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ABSTRACT
Tropical cyclones (TC) under different climate conditions in the Northern Hemisphere have been investigated with the
Max Planck Institute (MPI) coupled (ECHAMS/MPI-OM) and atmosphere (ECHAMS) climate models. The intensity
and size of the TC depend crucially on resolution with higher wind speed and smaller scales at the higher resolutions.
The typical size of the TC is reduced by a factor of 2.3 from T63 to T319 using the distance of the maximum wind speed
from the centre of the storm as a measure. The full three-dimensional structure of the storms becomes increasingly more
realistic as the resolution is increased.

For the T63 resolution, three ensemble runs are explored for the period 1860 until 2100 using the IPCC SRES scenario
A1B and evaluated for three 30 yr periods at the end of the 19th, 20th and 21st century, respectively. While there is
no significant change between the 19th and the 20th century, there is a considerable reduction in the number of the TC
by some 20% in the 21st century, but no change in the number of the more intense storms. Reduction in the number
of storms occurs in all regions. A single additional experiment at T213 resolution was run for the two latter 30-yr
periods. The T213 is an atmospheric only experiment using the transient sea surface temperatures (SST) of the T63
resolution experiment. Also in this case, there is a reduction by some 10% in the number of simulated TC in the 21st
century compared to the 20th century but a marked increase in the number of intense storms. The number of storms
with maximum wind speeds greater than 50 m s~! increases by a third. Most of the intensification takes place in the
Eastern Pacific and in the Atlantic where also the number of storms more or less stays the same.

‘We identify two competing processes effecting TC in a warmer climate. First, the increase in the static stability and
the reduced vertical circulation is suggested to contribute to the reduction in the number of storms. Second, the increase
in temperature and water vapour provide more energy for the storms so that when favourable conditions occur, the
higher SST and higher specific humidity will contribute to more intense storms. As the maximum intensity depends
crucially on resolution, this will require higher resolution to have its full effect. The distribution of storms between
different regions does not, at first approximation, depend on the temperature itself but on the distribution of the SST
anomalies and their influence on the atmospheric circulation.

Two additional transient experiments at T319 resolution where run for 20 yr at the end of the 20th and 21st century,
respectively, using the same conditions as in the T213 experiments. The results are consistent with the T213 study. The
total number of TC were similar to the T213 experiment but were generally more intense. The change from the 20th to
the 21st century was also similar with fewer TC in total but with more intense cyclones.
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1. Introduction

The question of how tropical storms may change in a warmer cli-
mate has been discussed extensively. The importance of higher
sea surface temperature (SST) is supported from theoretical stud-
ies (Emanuel, 1988; Holland, 1997) showing a direct relation
between the maximum intensity of tropical storms and SST.
This is further underpinned by several recent studies claiming
an increase in the intensity of hurricanes in the last two decades
(Webster et al., 2005; Sriver and Huber, 2006) with the gen-
eral increase in tropical SST. Some studies have used the cube
of the maximum wind speed, or the power dissipation index
(PDI) (Emanuel, 1987), integrated over the lifetime of indi-
vidual storms where the PDI is considered as a suitable mea-
sure of the destructive power of the storm (Bister and Emanuel,
1998). However, to reliably observe small changes in maximum
wind speed and to determine robust trends over time when ob-
serving systems have undergone major changes has been seri-
ously questioned (Chan, 2006; Klotzbach, 2006; Landsea et al.,
2006). The large interannual variation in the numbers of tropical
storms indicates that other factors such as variations in the atmo-
spheric circulation are important. Thus the question as to what
may happen to tropical storms in a warmer climate must conse-
quently consider associated changes in the atmospheric general
circulation.

Based on empirical evidence, Gray (1979) has suggested that
tropical storms not only depend on the SST and the heat content in
the upper ocean layer but also to alarge degree on the atmospheric
conditions. High static stability, low relative humidity and high
vertical wind shear all have a significant negative impact on the
development of tropical cyclones (TC). The reduced number
of hurricanes in the Atlantic during El Nifio, for example, is
related to increased vertical wind shear and to a superimposed
subsidence effect in the regions of the Atlantic where tropical
storms normally develop (Wu and Lau, 1992). See also, Tang
and Neelin (2004) who considered the role of lapse rate changes
on hurricanes in the Atlantic associated with ENSO.

As numerical models improve they are gradually becoming
more reliable in predicting tropical storms several days in ad-
vance. Large progress has taken place in predicting the move-
ment of the storms whilst predicting the intensity and its varia-
tions still have considerable deficiencies (DeMaria et al., 2005).
However, given sufficient resolution and suitable parametriza-
tion of relevant physical processes such as explicit treatment of
penetrating moist convection, progress can be found in intensity
prediction as well (Krishnamurti et al., 2005; Shen et al., 2006).
These improvements and the ability to run climate models at
higher resolution introduces the possibility for investigating the
impact of climate change on more realistically simulated tropical
storms.

There have been several model studies over the last decade that
explore possible changes of tropical storms in a future climate.
Three different approaches are followed. In one approach the

predictors for the development of tropical storms, as identified
by Gray (1979), have been used (Ryan et al., 1992; Watterson
et al., 2005). Such assessments are attractive as they can be ap-
plied to model integrations at low resolutions. These studies
generally overestimate the importance of SST, which has led
to attempts to modify the thermal indices as suggested by Gray
(1979). For example, Royer et al. (1998) replaced Gray’s ther-
modynamic predictors with a single measure of moist static sta-
bility as calculated by the model. Chauvin et al. (2006) recently
claimed some success with this approach.

In a second approach TC are identified per se in the model
according to specific selection criteria such as a warm core and
maximum wind speed in the lower troposphere and central sur-
face pressure (Bengtsson et al., 1995). This is a direct approach
but requires sufficient model resolution in order to simulate
realistic vortices. Recent high-resolution studies include those
of Sugi et al. (2002), Chauvin et al. (2006) and Oouchi et al.
(2006).

Finally, in a third approach, limited area models at high reso-
lution are used driven by the atmospheric boundary conditions of
the large-scale model and the SST, (Knutson et al., 1998; Knutson
and Tuleya, 2004). This is an efficient method as high resolu-
tion can be used with limited computer resources. However, the
genesis of storms cannot normally be realistically simulated in
these experiments and therefore the large-scale boundary condi-
tions will have to be prescribed or provided by a global model.
In some experiments an initial onset vortex has also been intro-
duced into the model to create suitable initial conditions for a
tropical cyclone to develop (Knutson and Tuleya, 1999).

The most straightforward approach is the second one, but stud-
ies so far have been hampered by difficulties in running global
models at sufficient resolution to be able to resolve the more
intense features of tropical storms. The large-scale model exper-
iments have also given inconclusive results; some models show
a marked sensitivity to the parametrizations such as for clouds
(Broccoli and Manabe, 1990) whilst some models show an in-
crease in the number of tropical storms and others a reduction.
The most common result is a reduction in the number of TC
in a warmer climate (Bengtsson et al., 1996; Sugi et al., 2002;
Oouchi et al., 2006; Yoshimura et al., 2006), although this does
not exclude the occurrence of more intense storms in the warmer
climate (e.g. Oouchi et al., 2006).

Inarecent study (Bengtsson etal.,2007) TC were explored us-
ing a T159 version of the ECHAMS model with prescribed SST
for the period 1978-1999 using the AMIP2 protocol (WGNE,
1996). The model-generated TC where compared both with TC
identified in recent re-analysis data and with observed tropical
storms from the Tropical Warning Centres (TWC). It was noted
that the model agrees well with the recent ERA40 re-analysis,
both with respect to number, distribution and interannual vari-
ability of storms. Compared to observed storms, the model, and
to an even greater degree the re-analyses, underestimate the in-
tensity of the storms. It was concluded that a major cause of this
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is insufficient resolution. This paper will consider resolution as-
pects and has the objective of exploring how TC may change
in a warmer climate and how this change may depend on reso-
lution. The main comparison will be between integrations of a
coupled T63 version of the ECHAMS model and a T213 reso-
lution time-slice integration with some additional evaluation of
a T319 resolution time-slice integration.
The following science objectives will be addressed.

1. How do TC respond to anthropogenic climate change and
how does this depend on resolution?

2. What changes occur in intensity, lifetime and PDI?

3. What possible mechanisms control any changes in TC?
What are the dominant factors?

The paper continues in Section 2 with a description of the ex-
periments, Section 3 shows the structure and typical evolution of
TC at different resolutions, Section 4 summarizes the results of
the T63 experiments for the 30 yr periods at the end of the 19th,
20th and 21st century, respectively. Section 5 extends this to the
time-slice experiments at T213 resolution. In Section 6 we anal-
yse the consequences of changes in the hydrological cycle and
in Section 7 we discuss some additional time-slice experiments
at T319 resolution.

2. Experimental design and analysis
methodology

For this work, we have used recent climate change experiments
with the Max Planck Institute for Meteorology (Jungclaus et al.,
2006) ECHAMS/MPI-OM coupled model at several resolutions.
This model does not employ any flux adjustment. The first set of
experiments we have explored have been produced by the model
at an atmospheric resolution represented by 63 spectral modes
with triangular truncation and 31 levels in the vertical (T63L31,
192 x 96 grid). We have evaluated an ensemble of three climate

latitude

change experiments made with this model based on the SRES
A1B scenario (Nakicenovic et al., 2000). The ensemble members
have been run with the same coupled model and under the same
atmospheric forcing but starting from different ocean and atmo-
spheric states obtained from a 500 yr pre-industrial integration
with the same model but with pre-industrial concentrations of
carbon dioxide, methane and nitrous oxide. The climate change
experiments are part of the IPCC 4th assessment (Roeckner et
al., 2006). We have chosen three periods from the integrations
that represent the end of the 19th century (1861-1890), the end
of the 20th century (1961-1990) and the end of the 21st cen-
tury (2071-2100). We will use the notation 19C, 20C and 21C,
respectively, for these periods throughout the rest of the paper.
For the first two periods both observed and reconstructed con-
centrations of greenhouse gases and sulphate aerosols are used.
The well-mixed greenhouse gases (CO,, CHy, N,O, F11, F12
and minor halocarbons) were prescribed as annual global means
according to observations (fit to ice core data and direct obser-
vations). Monthly data of stratospheric and tropospheric ozone
concentrations were prescribed as two-dimensional (latitude and
height) distributions. The space—time distribution of sulphate
aerosols was prescribed using the data from an offline simula-
tion (Pham et al., 2005). Both the direct and first indirect (cloud
albedo) effect of sulphate aerosols were included. Analysis of
the SST show there is only a minor increase between 19C and
20C (an average of 0.2 K in the tropics and subtropics) but a
considerable increase between the 20C and 21C. The observed
changes for the earlier period are slightly larger, with a best es-
timate of ~0.28 K, as calculated from HadSST2 (Rayner et al.,
2006). In the northern Hemisphere tropics and subtropics the
SST warming in the latter period is generally above 2 K and in
some areas around 3 K as shown in Fig. 1. Further analysis of
these integrations has shown that they give a realistic description
of the El Niflo-Southern Oscillation (ENSO) (Oldenborgh et al.,
2005) and storm tracks both in the extratropics and the tropics

180
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Fig. 1. Difference in averaged SST’s between 1961-1990 and 2071-2100, averaged over the T63 three ensemble members for the NH tropics and

subtropics.
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(Bengtsson et al., 2006). The model also gives a good description
of tropical intraseasonal variability (Lin et al., 2006).

For the same two latter periods of 20C and 21C we also ex-
plore integrations at T213 resolution (640 x 320 grid), using
the atmosphere only component of the model and the so-called
‘time-slice’ method (Bengtsson et al., 1996; IPCC 2001). The
T213 integration used the same atmospheric composition as the
T63 run. For the boundary conditions the time varying SST fields
from one of the T63 coupled model runs where used. Unfortu-
nately, it has since been discovered that there was a problem with
the specification of sea ice in the T213 integration. However, by
inspecting several fields the impact of this error was found to be
confined to the high latitudes and hence we believe this error will
have no impact on the TC studied here. We also explore a further
two time-slice integrations for the periods 1980-2000 and 2080—
2100, respectively, made with the same model but at resolution
T319 (960 x 480 grid). However, the main comparison will be
made between the T63 and T213 experiments since these are
the most consistent in terms of time periods and available fields
(only a limited number of fields and levels where archived for
T319 due to storage limitations).

In order to keep the discussion to a manageable size we here
restrict the study of the TC to the Northern Hemisphere, the
Southern Hemisphere will be considered in a future study. In
order to identify TC we employ a new search method making
use of the full three-dimensional (3-D) structure of the vortices.
Initially all vortices are identified and tracked during their full
life cycle, from their generation as weak initial vortices to their
decay possibly at high latitudes. This uses the same approach as
in Thorncroft and Hodges (2001) for the tracking but extended
to higher latitudes and as used in Bengtsson et al. (2007). In fact,
the region considered is (0, 60)N. For the initial identification
and tracking six hourly, 850 hPa relative vorticity is used. The
TC are identified from amongst all the candidate tracks by re-
quiring them to have a coherent vertical structure and warm core,
which means that the relative vorticity decreases with height. A
minimum reduction of vorticity of 6 x 107> s™! (£ i) between
850 and 250 hPa is used to identify the warm core eddies at a
T63 resolution as well as an intensity threshold (&) at 850 hPa
of 6 x 1075 s~!. The coherent vertical structure is determined
by requiring that a positive vorticity centre exists at all available
levels between 850 and 250 hPa. These three criteria are then
required to be attained for a minimum number of consecutive
time steps (), which we here take to be 4 (1 d) for a storm to be
considered a TC. The criteria are specified throughout the paper
as the triplet (&;n, £ 4isr, 71) With the vorticity scaled by 107>, Full
details of the TC identification and calibration can be found in
Bengtsson et al. (2007). Note, using this approach we obtain the
full life cycle of vortices that are defined as TC for only part of
their lifecycle.

As has been discussed by Walsh et al. (2007), the number
of TC at a given intensity either in vorticity or in wind speed
depends on resolution. This can be seen from Table 1 which

Table 1. Number of TC per year for different values of (§int, & dgifr, 1)
for the period 1961-1990. T63 averaged over the three ensemble
members. For (6, 0, 4) the vertical consistency check is switched off.
See text for further information

(6,0,4)  (6,3,4) (66,4 (6,12,4) (12,6,4)
T63 187 71 33 3 18
T213 306 172 105 28 62

summarizes the number of vortices per year for different choices
of identification criteria (& iy, & 4ifr, 7) for both the T63 and T213
experiments. As will be shown below this is also the case for the
vertical structure and the warm core, which is less pronounced at
the lower T63 resolution. However, in this study where the main
emphasis is to compare the change of TC in a warmer climate
and its dependence on resolution we maintain for the sake of
clarity and consistency the same definition of a TC as in our
previous study (Bengtsson et al., 2007), namely (&in, & qgigr, 1) =
(6,6,4).

3. The structure of TC at different horizontal
resolutions

To determine how realistic the TC are in terms of their full 3-D
structure we have explored 3-D composites of the TC for the
100 most intense storms (in terms of the vorticity) for vorticity,
winds and temperature anomaly, for each of the resolutions (T63,
T213 and T319). To determine the composites we introduce a
new approach which determines the composites directly on the
sphere, in a radial coordinate, system centred on the storms, so
negating any bias that can be introduced when producing com-
posites of storms from different latitudes on a latitude—longitude
grid (cylindrical projection). The approach is described in the
appendix. Note, that in this presentation no attempt has been
made to orientate the grid with the propagation direction (see
Appendix). Frank (1977) suggests that ignoring the direction of
propagation is the preferred method of producing composites but
this will be explored further in the future. Whilst this unbiased
approach to computing the composites is perhaps not critical for
TC, which mostly occur at tropical latitudes, or where a single
storm is considered, some storms do indeed exist as TC going
into the mid-latitudes and hence we believe this approach is valid.
In addition, in future work we want to explore the extratropical
transition where this could be more critical.

Since the main aim of this paper is the influence of climate
change on TC, only a limited number of the possible structure di-
agnostics are presented and a more detailed view of the structure
of TC, including the influence of storm propagation on asym-
metries in such variables as the wind field will be left to a future
publication. The composites have been produced from the time
points where each storm attains its maximum intensity on levels
from 925 to 50 hPa for T63 and T213, for T319 due to the more
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(a) Tangential

(b) Radial

Fig. 2. Two-dimensional composites on a 10° radius, storm centred region, of (a) tangential and (b) radial winds at 850 hPa of the 100 most intense
storms from the T213 experiment in units of m s~!. Bold contours are every 10 and 5 m s~! for tangential and radial winds, respectively. Cyclonic

flow is positive for tangential winds and inflow is denoted by negative values and outflow by positive values for the radial wind.

limited availability of levels, levels between 850 and 300 hPa
have been used. The maximum intensity is most likely to oc-
cur for storms as they recurve and hence are moving polewards.
This therefore represents a particular stage of storm develop-
ment whereas previous attempts at producing composites have
averaged storms for all time points where the storm is defined as
a TC and so mixing different stages of storm development. The
radial grid is defined on a spherical cap with radius of 10° with
20 subdivisions (0.5°) in the radial direction and 24 (15°) in the
azimuthal direction.

The wind field is generally the most asymmetric of the fields
usually considered when discussing TC, as shown in several
observational studies, for example, Frank (1977) and Kepert
(2006a,b), with the asymmetry dependent on the propagation di-
rection of the storm. Here the direction of the storm is more or less
factored out by choosing the single time point of the maximum
intensity of each storm for the composites. These studies have
shown that there are strong asymmetries in the west-east direc-
tion for the tangential wind and south-north for the radial wind.
In Fig. 2 we show the 2-D horizontal composite of the tangen-
tial and radial winds at 850 hPa for the T213 experiment. These
are in broad agreement with the observational studies (Frank,
1977; Kepert, 2006a,b) with stronger tangential winds to the east
(Fig. 2a) of the storm centre and a marked asymmetry in the ra-
dial winds (Fig. 2b) with the inflow region being to the south
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of the composite storm centre and weaker outflow to the north
though with stronger outflow close to the storm centre to the
northeast. This pattern persists with height with the tangential
winds weakening and the radial wind pattern becoming stronger
with much stronger outflow aloft. This asymmetry is taken into
account when we consider the impact of the horizontal reso-
lution on the vertical structure of the wind field, by producing
cross-sections rather than azimuthal averages. This is shown in
Fig. 3 for each resolution for west-east cross sections with height
of the tangential wind and south-north of the radial wind. For
the tangential wind it is apparent that the west-east asymmetry
exists through the depth of the storm with the highest winds to
the east. These occur at a radial distance of 3.5° for the T63 reso-
lution, 1.5° for T213 and a little less than this for T319. It is also
apparent that the maximum wind speed, at 850 hPa, increases
with resolution from ~24 m s~! for T63 to ~50 m s~ for T319.
The radial winds (Fig. 3) clearly show the south-north asymme-
try with inflow to the south and outflow to the north, this pattern
persisting throughout the depth of the composite storm. At the
lowest level of 925 hPa there is inflow both to the south and north
with the strongest inflow occurring to the south. The outflow in
the uppermost levels occurs both to the north and south with the
strongest outflow occurring to the north at 200 hPa and weaker
outflow to the south at 100 hPa. If we azimuthally average the
radial wind (not shown) this highlights the dominance of inflow
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Fig. 3. Cross sections of tangential and radial wind component composites for the 100 most intense storms for each of the resolutions used, T63,
T213 and T319, (a) west to east, T63 tangential component, (b) south to north, T63 radial component, (c) west to east, T213 tangential component,
(d) south to north, T213 radial component, (e) west to east, T319 tangential component and (f) south to north, T319 radial component. Wind speeds
inm s~!, bold line every 10 m s~! for tangential winds and every 5 m s~! for radial winds, negative values are in grey.
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at low levels in the boundary layer and outflow aloft, this again
becoming more pronounced with resolution.

Finally, we consider the temperature anomaly and vorticity.
These are more symmetric in nature so we show only the az-
imuthal averages for each resolution in Fig. 4. These show a
marked warm core above 500 hPa but with the warm anomaly
extending to lower levels. Again this is consistent with obser-
vations (Frank, 1977). It is apparent from Fig. 4 that there is a
substantial increase in the temperature anomaly with resolution
from ~2.5 K at 300 hPa for T63 to ~8 K for T319. A similar
picture is obtained from the vorticity (Fig. 4) which shows a
decrease in the size of the core and a general increase in the vor-
ticity values with resolution. The correlation between the vertical
vorticity gradient and the temperature anomaly is also apparent.

These results highlight that the ECHAMS model at sufficient
resolution can simulate the structure of TC remarkably well even
from the composites of 100 storms and that given sufficient
higher resolutions even more realistic storms might be gener-
ated. What is also apparent is the limitations of modelling and
identifying TC in the T63 integrations.

4. Climate change results for the T63
experiments

The distribution of TC as a function of their maximum attained
vorticity is shown in Fig. 5, and the total numbers in Table 2.
There is a systematic difference between the three periods where
the 19th century period has the largest number of TC and the
21st century the smallest number. We have indicated the maxi-
mum and minimum between the three ensemble members with
shading, that suggests that the decrease of the number of TC in
the 20th century is not significant with a reduction of 1% and
within the range of natural variability, while the decrease from
the 20th to the 21st century is highly significant with a reduction
by 23%. Comparing all nine combinations of 30 yr duration be-
tween the 20th and the 21st century gives reductions between 21
and 28%. This is a slightly smaller reduction than in the studies
by Bengtsson et al. (1996) and Sugi et al. (2002) but larger than
the reduction found by Yoshimura et al. (2006). However, this
will to some extent depend on the selection criteria. A similar
reduction can be seen if we use a condition on the wind speed and
only consider TC with maximum attained wind speeds greater
than 18 m s~! as shown in Table 3. As also can be seen from
Fig. 5, Tables 2 and 3 there are no significant changes in the
stronger cyclones.

The spatial distribution of the TC in the 20C and 21C exper-
iments are shown in Fig. 6 as well as the difference 21C-20C.
The significance of the difference is also shown and has been
determined as described in Bengtsson et al. (2006) by Monte-
Carlo methods. For the genesis densities the genesis is taken
as the point where the relative vorticity at 850 hPa amounts to
0.5 x 1073 s~!. This is much weaker than the intensities for
the TC identification and allows us to identify the storm pre-
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cursor and where storms really originate rather than when they
are first considered a TC. The areas of genesis (Fig. 6a and b)
are rather similar for both 20C and 21C with the highest den-
sities in the eastern Pacific, probably associated with the more
confined genesis region there. However, there is a noticeable re-
duction throughout the region for 21C and in particular in the
eastern and western Pacific as indicated by the difference plot
(Fig. 6¢). The track densities (Fig. 6d and e) are also very sim-
ilar in terms of their distribution with the strongest storm track
in the Pacific extending to higher latitudes as storms move into
the extratropics. The changes in the genesis density are reflected
in the track density (Fig. 6f), which shows a distinct reduction
in virtually all areas and in particular in the eastern and western
Pacific.

In Fig. 7 we show the number of TC as a function of maximum
wind speed. This shows that the reduction in numbers between
20C and 21C is mainly in the number of weak and moderate
storms while the more intense ones have not changed in number
consistent with the intensity distribution shown in Fig. 5. We
have examined the tails of both distributions shown in Figs. 5
and 7 and have not been able to identify any difference in the
intensity of the strongest storms.

We have also explored the conditions for TC generation.
There are characteristic changes in the large-scale tropical circu-
lation including a marked increase in the static stability as well
as a reduced vertical circulation. There are also changes in the
hydrological cycle including an increase in the residence time
of water in the atmosphere supporting the reduced atmospheric
circulation. We will return to these points in the discussion.

5. Climate change results for the T213
experiments

Due to computational restrictions we have only been able to un-
dertake two 30 yr integrations with the T213 resolution for the
periods 1961-1990 and 2071-2100. Nor was it possible to run
the fully coupled model at this resolution and we therefore used
the SST boundary conditions (including its full time—space vari-
ability) from the T63 integration. The experiment follows the so-
called time-slice approach (Bengtsson et al., 1996; IPCC 2001)
and consequently this experiment cannot consider feedback with
the oceans. However, the transient variation of greenhouse gases
and sulphate aerosols is identical to the T63 run. The same is the
case for the SST and sea ice, which is interpolated, from one of
the T63 integrations. Fig. 8, shows the number of TC as a func-
tion of the vorticity maximum at 850 hPa for the two periods.
The number of TC [using the criteria (6, 6, 4)] is much higher
in T213 compared to T63, almost by a factor of three (Table 1).
The number of vortices identified depends both on the intensity
at 850 hPa but also on the vertical structure of the vortex sug-
gesting that the low resolution version of the model has severe
limitations in generating the typical warm core structure (see
Section 3).
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Fig. 4. Azimuthally averaged composites of temperature anomaly and vorticity for the 100 most intense storms for each of the resolutions used,
T63, T213 and T319, (a) T63 temperature anomaly, (b) T213 temperature anomaly, (c) T319 temperature anomaly, (d) T63 relative vorticity, (e)

T213 relative vorticity and (f) T319 relative vorticity. Temperature in units of K, and vorticity in units of 107 s~!, respectively. Bold lines every 2 K
for temperature and every 1 x 10~* s~! for vorticity.
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Fig. 5. Number of TC per year in the NH as i
a function of maximum attained intensity
based on 850 hPa relative vorticity from the ,
T63 experiments. Bin widths are 3 x
1073 s~!. Solid lines show the averages over
the three ensemble members and the shading ol
shows the spread for 19C (grey), 20C (red) 0

and 21C (blue).
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Table 2. Summary of the number of TC per year whose maximum intensity exceed some chosen
values in terms of vorticity at 850 hPa for T63 averaged over the three ensemble members

T63 All (6, 6, 4) >2 x 1074 57! >5x 1074 57! >1 x 1073 57!
19C (1861-1890) 35 0 0
20C (1961-1990) 33 0 0
21C (2071-2100) 25 0 0

Table 3.  Summary of the number of TC per year whose maximum
wind speed at 925 hPa exceeds certain values for T63 averaged over the
three ensemble members

T63 >18ms~! >33ms~! >50ms~!
19C (1861-1890) 34 6.3 0.2
20C (1961-1990) 32 6.0 0.1
21C (2071-2100) 25 6.2 0.1

Like the T63 there is a reduction in the number of TC when
going from the 20th to the 21st century, but the reduction is
smaller and only 9% as shown in Table 4. However, the largest
difference from T63 is the increase in the more intense TC for
21C. In fact, there are more than 60% more intense storms (based
on 850 hPa vorticity >1073 s7!) in 21C than in 20C. A similar
intensification can also be seen in minimum surface pressure
and in maximum wind speed (Fig. 9, Table 5). The number of

! increases

storms, with maximum wind speed above 50 m s~
by some 30%. In this respect the result is similar to Oouchi et al.
(2006). There are several explanations for this, which we intend
to develop more in the discussion. The most likely explanation
is that a high horizontal resolution is necessary to satisfacto-
rily describe the convergence of momentum in order to generate

strong enough vertical motions to release latent heat effectively.
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The likely explanation for the intensification for 21C is the large
increase in atmospheric water vapour, which is broadly related
to temperature following the Clausius—Clapeyron relation.

The patterns of cyclogenesis, shown in Fig. 10a and b, though
showing some similarities to T63 also shows several differences.
The concentration of cyclogenesis is weaker than in T63, in the
eastern Pacific but extends further back into Central America; in
the western Pacific cyclogenesis is also weaker but shows higher
values in the central Pacific, whilst in the Atlantic the density
shows higher values extending back into the western African
region. Note, the fact that the density may look weaker in several
areas in T213 does not mean there are fewer systems in total than
in T63 but that the cyclogenesis is more diffuse. We suggest the
explanation for these differences is our definition of an initial
vortex in the model to be as small as 5 x 107® s~!. This is likely to
be much less than the first indication of a tropical vortex as would
be determined by an operational meteorologist, which means that
weaker onset vortices are being generated further to the east in the
Pacific and over Africa and undergo a weak amplification during
the first period as they move westward (Bengtsson et al., 2007).
This combined with the higher resolution of T213 means we are
identifying the TC even earlier in their lifecycle than in T63. In
terms of the change in the distributions between 20C and 21C
(Fig. 10c), there are subregions of marked increase and decrease
in cyclogenesis for 21°C in the eastern Pacific contrary to T63
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Fig. 6. Genesis and track densities for 20C and 21C for T63 averaged over the three ensemble members, (a) 20C genesis, (b) 21C genesis, (¢)
21C-20C genesis, (d) 20C track density, (e) 21C track density and (f) 21C-20C track density. Densities are in units of number density per year per
unit area, where the unit area is equivalent to a 5° spherical cap (~10° km?). Differences have been suppressed where the track density is below 0.5.
White lines indicate the region boundaries of significance at 95%.
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Fig. 7. Distribution of maximum wind speeds for NH, TC at 925 hPa
for 20C and 21C for T63. Bin widths are 5 ms~!.
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Fig. 8. T213 distributions of maximum attained intensity for NH, TC
based on 850 hPa relative vorticity for 20C and 21C. Bin widths are
2x 1074571,

where there is only a reduction. This may be a resolution issue as
the region of cyclogenesis in the eastern Pacific is restricted and
influenced by orography and coast lines which are only poorly
resolved in T63. In the central and western Pacific there is a
general decrease between 20C and 21C in agreement with T63.
However, in the Atlantic whilst there is a weak decrease there is
an increase in the genesis over western Africa.
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Fig. 9. Distribution of maximum wind speeds for NH, TC at 925 hPa
for 20C and 21C for T213. Bin widths are 5m s~ !.

Table 5.  Summary of the number of TC per year whose maximum
wind speed at 925 hPa exceed certain values, for T213

T213 >18ms~! >33ms~! >50ms~!
20C (1961-1990) 100 33 3.7
21C (2071-2100) 92 36 49

The track density for 20C and 21C for T213 are shown in
Fig. 10d and e. In addition to an overall increase in the track
density for T213 compared with T63, due to the larger number
of TC, there is a marked difference in the storm track into the
central Pacific from the genesis region in the eastern Pacific. We
suggest this is primarily due to high SST and reduced wind shear
in the region. The reason that this does not happen in the T63 ex-
periment is the inability of the coarse resolution model to resolve
the intense genesis region in the eastern Pacific. The difference
between 20C and 21C (Fig. 10f) also show differences from T63
with an apparent shift southwards of the eastern Pacific storm
track and a general reduction through the rest of the tropical Pa-
cific whereas in T63 there is a reduction everywhere. However,
the pattern of difference seen in the Pacific in T213 does have
similarities with that shown in Bengtsson et al. (2006) which in-
cluded all tropical transient vorticies, not just TC, suggesting that
the main difference in the response between 20C and 21C be-
tween T63 and T213 is due to the TC selection criteria. As shown

Table 4. Summary of the number of TC per year whose maximum intensity in terms of vorticity at

850 hPa exceed certain values, for T213

T213 All(6,6,4) >2x107*s7! >5x 1074 s~! >1x 1073 7!
20C (1961-1990) 104 97 40 6.0
21C (2071-2100) 94 90 49 9.8

Tellus 59A (2007), 4
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Fig. 10. Genesis and track densities for 20C and 21C for T213, (a) 20C genesis, (b) 21 genesis, (c) 21C-20C genesis, (d) 20C track density, (e) 21C
track density and (f) 21C-20C track density. Densities are in units of number density per year per unit area, where the unit area is equivalent to a 5°
spherical cap (~10° km?). Differences have been suppressed where the track density is below 0.5. White lines indicate the region boundaries of
significance at 95%.
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in Bengtsson et al. (2007) the TC have been calibrated against
operational analyses which are integrated at similar resolutions to
the T213. In the Atlantic sector there is a general reduction along
the southerly storm track but an increase over Africa extending
into the Atlantic. The part of the track over Africa is unlikely
to be associated with the TC stage of the storms but highlights
that several of the storms have their origins over the continent
which shows a change from 20C to 21C. The reason for this
is not clear, in particular as the ECHAMS model produces a
different distribution of easterly wave type activity over Africa

551

for the current climate and in AMIP integrations than is seen in
re-analyses (Bengtsson et al., 2006). Another contributing factor
is a systematic error in the SST of the coupled model along parts
of the African coast where the temperature at 20C is about 2°C
too high compared to observations (not shown). It is suggested
that this is due to insufficient ocean upwelling or to a model
deficiency in simulating stratus cloud there.

A more detailed view of the regional changes can be obtained
by isolating TC for particular regions (shown in Fig. 11). These
are shown in Fig. 12 in terms of the number versus maximum
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Fig. 11. Areas for TC subsetting based on maximum intensity.
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Fig. 12. T213 regional distributions of maximum attained intensity based on 850 hPa relative vorticity for 20C and 21C for (a) Atlantic, (b) eastern
Pacific, (c) western Pacific and (d) north Indian ocean. Bin widths are 2 x 10~* s~!. Inset boxes show the total number per year for each region and

for 20C and 21C, respectively.
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intensity distributions, based on vorticity, and show interesting
differences. The TC are assigned to the region where they obtain
their maximum intensity. A reduction in the weak and medium
cyclones occurs in all regions as well as an intensification of the
stronger cyclones. The largest intensification takes place in the
eastern Pacific and in the Atlantic. Note that the total number
of TC are slightly less than shown in Table 4 as some storms,
mainly weaker ones may reach their maximum intensity outside
the regions shown in Fig. 11.

There are no major changes in the annual variability (Fig. 13a),
between 20C and 21C, except a larger proportional reduction
of TC outside the active season for T213. Here one may have
expected the opposite since the higher SST would have favoured
an increased number of cyclones in other seasons. In T63 there is
areduction of TC throughout the year (Fig. 13a). The interannual
variability is somewhat higher in 20C than in 21C when we
consider all TC (Fig. 13b) but becomes more similar for the two
periods when we restrict the TC to those with maximum wind
speeds greater than 33 m s~! (Fig. 13c) showing that the higher
variability in 20C is due to interannual variations of the weaker
storms. For TC above 33 m s~! the standard deviation is about
15%, or close to the observed value.

We have calculated the PDI (Emanuel, 2005) for all the TC
in 20C and 21C (not shown), for that part of their tracks which
satisfy our criteria for a TC. There are considerable variations
from year-to-year, which hardly make it possible to calculate
reliable trends. Comparing the PDI of the total number of TC
(all TC satisfying the (6, 6, 4) criteria at 20C and 21C there is
a minor increase of 6%. Another calculation restricting it to TC
with wind speed above 33 m s~! shows increases of the PDI by
16%. This increase is due to intensification of the most powerful
storms but also to a minor increase in the lifetime of TC at 21C
(not shown).

6. Changes in the hydrological cycle and its
consequences

We analyse here the changes in the hydrological cycle but will
concentrate the discussion on the T213 experiment. Results of
the changes in the hydrological cycle averaged for the globe and
for the tropics, respectively, are summarized in Table 6. We give
here the values for T213 but the values for T63 differ only by
1-2% for evaporation and precipitation and less than 1% for
column water vapour.

The result is typical for a climate change experiment with a
modest increase in evaporation and precipitation which for this
model is ~6%. At the same time there is a major increase in
the total amount of atmospheric water vapour by 26% (27% for
the tropics). The increase in total water vapour follows closely
the Clausius—Clapeyron relation, as this model like most other
models practically conserves relative humidity (Held and Soden,
2006). The fact that atmospheric water vapour increases faster
than precipitation between 20C and 21C, implies an increase in
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Fig. 13. (a) Seasonal cycle for NH, TC for T213 and T63 for 20C and
21C, (b) interannual variability for T213 for 20C and 21C and (c) same

as (a) but for storms with maximum wind speeds greater than 33 m s~!.

the residence time of water in the atmosphere from 8.7 to 10.3 d.
The change in the residence time of water for the T63 model
is similar with a change from 8.9 to 10.6 d. For the T63 model
the residence time for 19C is calculated to be 8.7 d. The reason
for the slower increase in global precipitation and thus in global
evaporation is because evaporation is largely determined by the
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Table 6. Summary of changes in the hydrological cycle averaged for the globe and for the
tropics
20C global 21C global 20C tropics 21C tropics

Precipitation (mm dh 2.97 3.16 3.58 3.81

Evaporation (mm dh 2.96 3.14 4.12 441

Column water vapour (kg m™—2) 25.71 32.50 37.65 47.97
net radiative heat imbalance at the surface. This increase is less 30 - T T T T T v
than the increase in water vapour. This behaviour, as we will F 3?"&-
return to in the discussion, is a contributing factor for the weak- 25 e
ening of the tropical circulation and presumably a reason for the
reduced number of TC in a warmer climate, Sugi et al. (2002). 20 |
On the other hand when TC do develop under favourable dy-
namical conditions they are likely to draw on the increased level 5 .
of atmospheric water vapour (and thus indirectly to the higher 3 i

SST) and consequently become more intense.

We next investigate the amount of precipitation from the TC
tracks. We calculate the area averaged precipitation from all grid-
points within a circular geodesic area with an arc radius of 5°
centred on the storm centre, and accumulate this along the track
from each 6 hourly position. This area is large (~10° km?) but the
circulation pattern around a major tropical cyclone covers almost
an area of this size. The result is summarized in Fig. 14a, where
we show the area averaged precipitation, accumulated along the
tracks, in 50 mm bins for that part of the TC tracks that satisty
the criteria £;,, > 6 x 107 s7! and &4 > 6 x 107 s7!. In the
20C integration there are 2 tracks per year with an accumulated
average precipitation of between 450 and 500 mm. There is a
marked change in going to 21C. The average precipitation per
track increases from 164 to 199 mm or by 21% with the largest
increase in the more intense events. However, the total increase
in precipitation of the TC increases less as the number of storms
is fewer in 21C than in 20C. We have also calculated the results
for the more intense storm tracks which reach wind speeds of
33 m s~! (Fig. 14b). The average precipitation for these tracks
increases from 253 mm to 301 mm. In this case the number of
storms in this category increases in 21C providing an overall
precipitation increase of 30%.

It is interesting to note the significant contribution from TC
to the global hydrological cycle and to the energy balance of
the atmosphere. The overall annual contribution to the Northern
Hemisphere precipitation is some 6% and to the warming of the
atmosphere, through latent heat flux, some 5 W m~2.

7. Consequences of a further increase in
horizontal resolution

To support the findings of this study we have examined a fur-
ther time-slice numerical experiment at T319 resolution by the
ECHAMS model. This experiment was undertaken similar to
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Fig. 14. Distributions for average precipitation along NH, TC tracks,
averaged over the part of the tracks that satisfy the TC identification
criteria of £y > 6 x 1072 s~ and £gi¢ > 6 x 107> 57!, (a) all TC and
(b) TC which attain a maximum wind speed of 33 m s~L. Bin widths
are 50 kg m 2.

the T213 experiment but with a slightly shorter integration time
covering two 20 year periods of 1980-2000 and 2080-2100,
respectively. Due to storage difficulties the number of vertical
levels have been restricted to 850, 700, 500 and 300 hPa, re-
spectively. Like the T213 experiment the SST are from the T63
coupled model.
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Figure 15a compares the annual number of TC for the three dif-
ferent resolutions T63,T213 and T319 at 20C. The T63 and T213
are for the period 1961-1990 but T319 for the period 1980-2000.
As shown in Tables 2 and 4 the number of TC per year in T63
is about a third of that of T213 but as can be seen from Tables 7
and 8 the number in T319 is practically the same as in T213. We
have also examined the number of TC in T159 (Bengtsson et al.,
2007), not shown, and noted that the number is about the same
as it is for T213 and T319. However, while the number of TC
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Table 8. Summary of the number of TC per year whose maximum
wind speed at 850 hPa exceed certain values, for T319

T319 >18ms~! >33ms! >50ms~!
20C (1961-1990) 97 44 12
21C (2071-2100) 87 51 17

in the higher resolution is the same the distribution as a function
of maximum vorticity is gradually changed towards a smaller
scale and higher intensity as the resolution increases from T63
to T319. Using the distance between the centre of the storm and
the point of maximum wind speed as a measure of the dimension
of the storm this distance is reduced from 340 km for the T63 to
130 km for the T319. See also the presentation in Section 3 on
the structure of the storms. The maximum wind speed at T319
(at 850 hPa) is 80.7 m s~! at 20C and it is increased to 86.8 m s~
at21C.

The change from 20C to 21C in T319, shown in Fig. 15b,
is similar to the results in T213 with a reduced number of TC
but more intense ones. We show here the maximum vorticity for
the two periods, but the result is similar for the maximum wind
speed. Areas of genesis and track density (not shown) are also
similar to T213 but with a slightly larger change towards a more
eastern and northern storm track in the Pacific Ocean. Figure 16
shows the distribution of TC for the four different TC regions,
including the total number fulfilling the (6, 6, 4) criteria. As for
the T213 there is a reduction of the number of TC in all regions
except the Eastern Pacific. The North Indian Ocean has an even
larger reduction, which could be a sampling error due to the
small number of storms in the region, but an increase in a few
very powerful storms. There is also a considerable increase in
precipitation from 20C to 21C associated with the TC in T319.
For a region of arc radius 2.5° the area averaged precipitation
increases by some 16%. In summary, the T319 results support
in all respects the results from T213 but having more intense
storms than in T213.

For the overlapping years in the T213 and T319 experiments
we compared the interannual variability of the number of TC
between the two experiments (10 yr for 20C and 20 yr for 21C).
We found a close similarity in the annual variance but a rather
poor correlation of the number of TC in specific regions between
the two model experiments suggesting that the atmospheric cir-
culation is only weakly constrained by the SST pattern.

Table 7. Summary of the number of TC per year whose maximum intensity in terms of vorticity

at 850 hPa exceed certain values, for T319

T319 All (6, 6, 4) >2 x 1074 57! >5x 1074 57! >1 x 1073 57!
20C (1980-2000) 101 100 71 30
21C (2080-2100) 89 89 76 43
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for 20C and 21C, respectively.

8. Discussion

8.1. How do the TC respond to an increase in resolution?

The number of identified storms depends on resolution. Using
the (6, 6, 4) criteria (see Section 2) the number of identified
TC in T213 is almost three times as many as in T63 (Table 1),
but the ratio diminishes when we reduce the vertical vorticity
gradient. However, we have compared the results for T213 with
the results from a T159 AMIP experiment using observed SST
for the period 1979-1999 and notice an overall agreement in the
number of TC (5% less compared to this study), their distribution
and intensity (Bengtsson et al., 2007). The small increase in
number compared to T159 could be due to the somewhat higher
resolution used here, or the different SST used. We also note that
the T319 experiment has a similar number of TC as in T213.
There is a marked increase in intensity as resolution increases.
As can be seen from the Tables 1-5 and 7-8 the increase in
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intensity can be seen both in vorticity and maximum wind
speed as well as a decrease in surface pressure (not shown).
For T213 the maximum wind speed increases to 65 m s~! in
20C and for T319 to 81 m s~! although the T319 value is for
850 hPa instead of 925 hPa. Whilst, T213 shows a large relative
change in the number of the most intense storms (£ yax > 1.0 X
1073 571, Table 4), ~60% from 20C to 21C, this is actually due
to the small numbers involved. There is actually a larger increase
in the number of the most intense storms in T319 from 20C to
21C (Table 7). This is also the case for wind speeds >50 m s~!
(Tables 5 and 8).

Another noticeable effect is the reduction in size of the TC
as resolution increases. Using the distance between the cen-
tre of the storm and the position of the maximum wind speed
this is reduced from 340 km at T63 to 130 km at T319 as
an average for the 100 most intense storms. The asymmetry
of the radial and tangential wind agree generally well with
typical observed TC with the maximum wind speed to the
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east of the centre and inflow to the south and outflow to the
north.

8.2. What changes occur in intensity, lifetime and power
dissipation index in a warmer climate?

This study shows that the number of TC will diminish in a warmer
climate. This occurs independent of resolution, although the sig-
nal is more pronounced at the T63 resolution (though this could
be associated with the identification criteria, since the identifi-
cation criteria have been calibrated against operational analyses
integrated at much higher resolution). This is in agreement with
most previous studies (Bengtsson et al., 1996; Sugi et al., 2002;
Yoshimura et al., 2006) but is also supported by recent experi-
ments at very high resolution (Oouchi et al., 2006). As will be
outlined below, this is likely to be due to the reduced tropical cir-
culation, ultimately caused by the large increase in atmospheric
water vapour.

The calculations show that there is no significant change in
intensity at the T63 resolution, which is broadly in agreement
with several other studies at low and medium resolution (Bengts-
son et al., 1996; Sugi et al., 2002). However, this is not the case
when resolution is further increased. The T213 experiment show
a 60% increase in the most intense storms (based on 850 hPa vor-
ticity >1 x 1073 s~!) and have 30% more TC with maximum
wind speeds above 50ms~!, storms in the category 3-5 of the
Saffir/Simpson scale (according to winds at 925 hPa). The high-
est wind speed in 21C for T213is 69 m s~! compared to 65 m s~
in 20C with the lowest central surface pressure in 21C being
921 hPa compared to 925 hPa in 20C. There is only a minor
increase in the lifetime of TC between 20C and 21C. A sim-
ilar proportional increase occurs in the T319 experiment hav-
ing more intense storms in 21C. The maximum wind speed at
850 hPa increases from 81 ms~! in 20C to 87 ms~! in 21C.

The interesting result obtained here is the change in the be-
haviour of the intense storms which clearly increase in intensity
in a warmer climate by as much as 20-30% in the high resolu-
tion studies, indicated by the change in the numbers of storms
with & . >5.0 x 107* 57! or wind speeds >33 m s~! (Tables 4,
5 and Tables 7, 8), but show no noticeable increase at lower
resolution (Tables 2 and 3). The high-resolution result is in this
respect in overall agreement with the results obtained by Oouchi
et al., 2006. A possible explanation will be discussed below.

The effect of changed resolution cannot be determined un-
equivocally, as there are qualitative differences in the two exper-
iments. This could be an effect of the lack of atmosphere—ocean
interactions in the T213 runs as the lack of air—sea interaction
may contribute to more intense cyclones (Emanuel et al., 2004).
However, this is not expected to influence the change in TC,
as the same limitation is valid for both the present and the fu-
ture climate. As was found by Knutson et al., (2001) the change
in intensification due to climate change between a coupled and
uncoupled model is insignificant.

The PDI undergoes a minor increase by some 6% from 20C to
21C, at T213, when calculated for all TC but increases by 16% if
we restrict the calculation to vortices that reach the intensity of
33 ms~! or higher during their lifetime. This is not a very robust
measure since there are large variations from year-to-year. The
increase in PDI is due to higher maximum wind speeds and to
slightly longer lifetimes of the TC in 21C slightly offset by the
smaller number of TC in 21C.

8.3. Why do we have less TC in a warmer climate?

Empirical studies (Palmen, 1948) and long records of observa-
tions since then support the perception that SST at around 26°C
or higher are required for the development of TC. At first ap-
proximation it therefore seems reasonable to assume that higher
SST would be favourable for the development of more TC as
ocean areas with SST above 26°C will extend. While tropical
SST has increased by about 0.5°C during the last 50 yr there
are no reliable indications of an increase in the number of trop-
ical storms, but instead non-periodic variations with a standard
deviation of around 10% of the average annual number of 85
(Northern Hemisphere some 60). The number of TC in this study
are somewhat higher due to the definition of a TC used here.
However, there are indications from observations from recent
years that the number may be higher and closer to the numbers
obtained in the model experiment as observational systems are
now more comprehensive and reporting procedures are more
systematic.

The experiment reported here, as well as recent climate change
studies (Sugi et al., 2002; Oouchi et al., 2006), indicate that the
number of simulated tropical storms do not increase with higher
SST but rather diminish in number. This appears to be valid for
arange of different parametrization schemes (Yoshimura et al.,
2006). Neither is it a question of insufficient model resolution as
we see the same at a resolution as high as 20 km (Oouchi et al.,
2006). Several studies also claim that the distribution of tropical
storms is rather related to the distribution of SST anomalies and
not directly to their amplitudes (e.g. Yoshimura et al., 2006, their
fig. 10). The reason is that the tropical circulation is strongly in-
fluenced by SST anomalies and the tropical circulation is crucial
for the development of TC.

The increase in the static stability, shown in, Fig. 17, is be-
cause convection follows a less steep lapse rate in the warmer
and moister climate and the increase is to first approximation
proportional to the increase in specific humidity. Following the
presentation by Sugi et al. (2002) the approximate energy equa-
tion in the tropics can be formulated as:

20

ap

Q

Cp

ey

N

(Holton 1992; Knutson and Manabe, 1995). The energy balance
for upward and downward motion, respectively at 500 hPa can
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Fig. 17. Static stability for 20C and 21C computed from the T63
monthly data, averaged over July—October and between latitudes (—30,
30).

be written as:

a6 01
Mu —| = __(QC - QR)Auv (2)
ap T c,
| 01 OxA 3)
d ap Te RAG,

where M, and M, are the mass fluxes and A, and A4 are the
corresponding fractional areas. Q¢ and Qg are the condensation
heating and radiative cooling rates, respectively. In Table 9 we
summarize the results from the T63 experiments. As can be seen
there is a reduction in the tropical mass flux in 21C. We represent
here the mass flux by the vertical velocity in m Pa s™' as an
average for the months July—October. As can be seen from the
table there is a general reduction in the tropical mass flux as the
change in the heating rates are proportional to the precipitation
rates (increasing by some 6%) while the change in static stability
isrelated to the increase in specific humidity (increasing by some
26%). We have not been able to calculate the instantaneous fluxes
which we expect to show larger differences (see Sugi et al., 2002,
their table 3).

Table 9. Mean tropical mass fluxes for the three 30-yr experiments at
T63 (Unit, mPa s~ ) for the July—October period

20C 21C % difference

Mass flux  Area Mass flux Area Mass flux Area

Upward 31.8 0.409 30.7 0.409 -3.5 0.0
31.6 0.413 31.2 0.403 —-13 24
31.9 0.410 31.1 0.409 -2.5 0.0
Downward 24.7 0.591 22.9 0.591 -7.3 0.0
25.1 0.587 22.5 0.597 —-104 +1.7
25.2 0.590 23.1 0.591 —-8.3 0.0
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Another indication of a weakening of the tropical circulation
is the increased residence time of atmospheric water vapour.
General circulation models, without exception, show a larger in-
crease in atmospheric water vapour than in precipitation (Held
and Soden, 2006). ECHAMS at both T63 and T213 resolu-
tions shows an increase in the average residence time, from
20C to 21C, of water in the atmosphere from 8.7 to 10.3 d,
or by 19%. A similar percentage increase is seen in the tropics
(30S-30N).

Whether this would imply a reduced frequency of tropical
storms is not obvious from these general considerations. How-
ever, we have examined changes in the fields of velocity potential
between 20C and 21C (not shown) for the main activity period
(July—October), which controls the large-scale convergence pat-
tern in the tropics. This shows a minor weakening and so does the
associated large-scale Walker circulation in the equatorial plane.
We have also considered the differences in the vertical shear for
this period (not shown) which indicates an increase in shear in
the western Pacific and the Bay of Bengal and a reduction in the
eastern Pacific and northern Caribbean. This will modulate the
favourable conditions required for the generation and growth of
onset vortices in a warmer and moister atmosphere.

8.4. Why do we have more intense TC in a warmer
climate?

During the period of a long integration favourable conditions
for cyclone development are likely to occur by chance. Under
such situations the optimum conditions as estimated by Emanuel
(1988) and Holland (1997) could be considered as an upper limit
in calculating the maximum condition in wind speed and vortic-
ity and minimum condition in surface pressure. The result here
is highly dependent on horizontal resolution with a gradual in-
tensification as the grid distance is reduced. Using the condition
(6, 6, 4) for a typical warm core TC the number of cyclones for
resolutions in the range T159-T319 is around 100 per year with
a standard deviation of 10—-12. However, the number of weaker
TC decrease and the intense TC increase as we successively in-
crease resolution (Fig. 15a). But even at the highest resolution
tested here the detailed structure of the core of the cyclone can-
not be correctly simulated. Experiments with limited area models
(Shen et al., 2006) suggest that a resolution of a few kilometres
is probably required to model and predict the dynamics of the
core and consequently the extreme wind structure of the centre
of the storm.

9. Concluding remarks

The results from this study support recent results by high-
resolution global models (Oouchi et al., 2006) as well as exper-
iments with limited area models (Knutson and Tuleya, 2004).
It highlights the need to increase the resolution in climate
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modelling studies to capture the correct structure of TC and
to negate incorrect conclusions being made from model exper-
iments having insufficient resolution. We are not able here to
advice on any preferred resolution but indications are that a hor-
izontal grid mesh of some 50 km or equivalent should rather
be seen as an upper limit and all effort should be made to un-
dertake experiments with resolution sufficient to resolve the key
aspects of TC dynamics and thermodynamics. Lacking suffi-
cient computer resources an alternative experimental approach
could be considered. As has been demonstrated here and in other
studies reported in this paper present general circulation mod-
els are generally able to simulate the generation, evolution and
movements of TC but underestimate their intensity and detailed
structure. For this reason we must conclude that the coarse reso-
Iution models have deficiencies in properly responding to higher
SST. This could be overcome by running selected events in sit-
uations when modelled storms occur for short periods, but us-
ing much higher resolution, so that it is possible to better de-
scribe the dynamics and thermodynamics of intense TC. We
intend to explore such integrations in a future study. Another
approach would be to use adaptive grid techniques, for example
Jablonowski et al. (2004) but require a model configured in this
way.

We have for practical reasons restricted the study to the
ECHAMS5/MPI-OM model. Recent assessments indicate that
this model is one of the most accurate in reproducing the present
climate. However, the model has some systematic errors includ-
ing a too high SST along the west coast of central and southern
Africa and on the west coast of northern Chile and Peru. This
affects the position and intensity of the ITCZ in these regions
and also the position of easterly waves. This tendency is further
enhanced in 21C giving rise to very high temperatures in these
regions due to reduced cloudiness and enhanced solar absorption
in upper ocean layers. In the Atlantic area this may contribute to
the intensification of easterly waves over western Africa. In the
Pacific the SST warming pattern may contribute to the activation
of the TC in the eastern Pacific reminiscent of situations typical
for ENSO events. The model has rather realistic ENSO events
(Oldenbourgh et al., 2005) but also has a superimposed warming
in the ENSO region as seen in Fig. 1.

For this reason we believe it would be highly interesting
to undertake similar experiments, as we have done here, with
other models including those which may not have the same
systematic errors. It is imperative for this, that sufficient fields
and levels be archived at higher temporal frequency (6 hourly)
than is typically the case for climate model integrations.

Another important aspect is to better understand the sensitiv-
ity to the parametrization of processes such as convection, cloud
precipitation mechanisms and turbulence typical of intense trop-
ical vortices. We therefore believe that it is required to explore
this along the lines as has been done by Yoshimura et al. (2006).
This should include if possible limited studies of explicit treat-
ment of the physical processes in TC. Needless to say, this will

not exclude alternative approaches to estimate changes of TC
in a warmer climate. An interesting approach to estimate the
change in TC has been suggested by Emanuel (2006). He used
a combination of statistically generated storm tracks combined
with an idealized axisymmetric model of a tropical cyclone. The
dynamical model considers interactions with the ocean but some
atmospheric aspects important for the intensity estimates such
as changes in wind shear are parametrized. A possible approach
to consider in future studies would be to combine storm tracks
calculated by a large-scale model and then use such model gen-
erated storm tracks to drive an idealized model of the kind used
by Emanuel (ibid), which could then be used for an independent
estimate of intensity.

‘We finally note that the maximum wind speed in 21C increases
by 6% for T213 and 8% for T319, which is about the same, 6%,
as was obtained in the study by Knutson and Tuleya (2004) us-
ing a limited area model but with the large-scale conditions from
the coupled model experiment project, CMIP2+. The CMIP2+
experiment uses an assumed increase of greenhouse gases equiv-
alent to 1% annually over 80 yr. The SST at that time for most of
the models were around 2°C higher or slightly less than in this
study. We may thus agree with the conclusions from Knutson
and Tuleya (ibid) that a period of at least some 20 yr may be
required for the possible detection of a genuine intensification
of TC under the A1B scenario. Consequently, under these gen-
eral assumptions, and that we may consider the model results as
credible, the claim that present trends in TC intensification are
caused by climate change are presumably not robust but more
likely due to natural variability.
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11. Appendix A

Storm composites have occasionally been used in the past to
illustrate the typical structure of particular types of storms.
This approach is perhaps most easily applied to TC, for exam-
ple, see Chauvin et al. (2006, their fig. 11) and Frank (1977),
since they are predominately only found in the tropics and
subtropics. The compositing can then be performed on the
latitude—longitude data grid without too much bias associated
with using a cylindrical projection for what are in reality spheri-
cal data. Bias is introduced when using any kind of projection for
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global spherical data since the shape and area of a chosen region
on the projection are not both conserved on the sphere. How-
ever, some storms can still be considered TC as they progress
into the mid-latitudes and it is important to remove bias where
ever possible from the analysis. Rather surprisingly, compositing
on latitude—longitude regions has also been applied to extratrop-
ical storms where it is even more unsuitable unless performed
on a small latitudinal band where the grid distortion may be less
important.

To get around these problems we introduce a method, similar
to that originally used by Frank (1977), for obtaining compos-
ites which works directly on the sphere and so can be applied
anywhere on the sphere without the introduction of bias. This en-
tails defining a radial grid with respect to a spherical cap region
centred on the pole and then rotating this grid to be centred on
the storm centre and sampling the chosen field at the new grid-
points. Working in spherical polar coordinates (9, ¢) we specity
a spherical cap by choosing a value for the arc radius 6,, then
distributing points evenly in (0, 8,) for 8 and (0, 360) for ¢. These
are then converted to 3-D Cartesian vectors (x, y, z) representing
points on the unit sphere. To rotate this grid in a consistent way
to be centred on the storm centres we use the rotation matrix A.

cos¢pcosd —sing cos¢sinf
A = | singcosb cos ¢ sin¢gsinf |, (A1)
—sin6 0 cos 6

where (6, @) here are the co-latitude and longitude of the storm
centre. This is equivalent to a rotation in 6 followed by a rotation
in ¢. So the new grid is centred on a storm centre by applying
X' = AX to each of the radial grid unit vectors. Once the grid
has been centred on a storm centre the unit vectors are converted
back to latitudes and longitudes for sampling the required field.

Fig. Al. Schematic for determining the
radial and tangential winds for a point on the
spherical cap grid.
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The required field is sampled at these new points by inter-
polating the field with B-splines on the original data latitude—
longitude grid and the field values determined on the new storm
centred grid. This is done for all 6 hourly positions along the track
and the fields stored for the compositing. This allows any choice
of composites to be produced without having to re-read the full
data set. Since following the rotation the grid is always orientated
in a consistent way the new values can simply be accumulated
on the new grid to produce the composites. However, for vector
data, such as winds, we want to determine the vector components
relative to the new grid and not the latitude—longitude grid (or
spherical polar coordinates). Hence, for winds this entails deter-
mining the tangential and radial wind components of the wind
vectors relative to the new grid. A schematic of how this is done
is shown in Fig. Al. This shows how the new local coordinate
system consisting of the tangential and radial unit vectors, €, and
€,, are derived from the polar coordinate system of & and &, for
a new gridpoint, represented by the unit vector P, for the new
grid centred on a TC point, represented by the unit vector Pz¢.
The new vector wind components are then obtained from the dot
product of & and €&, with the original wind vector V. Note, the
negative sign for the V component of V is due to V usually being
taken as positive in the northerly direction whereas €, points in
a southerly direction.

This methodology will produce composites that are based on
a consistent orientation of the new grid. However, it is also of
interest to re-orientate the grid with the direction of motion of the
storm to determine the motion dependence of any asymmetries
in the storm structure. This can be done with the application of
Rodrigues’ formula (Goldstein, 1980), for the rotation by the
angle Y about a general axis 7:-

R =cosyXx + (1 — cosy)X - A)A + sinyX x A (A2)
P Ay
” EI= TC X Pc
/
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/ Ry
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this can also be written in vector—matrix form but is perhaps
most easily evaluated in this form. Hence, for 1 = P e this will
rotate our radial grid by the angle v. This angle is determined as
the angle between the two unit tangent vectors for the direction
of the storm and the initial orientation of the grid.
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