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ABSTRACT

Atlantic tropical cyclone activity has trended upward in recent decades. The increase coincides with
favorable changes in local sea surface temperature and other environmental indices, principally associated
with vertical shear and the thermodynamic profile. The relative importance of these environmental factors
has not been firmly established. A recent study using a high-resolution dynamical downscaling model has
captured both the trend and interannual variations in Atlantic storm frequency with considerable fidelity. In
the present work, this downscaling framework is used to assess the importance of the large-scale thermo-
dynamic environment relative to other factors influencing Atlantic tropical storms.

Separate assessments are done for the recent multidecadal trend (1980-2006) and a model-projected global
warming environment for the late 21st century. For the multidecadal trend, changes in the seasonal-mean
thermodynamic environment (sea surface temperature and atmospheric temperature profile at fixed relative
humidity) account for more than half of the observed increase in tropical cyclone frequency, with other
seasonal-mean changes (including vertical shear) having a somewhat smaller combined effect. In contrast, the
model’s projected reduction in Atlantic tropical cyclone activity in the warm climate scenario appears to be
driven mostly by increased seasonal-mean vertical shear in the western Atlantic and Caribbean rather than by
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changes in the SST and thermodynamic profile.

1. Introduction

Tropical cyclone activity shows its greatest variability in
the North Atlantic region, where hurricane counts can
vary interannually from just a few (e.g., one in 1982) to
more than a dozen (e.g., fifteen in 2005). Since the 1970s,
several measures of Atlantic tropical cyclone activity have
trended upward, with a fairly sharp increase occurring in
the mid-1990s. The number of tropical storms during the
3-month season from August to October, as modeled by
the linear trend, increased from 6 to 12 between 1980 and
2005 (e.g., Knutson et al. 2007, hereafter K07). The ac-
cumulated cyclone energy (ACE) has been above aver-
age every year since 1994 except the El Nifo years of 1997
and 2002 (e.g., Bell et al. 2006) and the 2007 season.
Emanuel (2005, 2007) reports a substantial increase in the
power dissipation index in the Atlantic since 1950.
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Correlations with indices of large-scale conditions
have been used to try to understand the interannual and
longer-term variability of tropical storm activity (Gray
et al. 1994). Examples of these from recent studies in-
clude sea surface temperature and hurricane potential
intensity (PI; Emanuel 2007), local SST as a deviation
from the tropical mean (Swanson 2008), moist static sta-
bility (Tang and Neelin 2004), vertical shear (Goldenberg
and Shapiro 1996), low-level winds (Saunders and Lea
2008), and an index combining hurricane potential in-
tensity, shear, vorticity, and midlevel relative humidity
(Nolan et al. 2007).

Vertical shear has an adverse effect on tropical cy-
clone formation (Gray 1968; Goldenberg et al. 2001;
Camargo et al. 2007) and on storm strength and lon-
gevity (Gray 1968; Hebert 1978; Merrill 1988; DeMaria
1996). In the tropical Atlantic, vertical shear is deter-
mined by gradients of SST both locally within the basin
and remotely from the Indo-Pacific. High static stability
is also an adverse influence on tropical cyclones (e.g.,
DeMaria et al. 2001; Shen et al. 2000) because it both
suppresses deep convection during cyclogenesis and
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reduces the potential intensity (Emanuel 1986; Holland
1997) of organized storms. This stability is mainly
determined by the contrast between SST and upper-
tropospheric air temperature. Upper-tropospheric tem-
perature, in turn, covaries with tropical-mean sea surface
temperature, helping to explain why Atlantic hurricane
activity is strongly correlated with the deviation of
Atlantic SST from the tropical mean (Swanson 2008).

Although statistical empirical models have been a
mainstay in seasonal forecasting, dynamical models now
show promise of generating significant skill at repro-
ducing and predicting tropical storm counts. Vitart et al.
(2007) describe a dynamical framework that considerably
outperforms two well-known statistical forecast systems
during the period 1993-2006, matching the observed
hurricane counts with a correlation coefficient of 0.81.

A downscaling procedure using observed large-scale
atmospheric conditions and SST can be expected to re-
produce past tropical storm frequencies more accurately
than a coupled model. Adopting this approach, K07
achieved a 0.84 correlation between observed and sim-
ulated August-to-October hurricane counts in the North
Atlantic between 1980 and 2005, based on two realiza-
tions. The study used a high-resolution, nonhydrostatic
atmospheric model forced at the boundaries by reanal-
ysis fields and in the interior by relaxation toward the
large-scale component of the reanalysis (defined as
zonal and meridional wavenumbers 0-2 in their Atlantic
domain). This framework evidently captures many of
the precursors and dynamical processes important to
cyclogenesis.

Because it allows the model environment to be al-
tered, the “‘perfect large-scale conditions” platform of
K07 is ideal for sorting out the relative importance of
different sources of variability. As the dynamical fidelity
of such models improves, one should be able to deter-
mine sensitivities to slowly varying environmental con-
ditions with greater reliability than through use of
multiple regression analysis of observations.

Because the framework in K07 is based on a physical
model, its use in climate change applications may be
more justified than is the case for statistical models
trained on present-day climate, once its performance for
the past is deemed adequate. In such a climate change
application, Knutson et al. (2008, hereafter K08) find
that storm counts in the North Atlantic decrease by the
end of the century because of global warming. This re-
sult is no doubt sensitive to details of the presumed cli-
mate change pattern. A particularly valuable use of
downscaling would be to attribute the projected changes
in hurricane frequency to specific components of the
projected climate change. Reducing uncertainty in
projected tropical upper-tropospheric temperatures or
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F1G. 1. Time series of MDR-averaged (top) vertical shear and
(bottom) PI (both in m s ') evaluated from ASO averages of the
NCEP reanalysis fields. The linear trends are also shown. They are
—0.12m s ' yr~! for the shear and +0.19 m s~ ' yr ' for the PL

The difference of vertical shear between the highest and lowest
terciles of seasons based on tropical storm count is —1.2 m's !,

while the difference of PI averages is +2.8 m s™ ..

wind shear, for example, becomes more urgent if these
factors are shown to have a crucial influence on hurri-
cane frequency.

In this study we use the framework documented in
K07 for two sensitivity experiments. Through these, we
attempt to separate the roles of vertical shear and ther-
modynamic stability in the recent storm frequency trend
as well as in the projected storm suppression due to 21st-
century climate change.

Year-to-year variations of vertical shear and potential
intensity from 1980 to 2006 are shown in Fig. 1. The
shear is the magnitude of the vector wind difference
between 850 and 200 hPa, while the potential intensity is
based on the algorithm of Bister and Emanuel (2002).
Specifically, the PI assumes irreversible ascent and in-
cludes dissipative heating. These choices are consistent
with the way the numerical model was set up. Both the
shear and PI are evaluated from seasonal-mean reanaly-
sis fields and then averaged over the North Atlantic
main development region (MDR). For the purposes of
this study, we define the MDR as the region from 10° to
23°N latitude and from 20° to 80°W longitude. The data
are from the NCEP-1 Reanalysis (Kalnay et al. 1996),
which we have also used for driving the numerical
experiments.
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The trend during the 1980-2006 period is toward less
shear (down 30% ) and more potential intensity (up 7%).
Both trends are qualitatively consistent with the ob-
served increases in Atlantic storm activity. The PI in-
crease is mainly driven by the increasing local SST
combined with minimal changes in upper-tropospheric
temperature over the tropical Atlantic in the reanalysis
(Vecchi and Soden 2007b). Vitart and Anderson (2001),
Goldenberg et al. (2001), and Hoyos (2006) also noted
increasingly favorable shear, SST, and/or moist stability
during this period in the tropical North Atlantic.

Because of changes in observing instruments, there is
uncertainty about the validity of the trends in NCEP
tropical temperature profiles (Karl et al. 2006; Santer
et al. 2005). The regional model used in our study, as
described in K07, captures the sign and rough magnitude
of the recent multidecadal trends in Atlantic tropical
cyclone activity. However, to the extent that the model
trend is caused by the trend in the thermodynamic
profile, some of the model storm increases could be
spurious. Global climate models project continued sea
surface warming due to greenhouse gas forcing but do
not foresee a large increase in PI over the tropics as a
whole or over the tropical Atlantic in particular (Vecchi
and Soden 2007b).

Vertical shear and PI are quasi-independent indices
that have commonly been used to interpret and predict
storm frequency. We use them here as a convenient way
to characterize the imposed environments, even though
the latter have many more degrees of freedom. For Fig. 1,
we computed the indices from seasonal-mean conditions
because we are interested in whether observed vari-
ability of tropical cyclone activity can be reproduced
using only seasonal means of the influencing fields.
Performing the time averaging after evaluating the PI
has a small impact, in any case. There is a larger impact
on the vertical shear, but the additional contribution to
this shear from the subseasonal variance of the wind (not
shown) is concentrated mostly outside the deep tropics
and exhibits less interannual variability.

2. The model and methodology

The numerical model (Pauluis and Garner 2006) and
domain used here are the same as in KO7. The model’s
dynamical core is compressible and nonhydrostatic, with
a terrain-following vertical coordinate. The domain
covers the tropical and subtropical Atlantic, Gulf of
Mexico, and parts of western Africa. The grid spacing is
/6° and there are 45 unevenly spaced levels. Sea surface
temperatures are specified from the NCEP reanalysis,
and a simple land model (Milly and Shmakin 2002)
predicting soil temperature and moisture is used at land
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points. All precipitation occurs on resolved scales; there
is no cumulus closure scheme. The boundary layer tur-
bulence, microphysics, and radiative transfer schemes
are described in KO07.

Our implementation of the “perfect large-scale con-
ditions” method is also exactly as in K07. Within a
graduated 5°-wide band around the perimeter of the do-
main, the velocity, temperature, and humidity are nudged
toward the time-interpolated 6-hourly reanalysis on a
fast time scale (2 h). Across the entire domain, zonal and
meridional wavenumbers 0, 1, and 2 of the model do-
main are nudged toward the reanalysis on a slower time
scale (36 h). The nudging keeps the model’s solution
similar to the NCEP reanalysis on the large scale, but the
model remains relatively unconstrained in generating
smaller-scale disturbances within that environment.

Modeling studies to determine hurricane sensitivity to
the large-scale environment have generally used ideal-
ized perturbations of the static stability or shear (e.g.,
Nolan et al. 2007; Shen et al. 2000). In contrast, we define
the perturbations using observed or projected long-term
trends. We limit our perturbations to 3-month-mean
fields—specifically, averages over August, September,
and October (ASO). The success of seasonal hurricane
forecasts leads us to expect a substantial response to the
seasonal-mean anomalies. In the following, for conve-
nience, we refer to the departure from the seasonal
mean in the input fields, both in the model interior and
at the boundary, as the “weather” input. The present
framework allows us to compare the importance of the
seasonal mean to that of the weather in driving the
model’s tropical storm variability.

Attempts to separately perturb different components
of the environment are complicated by the dynamical
relationship between mass and wind fields. Perturbing
the wind generally requires changing the static stability
(if there is curvature in the wind profile, the static sta-
bility must vary in the horizontal). Inversely, one can
alter the static stability without changing the wind field
only if the alteration is horizontally uniform.

We therefore settle on two different types of pertur-
bation in this initial study: 1) changes to all seasonal-
mean fields at once (all-fields) and 2) changes to the
horizontally averaged temperature profile and SST,
holding the relative humidity fixed (7-only). The second
perturbation leaves the wind unchanged. The anomaly in
the temperature profile and SST, which we apply uni-
formly across the full domain, is taken to be the hori-
zontal average over the MDR from the National Centers
for Environmental Prediction (NCEP) reanalysis. This
single-column perturbation does not capture horizontal
variations of moist stability. To the extent that the re-
sponse is linear, we can infer the impact of all effects not
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FIG. 2. (left) Storm trajectories and (right) genesis times in each of four realizations of the 1995 season. The colors of the circles along the
trajectories correspond to minimum-pressure categories. The heights of the bars indicate maximum intensities based on wind speed, with
categories indicated on the vertical axis. The tracks of the observed 1995 storms are shown in Fig. 7b of K07.

directly associated with the MDR-averaged thermal
stratification and SST by subtracting the results of sec-
ond kind of perturbation from those of the first kind.

Linearity could be checked via the inverse experiment
in which all fields except the MDR-averaged tempera-
tures are perturbed. The importance of horizontal shear
could be isolated by adding a nondivergent barotropic
circulation to the large-scale flow. We leave these ad-
ditional experiments for a later time. We emphasize
again that the temperature-only perturbation implicitly
includes changes in the absolute humidity profile because
of the temperature dependence of the saturation specific
humidity. This is the biggest source of low-frequency
variability in the analyzed moisture field.

We investigate two perturbation scenarios. The first is
determined by the linear trend over the period studied

by K07, here extended to 2006 as in KO8. Then we ex-
amine projected changes due to global warming. We
generate ensembles of four realizations per environment
to make the seasonal statistics as robust as possible.

3. The ensembles

The experiments are initialized from the 0000 UTC
reanalysis of 27, 28, 29, or 30 July and integrated through
the end of October for a given year. From 1 August on-
ward, the 6-hourly model output is objectively analyzed
for occurrences of tropical storms and hurricanes. The
storm identification and tracking procedure is detailed in
appendix A of KO07. The different start times produce
different ensemble members. The number of members in
the ensembles is limited by computer resources.
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FI1G. 3. Changes in (top) vertical shear and (bottom) maximum potential intensity
(both m s~ ') associated with the linear trends in wind, temperature, and humidity from 1980 to
2006. Data are from NCEP-1 reanalysis. Shear is measured between 850 and 200 hPa.

Figure 2 provides an indication of the degree of vari-
ability and independence between solutions for the
same season obtained using slightly different initial
conditions. It shows tropical storm trajectory maps from
each of the four realizations of the very active 1995
season. These all use the unperturbed time-dependent
NCEP-1 environment and are referred to as the control
ensemble. Storm strength is indicated by the colors
along the tracks. The diagram beside each map gives the
time record of the genesis of the model storms. The
height of the bars gives the maximum intensity attained.
For this year, the number of model storms ranged from
12 to 15, while the observed count was 15.

The substantial differences between the tracks and
timings in the different realizations make it clear that
neither the boundary forcing nor the interior nudging in
the model is strongly constraining the development of
individual disturbances. Given this chaotic component
to model storm genesis, ensemble averaging is needed to
help extract the part of the solution forced by the large-
scale inputs. At the same time, the magnitude of the
chaotic component is itself of interest, since the level of
“noise” in the system determines the potential predict-

ability of these statistics given perfect large-scale
information, including perfect information on the bound-
aries.

There are exceptional instances in which the imposed
forcing or initialization creates coherence across the
ensemble. All four solutions for 1995 show a develop-
ment in the northern Gulf of Mexico on 1 August. This is
because the initial fields for this year, taken from the last
few days of July, contain a weak representation of
Tropical Storm Dean, which amplified to tropical storm
strength in all four solutions. Of the 26 seasons simu-
lated by K07, only two others (1980 and 2004) developed
a storm in this way from an initial depression.

We found no other cases of genesis events occurring at
the same time and location as an observed storm and in
each member of the ensemble. However, it is possible
for synoptic-scale waves forced at the eastern boundary
to synchronize storms off the coast of Africa in different
ensemble members. There is one clear instance of this
synchronization in the 1995 experiment. In the realizations
labeled N2 and N3 in Fig. 1, storm genesis occurred at the
same location near the African coast on 25 August (there
was no corresponding observed storm). The significance
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FIG. 4. Number of tropical cyclones (yellow) and hurricanes (red) grouped by ensemble for
the start (1980¢) and end (2006¢) of the 26-yr linear trend in (left) temperature and SST only and
(right) all environmental fields. The control ensemble for the weather year, 1993, is also shown
between 1980t and 2006t for both types of perturbation.

of the easterly-wave climatology for Atlantic develop-
ment is an important question that we do not directly
address in this study.

For estimating the noise level in the seasonal-mean
statistics, we would prefer a larger ensemble than we
were able to generate for any individual season. In ap-
pendix A, we describe a way to exploit the multiyear
results of K07 and K08 to reach a more robust measure
of the noise in the system. In our analysis of the ensemble
means to follow, we consider ¢ tests based on both the
small-ensemble variances and variances derived inde-
pendently from the multiyear datasets in KO7 and KO08.

4. The 1980-2006 trend

For the long-term trend, we use the least squares lin-
ear fit to the NCEP reanalysis fields for 1980-2006. The
impact on storm statistics is estimated by perturbing the
ASO climate of 1993 with plus or minus half the 26-yr
linear variation. The subseasonal variations (weather) at
the boundaries and in the interior nudging are from
1993. The 1993 reanalysis is close to the 27-season mean
in terms of storms counts, vertical shear, and PI. Sub-
tracting half the trend yields what we term the 1980¢
season; adding half the trend yields the 2006¢ season.

The spatial patterns of trends in vertical shear and
hurricane PI are shown in Fig. 3. The magnitude of the
shear and the potential intensity are computed after
applying the trend to the reanalysis fields and time-
averaging the sum and difference over ASO. The figure
therefore shows the difference in low-frequency shear
and PI between the two environments actually used in

the experiments. As in Fig. 1, the shear is defined using
the standard levels 200 and 850 hPa and the PI is defined
using the method of Bister and Emanuel (2002).

In the all-fields perturbations, we change the seasonal-
mean temperature, relative humidity, wind, and sea sur-
face temperature in the reanalysis. This full perturbation
produces the differences shown in Fig. 3. In the 7-only
perturbations, we change only the air temperature and
sea surface temperature by imposing a single perturba-
tion profile obtained by averaging the temperature trends
over the MDR. In this experiment, we hold the wind and
relative humidity, as well as the horizontally varying part
of the temperature fields, at 1993 values. We generate
four realizations for each of the perturbed environments
and also generate a four-member control ensemble by
combining three new control realizations of 1993 with the
Model2 solution previously obtained by K07.

In all of these experiments, the ““‘weather” in the fields
that drive the boundaries and the large scales in the inte-
rior is identical. By not changing the higher frequencies in
the forcing, we are testing whether the model-generated
trend in seasonal statistics reported in KO7 can be ex-
plained just from the influence of the trend in the seasonal
means. An affirmative answer would help justify the
method used in KO8 to assess the response to global
warming, since only the projected change in seasonal-
mean climate is used there to perturb the system.

The individual storm counts are shown in Fig. 4. The
realizations within each ensemble are reordered ac-
cording to the total storm count. The 1993 control en-
semble, 1993C, is shown between 1980t and 2006¢ for
both perturbations. If the seasonal-mean anomaly is the
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TABLE la. Number of tropical storms at beginning and end of
linear trend in environmental fields (columns labeled “1980¢” and
“2006r) and corresponding net change and percentage change
(columns labeled ‘“change” and “percent”). The percentage
change is relative to the mean of 1980¢ and 2006¢ for each scenario,
with bold indicating significance at the 95% level for the ensembles
based on the ensemble variances. Values in row 1 are determined
from observations; in row 2 from the Model2 solutions reported in
K07 and K08; in row 3 from the ensembles with all fields perturbed;
and in row 4 from the ensembles with only temperatures perturbed.
The average for the 1993 control ensemble is 9.25 tropical storms.

TSs N(1993) = 9.25 1980¢ 2006¢ Change Percent
Observed 6.0 12.0 +6 +67
K07, K08 7.8 14.5 +6.7 +60
All fields 7.0 13.0 +6.0 +60
T only 8.25 12.25 +4.0 +39

key aspect of the forcing input into the downscaling
model, the contrast between the 1980t and 2006¢ en-
sembles for a given statistic should match the trend for
the same statistic produced by the full set of 27 seasons
simulated by K07 and K08. The ensemble-mean storm
counts are listed in Tables 1a and 1b for tropical storms
and hurricanes, respectively.

For the 27 yr of simulation available by combining
K07 and KO8, the linear trend in tropical storm count is
roughly 8 to 14. The trend in the observed count is 6 to 12.
The model is known to be biased toward too many
tropical storms compared to observations (K07). The
number of model hurricanes in K07 and K08 increases
from about four to eight during the period, compared to
the observed increase from three to seven. The size of
these trends is well above the noise level inferred from
the multiyear variance estimates mentioned in the pre-
vious section and in appendix A.

The solutions driven by the trend in the full ASO
environment show similar increases. Thus, with all fields
perturbed, the ensemble-mean storm counts are 7.0,
9.25, and 13.0 for the seasons 1980¢, 1993, and 2006t,
respectively. Hurricanes total 3.25, 4.75, and 8.25, re-
spectively. When only the temperature profile and SST
are perturbed, the trends are somewhat weaker. In those
ensembles, we find 8.25, 9.25, and 12.25 for tropical cy-
clones, and 3.5, 4.75, and 6.5 for hurricanes. According
to a ¢ test of the four-member ensembles, the changes in

TABLE 1b. Asin Table 1a, but showing numbers of hurricanes. The
1993 control ensemble had an average of 4.75 hurricanes.

GARNER ET AL.

4729

TABLE lc. As in Table 1a, but showing accumulated cyclone
energy (ACE; 10* kn?). The 1993 control ensemble had an average
ACE of 782 x 10* kn”.

ACE A(1993) = 782 1980¢ 2006¢ Change Percent
Observed 473 143.7 +96.4 +101
K07, KO8 60.2 143.2 +83.0 +82
All fields 53.8 158.5 +104.7 +99
T only 69.9 123.7 +53.8 +56

the number of tropical storms and hurricanes between
1980¢ and 2006¢ are significant at the 95% level, as in-
dicated by bold italics in the last column of Table 1a.
This is also true when we use the multiyear variances as
described in appendix A. For the hurricane counts, the
difference between the all-fields and T-only trends is
significant at the 95% level, but for the total storm
counts, the difference is only significant at a much lower
level of about 60%.

Storm counts do not measure longevity or intensity.
Two familiar measures of cumulative storm activity are
the power dissipation index (PDI; Emanuel 2005) and
the accumulated cyclone energy (Bell et al. 2006). PD1 is
a time integral of the cube of the wind speed maximum,
which is interpreted as being proportional to the rate of
dissipation of kinetic energy. ACE is a time integral of
the kinetic energy itself, normalized by 6 h to retain
energy units. Being nonlinear as well as cumulative,
these statistics are sensitive to cyclone intensity and
longevity as well as to total number.

Tables 1c and 1d list the ACE and PDI for the linear
trend experiments. We again use the last column of the
tables to show the percentage change relative to the av-
erage for the experiment or time series. Relative to the
model’s 27-yr average, the linear growth of ACE in the
K07 and KO8 simulations is 82%, somewhat less than
the observed factor of 101% (relative to the observed
average). In our all-fields experiments, ACE increases
by 99% of the average of 1980t and 2006z, whereas the
temperature-only experiments show a relative increase
of 56%. The linear increase in PDI over the 27 yr sim-
ulated by KO7 and K08 is 91 %, an underestimate of the
observed 111% increase. The all-fields ensembles in-
crease the PDI by 106%, whereas the temperature-only

TABLE 1d. As in Table 1a, but showing the power dissipation
index (PDI;10° m® s~ 2). The 1993 control ensemble had an average
PDI of 137.0 X 10° m® s 2.

Hurricanes N(1993) = 4.75 1980r 2006t Change Percent PDI P(1993) = 137.0 1980¢ 2006t Change Percent
Observed 3.4 72 +3.8 +72 Observed 105.2 365.2 +260.1 +111
K07, K08 42 8.2 +4.0 +65 K07, K08 99.2 263.6 +164.4 +91
All fields 325 825 +5.0 +87 All fields 89.1 291.9 +202.8 +106
T only 35 6.5 +3.0 +60 T only 119.9 230.3 +110.4 +63
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ensembles increase it by 63%, relative to the average of
1980¢ and 2006¢.

The increases in ACE and PDI are significant at the
95% level for both the all-fields and 7-only experiments.
For both statistics, the differences between the all-fields
and T-only increases are significant at the 90% level.
Using the multi-year variance of PDI (see appendix A)
raises the significance level of the difference between
all-fields and T-only to 95% for that statistic.

In summary, the trend in seasonal-mean fields repro-
duces the full trend in the 27 yr of modeled (and ob-
served) storm activity quite well, despite somewhat
overshooting the relative increase in the case of hurri-
canes. The thermal part of the environmental trend
(MDR temperature profile and SST with fixed relative
humidity) provides more than half the increase in storm
counts as well as in ACE and PDI.

5. A climate change scenario

KO8 used a method similar to the present one to assess
the impact of projected forced climate change on At-
lantic tropical storm activity in the late twenty-first
century. They perturbed the seasonal-mean environment
of the same regional model as used here with a multiyear,
multimodel, August-to-October average change in wind,
temperature, sea surface temperature, and humidity.
The perturbation was an 18-model average of differ-
ences between 2081-2100 and 2001-2020 based on the
Intergovernmental Panel on Climate Change (IPCC)
A1B scenario.

The main result in KO8 was a significant mean reduc-
tion in storm activity, including a 27% decrease in
tropical storm frequency and an 18% decrease in hur-
ricane frequency. Because of some distortion of the
wind-pressure relationship for strong storms in the
model, as described in K07, “major” hurricane counts
depend on whether one uses standard wind or pressure
criteria. The model produces category-3 and -4 hurri-
canes according to the minimum surface pressure crite-
rion, but not according to the maximum wind criterion.
The number of such major hurricanes defined according
to the pressure criterion diminished only minimally
(down 8%) in the model’s 21st-century projection.

To further investigate the causes of the overall storm
suppression in the model, we consider perturbations to
the active year 1995. For the control case, we add three
new realizations to the present-climate solution obtained
by K07. Then we augment the existing KO8 solution with
three new warm-climate realizations of 1995 in which
the seasonal mean is shifted by all of the climate change
fields. Finally, we generate a four-member ensemble in
which only the sea surface and atmospheric tempera-
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tures are shifted by the multimodel climate change
projection, averaged over the MDR to create a single
thermodynamic change profile.

The climate change fields used here and in KO8 have
been examined in detail by Vecchi and Soden (2007a).
Most notably, the vertical shear in the Caribbean Sea
increases by around 10% per degree of global warming.
The sign of this feature is quite robust across the models
used in the average. The average change in PI in the
tropical Atlantic is relatively small. The sign of the change
in the center of the basin varies between models, but
there is a robust contrast between increased P in the west
and decreased PI in the east (G. Vecchi 2009, personal
communication). Similar patterns in shear and PI appear
when we perturb 1995 with the climate change fields and
reevaluate the indices. The changes are shown in Fig. 5.
The MDR-averaged increase in shear is around 10%, and
this jumps to 15% in the western half of the MDR. The
increase in PI averaged across the MDR is around 2%.

The storm counts for the individual experiments are
shown in Fig. 6. Ensemble-mean statistics are given in
Tables 2a—d. For the all-fields ensembles, the mean re-
duction in total storms is 22%, whereas the hurricanes
are reduced by 32%. The difference between the sizes of
these reductions is not statistically significant. For an
indication of how storm suppression depends on storm
strength, we have more confidence in the multiyear av-
erage reductions obtained by KO8 for the same kind of
all-fields perturbation (27% and 18 %, respectively). The
ACE and PDI both decrease by 27%. The impact of
climate change in the temperature-only experiments,
where the SST and atmospheric temperature profile is
altered to resemble the future MDR, is negligible.

In the all-fields global warming ensemble, the average
decreases in total storm count, PDI, and ACE are all
significant at the 90% level when the ¢ test is performed
with the ensemble variances. According to this test, only
the decrease in the hurricane count is significant at the
95% level. When the multiyear variance estimates (ap-
pendix A) are used in the ¢ test, all of the decreases due
to the all-fields perturbation are significant at the 95%
level. The various small changes resulting from the
T-only perturbation are not significant.

6. Discussion and conclusions

A hurricane-resolving dynamical model nested in
global reanalysis fields has been used to estimate the
relative importance of the thermodynamic profile and
other environmental factors, including vertical shear,
in explaining tropical storm variability. Two types of
variability—the recent multidecadal trend and a late
21st-century global-warming scenario—are explored. In
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FIG. 5. Changes due to the global warming perturbation in (top) vertical shear and (bottom)
hurricane potential intensity (both m s™') for the year 1995. The perturbation is a Coupled
Model Intercomparison Project (third phase; CMIP3) multimodel average change for the late

21st century assuming the A1B forcing scenario. Fields are defined as in Fig. 3.

the first case, season-by-season simulations capture the
observed differences in storm counts fairly well by
roughly doubling the number between 1980 and 2006. In
the global-warming scenario, the model projects a de-
crease in Atlantic tropical storm and hurricane counts.

In the historical situation, we find that the seasonal-
mean fields are sufficient to reproduce the long-term
trends in the model statistics, which are similar to the
observations. When we limit the perturbation of the
ASO environment to the horizontally averaged tem-
perature profile (with fixed relative humidity) and SST,
we recover more than half of the upward trend in the
storm counts and cumulative statistics (ACE and PDI).

Capturing most of the long-term trends in storm sta-
tistics with these experiments suggests that whatever
trends may exist in the “weather” (subseasonal vari-
ability) are of secondary importance. We have more
evidence in support of this conclusion (that the seasonal
mean is the dominant influence), based on experimen-
tation with the years 1982 and 1995. Those results are
presented in appendix B. The overriding importance of
the seasonal-mean environment in the model’s multi-

decadal trend helps to justify the approach used in the
climate change study by K08, in which forced changes at
subseasonal frequencies were neglected.

Our results for the climate change scenario differ from
those of the multidecadal trend in that the thermal per-
turbation within the projected climate change by itself
had little effect on model storm statistics. We therefore

20

T Only

All Fields

Storm Count

1995 C 1995 A1B 1995 A1B

Ensembles
FI1G. 6. Number of tropical cyclones (yellow) and hurricanes
(red) grouped by ensemble for the 1995 control and the 1995
temperature-only and all-fields climate change perturbations.
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TABLE 2a. Number of tropical storms in the 1995 control en-
semble and in the ensembles obtained by perturbing the 1995
seasonal mean with the complete climate change fields or only the
temperature profile and SST from the climate change fields.

TSs 1995 AlB Change Percent
Control 13.75
All fields 10.75 —=3.00 =22
T only 13.00 -0.75 -5

speculate, given its known importance for tropical storm
development, that vertical shear is largely responsible
for the storm suppression. (While the experiments here
do not test whether other changes—relative humidity,
relative vorticity, and large-scale subsidence, to name a
few—are important, these changes are so small in the
climate change projections that we think it unlikely.)

Global models running with greenhouse-gas forcing
do not substantially increase hurricane PI or other
measures of moist stability in the 21st century. Accord-
ingly, it is not surprising that the SST and temperature
stratification part of the climate change fields explains
little if any of the storm suppression simulated by KOS.
Increases in the vertical moisture gradient, a possible
mechanism for storm suppression (Emanuel 2008), are
included implicitly in the temperature-only experiments.

In our model, any effect of the mean thermal state and
SST on the multidecadal trend is not due to the increase in
local Atlantic SST alone, since a substantial SST increase
occurs in both the 1980-2006 trend and the climate change
scenario, whereas only the 1980-2006 trend yielded
increases in model storminess. The relevant characteristic
of the thermal state is presumably the hurricane potential
intensity. If the trend toward increasing PI in the NCEP
reanalysis since 1980 is unrealistic, then the model results
here and in K07 are likely overemphasizing the trend in
storm and hurricane counts. It would follow that the
model may be matching some of the trend in the observed
counts for the wrong reason.

The sensitivity of the model’s tropical storm activity to
projected changes in vertical shear (or other aspects of
the circulation) is evidently substantial. The statistical-
dynamical genesis parameter proposed by Emanuel
(2008), for example, is of the form

TABLE 2b. As in Table 2a, but for the number of hurricanes. The
statistically significant changes are indicated in the last column by
boldface.

Hurricanes 1995 AlB Change Percent
Control 9.25
All fields 6.25 —3.00 -32
T only 8.50 —0.75 -8
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TABLE 2c. As in Table 2a, but for the accumulated cyclone energy.

ACE 1995 AlB Change Percent
Control 116.9
All fields 85.3 -31.6 =27
T only 118.2 +1.3 +1

GPL o (V,, )’ (1 +0.1V )72,

where Vo refers to the hurricane PI and Ve, to the
vertical shear. The area averaged 2% increase in PI
corresponds to a 6% increase in GPI, which is too small
to be discernible. The 10% increase in shear (over its
background value of 14 m s~ ') induces a decrease in
GPI of 9%, which is smaller than the reduction in model
storm counts seen in KO8 and in the all-fields simula-
tions here. However, in the western half of the MDR,
the 15% increase in shear produces a 15% decrease in
GPI, which is closer to the simulated reduction across
the full basin. Contributions to the genesis index from
relative humidity and low-level circulation anomalies
due to climate change are much smaller than contri-
butions from PI and vertical shear (Vecchi and Soden
2007a).

The present model, using objective storm counting,
is biased toward genesis in the western (at the expense
of the eastern) part of the basin (K07). For example,
the number of August—-October genesis events east of
50° averages 3.0 in the 1995 control, compared to 7 in
the observations. We believe this is largely a result of
the systematic bias in intensity rather than in the pre-
ferred location of organization. Otherwise, there may
be some concern that model storms are excessively
vulnerable to unfavorable conditions in the Caribbean
Sea.

We summarize our most important findings as follows:
For the multidecadal trend, changes in the seasonal-
mean thermodynamic environment account for more
than half of the observed increase in hurricane and
tropical cyclone numbers and in the cumulative statis-
tics, ACE and PDI. For the 21st-century climate change
scenario, the model’s projected reduction in Atlantic
tropical cyclone activity appears driven mostly by cir-
culation changes, notably the increased seasonal-mean
vertical shear in the western Atlantic and Caribbean.

TABLE 2d. As in Table 2a, but for the power dissipation index.

PDI 1995 AlB Change Percent
Control 214.5
All fields 157.3 -57.2 =27
T only 219.3 +4.8 +2
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APPENDIX A

Statistical Significance of the Model Sensitivity

For significance testing, we have relied on a simple
t test, based on an assumption that the results are sam-
pled from normal distributions. But is it safe to assume
that the possible outcomes are normally distributed?

The number of tropical storms or hurricanes in a
season is a count of genesis events based on an arbitrary
threshold for storm intensity. If we approximate the
dynamical system with a stochastic model in which
genesis per unit time occurs at some probability fixed by
the large-scale environment, storm frequency statistics
would follow the corresponding binomial probability
distribution. One could use this distribution to test for
significance were it known how to subdivide time and
space into the equivalent of independent trials (the
distribution is approximated by a Poisson distribution if
the probability of genesis within the trials is small).

Fortunately, a binomial distribution is nearly normal
(the mean value is well separated from zero in standard
deviation units) if the probability is much greater than
1/(N + 1), where N is the number of trials. As this is
practically the same as having a large storm count, one
does not need to determine a trial number, N (which
merely has to be large enough to overcome skewness in
the distribution). We conclude that it is reasonable to
consider the possible outcomes for storm counts in our
experiments to be normally distributed. This would not
be the case for subbasins small enough that the mean
number of events approached unity.

Significance testing is still compromised by small
sample size. A close approximation to a much larger
ensemble than we were able to generate for individual
years is available by combining the multiyear results of
K07 and KO08. The only difference between the 26 sets
of seasonal statistics (1980 to 2005) generated in each of
these studies is due to the global warming perturbation
added to the reanalysis in the later study. To use the
combined results for noise estimation, we propose that
same-year differences can be viewed as the climate
change signal plus pure noise, with both the mean climate
change and noise being independent of year. These dif-
ferences are plotted as histograms in Fig. 3 of KO08. The
standard deviation is 2.4 for both total storms and hur-
ricanes. We suggest this is a reasonable measure of the
ensemble spread when differences are taken between
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two years. Dividing the variance by 2, we estimate that
the standard deviation for an individual year is 1.7 storms.
We cannot say how much of the variance is natural and
how much is due to unphysical aspects of the model.

Within the much smaller sample provided by our 1995
control ensemble, the tropical storm counts have a
standard deviation of 1.3 and the hurricane counts have
a standard deviation of 1.8. These are not far from the
values obtained with the larger sample. For the cumu-
lative statistics, the standard deviation from the multi-
year dataset is 23.0 X 10% kn? for the ACE and 45.5 x 10°
m® s72 for the PDI. These are also similar to the 1995
control ensemble, which gives 22.0 X 10* kn? and 40.8 X
10” m® s 72, respectively.

In addition to the ¢ test based on the small-ensemble
variances, we consider an alternative ¢ test based on the
multimodel variances using the statistic

_ (ﬂl - ﬂz)

¢ V202N’

where %, and u, are the sample means being contrasted,
o is the variance of the larger sample, and N remains
the size of the small ensemble. This statistic is associated
with the ¢ distribution defined by the size of the larger
sample, which has 25 degrees of freedom.

APPENDIX B

An Interannual Contrast

Between isolated years, the pattern of change in the
environment may be quite different from long-term
trends. For an indication of the importance of the sea-
sonal mean compared to subseasonal frequencies in
driving interannual tropical storm variability, we cre-
ated a mixed-environment ensemble in which the sub-
seasonal variability of 1995 is replaced by that of the
much less active year 1982. Equivalently, we set up an
experiment for 1982 in which the ASO averages were
replaced by those of 1995. A control ensemble for 1995
was mentioned in section 3. We also produced a control

TABLE Bla. Number of observed and simulated tropical storms
in 1982 and 1995. Values in row 1 are from observations; in row 2
from the control ensembles; and in row 3 from the experiments
with mixed environments where the year providing the seasonal
mean is specified by the column header. The case marked with an
asterisk is a single experiment; otherwise, the model results are
four-member ensemble averages.

TSs 1982 1995
Observed 4 15
Control 6.75 13.75
Mixed 6% 16.25
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TABLE B1b. As in Table Bla, but showing numbers of hurricanes.

Hurricanes 1982 1995
Observed 1 10
Control 3.50 9.25
Mixed 3% 8.75

ensemble for 1982. The resulting mean storm counts are
shown in Tables Bla and B1b for tropical storms and
hurricanes, respectively.

The mixed-environment ensemble with 1995 seasonal-
mean fields (labeled “mixed” and 1995 in the tables)
closely resembles the 1995 control, although it exag-
gerates the increase in total storms over 1982. A single
realization with the reversed mixed environment (1982
mean plus 1995 higher frequencies; marked with an as-
terisk in the tables) produces a good match to the 1982
control ensemble. At least for these years, changing the
3-month mean environment is sufficient to reproduce
the differences in storm counts obtained using the full
variation of conditions between the years.
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