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ABSTRACT

A tropical cyclone—permitting global atmospheric model is used to explore the hurricane frequency
response to sea surface temperature (SST) anomalies generated by coupled models for the late-twenty-first
century. Results are presented for SST anomalies averaged over 18 models as well as from 8 individual
models. For each basin, there exists large intermodel spread in the magnitude and even the sign of the
frequency response among the different SST projections. These sizable variations in response are explored
to understand features of SST distributions that are important for the basin-wide hurricane responses. In
the North Atlantic, the eastern Pacific, and the southern Indian basins, most (72%-86%) of the intermodel
variance in storm frequency response can be explained by a simple relative SST index defined as a basin’s
storm development region SST minus the tropical mean SST. The explained variance is significantly lower
in the South Pacific (48%) and much lower in the western Pacific basin (27%). Several atmospheric pa-
rameters are utilized to probe changes in tropical atmospheric circulation and thermodynamical properties
relevant to storm genesis in the model. While all present strong correlation to storm response in some
basins, a parameter-measuring tropospheric convective mass flux stands out as skillful in explaining the
simulated differences for all basins. Globally, in addition to a modest reduction of total storm frequency,
the simulations exhibit a small, but robust eastward and poleward migration of genesis frequency in both
the North Pacific and the North Atlantic Oceans. This eastward migration of storms can also be explained
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TC-Permitting GCM Simulations of Hurricane Frequency Response to Sea Surface

by changes in convection.

1. Introduction

What controls the global number and distribution of
tropical cyclones (TC) and how might these change with
changing climate? The large range of spatial and tem-
porary scales associated with the physical and dynamical
processes of TC genesis makes simple theories difficult
(e.g., Emanuel 2008; Dunkerton et al. 2009). Recent
studies using global climate models (GCM) offer a prom-
ising approach toward answering these questions (e.g.,
Sugi et al. 2002; McDonald et al. 2005; Yoshimura et al.
2006; Oouchi et al. 2006; Chauvin et al. 2006; Bengtsson
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et al. 2007; Gualdi et al. 2008; LaRow et al. 2008; Zhao
et al. 2009, hereafter ZHLV; Sugi et al. 2009; Held and
Zhao 2011; Murakami et al. 2012). See Knutson et al.
(2010) for a recent review. Despite still relatively coarse
spatial resolution (20-100 km), these new atmospheric
GCMs (AGCMs) permit a direct simulation of the gen-
eration of TC-like vortices with tropical storm and hur-
ricane strength. When forced by the observed sea surface
temperature (SST) distribution the models have demon-
strated their ability in reproducing many features of TC
frequency variability for the past few decades during which
reliable observational data are available (e.g., ZHLV).
These include the global geographical distribution, sea-
sonal cycle, and interannual variability as well as decadal
trend of storm frequency for multiple ocean basins.
When forced by the greenhouse gas-warmed SSTs (as
well as the corresponding increase of concentration of
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atmospheric CO,) projected by the coupled climate
models, these TC-permitting AGCMs generally produce
a reduction of total global number of TCs with a shift of
the intensity probability distribution toward higher in-
tensities (e.g., Yoshimura et al. 2006; Oouchi et al. 2006;
Bengtsson et al. 2007; ZHLV; Sugi et al. 2009; Held and
Zhao 2011). Furthermore, when the total greenhouse gas
effects are broken down into the effect of increasing SST
with fixed CO, and the effect of increasing CO, with fixed
SSTs, Yoshimura and Sugi (2005) and Held and Zhao
(2011) find that a significant fraction of the reduction in
globally averaged TC frequency is due to the effect of
the CO, increase with fixed SSTs.

Compared to the response of global mean TC fre-
quency, the regional change of TCs, especially those of
hurricane or major hurricane intensity may be of more
societal interest. ZHLYV investigated basin-wide hurri-
cane frequency response to four different SST anoma-
lies generated by coupled models in the Third Coupled
Model Intercomparison Project (CMIP3) archive (Meehl
et al. 2007) for the late-twenty-first century based on the
A1B scenario. The SST anomalies were obtained from
single realizations of three models and from the ensemble
mean for the simulations for 18 models." ZHLV found
that despite the robust reduction of global mean fre-
quency, the response of hurricane frequency in individual
basins differ among the simulations. In particular, the
response of the North Atlantic hurricane frequency scales
with a relative SST index, which measures the relative
warming of tropical Atlantic SST with respect to other
ocean basins, is consistent with Swanson (2008) and
Vecchi et al. (2008).

To what extent does the concept of relative SST
controlling TC frequency apply for other ocean basins?
What are the atmospheric mechanisms that translate
these SSTs into processes that directly control the re-
sponse of basin-wide hurricane activity to global warm-
ing in other basins? In this study, we further explore these
questions by pursuing six additional global warming ex-
periments. The increased number (now a total of 10) of

1 As described in ZHLV, we compute the multimodel ensemble
mean SST anomaly by differencing the period 2081-2100 and the
period 2001-20 from the A1B simulations in the CMIP3 archive.
For each of the individual models, we use one realization (run 1 in
the CMIP3 archive) to compute the 2001-2100 linear trend. The
linear trend is then multiplied by 0.8 so that it is consistent in
magnitude with the 80-yr period (2010-90) used for the multimodel
ensemble mean. The use of a century-scale linear trend instead of
the difference between the two end periods helps reduce the con-
tribution of internal variability in the individual models since only
one realization is used for each model. For the ensemble mean,
it makes little difference whether one uses the difference or the
trend.
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warming experiments allows us to better define the un-
certainty for future projections, and a sizable intermodel
variation in storm response permits a better identifica-
tion of the environmental factors that are important for
storm genesis in the model. Five of the new experi-
ments are analogous to those in ZHLV except using SST
anomalies from additional coupled models.

While our initial model selections focused primarily
on increasing the range of variation in the projected
relative warming of SSTs in the North Atlantic, this set
of models is also sufficient in representing the CMIP3
ensemble spread of relative SST in other ocean basins
(as can be seen from Fig. B1 in appendix B). In addition
to these coupled model projections, we have also per-
formed a simple experiment with the control SST uni-
formly warmed by 2 K (hereafter P2K). In all cases,
including P2K, we also double the concentration of CO,
in the atmosphere, a change consistent with that im-
posed over the twenty-first century in the A1B experi-
ments. A list of the SST warming anomalies including
their ID numbers (0-9, used in figures), acronyms, and
the descriptions of the corresponding modeling groups is
provided in appendix A.

The model used in this study is identical to that uti-
lized in ZHLV. It employs a finite-volume dynamical
core with a cubed-sphere grid topology (Putman and Lin
2007). Each face of the cube comprises 180 X 180 grid
points, resulting in grid size ranging from 43.5 to 61.6 km.
The model has 32 vertical levels and uses a modified
version of the moist convection scheme of Bretherton
et al. (2004) for both shallow and deep convection. More
details of the numerics and physics of this model are
provided by ZHLYV and the (Geophysical Fluid Dynamics
Laboratory) GFDL Global Atmospheric Model Devel-
opment Team (2004).

The storm detection and tracking algorithm is de-
scribed by ZHLV. As in ZHLV, we focus on TCs with
near-surface (lowest model level, 35 m) wind speed reach-
ing hurricane intensity (33 m s~ ). The term “hurricanes”
is used here in all basins for convenience. The definition of
the ocean basins and naming conventions (North Atlantic,
eastern Pacific, western Pacific, northern Indian, south-
ern Indian, and South Pacific) follows the International
Best Track Archive for Climate Stewardship [IBTrACS;
Knapp et al. (2010), http://www.ncdc.noaa.gov/oa/ibtracs/|.
A storm is assigned to an ocean basin based on its
genesis location (the first location identified by the TC
detection and tracking algorithm).

As described in ZHLV, we first generate a control
simulation by prescribing the climatological SSTs (sea-
sonally varying with no interannual variability) using
time-averaged (1982-2005) Hadley Centre Global Sea Ice
and Sea Surface Temperature (HadISST) data (Rayner
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TABLE 1. A comparison of annual count of hurricanes and TCs
(values in parentheses) for each basin between the model control
simulation and the IBTrACS observations (1982-2005).

Basin CNTL IBTrACS
North Atlantic 5.6 (12.0) 6.4 (11.8)
Eastern Pacific 9.6 (23.5) 9.8 (20.4)
Western Pacific 22.2 (36.5) 16.3 (34.3)
Northern Indian 2.1(6.7) 1.2 (7.2)
Southern Indian 9.1 (20.7) 8.5 (19.0)
South Pacific 5.7 (13.7) 5.6 (13.0)

et al. 2003). Table 1 provides a comparison of annual
count of hurricanes and TCs for each basin between the
model control simulation and the IBTrACS observa-
tions for the period 1982-2005. Both the geographical
distribution of the mean numbers and the seasonal cycle
(see Fig. 5 in ZHLV) at each basin compare well with
the IBTrACS observations.

For the global warming experiments, we add the SST
warming anomalies (also seasonally varying with no
interannual variability) projected by the coupled models
to the climatological SSTs and double the concentration
of CO; in the atmosphere. The control experiment was
integrated for 20 years while most of the warming ex-
periments were carried out for 10 years because of the
constraint of computer time. We have selected a few
warming experiments [ENSEMBLE, P2K, and the Geo-
physical Fluid Dynamics Laboratory Climate Model
version 2.0 (GFDL-CM2.1)] for 20-yr integration to test
for sensitivity to integration length. In general, we do
not find substantial differences for basin-wide mean fre-
quency between the 10- and 20-yr statistics. We use the
20-yr averages for the cases available in the results de-
scribed below.

2. Results

The response of hurricane frequency in each of the six
ocean basins is shown in Fig. 1. We show the fractional
changes in annual count from all 10 warming experi-
ments. The 90% confidence interval is also shown for
each result in the figure, assuming normal distributions
and considering each year as an independent sample. In
the North Atlantic, five of the models produce a signi-
ficant reduction with the two Hadley Centre models
generating the largest diminishment [—51% for the third
climate configuration of the Met Office Unified Model
(HADCM3) and —84% for the Hadley Centre Global
Environmental Model version 1 (HADGEM1)]. In con-
trast, the ECHAMS model produces a modest increase
(20%-25%) of hurricanes with the rest presenting small
changes whose sign cannot be determined with high
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confidence. If we consider all TCs (including all storms
with near-surface wind speed greater than 17 m s '),
none of the models produce an increase, indicating that
the increase in hurricanes in some of the models is due to
the fact that the effect of the shift of the storm intensity
distribution toward higher values exceeds the effect of
the reduction in total number of TCs upon warming
(Zhao and Held 2010). For hurricanes and for all TCs
there exists a large intermodel spread (standard devia-
tion of fractional changes of ~0.35) in the magnitude of
the response to warming in the North Atlantic.

In the eastern Pacific, five of the models produce a
significant increase with the two Hadley Centre models
(HADCM3 and HADGEM1) producing the sharpest
rise (~120%). Only one model (GFDL-CM2.1) produces
a significant reduction (—34%) with the other three
models generating relatively small and insignificant
changes. There is a negative correlation (r = —0.58) be-
tween the response of hurricanes in the eastern Pacific
and that in the North Atlantic among the simulations. All
of the five models producing declining hurricanes in the
North Atlantic give rise to growth in the eastern Pacific.
Compared to that in the North Atlantic, the variation in
storm frequency response to warming is even larger
in the eastern Pacific with a standard deviation of 0.5 in
the fractional changes among the simulations.

In comparison to the North Atlantic and the eastern
Pacific basins, there is more agreement among the models
on the sign of change in hurricane frequency in the
western Pacific. A total of 9 out of the 10 models produce
a significant reduction with only 1 model (GFDL CM2.1)
generating a small increase (~8%). The largest decline is
roughly —50% from the ECHAMS model. The standard
deviation in the fractional change of hurricane frequency
in this basin is 0.16, roughly half of that in the North
Atlantic.

The results for the northern Indian Ocean show much
larger error bars, resulting from there being few storms
(~2 hurricanes per year) and yet considerable year-to-
year variability in this basin. Much longer integrations
would be needed to obtain more stable statistics for this
basin. Because of this, we will neglect further discussion
of the results for the northern Indian Ocean.

For both the southern Indian and the South Pacific
basins, none of the models produce a significant increase
in hurricanes. Most of them generate a significant re-
duction with a few displaying small and insignificant
changes. Despite this, the magnitude in reduction among
the models still varies substantially with a standard de-
viation about 0.18 in the fractional change for both
basins. This level of variation is similar to that in the
western Pacific, but smaller than that in the North
Atlantic and the eastern Pacific basins.
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FIG. 1. Fractional changes in annual hurricane count for the (a) North Atlantic, (b) eastern
Pacific, (c) western Pacific, (d) northern Indian, (e) southern Indian, and (f) South Pacific
Oceans from 10 (0-9; see appendix A) SST warming experiments and the control experiment.
Error bars show the 90% confidence interval; the legend shows the standard deviation of

fractional changes across the models.

In general, the results in Fig. 1 reveal large uncer-
tainties in future projections of the magnitude and (for
some basins) even the sign of the response in basin-wide
hurricane frequency, using a single atmospheric model.
This large intermodel spread is entirely due to the dif-
ferences in the projected SST warming anomaly since
that is the only forcing parameter varying among the
simulations. SST has long been recognized as important
for storm genesis. Recent studies suggest that an index
of relative SST [the SST in the tropical Atlantic’s Main
Development Region (MDR) minus the tropical mean
SST] correlates well with the basin’s storm activity and
it is a more relevant quantity for controlling storm fluc-
tuations in the North Atlantic than the local SST in iso-
lation (Swanson 2008; Vecchi et al. 2008). Relative SSTs
have also been utilized for hurricane seasonal forecast in

the North Atlantic (Zhao et al. 2010; Vecchi et al. 2011).
The notion of relative SSTs has especially important
implications in the projections of regional change of
storm activities with global warming because both local
North Atlantic and global mean SSTs are expected to
rise substantially but the relative SST may or may not
increase (Vecchi et al. 2008). Indeed, the results of recent
TC-permitting high-resolution model simulations of North
Atlantic storms support the notion that relative SST is
a good predictor of twenty-first century TC projections
(e.g., Knutson et al. 2008; ZHLV).

To what extent does this simple index of relative SST
apply for other ocean basins? Physical arguments for
relative SST emphasize its impact on the atmospheric
instability and/or potential intensity (e.g., Vecchi and
Soden 2007). This is because the atmospheric boundary
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layer entropy is tied to local SST while the free tropo-
spheric entropy is also strongly affected by remote ocean
SSTs due to the small Coriolis force and the resulting
weak temperature gradient in the tropical free tropo-
sphere (e.g., Sobel et al. 2002; Chiang and Sobel 2002).
However, it is also well known that TC genesis depends
sensitively on many other environmental factors such as
the atmospheric vertical wind shear, middle troposphere
moisture, and lower-level vorticity. It is not clear how
these are affected by the spatial distribution of SSTs.
Below we investigate the extent to which our simulated
differences in hurricane frequency response may be ex-
plained by a simple relative SST index.

In the following analysis, we first compute monthly
storm genesis frequency over each 4 X 5 (latitude-
longitude) grid box and obtain a climatological storm
genesis function G(x, y, m) (x = longitude, y = latitude,
m = 1, 12) from the control simulation. To avoid an
arbitrary choice for the temporal (months) and spatial
(latitude-longitude) boundaries in the definition of an
aggregated relative SST index (RSST) in each basin,
we weight local RSST(x, y, m) (SST minus tropical mean
SST) at each grid box (x, y) by G(x, y, m) to obtain an
annual mean and then we compute the index by a spatial
average over all grid boxes where any TC genesis occurs
within an ocean basin in the control simulation. The
genesis weighting over the 12 months provides a sim-
ple and objective way of defining the index at the most
relevant times of year.

Figure 2 shows scatterplots of the fractional changes
in annual hurricane count versus changes in RSST for
five ocean basins. In the North Atlantic, all model results
fall close to a straight line, with a correlation coefficient
of about 0.93 and a slope roughly 120% K ! (equivalent
to 7 ~ 8 hurricanes per year per kelvin). The deep drop
of hurricanes in the UK HADGEM1 model is associ-
ated with distinct decrease of RSST. Both the level of
correlation and the slope of the linear regression are
consistent with that in ZHLV (see their Fig. 16) where
results of four SST warming anomaly experiments as
well as the present-day (1981-2005) simulations are
shown. In the east Pacific, all models except the GFDL-
CM2.1 also collapse well along a straight line, with
correlation coefficient of 0.85 over all models and a slope
of roughly ~130% K ! (equivalent to ~12 hurricanes per
year per kelvin). The sharp increase of eastern Pacific
storms in the two Hadley Centre models is again well
predicted by the distinct rise of RSST in the eastern Pacific.
In both the North Atlantic and the eastern Pacific, the level
of correlation and the slope of dependence on RSST are
close to the observed values from interannual variability
shown in Zhao et al. (2010) where the model is used to
study hurricane seasonal forecasts. Note that the definition

ZHAO AND HELD

2999

of the relative SSTs in ZHLV and Zhao et al. (2010) are
slightly different from the one generalized here so as to
apply to all ocean basins.? Figure 2d shows that in the
south Indian Ocean, there is also a high correlation (r =
0.9) between the response of hurricane frequency and
changes in relative SST. Linear regression yields a roughly
similar slope to that in the North Atlantic and the eastern
Pacific. Compared to the latter two basins, much of the
reduced variance in storm response in the south Indian is
due to the fact that the two Hadley Centre models are not
so distinctive in changes of RSST in this basin.

While most (72%-86%) of the intermodel variance in
the North Atlantic, the eastern Pacific, and the southern
Indian can be explained by the simple index of RSST, an
examination of the results in Figs. 2e,c reveals a lower
correlation for the South Pacific (r = 0.69), and the co-
efficient become insignificant (at 95% level) in the
western Pacific. The lack of correlation between SST
and storm frequency in the western Pacific is also seen
in the observed historical records (e.g., Chan and Liu
2004). To understand why RSST does not work well in
the western Pacific, we break down the western Pacific
into three subbasins: the South China Sea (SCS; 0°-30°N,
100°-125°E), the MDR (0°-30°N, 125°-160°E), and the
eastern west Pacific (EWP; 0°-30°N, 160°E-180°). The
percentages of hurricane genesis frequency are 9%, 66 %,
and 25% for the SCS, MDR, and EWP regions, re-
spectively, in the control simulation, which is close to the
observations (8%, 72%, and 20%). We find significant
correlation between the response of hurricane genesis
frequency and the relative SST in the MDR region of the
west Pacific (r = 0.65). However, the storm frequency
response in the SCS and EWP regions show little corre-
lation with their respective relative SSTs.

Figure 3 shows the correlation map between each
western Pacific subbasin’s hurricane genesis frequency
and local change in RSST throughout the tropics. While
there is a clear positive correlation between storm gen-
esis frequency in the western Pacific MDR region and
the MDR-relative SST, this is not the case for the SCS
region for which the correlation is negative for most of
the region. In the EWP region storm genesis frequency is
strongly positively correlated to the central and eastern
Pacific-relative SST (instead of the EWP-relative SST),
which is consistent with the eastward shift of the genesis
location in western Pacific during the El Nifio years seen

2 In ZHLV and Zhao et al. (2010), we define relative SSTs as
the MDR SSTs minus the tropical mean SST (30°S-30°N) over
the August-September—October season. The MDR regions are
(10°-25°N, 80°-20°W) for the North Atlantic and (7.5°-15°N, 160°-
80°W) for the eastern Pacific.
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FIG. 2. Scatterplot of the fractional changes in annual hurricane count (AN/N) vs changes in
arelative SST index (RSST, defined as a basin’s storm development region SST minus tropical
mean SST, see text for details) for the (a) North Atlantic, (b) eastern Pacific, (c) western Pacific,
(d) southern Indian, and (e) South Pacific basins. Lines are linear regressions; the legend shows

the correlation coefficient.

in the observational studies (e.g., Chia and Ropelewski
2002).

It is probably not surprising that such a simple relative
SST index may not work well for every ocean basin
given the fact that storm genesis is strongly affected by
a variety of aspects of the atmospheric circulation, such
as the monsoon in the SCS. In general, the tropical
spatial distribution of SST affects the distribution of
moist convective activity and associated large-scale
atmospheric circulation, which strongly interact and

together determine the dynamical and thermodynamical
structure as well as the transient activity of the tropical
atmosphere. Below we explore which characteristics of
the atmospheric properties control fluctuations of re-
gional storm genesis frequency in this model.

3. Genesis parameters

Empirical parameters for TC genesis have been ex-
plored beginning with the work of Gray (1968) and more
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genesis frequency is computed.

recently that of DeMaria et al. (2001), Emanuel and
Nolan (2004), and others. TC genesis parameters have
also been used to diagnose TC activities and possible
future changes in coarse-resolution climate models
(e.g., Royer et al. 1998; Camargo et al. 2007). Emanuel
(2008) provided a short summary on a genesis po-
tential index (GPI) that incorporates four environ-
mental factors: potential intensity (Emanuel 1988),
midlevel relative humidity, magnitude of the vector
shear between the high- and low-level wind, and the
lower-level absolute vorticity. In contrast to the mag-
nitude of the vertical shear of vector wind, the verti-
cal shear of zonal wind has also been suggested to
be important for TC genesis through its impact on
tropical synoptic-scale disturbance in the west Pacific
(e.g., Li2006; Li et al. 2010). Very recently, Held and
Zhao (2011) demonstrated that an index for midlevel
atmospheric vertical mass flux can be useful in un-
derstanding the global mean reductions of TC and
hurricane frequency in their idealized climate change
experiments.

Our purpose here is to investigate to what extent these
parameters are useful in explaining our simulated dif-
ferences in the response of basin-wide hurricane fre-
quency for all ocean basins. In view of the above, our
choice of the environmental parameters for each storm

genesis region includes: 1) potential intensity (PI),?
2) relative humidity at 600 hPa (RHggp), 3) absolute
vorticity at 850 hPa (mgs0), 4) the magnitude of the
vertical shear (S) of vector winds between 200 and
850 hPa, 5) vertical shear (S;) of zonal wind between
200 and 850 hPa (S, = U0 — Ussp, no absolute value
taken), and 6) vertical pressure velocity (wsg) at 500 hPa.
All these indices are computed based on monthly mean
fields following the same genesis weighting procedure
described above for the calculation of relative SST index.

Figure 4 shows scatterplots of the fractional changes
in annual hurricane count (ordinate) versus changes in
each of the six indices (abscissa) for the five ocean basins
with each column for one basin and with each row for
one parameter (for easy comparison, —AS, —AS, and
—Awsg are shown and the sign of ngs, in the Southern
Hemisphere basins is reversed). In the North Atlantic,
the eastern Pacific, and the southern Indian basins, not
only are the storm responses highly correlated to changes

3 Asin Held and Zhao (2011), the calculation follows Bister and
Emanuel (2002), assuming a ratio of thermal to momentum drag
coefficients of 0.5, assuming air parcel ascent between the pseu-
doadiabatic and adiabatic limits (SIG = 0.5) and including storm
dissipative heating.
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FIG. 4. Scatterplots of the fractional changes in annual hurricane count (AN/N; ordinate) vs changes in each of the six indices of
atmospheric parameters (abscissa) for five ocean basins. (left to right) North Atlantic, eastern Pacific, western Pacific, southern Indian,
and South Pacific. (top to bottom) Potential intensity (API; m s~ 1), 600-hPa relative humidity (ARHgy; %), 850-hPa vorticity (Ansso;
1's1), magnitude of vertical shear of vector wind (—AS; m s ') between 200 and 850 hPa, vertical shear of zonal wind (—AS.; m s~ 1)
between 200 and 850 hPa, and 500-hPa vertical pressure velocity (—Awso; hPa dayil). The legend shows the correlation coefficient. The
sign of mgsp in the Southern Hemisphere basins is reversed.

in RSST (Figs. 2a,b,d), but they are also well correlated However, the above is not true in the South Pacific and
with each of the six atmospheric parameters, which are the western Pacific where we have seen the correlation
directly relevant for storm genesis. Further examinations between storm frequency and RSST is weaker (Figs.
reveal that these large-scale atmospheric environmental 2c,e). Except for ngs, for the South Pacific and RHg for
parameters are also mutually correlated and correlated the western Pacific both of which show only marginal
with the relative SST in these basins (not shown). correlation with the response of hurricanes, none of the
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other parameters used in the GPIin Emanuel (2008) and
many other previous studies display significant correla-
tion in these two basins. In particular, the potential in-
tensity (PI) and the vertical shear index (S) fail to be
indicators for the simulated storm differences in these
basins. In contrast, the 500-hPa vertical pressure veloc-
ity (wsgp) and the vertical shear of zonal wind (S,) pres-
ent a reasonably strong correlation (r = 0.64 — 0.88, see
Fig. 4, bottom two panels). Moreover, these two indices
also exhibit high correlation to the responses of storms
in all other ocean basins. This result suggests a distinc-
tive role of these two parameters in controlling and
predicting storm frequency response in all ocean basins
as the tropical atmospheric circulation changes with
global warming. This result is also broadly consistent
with Murakami et al. (2012) who studied future changes
in TC activity by using a different AGCM with multi-
physics and multi-SST ensemble experiments.

Table 2 provides a summary of the correlation co-
efficient between changes in annual hurricane frequency
and changes in all seven (RSST and six atmospheric
parameters) indices of storm environmental parameters
for five ocean basins. Boldfaced coefficients denote sig-
nificance at the 95% confidence level, assuming models
are independent and normally distributed. We emphasize
that all of the six atmospheric indices are determined
by the SST anomaly fields used in these simulations.
The fact that S, and wsgy are more highly correlated
with the hurricane responses than RSST implies that
there are better SST-based indices than RSST for ex-
plaining the model results.

4. Geographical distribution of changes in
hurricane genesis frequency

The aggregation of storm frequency over individual
ocean basins as shown in section 2 is one natural way
of analyzing the GCM simulated response in hurricane
frequency. Figure 5 provides maps of geographical dis-
tribution of the changes in annual hurricane genesis fre-
quency. Figure 5a shows the response averaged over the
eight global warming experiments using the SST anom-
alies projected from individual coupled models. Regions
where at least 6 out of the 8 (75% ) models agree on the
sign of change are stippled. To satisfy a sign change
the absolute value of the change must be greater than
0.05 yr~! per 4° X 5° area.

In the western Pacific, most models produce the largest
reduction between 135° and 165°E where the control
simulation generates the greatest climatological number
of storms. Near the date line, there appears an eastward
and poleward shift of storm genesis frequency leading to
an increased activity in the central Pacific. In the eastern
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TABLE 2. Correlation coefficients between changes in annual
hurricane frequency and changes in each of the 7 environmental
indices for the 5 ocean basins from the 10 global warming experi-
ments. Boldfaced coefficients denote significance at the 95% con-
fidence level.

Correlation RSST PI RH600 7850 ) 7SZ — w500

North Atlantic +0.93 +0.88 +0.81 +0.92 +0.94 +0.98 +0.93
Eastern Pacific +0.85 +0.98 +0.84 +0.79 +0.76 +0.93 +0.93
Western Pacific +0.52 —0.20 +0.59 +0.55 —0.51 +0.64 +0.77
Southern Indian +0.90 +0.66 +0.96 +0.91 +0.94 +0.86 +0.95
South Pacific +0.69 +0.16 +0.35 +0.61 +0.02 +0.76 +0.88

Pacific, most models exhibit the sharpest rise of genesis
activity off the west coast of central America at about
245°E. Overall the change in hurricane genesis frequency
in the North Pacific Ocean may be described as a sys-
tematic basin-scale migration from the western to the
central and eastern part of the ocean. The eastward
movement of the Pacific tropical cyclone locations has
also been noted in a recent study using a different global
atmospheric model with 40-km mesh and the ECHAMS
SST warming anomaly (Li et al. 2010).

In the North Atlantic, there exists a similar pattern
of basin-scale movement of hurricane activity with re-
ductions in the western and southern part of the basin
and a slight increase in the eastern and northern part of
the basin although the magnitude of change is much
smaller in the absolute number. However, the fraction
change is comparable to that in the North Pacific (not
shown). In the South Hemisphere, there is no evidence
of such a basin-scale eastward migration of storm activity.

For comparison with the averaged responses from the
8 individual models, Fig. 5b also displays the result from
the ENSEMBLE experiment, which uses the 18-model
ensemble mean SST warming anomaly as the forcing.
The results are broadly similar with both exhibiting sim-
ilar magnitude basin-scale eastward movement of hurri-
cane genesis frequency in the North Pacific and the North
Atlantic. When zonally averaged, both results also dis-
play a small poleward shift of genesis frequency with an
increase in activities poleward of roughly 18°(N,S) and
reductions equatorward (not shown). The largest zon-
ally averaged reductions occur at 12°(N and S), where
there exists maximum zonally averaged climatological
genesis frequency in the control simulation. Globally,
the averaged reduction in hurricane frequency across
the eight warming experiments is about 10% with a stan-
dard deviation of 8%.

To understand the responses in hurricane genesis fre-
quency in Fig. 5, we examine the spatial distribution of
the changes in 500-hPa vertical pressure velocity, Awsgg
between the warming and the control experiments in
Fig. 6 (—Awsg is shown for easy comparison with Fig. 5).
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FIG. 5. (a) Geographical distribution of the changes in annual hurricane genesis frequency

averaged from the eight global warming experiments [unit: number yr~!

per 4° X 5° (lat-lon)].

Stippled areas denote grid boxes where at least 6 out of the 8 (75% ) models agree on the sign of
change. (b) As in (a), but for changes from the ENSEMBLE (18-model ensemble mean SST

anomaly) experiment.

Here Awsqg is defined as annual mean values weighted
by monthly climatological TC genesis frequency at each
4° X 5° (latitude-longitude) grid box from the control
simulation following the same procedure as described
in section 2. Figure 6a shows that most SST anomaly
patterns produce a distinct reduction in midtroposphere
vertical ascent in the western Pacific and an increase in
ascent in the central and eastern Pacific, consistent with
a general slowdown of Walker circulation in the warmer
climate (Vecchi et al. 2006). Regions of reduced (in-
creased) midtropospheric vertical convective mass flux
correspond reasonably well with reduced (increased)
storm genesis activity in both the magnitude and the
spatial distribution.

A similar pattern (although with much smaller mag-
nitude) of basin-scale change in convective mass flux can
also be discerned in the North Atlantic with a reduction
in the western basin and less reduction or an increase in
the eastern basin, once again consistent with the east-
ward movement of storm genesis activity in the North
Atlantic. Finally, Fig. 6b confirms that the changes in

wsg0 from the ENSEMBLE experiment are similar to
the averaged results from the eight individual models.
While an El Nifio-like SST warming pattern may con-
tribute to the change in seasonal-scale convective ac-
tivity and the associated slowdown of tropical zonal
overturning motion in the North Pacific and North At-
lantic, the uniform 2-K warming experiment (P2K) also
produces a similar change (not shown), suggesting that
changes in convective activity and zonal circulation as-
sociated with uniform warming (e.g., Held and Soden
2006; Vecchi et al. 2006) may be the root cause of the
basin-scale migration of storm genesis frequency.

5. Discussion and conclusions

We have utilized a TC-permitting GCM to investigate
the hurricane frequency response to SST warming anom-
alies generated by coupled models for the late-twenty-first
century using the Special Report on Emissions Scenarios
(SRES) AI1B scenario. We present the results for SST
anomalies computed by averaging over 18 CMIP3 models
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FIG. 6. (a) As in Fig. 5a, but for the changes in 500-hPa vertical pressure velocity
(—Awsgg, hPa dayfl). The quantity Awsqg is defined as an annual mean weighted by monthly
climatological TC genesis frequency at each 4° X 5° (lat-lon) grid box from the control simulation
as described in section 2. (b) As in (a), but for the changes from the ENSEMBLE experiment.

as well as from individual realizations from 8 different
models. In addition to these coupled model projections,
we have also included a simple experiment with the
control SST uniformly warmed by 2 K. In all cases,
we also double the concentration of CO, in the atmo-
sphere, a change consistent to that imposed over the
twenty-first century in the A1B experiments. This rela-
tively large number of experiments makes it possible for
us to systematically explore one aspect of the uncer-
tainty in future projections of basin-wide hurricane ac-
tivities that results from the variety of projections of the
spatial pattern of tropical warming.

For each ocean basin, we find large intermodel spread
in the magnitude and (for some basins) even the sign of
the change in hurricane frequency among the different
SST projections. The sizable intermodel variations are
useful for exploring features of the SST warming pattern
that are important for regional response of hurricane
frequency. In the North Atlantic, the eastern Pacific,
and the southern Indian basins, most (72%-86% ) of the
intermodel variance in storm frequency response can be
explained by a simple relative SST index defined as a

basin’s storm development region SST minus the tropical
mean SST. The explained variance is significantly lower
in the South Pacific (48% ) and much lower in the western
Pacific basin (27% ). However, when the western Pacific
is separated into three subbasins, 42% of the inter-
model variance in its MDR can still be accounted for by
the simple relative SST index, while storms in the South
China Sea and the eastern west Pacific region correlate
to the remote region SST in the central and eastern
Pacific instead of their local relative SSTs. Despite this
complexity in the western Pacific, for most ocean ba-
sins, the future projection of a basin’s storm frequency
using this time-slice approach depends largely on the
projected relative warming of the basin with respect to
the tropical mean ocean. Given the large divergence in
regional SST projections, this result further emphasizes
the importance in assessing and improving the quality
of these projections in global climate models (e.g., Vecchi
et al. 2008; Sugi et al. 2009).

To probe changes in tropical atmospheric circula-
tion and thermodynamical properties relevant to storm
genesis we have also explored six atmospheric parameters
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which include four commonly used parameters [i.e., po-
tential intensity (PI), 600-hPa relative humidity (RHgg),
850-hPa absolute vorticity (7ngsp), the magnitude of ver-
tical shear of vector wind between 200 and 850 hPa (§)] as
well as two not commonly used variables [the vertical
shear of zonal wind between 200 and 850 hPa (S,) and
500-hPa vertical pressure velocity (wsgo)]. In the North
Atlantic, the eastern Pacific, and the southern Indian
basins, where the storm responses are highly correlated
to changes in relative SSTs, the simulated storm fre-
quency is also well correlated with each of the six atmo-
spheric parameters indicating that changes in atmospheric
conditions directly relevant to the model’s storm genesis
are closely tied to the relative warming of these basins’
SST with respect to tropical mean ocean warming.

However, in the South Pacific and the western Pacific,
none of the four commonly used parameters display
strong correlation to simulated storm frequency. In
particular, the potential intensity (PI) and the magni-
tude of vertical shear (S) fail entirely to be an indicator
for the simulated differences in storm frequency in both
basins. In contrast, 500-hPa vertical pressure velocity
(ws00) and the vertical shear (S,) of zonal wind between
200 and 850 hPa exhibit high correlation to changes of
storm frequency in all ocean basins. Globally, in addi-
tion to a modest reduction of total hurricane frequency,
the simulation results exhibit a small but robust east-
ward and poleward migration of genesis frequency in
both the North Pacific and the North Atlantic Oceans
upon warming. The eastward movement of hurricane
genesis frequency is once again well correlated to changes
in wsoo, Which displays a slowdown of the Walker circu-
lation in warmer climate.

We emphasize that wsg) measures tropical seasonal-
scale overturning motion where vertical mass flux occurs
primarily through convective clouds. An incorporation
of a measure of convection into a TC genesis index was
also proposed by Royer et al. (1998), where convective
precipitation was directly used to replace the thermo-
dynamical potential in Gray (1975). However, there are
two components in the change of convective precipi-
tation in the global warming experiments. One is asso-
ciated with the increase of boundary layer humidity,
which roughly follows the Clausius—Clapeyron scaling.
The other is associated with the response in convective
mass flux, which decreases globally (e.g., Held and Soden
2006). Our results herein together with Held and Zhao
(2011) suggest that it is the vertical convective mass flux
that plays a distinctive role in controlling and predicting
the response in storm genesis frequency from the re-
gional to the global scale as the tropical atmospheric
circulation changes with global warming. A possible phys-
ical connection and a scaling argument between
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convective mass fluxes and TC genesis has also been
discussed in Held and Zhao (2011).

While a variety of twenty-first-century SST warming
anomalies projected by individual coupled climate
models have been explored in this study, our simulated
hurricane responses are based on a single atmospheric
model. The results remain to be further evaluated across
different models. Nevertheless, our results are broadly
consistent with recent studies that used different models
that have explored the importance of SST warming pat-
tern in future projections of storm activity (e.g., Chauvin
and Royer 2010; Sugi et al. 2009). A multimodel inter-
comparison would be useful to explore the uncertainty
resulted from the formulation of individual models’
physics and dynamics. We emphasize that a model in-
tercomparison must be pursued systematically under
controlled conditions so as to isolate the effect from
model differences from the differences in forcing and
the storm detection and tracking algorithm. For ex-
ample, Villarini et al. (2011) shows that some of the
divergence in simulated North Atlantic storm frequency
response among different models for apparently the
same SST forcing (see Knutson et al. 2010 for a sum-
mary) are in fact due to the differences in SST forcing
since they are extracted differently (some use linear
trends; some use differencing between the last and the
first 20-yr period of each simulation). This and other
considerations complicate the direct comparison be-
tween our results and others (e.g., Emanuel et al. 2008;
Sugi et al. 2009; Chauvin and Royer 2010).

Further, we emphasize that all of the future projec-
tions of hurricane statistics discussed here are based on
the time-slice method in which SST warming anomalies
derived from lower-resolution coupled climate models
are used as the lower boundary conditions for a global
high-resolution atmospheric model. Despite many years
of application of this approach, some studies suggest its
limitations for studying regional climate change in cer-
tain locations such as South Asia and the Indian Ocean
(e.g., Douville 2005; Copsey et al. 2006). Future research
will be needed to better understand these limitations
and implications and develop new methods (e.g., Emanuel
et al. 2008; Knutson et al. 2008) for downscaling the effect
of climate change on hurricane statistics in some regions.
Ultimately, fully coupled ocean—-atmospheric models at fine
spatial resolution with integrations over the centennial scale
will provide the most convincing simulations.
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APPENDIX A

A List of the Sea Surface Temperature Warming
Anomalies Used in this Study

The following provides a list of twenty-first-century
sea surface temperature warming anomalies projected
by the coupled climate models, including their ID num-
ber, acronyms, and descriptions of the corresponding
modeling groups.

0 ENSEMBLE: 18-Model Ensemble Mean

1 GFDL-CM2.0: Geophysical Fluid Dynamics
Laboratory

2 GFDL-CM2.1: Geophysical Fluid Dynamics
Laboratory

3 UK-HADCM3: Hadley Centre for
Prediction and Research/Met Office

4 UK-HADGEMI: Hadley Centre for Climate
Prediction and Research/Met Office

5 ECHAMS: Max Planck Institute for Meteorology

6 CCCMA: Canadian Centre for Climate Modeling

Climate

and Analysis

7 MRI-CGCM: Meteorological Research Institute of
Japan

8 MIROC-HI: Center for Climate System Research
and JAMSTEC

9 P2K: Uniform 2-K warming
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FIG. B1. A comparison of the variation in tropical cyclone MDR-
relative SST warming anomalies among the 18-model ensemble
mean and 8 selected models (stars: 0-8) with 10 other individual
IPCC AR4 models (squares: 9-18). Relative SST warming anom-
alies are calculated from the August-September—October season
for the Northern Hemisphere basins and from January—February—
March season for the Southern Hemisphere basins.

APPENDIX B

Comparison of the Variation in Tropical Cyclone
MDR-Relative SST Warming Anomalies among
the 8 Selected Models and that for 10 Other
IPCC AR4 Models

Figure B1 provides a comparison of the variation in
tropical cyclone MDR-relative SST warming anomalies
among the 18-model ensemble mean and 8 selected
models (stars: 0-8) with 10 other individual [IPCC AR4
models (squares: 9-18). In general, the eight selected
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models are sufficient to represent the ensemble varia-
tions in the MDR-relative SST warming in both the
North Atlantic and other ocean basins.
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