°N, 80°W) and (b) the southern North Atlantic (25°N, 50°W) from ECHAMS5-OM1
averaged over November and December from 1985 to 2000 (control experiment) and over November and December from 2085 to
2100 (scenario experiment). For further explanations, see legend of Fig. 6

southwest of Ireland the surface to 850 hPa tempera-
ture difference decreases by 2 K in the scenario exper-
iment (Fig. 11); the potential temperature increases by
7 K from the surface to the 850 hPa level in the control
and by 10 K in the scenario experiment. At the same

time, the moist SS remains largely unchanged.

Control =3

10000} Scenario
3
5
61000*
>
o
—
© 100t :
[0}
Q
€
S 10f E
Pz

1

2 6 10 14 18 22 26 30 34 38 42 46 50 54

10 m wind speed (m s™7)

Fig. 10. Extratropical cyclone counts as in the control experi-
ment for May to December from 1985 to 2000 and in the sce-
nario experiment for May to December from 2085 to 2100. In
each 3 h time interval, all cyclones are categorized in intensity
classes with a width of 4 m s™! maximum wind speed (2-6,
6-10,..., 50-54 m 5’1) and counted. This means that the statis-
tics are weighted by the lifetime of the cyclones, in order to
consider the higher potential impact of cyclones with a long
lifetime. Note the logarithmic scale
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Fig. 11. Tephigram southwest of Ireland (48°N, 15°W) from

ECHAMS5-OM1 averaged over all months of the control ex-

periment (May to December from 1985 to 2000) and over all

months of the A2 scenario experiment (May to December

from 2085 to 2100). For further explanations, see legend
of Fig. 6
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5. WIND SPEED AND PRECIPITATION MEANS
AND EXTREMES

The 16 yr datasets for the 2 experiments (control
and scenario) are divided into 4 seasonal classes:
May/June, July/August, September/October and Nov-
ember/December. Analysis is performed for pressure,
average wind, maximum wind and precipitation, but

S B —
03 05 08 09 1 11 12 15 2 3

Cc Average daily precipitation ratio (Nov-Dec)
: - Y

[ [ [
03 05 08 09 1 11 12 15 2 3

only the results most relevant to this study are pre-
sented.

Fig. 12a shows the ratio of precipitation for the sce-
nario and control experiments averaged over all days
of the entire simulation periods. An increase of up to
50 % can be seen in large areas north of 40°N, the Gulf
of Mexico and north of it, as well as some areas adjoin-
ing the Caribbean Islands. Over the southern North
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Fig. 12. Ratios for average daily precipitation for (a) the 16 yr period, (b) September/October, (c) November/December, (d) 99.9
percentile precipitation ratio for November/December, (e) 99.0 percentile precipitation ratio for November/December and (f) the
maximum wind speed ratio for control and scenario experiment
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Atlantic and the southwest of Europe a decrease
is found. The September/October period (Fig. 12b)
appears to be quite similar to the average one, with
larger increases in the north of the Gulf of Mexico and
the northeast of North America. In November and
December (Fig. 12c) even larger increases can be
found over the Gulf of Mexico, the northeast of North
America (in a band extending from 40 to 55° N) and the
northern Caribbean Sea. A decrease in precipitation is
noted in the southern North Atlantic during this
period. The extreme precipitation events increase in
November and December as seen from Fig. 12d,e,
particularly over the Gulf of Mexico, the Caribbean
Sea and the Sargasso Sea. In the 99.9 percentile plot,
an increase of >200% can be seen over large areas in
this region. The maximum wind speed (Fig. 12f) over
the entire simulation period substantially decreases
in the south-central North Atlantic, while a strong
increase is seen in the Caribbean Sea. It is interesting
to note that the most dramatic changes are seen in the
hurricane-prone regions. Over the northeast of the
North Atlantic no major changes can be found in the
maximum wind speeds.

Compared to S08, there is a more pronounced
change in the extreme wind speeds. This change can
be attributed to the change in the location of strong
tropical storms in November and December as seen in
Fig. 7. The strong increase of mean and extreme pre-
cipitation over the Gulf of Mexico, the northern
Caribbean Sea and large parts of the northeast of
North America can be explained again by the changed
location of these storms.

6. SUMMARY AND CONCLUSIONS

In the present study 2 RCA3 experiments have been
conducted to investigate possible future changes in the
frequency and intensity of tropical and extratropical
cyclones. RCA3 experiments with a high horizontal res-
olution of 28 km have been driven by lateral boundary
conditions of the general circulation model ECHAMS5-
OM1 for May to December from 1985 to 2000 (control
simulation) and May to December from 2085 to 2100
(scenario simulation). For the scenario simulation, the
SRES-A2 scenario has been assumed. An objective cy-
clone identification and classification method has been
employed to track tropical cyclones and their extra-
tropical transition, as well as extratropical cyclones.

We have performed an evaluation of frequencies and
intensities as well as their dependency on different
influencing factors such as SST, SS and vertical wind
shear for tropical cyclones and Eady growth rate for
extratropical cyclones. RCA3 underestimates the
intensity of hurricanes, but is able to simulate their

intensity better than coarse-resolution GCMs. Because
of the underestimation of the wind speeds of the most
intense hurricanes, the increase of the maximum wind
speed with increasing SST, decreasing SS and
decreasing vertical wind shear is smaller in the simula-
tions than in the observations. While the explained
proportion of the variance of regressions for SST and
decreasing SS is slightly larger in the simulations than
in the observations, it is clearly smaller for vertical
wind shear. For the ET cyclones, a good agreement in
their frequency and in their intensity dependence on
the Eady growth rate is achieved, although the
explained proportion of the variance is smaller in the
simulations than in the observations. For extratropical
cyclones, a qualitative agreement in the sensitivity of
their intensity to the Eady growth rate can be found
between RCA3 and ERA-40 data. However, due to the
lower maximum wind speeds in the coarse-resolution
ERA-40 data, the maximum wind increases more
strongly with Eady growth rate in RCA3 than in ERA-
40. On the other hand, the explained variance is
smaller in the simulations than in the ERA-40 data.

The counts of all tropical cyclones (maximum 10 m
wind speed > 18 m s7!) decrease by 13 %, while the
counts of Category 2 hurricanes (maximum 10 m wind
speed > 42 m s7!) increase by 10%. The maximum
wind speed increases slightly from 49.9 to 52.1 m s},
corresponding to 4 %. Despite some improvements in
the simulation of intense hurricanes compared to pre-
vious coarse-resolution GCM studies, their intensities
are still underestimated in our simulations and some
caution is necessary when interpreting the results in
intensity changes.

A reason for the decrease in the counts of all tropical
cyclones could be the enhanced DSS in the scenario
experiment compared to the control experiment.
Changes in the vertical profile of the atmosphere seem
to be responsible for a shift in the location of tropical
cyclones in November and December, from the south-
ern North Atlantic to the Gulf of Mexico, the
Caribbean Sea and the western Sargasso Sea.

Therefore, a shift in the location of ET cyclones also
occurs: none of them reach western European coastal
areas, while more of them affect Central and North
American coastal areas in the scenario experiment
compared to the control. The total number of ET
cyclones decreases by 9%, but the proportion of tropi-
cal cyclones undergoing ET increases: 49 % of all trop-
ical cyclones undergo ET in the scenario experiment,
while 47 % undergo ET in the control. In addition, re-
intensification after ET occurs more often: 24 % of all
ET cyclones re-intensify after their ET in the scenario
experiment and only 15% re-intensify in the control.

The count of all major extratropical cyclones (maxi-
mum 10 m wind speed > 18 m s7!) decreases by 18 %.
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For the stronger intensity classes beyond 34 m s}, a
2-fold increase in the extratropical cyclone count is
simulated. The maximum 10 m wind speed increases
by 7%, from 42.8 to 45.9 m 57",

A particularly strong increase in extreme precipita-
tion over the hurricane-prone region of the Gulf of
Mexico, Caribbean Sea, Sargasso Sea and adjoining
land areas can be seen. This is associated with hurri-
canes. Average and extreme precipitation increases
north of 40°N and in the hurricane-prone region, with
a considerable decrease in the remaining areas. The
maximum percentage change in precipitation occurs
in the November/December period rather than in Sep-
tember/October, which is due to a change in the loca-
tion of tropical storms in these 2 mo. Relative changes
in the maximum wind speed are generally smaller than
changes in extreme precipitation.

Compared to an idealized sensitivity experiment by
Semmler et al. (2008), in which a homogeneous increase
in SST and atmospheric temperatures by 1 K along with
unchanged relative humidity was considered, there are
some differences and some commonalities. Tropical, ET
and extratropical cyclone counts generally increased in
the idealized experiment, with the strongest increases in
the high-intensity classes. Whereas in the idealized ex-
periment the DSS was kept constant by definition, in the
present study there is an increase in DSS both in the
tropics and in the extratropics. Since the DSS is found to
be a factor influencing both tropical and extratropical cy-
clones (the SSis included in the Eady growth rate), the
increase in DSS could be responsible for the decrease in
the total cyclone counts and the weaker increase in the
counts for the strong intensity classes in the present
study. The higher proportions of tropical cyclones under-
going ET, and of re-intensifying ET cyclones, are similar
to the idealized study. Furthermore, the strong increase
of extreme precipitation in the hurricane-prone regions
is common among the idealized experiment and the pre-
sent study.

It should be noted that this study cannot be seen as a
prediction on its own, since the 16 yr time periods are
too short to average out multi-decadal variability, and
only one realization of future climate is presented
rather than an ensemble of simulations with different
emission scenarios, driving data from different GCMs
and different RCMs. However, this study can be seen
as part of an ensemble of studies investigating possible
changes in cyclone frequency and intensity. Previous
studies, such as the ones listed in Table 1, also lack
ensemble simulations and/or a sufficient simulation
length to average out multi-decadal variability. Thus,
this study contributes another realization of a possible
future climate to the pool of available simulations.

[
[

O

[

N
[

N

O

of the different GCMs and evaluation methods used, it
can only be stated that the present results are in the
range of previous predictions (Table 1). The feature of
maximum intensity increase in tropical storms is com-
mon to most other studies (e.g. Knutson & Tuleya 2004,
Oouchi et al. 2006) although contrasting results exist
(e.g. Bengtsson et al. 2006).

To conduct a prediction using consistent methods,
regional ensemble simulations using different GCM
projections as driving data could be performed. Before
that, an investigation of different GCM projections
regarding the factors influencing the development of
cyclones could be carried out. The most contrasting
GCM projections in terms of these factors could be
used for the dynamical downscaling.
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