Tellus

PUBLISHED BY THE INTERNATIONAL METEOROLOGICAL INSTITUTE IN STOCKHOLM

On the variability of projected tropical cyclone genesis
in GCM ensembles

ByM. CHATTOPADHYAY®* and D. ABBS,

CSIRO Marine & Atmospheric Research, Private Bag 1,

Aspendale, Victoria 3195, Australia

(Manuscript received 30 August 2011; in final form 30 April 2012)

ABSTRACT

The development of projections for changes in the genesis of tropical cyclones (TCs) for a changed climate is
explored in this article using outputs from the Coupled Model Intercomparison Project: Phase 3 (CMIP3)
models. In this study, we explore how the projected change in the genesis frequency of TCs strongly depends
upon the selection of models used in the ensemble. Results from 16 CMIP3 models are analysed and validated
against the National Center for Environmental Prediction (NCEP) and European Centre for Medium Range
Weather forecast re-analysis at 40 km (ERA40) reanalysis and an ensemble mean of TC genesis diagnostics is
calculated using the CMIP3 models. The response of these models to a future climate using the IPCC A2
scenario is also studied in the context of selecting models to calculate an ensemble mean.
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1. Introduction

Tropical cyclones (TCs) are severe weather phenomena
which have a devastating effect in terms of loss of life and
economy and have been identified as the most costly
disaster in the USA by Peterson et al. (2008). An increased
severity of TCs or hurricanes in the North Atlantic for the
past 30 yr has been reported in the literature (Webster et al.,
2005; Emanuel, 2005) with many studies (Trenberth and
Shea 2006; Holland and Webster, 2007) attributing this
change to human-induced global warming. However, this
view has been challenged by others (Landsea, 2007) who
relate the changes to discrepancies in the available
observations. The impact of TCs in the context of future
climate is very important because projection of any change
in the frequency, intensity and location of TCs will help
communities to plan and adapt to future climate. Knutson
et al. (2010) have recently reported that based on theory
and high resolution dynamical modelling, the globally
averaged intensity of TCs will become stronger due to
greenhouse gas (GHGs) warming. They also report a
projected decrease in the globally averaged frequency of
TCs by existing modelling studies. Villarini et al. (2011)
have developed a statistical model to study the change in
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TC frequency due to increases in future GHGs. They
report that the dominant drivers of uncertainty in projec-
tions of tropical storm frequency, intensity and location
over the 2lst-century are internal climate variations and
systematic inter-model differences in the response of sea
surface temperature (SST) patterns to increasing GHGs.
A number of projects have previously studied TCs using
Global Climate Model (GCM) outputs. However, it is
recognised that GCMs have difficulty in representing the
climatology of TCs due to the low resolution of the models
as well as deficiencies in their representation of the char-
acteristics of large-scale drivers such as El Nino Southern
Oscillation (ENSO), the monsoon and the South Pacific
Convergence Zone. To diagnose TC formation, large-scale
environmental factors are used to build empirical indices
that replicate the key features of cyclogenesis. For example,
one of the earliest indices, the Yearly Genesis Parameter
(YGP) (Gray, 1979), has been used in studies by Ryan et al.
(1992) and Watterson et al. (1995). Royer et al. (1998)
showed that the YGP could not be used to address climate
change and refined this index by modifying the thermal
component of the index through the use of convective
precipitation. This convective yearly genesis parameter
(CYGP) has been used recently to address climate change
impacts on TCs in studies by Chauvin et al. (2006) and
Caron and Jones (2008). Emanuel and Nolan (2004) have
proposed the genesis potential index (GPI) which was
developed based on National Center for Environmental
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Prediction (NCEP) reanalysis data. The GPI uses the
concept of potential intensity (Bister and Emanuel, 1998)
to account for thermal conditions. The GPI has been used in
a number of studies to infer cyclogenesis in reanalysis data
as well as in GCMs (e.g. Camargo et al., 2007b).

Vecchi and Soden (2007), Caron and Jones (2008) and
Zhang et al. (2010) have studied the impact of global
warming on TCs in future climate scenarios using outputs
from the Coupled Model Intercomparison Project: Phase 3
(CMIP3) outputs. Vecchi and Soden (2007) analysed the
change in GPI and maximum potential intensity (MPI)
indices for the IPCC SRES A1B scenario while Caron and
Jones (2008) used the CYGP to study its change in three
scenarios, B1, A1B and A2. Zhang et al. (2010) have used
only two models to diagnose the change in GPI for the
late—21st-century climate using results for the A2 scenario
and found an increase in GPI for the Western North Pacific
basin. However, a comparison of the results from Vecchi
and Soden (2007) and Caron and Jones (2008) shows
marked differences in the projected pattern of change for
the TC genesis parameter indices for the A1B scenario as
well as B1 scenario. The difference between the studies may
be attributed to the different indices used in the studies,
different time slices used or to the different model
ensembles used to calculate the projections.

Caron and Jones (2008) used the same periods for the
current and future climates and the same emissions scenario
as the present study; however, they used the CYGP to
calculate genesis. A recent study by Menkes et al. (2012) has
compared four different climate indices, including the GPI
and CYGP. Although the two indices use different para-
meters to calculate cyclogenesis, the underlying principles
used in the calculation of these indices are similar, although
Menkes et al. (2011) found that the mean simulated genesis
numbers exhibit large regional variations which can reach
up to +50%. Chauvin and Royer (2010) have also
compared the differences in the response of GCMs due to
IPCC A2 scenario using both the GPI and CYGP techni-
ques. They found that the overall response of the two indices
for individual models have similar patterns; however, their
magnitudes vary (Chauvin and Royer, 2010; Figs. 2 and 3).
Thus, in this study, we explore how the projected change in
the genesis frequency of TCs is affected by the selection of
models used in the ensembles chosen to represent the late—
20th- and 2l1st-century climates, rather than investigating
the differences due to choice of genesis index. In addition,
Caron and Jones (2008) do not use paired samples in their
calculations of late—20th- and 21st-century climates, thus in
this article we compare the response of the models when
paired and unpaired samples are used.

In this article, outputs from the [IPCC AR4 models have
been analysed to infer cyclogenesis using the GPI for the
20th-century simulations and for the A2 scenario for

the late—21st-century. The A2 scenario was chosen as this
is the most extreme GHG warming scenario for which the
data required to calculate the projected change in GPI were
available. Caron and Jones (2008) used the CYGP to
calculate the projected change in TC genesis for three
scenarios, BI, AIB and A2. Their results show that the
pattern of change remains the same for each of
the scenarios; however, the change becomes stronger as
the scenarios become more extreme.

Four different ensembles were created with different
models for the late—20th- and late—21st-century climates
based on Caron and Jones (2008). Statistical analysis of the
results shows the importance of selecting paired samples
when calculating the difference in GPI between two time
periods. The experimental design, model description and
analysis techniques are detailed in Section 2. In Section 3,
the results from the analysis are presented. This is followed
by discussion and conclusion in Section 4.

2. Data and analysis method

A detailed description of the analysis method and the
models used in this study are described in this section.
The GPI can be expressed as:

GPI = (Vortgs, x 10°)” x (RHy0/50)* x (P1/70)*
X (1 +0.1 X |U200 - U800|)72 (1)

where Gpi_l = (Vortgs, x 1052, Gpi2 = (RH,,/50)*,
Gpi_3 = (P1/70)’ and Gpi4 = (1 + 0.1 X |Uyyy — Usgo])
The term PI is the potential intensity of the cyclonic wind
speed that might be attainable under the given SST and
thermodynamic conditions; it is based on the formulation
of Emanuel (1995) and calculated using the code obtained
from the following link (ftp://texmex.mit.edu/pub/
emanuel/ TCMAX/pcmin_revised.f). The wvariables used
to calculate the PI are SST and pressure and vertical
profiles of temperature and specific humidity. The term
|Usgo — Uggo| 1s the magnitude of the vertical wind shear,
RH7qq is the relative humidity at 700 hPa and Vortgs is the
absolute vorticity at 850 hPa. This index is suitable to use
for the calculation of TC frequencies for future climate as
there are no threshold values used in the calculation of its
thermodynamic component (Camargo et al., 2007a).
Models initially selected for this study were chosen based
upon the availability of daily data with 17 models provid-
ing suitable outputs. However, a comparison of GPI
calculated for individual models using daily outputs
differed from those of Chauvin and Royer (2010). This
was traced to differences in GPI calculated using nine-level
daily data in comparison to that calculated using the 17
levels available for monthly data. Thus, the GPI calcula-
tions used here are based upon the 17-level monthly data



VARIABILITY OF PROJECTED TROPICAL CYCLONE GENESIS 3

fields. Note that although daily outputs were available for
MUIB_ECHO_G, it was not included in this study as
monthly outputs were unavailable for this model.

Twenty years of outputs from 1981 to 2000 were used to
analyse the late—20th-century TC frequency for all 16
models and their ensemble average is compared with a
similar analysis based on NCEP and ERA40 reanalysis
data for the same period. A further 20 yr of data from 2081
to 2100 for the A2 scenario were used to calculate the GPI
for the late—2Ist-century. The projected change in TC
frequency is the difference between the results for 2081—
2100 and 1981-2000.

In order to test the effect of sampling of the GCMs on
the GPI and its change for a future climate scenario, a
number of ensembles were created and are shown in
Table 2. Ensemble E-I uses a single realisation from all
16 models as stated in Table 1 to calculate the GPI for both
scenarios 20c3m and A2. Ensemble E-II comprises the
same models used in the study by Caron and Jones (2008).
Note that E-II does not have all the models included in E-I,
it uses multiple realisations of some models in the
20th-century and it uses a different set of models for
scenario A2. Specifically, scenario 20c3m uses three realisa-
tions for ECHAMS5, GFDL-CM-2.0, GFDL-CM-2.1 and
MRI_CGCM2 and two realisations for HADGEM!1 while
scenario A2 considers two realisations for ECHAMS and
MRI_CGCM2 and none for MIROC _MEDRES and
CCCMA. In order to treat the models with multiple
realisations with the same weighting as the models with a
single realisation, an ensemble mean GPI of the models
with multiple realisations is used to create Ensemble E-I11.
All members of the ensemble are paired except CCMA and
MIROC_MEDRES which do not have any representation

in Scenario A2. For Ensemble E-IV, the models which do
not have their corresponding representative in the
21st-century have been excluded from the current climate.
Hence, CCCMA and MIROC _MEDRES are excluded
from the Scenario 20c3m as they do not have any
representation in Scenario A2. Ensemble E-V is created
using the same set of models as E-I, but a mean GPI is used
for the models belonging to the same family (e.g. CSIRO-
Mk3.0 and CSIRO-Mk3.5, GFDL-CM-2.0 and GFDL-
CM-2.1 and UKMO-HadCM3 and UKMO-HadGEM1).

3. Results and discussion

The GPI is calculated for all 16 GCMs as listed in Table 2
(E-I) using their monthly averaged data. The monthly
values were used to calculate four seasonal averages of
GPI (January—February—March, April-May—June, July—
August—September and October—November—December)
and these seasonal averages combined to create an annual
average GPI. The annual ensemble average of GPI for E-I
and the GPI calculated from NCEP and ERA40 reanalysis
data are shown in Fig. 1.

The E-I mean of GPI has similar spatial features when
compared against NCEP and ERA40 reanalysis; however,
there is significant variation between the models in the
values of the GPI as shown by the standard deviation (SD)
of the GPI shown in Fig. 1d and the coefficient of variation
(COV) shown in Fig. le. The difference in the values of GPI
between the ERA40 and NCEP reanalyses is likely due to a
dry bias in the NCEP relative humidity term which has been
noted in studies, such as Bony et al. (1997) and Dessler and
Davis (2010). The regions of cyclogenesis in the western
North Pacific and Atlantic are similar for the GCM

Table 1. List of the 16 GCMs used in the analysis of GPI for the late—20th and 21st-century

Model Abbreviation Country of origin Reference
BCCR-BCM2.0 BCCR Norway Furevik et al. (2003)
CGCM3.1 CCCMA Canada Flato et al. (2000)
CNRM-CM3 CNRM France Salas-Melia et al. (2005)
CSIRO-Mk3.0 CSIRO_Mk_3.0 Australia Gordon et al. (2002)
CSIRO-MK3.5 CSIRO_Mk_3.5 Australia Gordon et al. (2002)
ECHAMS5-MPI ECHAMS Germany Roeckner et al. (2003)
GFDL-CM2.0 GFDL2.0 USA Delworth et al. (2006)
GFDL-CM2.1 GFDL2.1 USA Delworth et al. (2006)
GISS-MODEL-ER GISS_ER USA Schmidt et al. (2006)
UKMO-HadCM3 HadCM3 UK Johns et al. (2004)
UKMO-HadGEM 1 HadGEM1 UK Johns et al. (2004)
INGV-ECHAM4 ECHAM4 Ttaly Roeckner et al. (2003)
INMCM3 INMCM3 Russia Galin et al. (2003)
IPSL-CM4 IPSL France Marti et al. (2005)
MIROC-medres MIROC Japan K-1 Model developers (2004)
MRI-CGCM2.3.2 MRI Japan Yukimoto and Noda (2003)
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Table 2. List of GCMs used in the construction of various ensembles for the current climate and IPCC AR4 A2 scenario and ensemble

names
Scenario 20c3m Scenario A2
Model EI EII EIIT EIV EV EI EII EIII EIV EV
BCCR 1 1 1 1 1 1 1 1 1 1
CCCMA 1 1 1 0 1 1 0 0 0 1
CNRM 1 1 1 1
CSIRO3.5 1 1 1 1 Mean 1 1 1 1 Mean
CSIRO3.0 1 1
ECHAMS5 1 Mean Mean 1 1 2 Mean Mean 1
GFDL2.0 1 Mean Mean Mean 1 1 1 1 Mean
GFDL2.1 1 3 Mean Mean 1 1 1 1
GISS-ER 1 1 1 1
MIROC 1 1 1 0 1 1 0 0 0 1
MRI 1 3 Mean Mean 1 1 2 Mean Mean 1
HadGEM1 1 2 Mean Mean Mean 1 1 1 1 Mean
HadCM3 1 1
ECHAM4 1 1 1 1
INMCM3 1 1 1 1
IPSL 1 1 1 1
Total 16 18 9 7 13 16 9 7 7 13

ensemble, NCEP reanalysis and ERA40 reanalysis; how- reanalysis datasets. However, the magnitude of the GPI is
ever, the basin average values of GPI in the western North very different for all three cases in the South Pacific;
Pacific region is approximately 28 for the ERA40 reanalysis ERAA40 shows a basin average value of approximately 26,
and approximately 24 for both NCEP and E-I. In the the NCEP reanalysis has a value of approximately 22 and

Southern Hemisphere, similar patterns of cyclogenesis are E-I a has a value of approximately 24.
evident for three cases. The region of enhanced cyclogenesis The GPI in all 16 models in E-I have very different
near the South Pacific Convergence Zone is well simulated magnitudes but have similar genesis regions. This feature

by the model ensemble when compared to the two can be observed in the E-I SD as shown in Fig. 1d.
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Fig. 1.  Annual mean GPI for the late—20th-century climate: (a) ERA40 reanalysis, (b) NCEP reanalysis, (c) GPI: E-I mean, (d) E-I SD
and (e) the COV of GPI for E-I. Units for (a)—(d) are number of cyclogenesis per 2.5° per 20 yr.
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of E-I.

The COV between the models is largest in Central Pacific,
North Atlantic and South Pacific basins as shown in Fig. le
and noted by Yokoi et al. (2009), Zhang et al. (2010) and
Camargo et al. (2007b). Emanuel et al. (2008) illustrated
that the models have differences in the mean temperature
and humidity profiles which depend on their respective
convection schemes and these also differ from observa-
tions. These differences affect the magnitude of the GPI
which was originally formulated based on NCEP reanalysis

Annual change in GPI for the late-21st-century (2081-2100 minus 1981-2000) for the A2 scenario for the 16 CMIP3 models

data. Yokoi et al. (2009) have therefore argued that the
focus should be on the horizontal distribution of the GPI
rather than its magnitude.

In order to estimate the inter-model difference in GPI,
the annual mean of the four components of GPI are
calculated for seven ocean basins (North Atlantic, North
East Pacific, North West Pacific, Indian Ocean, South
Indian Ocean, Western Australia and South Pacific). The
values for the individual basins are added and shown in
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Fig. 3.

(a) Ensemble average of annual change in GPI for the late—21st-century (2081-2100 minus 1981-2000) for E-I for the A2

scenario with contours showing where 75% of models agree on the sign of change, and (b) normalised change for this same period.
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Table 3. Annual GPI is the product of the four compo-
nents. The COV shows that GPI_3 which represents the
MPI component, has the largest value followed by GPI_2
which represents the relative humidity component. These
two components have the largest contribution to the
variability of GPI which has a COV value of 0.5.

A similar analysis for E-I was carried out for a future
climate scenario based on the A2 scenario for 2081-2100
(figure not shown). Similar to the current climate results,
there is a lot of variability amongst the models especially in
the Western North Pacific and South Pacific regions. The
difference between the late—21st-century climate (2081-
2100) and late—20th-century climate (1981-2000) is calcu-
lated for all the models in E-I and is shown in Fig. 2. There
are significant differences in the climate change response of
GPI for the models in E-1. This is true, especially over the
Central Pacific, South Pacific and Western Australia basins
where some models show an increase in the GPI while the
others show a decrease.

The ensemble mean change in the GPI for future climate,
shown in Fig. 3a, shows that, on average, there is an overall
increase in GPI in the North Central Pacific and an overall
decrease in the East Pacific, North Atlantic and Central
South Pacific basins. Of the models, 75% or more agree on
the area of decrease in the GPI over the East Pacific, North
Atlantic and Central South Pacific basins (Biasutti and
Giannini, 2006). The large area of increase in GPI
projected for the North Central Pacific is not consistent
across models with less than 75% of models projecting an
increase for this region. It should be noted that our region

of inter-model agreement differ from those of Caron and
Jones (2008) due to different samples used in the two
studies. The change in GPI was normalised by dividing the
change in GPI by its late—20th-century value. The normal-
ised change, shown in Fig. 3b, demonstrates that the largest
relative changes as projected by more than 75% of models
are found in the Central South Pacific and Northern Indian
Oceans.

In an effort to understand the effect of using different
models to build various ensembles, the analysis was
repeated using the same ensemble members as reported
by Caron and Jones (2008) for 1981-2000 and 2081-2100
and defined as E-II in Table 2. It should be noted that the
Caron and Jones (2008) study used a 1981-2000 climate
ensemble of 18 members drawn from nine models and a
2081-2100 climate ensemble of nine members drawn from
seven models. In addition, they weighted the models so that
the late—20th-century global mean value of GPI was 85.
The GPI for the late—20th-century climate is calculated
from the list of models in Table 2 for E-II, E-III, E-IV and
E-V. Difference between the ensembles and E-I shows that
model mean GPI values are significantly different from
each other for the late—20th-century climate as shown in
Fig. 4. All ensembles have higher values of GPI compared
with E-I except E-V. Differences in the mean GPI for E-I1,
E-IIT and E-IV are significantly different from E-I as
defined by the 95% significance values from a #-test
(Fig. 4). The differences are strongest in the East and
West Pacific, North Atlantic and South Pacific basins. The
strongest difference is seen between E-II and E-I; however,

Table 3. Annual mean of the GPI and its four components, added over seven ocean basins

Model Gpi_l Gpi_2 Gpi_3 Gpi_4 Gpi
BCCR_BCM2 20.8 2.3 1.58 0.55 40.51
CCCMA 20.3 1.8 2.08 0.53 39.47
CNRM 20.6 2.4 1.31 0.55 35.43
CSIRO3.0 20.1 2.4 0.89 0.55 23.31
CSIRO3.5 20.2 2.4 1.01 0.53 24.24
ECHAMS 20.6 3.6 2.77 0.58 116.66
GFDL2.0 19.9 2.6 1.53 0.55 42.97
GFDL2.1 20.2 2.7 1.36 0.58 42.24
GISS_E-R 19.7 2.9 1.06 0.59 35.77
MIROC 19.7 2.9 1.50 0.52 45.04
MRI 20.4 2.0 1.75 0.56 40.81
HADGEMI 20.5 2.0 1.35 0.56 31.41
HADCM3 20.5 2.5 1.83 0.53 49.84
ECHAM4 20.9 2.3 1.95 0.62 59.18
INMCM3 20.5 1.5 1.68 0.61 30.82
IPSL 19.3 2.6 1.32 0.52 34.43
Coefficient of variation 0.02 0.2 0.3 0.05 0.5

Values are presented for all models.
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show values which are 95% significant.

it may not be desirable to calculate the mean with the list of
models defined as E-II, as more weight is given to the
models which have more than one realisation. This process
over-emphasises the features of a particular model which
has more realisations over the ones which have only one.
Examination of these results shows that the change in
sample size, together with choice of the samples, has a large
impact on the resultant value of the GPI for the late—20th-
century climate.

Next, we investigate the impact of changing sample
members on the projected change in GPI. The projected
change in GPI for the late—21st-century A2 scenario is
calculated for E-1I, E-III and E-IV and the results are shown
in Fig. 5. Black contours show where the change in GPI for
E-I1, E-III, E-IV and E-V are significantly different from E-
I. The projected changes show spatial patterns that are
qualitatively similar to each other; however, the magnitudes
are different in each ocean basin, consistent with the results
shown in Fig. 4. As for the current climate, the choice of the
sample models for the late—21st-century climate also
impacts the resultant projections of GPI change.
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Late—20th-century difference in GPI between (a) E-II and E-I, (b) E-III and E-I, (c) E-IV and E-I and (d) E-V and E-I. Contours

In comparison with E-I, the projected change in GPI for
E-II shows a large and extensive increase in the GPI in the
Central Pacific (Fig. 5a) and a projected decrease in GPI to
the North and West of Australia. The projected change in
E-II for North Western Australia is now of opposite sign to
that calculated in E-I. The projected change in GPI
calculated for E-III is similar to that from E-II but
produces smaller decreases in GPI change for the North
Atlantic. The pattern of GPI change for E-IV differs from
that for E-III but is similar to E-I in most regions except
the North West Pacific in the region close to Japan and the
Philippines and in North West Australia. The magnitude of
projected change in GPI for the North West and North
Central Pacific is lower in E-IV compared with both E-II
and E-III.

The purpose of Ensemble E-V was to investigate the
impact of subsampling the models in E-I which belong to
the same family. In other words, the models from the same
family are identified in E-I and are: CSIRO-Mk3.0 and 3.5,
GFDL-CM2.0 and 2.1 and UK.HadCM3 and UK.Had-
GEMI1. An examination of the GPI changes (Fig. 2) for
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Fig. 5.
which are 95% significantly different from E-I.
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Change in mean GPI between late—21st- and 20th-century climate (a) E-II, (b) E-II1, (c) E-IV and (d) E-V. Contours show values
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each of these models showed that there is a marked
similarity between the projected patterns of change for
models from the same family. The analysis of Masson and
Knutti (2011) indicates that these models are similar to
each other and cluster together. Hence, the change in GPI
between the late—20th- and 21st-century climates is calcu-
lated using the mean change in GPI for the GFDL, CSIRO
and UK Hadley Centre families of models. Based on
naming, INGV-ECHAM4 and MPI ECHAMS appear to
be from the same family; however, the analysis of Masson
and Knutti (2011) identified considerable differences be-
tween the models, and so they are considered to be
independent samples for this case. The projected pattern
and magnitude of change in GPI for ensemble E-V is very
similar to that of E-I.

It can therefore be inferred from the results of Fig. 5 that
the projected ensemble mean change in the GPI for the
future climate scenario is dependent upon the sample of
models chosen to make up the current and future climate
ensembles. Thus, the choice of the models in an ensemble is
very important in determining the result. It has the capacity
to generate results which might contradict each other if not
undertaken cautiously.

It has previously been noted (Fig. 2) that the change in
GPI shows considerable variability between models. Some
models, for instance IPSL-CM4 and MRI-CGCM2, show
strong overall positive change in GPI for late—21st-century,
whereas MIROC-medres, GISS E R and INGV-EC-
HAM4 show an overall decrease. Thus, the difference in
the median of GPI may be the best indicator of the
projected change in GPI for each ensemble. Results based
on the median are shown in Fig. 6.

The results shown in Fig. 6 are similar in their overall
features compared with the mean change shown in Fig. 5.
The median change in GPI for late—21st-century climate
for ensemble E-I and E-V are very similar; however, E-I
shows a larger region of increase in GPI in the North
Central Pacific compared with E-V. Hence, in this case, the
median change in the GPI does not show significant
differences when models belonging to the same family are
considered to have a single realisation. In some regions,

such as the North West Pacific near Japan and the North
East Pacific, the signs of projected changes vary from E-I
(paired samples) to E-II (unpaired samples), highlighting
the importance of using paired samples in analysis. The
median patterns of change in the GPI for all ensembles are
similar to the patterns of change in the mean, although the
magnitudes differ. Ensembles E-II, E-III and E-IV show
the largest projected increase in GPI in the Northern
Hemisphere. All ensembles show a decrease in the median
GPI for the Central South Pacific. The main differences
between the two methods occur in the region off North-
Western Australia. In this region, the median pattern of
change is for little change to increases in GPI for the late—
21st-century, while the mean pattern of change shows
results ranging from a decrease in GPI (EI and EII) to an
increase in GPIL.

It can therefore be concluded from these results that the
projected change in the GPI is sensitive to the choice of
models used to define the late—20th-century and the late—
21st-century mean climates. After ensuring that paired
samples were used for both current and future climates, our
results show that the projected change in GPI is for a
moderate increase over the Central North Pacific, North
Indian and South Indian basins and a decrease over the
North Atlantic, North East Pacific, North West Pacific and
South Pacific basins.

4. Conclusion

The GPI of Emanuel and Nolan (2004) was applied to 16
GCMs from the CMIP3 models to study their ability to
infer TC genesis in the current climate and to identify the
change in GPI in a future climate based on the IPCC SRES
A2 scenario. It was found that although the models were
successful in simulating the TC genesis area when com-
pared against NCEP and ERA40 reanalysis data, most of
the models underestimated the magnitude of the GPI
compared with that calculated from the ERA40 reanalysis
and showed similar magnitudes to that calculated from the
NCEP reanalysis.

Fig. 6.

4 5 6

Change in median GPI between late—21st- and 20th-century climate (a) E-1, (b) E-1I, (c) E-111, (d) E-IV and (e) E-V.
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The change in the GPI for the late—21st-century based on
IPCC SRES A2 scenario was also calculated. The models
showed considerable variability in their climate change
response to the differences in GPI, especially over the
Central Pacific and the South Pacific basins. The ensemble
mean from all models showed moderate increase over the
Central North Pacific, North Indian and South Indian
basins and a decrease over the North Atlantic, North East
Pacific, North West Pacific and South Pacific basins.

The focus of this study has been to investigate the
impact of sampling on the development of projections for
changes in tropical cyclogenesis as inferred through the
GPI. Since there is considerable inter-model variability in
the climate change response to the GPI, the models
selected have the potential to be extremely important in
the development of these projections. Thus, five ensembles
were considered with the composition of the ensembles
designed to investigate the use of paired versus unpaired
samples and the impact of using multiple models from the
same family.

When the GPI analysis was repeated using different
ensemble members, the magnitude of the change was found
to vary significantly. Ensemble E-II (based on Caron and
Jones, 2008) used multiple realisations from five models for
its late—20th-century climate; however, its 21st-century
climate did not have representation for two models and
had multiple realisations for two other models; hence, E-11
has 18 models for its late—20th-century climate and 9
models for its 21st-century climate. The projected change in
GPI for E-II shows a large and extensive increase in the
GPI in the Central Pacific (Fig. 5a) and a projected
decrease in GPI to the North and West of Australia.
Importantly, the projected change in E-1I for some regions
is now of opposite sign to that calculated in E-I. These
changes, using unpaired samples, are significantly different
from those of E-I which used paired samples.

Ensembles E-III and E-IV use the models of E-II but
transition towards paired samples. Ensemble E-I1I uses the
same models as E-II for both the late—20th and 21st-
century climate, but a mean GPI is calculated for the
models with multiple realisations. Hence, E-III has nine
models for the late—20th-century climate and seven models
for the late—21st-century climate. The projected change in
GPI calculated for E-III is similar to that from E-II but
produces smaller decreases in GPI change for the North
Atlantic which are shown in Fig. 5b.

Ensemble E-IV is similar to E-III; however, the models
that do not have a representation in the 2lst-century
climate have been eliminated from the 20th-century climate
calculations. It has paired samples of seven models in both
late—20th- and 21st-century climates. Although E-IV has
paired samples, the number of samples are less than half
compared with E-I. The pattern of GPI change for E-IV

differs from that for E-III but is similar to E-I in most
regions as shown in Fig. 5c.

Ensemble E-V consists of the same models as E-I, but a
mean GPI is calculated for the models belonging to the
same family. E-V has paired samples of 13 models in its
late—20th- and 2l1st-century climate. The magnitude of
projected change in GPI for the North West and North
Central Pacific is lower in E-IV compared with both E-II
and E-III. E-V is not significantly different to E-I.

We therefore conclude that it may not be desirable to
calculate the mean of a model ensemble when a subset of
models has more than one realisation compared with the
others. This process over-emphasises the features of a
particular model with more realisations over that of the
others. It is therefore essential to select individual members
of an ensemble cautiously as this has the capacity to alter
the results.

After ensuring that paired samples were used for both
current and future climates, our results show that the
projected changes in GPI are for an increase in GPI over
the Central North Pacific, North Indian and South Indian
basins and a decrease over the North Atlantic, North East
Pacific, North West Pacific and South Pacific basins.
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