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ABSTRACT

Virtually all metrics of Atlantic tropical cyclone activity show substantial increases over the past two de-
cades. It is argued here that cooling near the tropical tropopause and the associated decrease in tropical
cyclone outflow temperature contributed to the observed increase in tropical cyclone potential intensity over
this period. Quantitative uncertainties in the magnitude of the cooling are important, but a broad range of
observations supports some cooling. Downscalings of the output of atmospheric general circulation models
(AGCMs) that are driven by observed sea surface temperatures and sea ice cover produce little if any increase
in Atlantic tropical cyclone metrics over the past two decades, even though observed variability before
roughly 1970 is well simulated by some of the models. Part of this shortcoming is traced to the failure of the
AGCMs examined to reproduce the observed cooling of the lower stratosphere and tropical tropopause layer
(TTL) over the past few decades. The authors caution against using sea surface temperature or proxies based
on it to make projections of tropical cyclone activity as there can be significant contributions from other
variables such as the outflow temperature. The proposed mechanisms of TTL cooling (e.g., ozone depletion
and stratospheric circulation changes) are reviewed, and the need for improved representations of these
processes in global models in order to improve projections of future tropical cyclone activity is emphasized.
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1. Introduction

Various metrics of North Atlantic tropical cyclone ac-
tivity show large increases over the past two decades. For
example, tropical cyclone power dissipation [the sum
over the season and the lifetime of each storm of its
maximum surface wind speed cubed; Emanuel (2005)]
has increased in concert with the sea surface temperature
of the tropical North Atlantic main development region
(MDR) (6°-18°N, 20°-60°W) since the 1980s (Fig. 1).
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The high correlation (#* = 0.77) between the two time
series is remarkable for two entirely independent geo-
physical measurements. The actual (nonnormalized)
power dissipation has roughly doubled since 1990, while
the (nonnormalized) sea surface temperature has in-
creased by only about 0.5°C during this period. Were this
apparent sensitivity to continue into a projected 2°-3°C
increase in tropical sea surface temperatures owing to
global warming, the implications would be dire (Knutson
et al. 2010). It is the aim of this paper to explore the
physical causes of the large upswing in Atlantic tropical
cyclone power in the past two decades, focusing on the
role of temperature changes in the tropical tropopause
layer (TTL). Here we confine our attention to the North
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Atlantic region for three primary reasons. First, records
of tropical cyclone activity (including intensity) there are
of higher quality and longer duration than anywhere else.
Second, as we will show presently, variability of North
Atlantic tropical cyclone activity appears to be more
controlled by thermodynamic variability than elsewhere.
Finally, as we will show, there are data that suggest that
cooling of the tropical tropopause layer is more pro-
nounced over the tropical North Atlantic than in many
other parts of the tropics. Thus, the signal whose influence
we here seek to elucidate is probably stronger in the
North Atlantic than elsewhere.

2. Thermodynamic influences on tropical cyclones

We first note that, in spite of the high correlation be-
tween tropical cyclone power and sea surface tempera-
ture evident in Fig. 1, sea surface temperature plays no
well-defined direct role in any existing theory of tropical
cyclones, even though it is widely used in empirical re-
lationships for genesis and storm intensity and by fore-
casters trying to predict genesis and intensity change.
Physically, the atmosphere responds to the ocean mostly
through radiative fluxes, which depend, among other
things, on the ocean temperature relative to the tem-
perature at various levels in the atmosphere, and on
turbulent enthalpy fluxes, which depend on near-surface
wind speed and on the difference between the saturation
enthalpy of the sea surface and the actual enthalpy of the
boundary layer. It is the difference that matters, not the
absolute value of the sea surface temperature.

We identify three thermodynamically sensitive quanti-
ties of potential significance to tropical cyclones: 1) the
general incidence of moist convection, 2) a nondimensional
measure of midtropospheric humidity, and 3) the potential
intensity, which depends on both the enthalpy jump be-
tween the atmosphere and ocean and the temperature
difference between the ocean and the tropopause.

One metric of moist convection is the cloud-base
updraft mass flux M, averaged over an ensemble of
convective clouds. According to the boundary layer
quasi-equilibrium hypothesis of Raymond (1995), the
convective and large-scale downdrafts into the subcloud
layer must, on average, balance surface enthalpy fluxes in
order that there are no large tendencies of entropy in the
subcloud layer. Assuming that both convective down-
drafts and large-scale subsidence into the subcloud layer
both transport a value of moist static energy 4,, char-
acteristic of the middle troposphere, Emanuel (1995)
showed that the updraft mass flux is given by
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FIG. 1. Seasonally accumulated tropical cyclone power dissipation
(dashed) and sea surface temperature (from the Hadley Center)
averaged over the Atlantic main development region (6°~18°N,
20°-60°W) and over the period August-October (solid), using data
for the period 1949-2010. Tropical cyclone wind speeds are from the
National Hurricane Center “best track” data, but using wind speed
corrections according to Emanuel (2005) over the period 1949-70.
Sea surface temperature is from the Hadley Center (HadISST1).
Both series have first been zero-centered and normalized by their
respective standard deviations and then smoothed using a 1-3-4-3-1
filter.

where w is the large-scale vertical velocity at a character-
istic altitude in the middle troposphere, y is a scaling
factor such that yw represents the large-scale vertical
velocity at the top of the boundary layer, Cy is the non-
dimensional surface exchange coefficient for enthalpy at
a reference altitude in the surface layer, |V| is the wind
speed at that reference altitude, /¢ is the saturation moist
static energy of the sea surface, and 4, is the boundary
layer moist static energy. The derivation of (1) assumes
that there is no horizontal advection of moist static
energy in the boundary layer and neglects radiative
cooling integrated through the depth of the boundary
layer. In the free troposphere there must be, on average,
a balance between radiative cooling and the warming due
to subsidence between clouds. This balance may be ex-
pressed as

(Mu _Md_w)S:Qrad’ (2)

where M, is the net convective downdraft mass flux
(defined positive downward), Q,,4 is the radiative cooling
rate, and S is the static stability, defined as

S=c,(,—T,).

where ¢, is the heat capacity at constant pressure and
I'y and I, are the dry and moist adiabatic lapse rates,
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respectively. If we assume that the downdraft mass flux
depends on the updraft mass flux according to M, =
(1 —e,)M,, where g, is the precipitation efficiency
(Emanuel 1995), then using this and eliminating w be-
tween (1) and (2) yields

L |CIVI(hg —h*) _ yQyq
W —h S

m

M_
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In writing (3) we have also assumed that convective re-
gions are nearly neutrally stable to moist convection so
that &, = h*, where h* is the saturation moist static energy
of the troposphere that, owing to convective neutrality,
is nearly constant with altitude and, owing to horizontal
temperature gradients being very weak in the tropical
troposphere, is nearly constant in the horizontal as well.
We have also neglected horizontal entropy advection in
the boundary layer and in the free troposphere.

It is apparent from (3) that convection depends on
many environmental factors, including the saturation
deficit of the middle troposphere (denominator of the
first term in brackets), radiative cooling, precipitation
efficiency, near-surface wind speed, and the saturation
moist static energy of the sea surface relative to that of
the troposphere. This last factor is also important in the
expression for potential intensity Vo of tropical cy-
clones (e.g., Bister and Emanuel 1998):

C.T,—T
Vo = =2 (h¥ — h*), 4)
pot c, T 0

o

where Cp is the drag coefficient, and we have once
again equated the boundary layer moist static energy
with the saturation moist static energy of the free
troposphere.' In (4) Ty is the sea surface temperature
and T, is the “outflow temperature,” which is approx-
imately the temperature near the ambient tropopause
(Emanuel and Rotunno 2011). The direct dependence
of potential intensity on sea surface temperature 7 in
(4) is weak; a 0.5°C increase would yield an increase of
potential intensity of about 0.2 m s~!. Most of the de-
pendence enters through the factor 4§ — A*, which also
appears in the expression for the convective mass flux,
(3). This may be thought of as dependent on the tem-
perature of the ocean surface relative to that of the free
troposphere.

! The validity of (4) has been challenged by Smith et al. (2008)
and examined by others (e.g., Bryan and Rotunno 2009), but an
alternative formulation has not been proposed.
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It should also be mentioned that simple models of
tropical cyclones suggest that the nondimensional quan-
tity y defined by

h )

m

X

which also appears in (3), has an important effect on the
genesis and development of tropical cyclones (Emanuel
et al. 2008). Specifically, larger values of y are condu-
cive to more frequent storms [and, through (3), to more
convection]. As argued by Emanuel et al. (2008), global
warming should lead to decreasing x since the numer-
ator of (5), which scales as surface enthalpy fluxes, in-
creases only slowly with increasing greenhouse gas
content, while the denominator of (5) increases more
rapidly, scaling with the Clausius—Clapeyron relation.
This, together with (4), suggests that global warming
should lead to less frequent but more intense tropical
cyclones.

We now return to the question of the remarkable in-
crease of Atlantic tropical cyclone power and sea sur-
face temperature and the correlation between them.
Examining (3)—(5), we note that the primary quantities
whose variation one might expect to affect tropical cy-
clone (TC) activity are hif — h*, h* — h,, |V|,and T,,. We
would expect a high correlation between metrics of TC
activity and sea surface activity when all or most of these
are correlated with sea surface temperature, especially
if the nonthermodynamic effects on tropical cyclones
such as wind shear are also correlated with sea surface
temperature. Table 1 shows the correlation coefficients
between sea surface temperature and these various
quantities, as well as the associated P values for three
TC-producing regions. Only in the North Atlantic region
are all of the correlations highly significant’® and these
high correlations among the thermodynamic predictors
are consistent with the high correlation between tropical
cyclone metrics (such as power dissipation) and sea sur-
face temperature in the North Atlantic. Not surpris-
ingly, the Atlantic is the only region of the three in which
tropical cyclone power dissipation is significantly cor-
related with potential intensity [at least according to
National Centers for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCAR)
reanalysis data], so it is a good place to examine the
influence of outflow temperature, which affects po-
tential intensity. In the following, we examine in detail

2 But correlations involving the outflow temperature using
NCEP-NCAR reanalysis data are dubious, as described in the next
section.
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TABLE 1. Correlations between SST and power dissipation index (PDI), as well as various quantities that appear in (3)—(5) and with the
850-250-hPa wind shear (last column): P values are indicated in parentheses. All quantities, including SST, have been calculated from NCEP—
NCAR reanalysis data over the period 1979-2010, and have been smoothed using a 1-3—4-3-1 filter. The outflow temperature was calculated

using the algorithm presented in Bister and Emanuel (2002). The averaging regions and months are Atlantic: 6°~18°N, 20°-60°W, August—

October; eastern North Pacific: 5°-16°N, 90°~170°W, July-September; and western North Pacific: 5°-15°N, 130°E-180°, July-November.

1
PDI h§ — h* e VI T, [AV 350850
Atlantic 0.85 (0.000)  0.892 (0.000)  —0.478 (0.010)  —0.899 (0.000)  —0.859 (0.000)  —0.719 (0.000)
Eastern North Pacific 0.500 (0.007)  0.892 (0.000)  —0.189 (0.335)  —0212 (0.278)  —0.148 (0.452)  —0.453 (0.016)
Western North Pacific ~ —0.177 (0.368)  0.730 (0.000)  0.558 (0.007)  —0.019 (0.482)  —0.839 (0.000) 0.349 (0.069)

the contribution to increasing North Atlantic hurricane
power from decreasing outflow temperature.

3. The influence of outflow temperature on trends
in Atlantic potential intensity

To further examine the effects of various factors on
potential intensity, we begin by taking the logarithm
of (4):

C T —-T
210g(Vp0t) = log (C;;) + log (%) + log(hg — h*).
(6)

o

Figure 2 shows the variation with time of the last two
factors in (6), averaged over the MDR (6°-18°N, 20°-
60°W) using the algorithm of Bister and Emanuel (2002)
driven by the NCEP-NCAR reanalysis as an example.
[Note that, according to the Bister and Emanuel algo-
rithm, temperature changes that do not affect either

boundary layer entropy or the outflow temperature
(approximately the temperature of the tropopause) do
not affect potential intensity. Thus, for example, any
temperature changes in the upper troposphere well below
the tropical tropopause layer (whether real or spurious,
see below) do not change potential intensity in any sig-
nificant way.]

Sea surface temperature measurements in the tropical
North Atlantic region have been accurate and robust
over the period that we are concerned with here, so this
contribution to changes in potential intensity is well
characterized. If the NCEP-NCAR reanalysis is adop-
ted, slightly more than half (56%) of the increase of
potential intensity in the North Atlantic over the past
30 years is owing to an increase in thermodynamic effi-
ciency, the second term on the right of (6). As discussed
previously, virtually all of this comes from the decrease
of outflow temperature; the increase in sea surface tem-
perature contributes only about 7% to the increase in
thermodynamics efficiency over this period. The increase

o
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FIG. 2. (left) Potential intensity calculated from the algorithm of Bister and Emanuel (2002) averaged over the
Atlantic main development region (6°~18°N, 20°~60°W) and over August-October, using NCEP-NCAR reanalysis
data. The dashed line shows the linear regression slope. (right) Logarithms of the last two factors in (6): thermo-
dynamic efficiency (red, with 4.75 added for ease of comparison) and surface thermodynamic disequilibrium (blue).
Dashed lines show the regression slopes, calculated from NCEP-NCAR reanalysis data averaged over the Atlantic
main development region (6°~18°N, 20°-60°W) and over August—October; outflow temperature calculated using the
algorithm of Bister and Emanuel (2002).
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FIG. 3. August—October averaged temperature anomalies at (left) 70 hPa and (right) 100 hPa for the period 1979—
2010: RATPAC station data at San Juan, Puerto Rico (blue); NCEP-NCAR reanalysis data (green); ERA-Interim
reanalysis data (red); and MERRA reanalysis data (aqua) averaged over the region 6°-18°N, 20°-60°W are com-
pared. Dashed lines show the linear regression slopes. The temperature anomalies are with respect to their respective
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means over the period of record, and 2 K has been added successively to each series for clarity.

in tropical cyclone activity downscaled from the NCEP-
NCAR reanalyses reported by Emanuel et al. (2008)
arises almost entirely from the increase in potential in-
tensity; the 5% decline in wind shear over the period is
too small to contribute much to the increase, and the
other parameter important in the downscaling, y, as given
by (5), actually declines over the period. The magnitude
of this contribution is certainly an overestimate because
the NCEP-NCAR reanalysis cools the tropopause re-
gion excessively compared to soundings and Microwave
Sounding Unit (MSU)-based analyses. Next we show that
the quality and consistency of available temperature
records and reanalysis has improved greatly in recent
years, allowing a deeper examination of the robustness
of cooling in the tropical tropopause region.

The reanalysis rendition of TTL temperatures depends
upon observations by radiosondes and satellite radio-
metric measurements in certain wavenumber ranges.
Some of the radiometric measurements are assimilated
into reanalysis products. We next compare the NCEP—
NCAR reanalysis temperatures at 100 and 70 hPa, av-
eraged over the Atlantic MDR during August-October,
to two other reanalysis products and to radiosonde
temperatures at San Juan, Puerto Rico, the nearest
quality-checked station with a long record for which
Radiosonde Atmospheric Temperature Products for
Assessing Climate (RATPAC-lite) data are available.
These radiosonde data have been corrected for tem-
poral inhomogeneity problems (Lanzante et al. 2003a,b).
Although Puerto Rico is some distance from the Atlantic
MDR, the stratification in the TTL and lower strato-
sphere coupled with the relatively low latitudes of the
region ensure that the deformation radius will be com-
paratively large, so one might expect some correlation

between the Puerto Rico and MDR temperatures at 100
and 70 hPa. Figure 3 compares the RATPAC Puerto
Rico temperature anomalies averaged over both 0000 and
1200 UTC times and over the months August—October
with MDR-averaged reanalysis data averaged over the
same months. Besides the NCEP-NCAR reanalysis, we
also compare with interim European Centre for Medium-
Range Weather Forecasts Re-Analysis (ERA-Interim)
(Dee et al. 2011) and Modern-Era Retrospective Analysis
for Research and Applications (MERRA) (Rienecker
et al. 2011) reanalysis data.

At 70 hPa the sonde and the three reanalysis products
all show downward trends, although the MERRA and
ERA trends are smaller than those of the San Juan ra-
diosonde and the NCEP-NCAR reanalysis.® The effects
of the two major volcanic eruptions during this period,
El Chichén in 1982 and Mt. Pinatubo in 1991, are ap-
parent at both 70 and 100 hPa. Of direct importance to
the present work is the absence of significant cooling at
100 hPa in the ERA-Interim reanalysis. The San Juan
radiosonde shows significant cooling, while the MERRA
reanalysis cools but to a lesser degree. The NCEP-
NCAR reanalysis cooling trend is somewhat larger than
that at San Juan. The MERRA and ERA-Interim re-
analyses (as well as two other reanalyses discussed in the
next paragraph) agree quite well with each other and with
the San Juan sounding when they are interpolated to the
location of San Juan, indicating that the reanalyses are

* While the temperature at 70 hPa does not affect potential in-
tensity, it is the lowest standard radiosonde level that can reason-
ably be assumed to be unaffected by vertical migrations of the TTL;
thus it is useful to examine temperature tendencies there.
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FIG. 4. (left) Vertical distributions of August-October MDR-averaged temperature trends (1979-2009) from five
reanalyses and from the San Juan radiosonde, compared with annual mean tropical-wide temperature trends from
wind-adjusted radiosonde data (Sherwood et al. 2008). Vertical weighting function of the MSU TLS channel shown at
right. (right) Temperature trends from the MSU-weighted San Juan sounding and the five reanalyses, compared with
MSU TLS data averaged over the MDR, August-October. The trend of the JRA-25 reanalysis is not significant at the

95% level, as indicated by the open bar.

more strongly constrained by the radiosonde data near
the location of the sounding.

In Fig. 4, linear trends in temperature from the San
Juan radiosonde and the three reanalysis products are
compared with two other reanalyses: the Japanese
Meteorological Agency (JMA) 25-yr Reanalysis (JRA-
25) (Onogi et al. 2007) and the NCEP Climate Forecast
System Reanalysis (CFSR), which is a modern reanalysis
that should be more comparable with others (Suranjana
et al. 2010). Figure 4 also shows an analysis of tropical-
wide (30°S-30°N) trends during the period 1979-2005 by
Sherwood et al. (2008), who used radiosonde tempera-
ture data adjusted to reflect biases and considering the
results of applying thermal wind balance to radiosonde-
derived winds. The results of applying a MSU TLS-
channel weighting (shown on the right side of the left
panel) to the San Juan and reanalysis temperatures are
also displayed in Fig. 4 and compared with those of the
MSU Remote Sensing Systems (RSS), version 3.3, TLS
(Mears and Wentz 2009; right panel).

Itis clear from Fig. 4 that the original NCEP reanalysis
cooling trend from 300 to 100 hPa is excessive compared
to that of the San Juan sounding and the other reanalyses
and hence likely to be spurious. Overall, the NCEP CFSR
and MERRA trends are closest to that of the San Juan
radiosonde, whereas the ERA-Interim trend seems too
small. At 70 hPa the magnitude of trends from all but the
NCEP-NCAR and NCEP CFSR reanalyses are quite
small relative to the sonde, whereas NCEP CFSR is very

close and NCEP-NCAR is somewhat larger. Neverthe-
less, this comparison shows evidence from a range of
different sources for significant cooling in the region of
the TTL (about half as large as in the original NCEP-
NCAR reanalysis) that should be expected to influence
hurricane outflow temperatures, all other things being
equal. It is also clear from the left panel of Fig. 4 that
there are very large vertical gradients in the temperature
trends across the tropical tropopause layer, with a sharp
transition from warming below to cooling above. Thus,
small errors in the altitude of the TTL can lead to large
errors in trends near 100 hPa. Further, the changes re-
ported in the MSU record are muted by smearing in the
vertical (see, e.g., Randel et al. 2009), and the weighting
of MSU in some reanalysis data could reflect this.

Analysis of the MSU Temperature Lower Strato-
sphere (TLS) channel suggests that the downward trend
in tropical lower stratospheric temperature over the
past few decades is strongest in the North Atlantic region
(Fig. 5). This implies that downward trends in outflow
temperature should also be largest over the Atlantic.
Figure 5 also suggests that TTL cooling over the Atlantic
MDR is similar to that at San Juan.

The outflow temperature may be thought of as the
absolute temperature at the level at which a parcel sat-
urated as sea surface temperature first loses its positive
buoyancy when lifted through the unperturbed envi-
ronment. Warming sea surface temperature by itself will
allow such a parcel to penetrate higher into the TTL and
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FIG. 5. Geographical patterns of observed and reanalysis trends (K decade ') in TLS and 100-hPa temperature.
All trends are from 1979 to 2011 and averaged over August—October: (left) the TLS trend analyzed from MSU data
by (top) RSS and the equivalent trends after applying the TLS channel weighting function to (middle) MERRA and
(bottom) NCEP-NCAR temperatures. (right) The reanalysis trends at 100 hPa. The red cross shows the location of
San Juan, while the black rectangle outlines the Atlantic MDR.

thus attain a lower temperature; when coupled with any
decline in TTL temperature, somewhat larger declines in
outflow temperature can occur. For the NCEP-NCAR
reanalysis, the outflow temperature declines by 5.4 K
while the 100-hPa temperature declines by 4.6 K from
1979 to 2010, while for the San Juan sonde the corre-
sponding numbers are 3.8 and 2.1 K, respectively. Note
that, in Figs. 2-4, much of the change in potential in-
tensity and outflow temperature occurred in a single
jump around the year 1995. The warming effects of the

eruptions of El Chichén in 1982 and Mt. Pinatubo in
1991 are readily apparent.

If the NCEP-NCAR reanalysis data are used, an im-
portant part of the increase in tropical cyclone potential
intensity over the past few decades is owing to decreasing
outflow temperature, with the rest coming from increased
thermodynamic disequilibrium at the sea surface. The
tropical cyclone downscaling reported by Emanuel et al.
(2008) also shows that the increase in potential intensity is
largely and perhaps wholly responsible for the increase in
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FI1G. 6. As in Fig. 3 but showing (left) outflow temperature anomalies and (right) potential intensity anomalies. In the
figure at left, 2 K has been added successively to each time series for clarity; at right, 2 m s~ ! has been added.

Atlantic tropical cyclone activity since the early 1990s.
But even with a reduced cooling half as large as in the
NCEP-NCAR reanalysis, changes in the TTL would
nonetheless play some role in the upswing of Atlantic
tropical cyclone activity, discussed further below. For
example, the temperature trends at 100 hPa reported
by radiosonde would affect calculated trends in outflow
temperature and thereby also affect trends in potential
intensity, as illustrated in Fig. 6. In constructing this
figure, we used RATPAC soundings from San Juan in
conjunction with MDR-averaged sea surface temper-
atures [Hadley Centre Global Sea Ice and Sea Surface
Temperature (HadISST); Rayner et al. (2003)] in the
potential intensity algorithm of Bister and Emanuel
(2002). Figure 6 also shows outflow temperatures and
potential intensity changes from three reanalyses. A
small part of the differences seen in Fig. 6 may be owing
to differences in the sea surface temperatures used by
the reanalyses, but examination of time series of these
temperatures (not shown) indicates very small differ-
ences. The effect of the eruptions of El Chichén and
Mt. Pinatubo are again readily apparent in both parts of
Fig. 6.

The San Juan sounding indicates potential intensity
increases of 1.24 m s~ ' decade ', compared to rates of
1.92, 1.41, and 1.07 m s~ " decade™"' for the NCEP-
NCAR, ERA-Interim, and MERRA reanalyses, respec-
tively. The rate of increase in NCEP-NCAR-derived
potential intensity is about 55% larger than that derived
from the San Juan sounding, while that of the MERRA
reanalysis is about 14% less. It is apparent in Fig. 6 that
the differences in the rates of increase in potential in-
tensity do not always reflect differences in the rates of
change of outflow temperature. This is because potential
intensity is also controlled by the thermodynamic dis-
equilibrium between the ocean and atmosphere [last

term in (6)]. Table 2 shows the contributions to the
decadal trends in potential intensity from the last two
terms in (6) applied to the San Juan sounding and the
three reanalyses. [The sum of the two terms does not
equal the trend in potential intensity because (6) is only
an approximation to the full algorithm used to calculate
the latter.] For the ERA-Interim reanalysis, a large in-
crease in thermodynamic disequilibrium compensates to
some extent for the lack of TTL cooling, yielding a rea-
sonably large increase in potential intensity. In the case
of the NCEP reanalysis, TTL cooling contributes about
half of the total increase in potential intensity, while it
contributes about 17% of the total increase from the
MERRA reanalysis.

To further explore the influence of TTL cooling on
tropical cyclones, we downscale each of the aforemen-
tioned reanalyses by generating from the model output
large sets of synthetic tropical cyclone events using
the downscaling technique of Emanuel et al. (2008).
This technique applies a highly resolved, coupled ocean—
atmosphere model phrased in angular momentum co-
ordinates (Emanuel 1995) to tracks initiated by random

TABLE 2. Contributions to the decadal trend in potential in-
tensity (m s~ ' decade ") from the last two terms in (6) for San Juan
and each of the three reanalyses, averaged over the Atlantic MDR,
August—October.

ERA-
San Juan NCEP Interim MERRA

Contribution from outflow 0.60 0.95 -0.03 0.15

T trend
Contribution from trend 0.91 0.96 1.35 0.71

in thermodynamic

disequilibrium
Sum 1.51 1.91 1.32 0.86
Full trend 1.24 1.92 1.41 1.07
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seeding in space and time,* and propagated forward using
a beta-and-advection model driven by winds derived
from the atmospheric general circulation model (AGCM)
simulations. The intensity model is integrated along
each track. In practice, a large majority of the events
suffer declining intensity from their onset and are dis-
carded; the survivors constitute the tropical cyclone
climatology of the model.

The downscaling model relies on large-scale winds
both to drive the beta-and-advection track model and
for deriving wind shear that is input to the intensity
model. As described in Emanuel et al. (2006), the winds
are derived from synthetic time series of winds con-
strained to have the same monthly means as those pro-
duced by the global model, as well as the same monthly
mean covariances among the wind components at two
model levels where the fluctuations are defined in terms
of departures of daily means from monthly means. The
wind time series are also constrained to have power
spectra that fall off with the cube of the frequency. The
thermodynamic input to the intensity model consists of
monthly mean potential intensity and 600-hPa temper-
ature and relative humidity derived from the global
models. The ocean component of the intensity model
requires ocean mixed layer depth and sub-mixed-layer
thermal stratification; in the simulations described here
we use present-day climatology for both of these quan-
tities. Thus the effect of global warming on the thermal
stratification of the upper ocean is not considered here.
When driven by NCEP-NCAR reanalyses during the
period 1980-2006, this downscaling technique produces
results that explain as much of the observed variance in
North Atlantic tropical cyclone activity as do certain
global models (LaRow et al. 2008; Zhao et al. 2009a) and
the regional downscaling technique of Knutson et al.
(2007), which was also driven by NCEP-NCAR reanalysis
data. The technique captures well the observed spatial and
seasonal variability of tropical cyclones around the globe,
as well as the effects of such climate phenomena as ENSO
and the Atlantic meridional mode. Thus there are objec-
tive reasons to have some confidence in the ability of the
downscaling technique to simulate the effects of climate
and climate change on tropical cyclone activity.

As might be expected based on the potential intensity
trends shown in Fig. 6, the downscaled power dissipation
indices of North Atlantic tropical cyclones differ among
the three reanalyses (Fig. 7). None of the three exhibits
a rate of increase as large as the observed increase of
20% decade™; the downscaled NCEP-NCAR rate is

* Seeding is not done poleward of 75°N or 65°S, or equatorward
of 3°.
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FIG. 7. Annual PDI (10" m3s~2) from the National Hurricane
Center North Atlantic hurricane database (HURDAT) (blue) and
downscaled from the three reanalysis datasets (green, red, and
aqua). Dashed lines show the linear trends.

0 . .
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17% decade !, while ERA-Interim and MERRA yield
9.6% and 11.9% decade ', respectively.” (None of the
three reanalyses captures the very exceptional 2005
season; omitting it yields an observed rate of
18% decade'.) Other tropical cyclone metrics, such as
storm frequency, yield similar signals: Only activity
downscaled from the NCEP-NCAR reanalysis shows
increases similar to those observed. Given that most of
the downscaled NCEP-NCAR increase is owing to the
increase in potential intensity (Emanuel et al. 2008), it
is plausible that the failure of the downscaling of the
other two reanalyses to reproduce the observed increase
is traceable to the lower magnitudes of their increases in
potential intensity (Fig. 6 and Table 2), which are in turn
partially attributable to their relatively small TTL cool-
ing. Note that the downscaled power dissipation from
MERRA shows a larger upward trend than does that
from the ERA-Interim in spite of the fact that the ERA
potential intensity trend is larger (Table 2). This is be-
cause the two other factors that influence genesis fre-
quency, vertical wind shear and y as given by (5), both
have more favorable trends in the ERA reanalysis than
in MERRA. Also note that the influence of EI Chich6n
and Mt. Pinatubo, so clear in Fig. 6, is less so in the ob-
served and downscaled power dissipation, perhaps be-
cause of variability that arises from other factors such as
x and shear. But the volcanic signal is somewhat more

5 The ERA-Interim rate has an associated p value of 0.16, so it is
of dubious statistical significance. The p values associated with the
observed, NCEP-NCAR, and MERRA regressions are 0.02, 3 X
10~*, and 0.02, respectively.
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TABLE 3. Atmospheric general circulation models used in this study.

AGCM Institution Reference Period of integration
CAM3 National Center for Atmospheric Research Ammann et al. (2007) 850-1999
CAM3 with slab ocean National Center for Atmospheric Research Collins et al. (2006) 1979-98
(hereafter, CAM3s)
ECHAMS Max Planck Institute for Meteorology Roeckner et al. (2006) 1870-2005
GFDL AM2.1 NOAA Geophysical Fluid Anderson et al. (2004) 1980-2004
Dynamics Laboratory
GFDL HiRAM NOAA Geophysical Fluid Zhao et al. (2009) 1982-2007
Dynamics Laboratory
NOAA Twentieth Century NOAA Earth System Research Laboratory Compo et al. (2011) 1891-2008
Reanalysis, version 2
MA-ECHAMS (or MAECHAM) Max Planck Institute for Meteorology Roeckner et al. (2006) 19502007

Manzini et al. (2006)
Cagnazzo et al. (2007)

apparent in other metrics of Atlantic tropical cyclone
activity (Evan 2012).

4. Absence of TTL cooling in general circulation
models and consequences for downscaled
tropical cyclones

A well-known bias of most current general circulation
models (GCMs) is their failure to capture the cooling of
the lower stratosphere and tropical tropopause layer
over the past several decades (Cordero and Forster
2006; Gettelman et al. 2010). This is also evident in
Fig. 5, which compares the TLS trend averaged over
several models with observed MSU trends as deduced
by several independent groups. Here we examine the
evolution of Atlantic MDR-averaged quantities in six
atmospheric GCMs driven by observed sea surface tem-
perature and sea ice cover. A seventh simulation uses
an atmospheric GCM coupled to a slab ocean. We also

Outflow Temperature Anomalies
T T T

Temperature Anomaly (K)

1995 2000 2005 2010

Year

1980 1985 1990

examine tropical cyclones downscaled from these models.
The models and their main reference sources are listed in
Table 3. Unfortunately, not all of the output variables
that we use for diagnosis in this paper were available from
all models in the CMIP archive; in what follows, we use all
of the models that produced the relevant variables. It
should also be noted that these simulations differ in im-
portant respects, including their inclusion or lack thereof
of volcanic aerosols, variable ozone, and changing CO,
concentrations.

Figure 8 (left) shows the outflow temperatures cal-
culated from the four models from which it was available
and compares them with that calculated from the San Juan
RATPAC soundings and MDR-averaged sea surface
temperatures (as in the previous section). While all of the
models exhibit slight downward trends, only the Com-
munity Atmosphere Model, version 3 (CAM3), simula-
tion comes close to the ~1.2 K decade ' drop in outflow
temperature calculated from the San Juan soundings.

P ial Intensity A
20 T T

15] ECHAM

Potential Intensity Anomaly (m/s)
o

)
T

San Juan

-5 . . . . . . .
1980 1985 1990 1995 2000 2005 2010
Year

FIG. 8. MDR-averaged (left) outflow temperatures and (right) potential intensities averaged over the period
August-October from San Juan soundings (blue) and for subsets of the AGCMs listed in Table 2, depending on
availability of the variables. Each successive time series is offset by 2 K and 2 m s~ '. Dashed lines show linear

regression slopes.
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FIG. 9. Annual power dissipation of North Atlantic tropical cyclones downscaled from AGCMs using the tech-
nique of Emanuel et al. (2008). (left) The results of the longer model runs; these are compared with estimated actual
tropical cyclone power dissipation. (right) The downscaled annual power dissipation from these as well as from the
shorter simulations. The longer series at left have been smoothed in time using a 1-3-4-3-1 filter. Series at right have
been displaced from each other by 2 X 10" m*s~2 for clarity. The right panel also shows linear regression slopes
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(dashed lines) of the time series.

Since all of the models and the reanalyses use virtually the
same sea surface temperatures, the failure of the AGCMs
to simulate the drop in outflow temperature is likely
rooted in their failure to simulate the decline in TTL
and lower stratosphere temperatures, as documented by
Thompson and Solomon (2005), Cordero and Forster
(2006), Gettelman et al. (2010), and others (also see
Fig. 5). Modeled 100-hPa temperature trends show
around 0.3 K~ ! decade ! less cooling over the period
1979-2005 than those inferred from rawinsonde winds
using the thermal wind equation (Allen and Sherwood
2008). The absence of clear volcanic signatures in the
MAECHAM time series is owing to the absence of vol-
canic aerosols in that simulation.

The failure of the AGCMs to capture the TTL cooling
is to some extent reflected in the evolution over time of
the MDR-averaged potential intensities calculated from
monthly mean output of the AGCMs, also averaged
over the period August—October (Fig. 8, right). While all
of the models’ potential intensities show upward trends,
only CAM3, GFDL HiRAM, and GFDL AM?2.1 have
trends as large as that inferred from the San Juan
soundings. (The CAMS3 trend is actually somewhat
larger but extends over a shorter interval; when com-
pared over the same intervals, the trends are quite simi-
lar.) Although the HIRAM outflow temperature does not
decrease as fast as that based on the San Juan sounding,
its potential intensity increases at about the same rate
thanks to a faster increase in air-sea thermodynamic
disequilibrium over this time interval.

Figure 9 shows the results of downscaling the models
listed in Table 2. Some of the models that were run for
many decades are shown on the left, while those that were

run beginning after 1979 are shown on the right; both are
compared with the National Hurricane Center best-track
data (Jarvinen et al. 1984) as corrected for overestimation
of wind speeds prior to 1970, based on Landsea (1993).

It is clear from Fig. 9 that, while the downscaled trop-
ical cyclone power dissipation is in reasonable agreement
with the historical record before roughly 1980, none of
the models fully captures the large and well-documented
increase in Atlantic tropical cyclone power dissipation
after the early 1990s. On the other hand, the downscaled
NCEP-NCAR reanalysis shows quite good agreement
with historical data, as had been reported previously by
Emanuel et al. (2008). The two atmospheric thermody-
namic variables that influence the simple intensity model
used in the downscaling are the potential intensity and y
as defined by (5). (Constant monthly mean climatological
values are used for upper-ocean mixed layer depth and
sub-mixed-layer thermal stratification.) In most of these
simulations, y decreases after about 1990, so potential
intensity is the only remaining thermodynamic factor
that can explain changes in downscaled tropical cyclone
activity during this period.

The results of this analysis are summarized in Fig. 10,
which graphs the difference between downscaled and
observed trends in annual tropical cyclone power dissi-
pation (1979 and after) against the difference between
modeled outflow temperature and that inferred from
the San Juan soundings for all of the models and re-
analysis products for which the outflow temperature
was available. Larger differences in outflow temperature
trends are accompanied by larger errors in downscaled
power dissipation trends. This demonstrates that errors
in TTL temperature trends are associated with errors in
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Note that the various model trends are, in general, over somewhat
different periods of time (see right-hand side of Fig. 9).

downscaled tropical cyclone trends. In the next section
we will briefly review what is known about the causes of
TTL and lower stratosphere cooling and its implications
for tropical cyclones in a future climate.

5. Causes and implications of TTL cooling

Evidence for cooling of the lower stratosphere over the
past few decades is supported by analysis of several dif-
ferent measurement systems, including rawinsonde tem-
peratures (Thompson and Solomon 2005; Gettelman
et al. 2010) and satellite-borne microwave sounding unit-
derived temperatures (Fu et al. 2006). Temperature
trends derived from rawinsonde winds using balance re-
lationships (Allen and Sherwood 2008) also show pro-
nounced cooling with a sharp gradient from warming to
cooling across the tropical TTL. The cooling is evident
at all latitudes (Randel et al. 2009), and there is some
evidence that its magnitude is spatially inversely corre-
lated with upper tropospheric warming (Fu et al. 2006;
Rosenlof and Reid 2008). The cooling has not been uni-
form in time but seems to have occurred largely in two
steps corresponding to the eruptions of El Chichén in
1982 and Mt. Pinatubo in 1991 (Ramaswamy et al. 2006;
Thompson and Solomon 2009).

Various mechanisms have been proposed to account
for the cooling. The tropical lower stratosphere normally
has temperatures well below radiative equilibrium, owing
to adiabatic cooling associated with the Brewer—Dobson
circulation; it seems reasonable to assume that any
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enhancement of Brewer-Dobson overturning should
lead to additional cooling. There is some evidence that
secular increases in the Brewer—-Dobson circulation have
occurred in recent decades (Thompson and Solomon
2005; Deckert and Dameris 2008; Garcia and Randel
2008; Thompson and Solomon 2009; Fu et al. 2010) and
that global climate change may lead to further accel-
eration of the circulation and associated cooling of the
lower tropical stratosphere (Garcia and Randel 2008;
Gettelman et al. 2009; McLandress and Shepherd 2009).
A factor influencing the cooling is ozone loss (Forster
et al. 2007). Ozone loss in this region in turn is likely to
have resulted from increased upwelling of ozone-poor air
from the troposphere, so it may prove difficult to distin-
guish observationally between the direct adiabatic cool-
ing and ozone loss, both of which result from increased
upwelling (Thompson and Solomon 2009). The record of
lower stratospheric temperature change over the past
three decades, together with an analysis of models, sug-
gests that the main influences have been a slow secular
cooling owing to increasing magnitude of the Brewer—
Dobson circulation, but with strong influences from the
two major volcanic eruptions of this period. Volcanoes
initially heat the lower stratosphere through the radiative
effects of volcanic aerosols, but aerosol particles pro-
duced from volcanic gases interact with atmospheric
chlorine to produce longer-term ozone depletion, tending
to produce a cooling signal that follows the aerosol-
induced warming (Thompson and Solomon 2009).

Understanding the causes of the observed cooling is
vital for making accurate projections of TTL tempera-
ture, especially given the failure of global climate models
to adequately simulate the cooling (Cordero and Forster
2006; Gettelman et al. 2010). In view of the effect of TTL
cooling on tropical cyclones, the failure of global models
to capture the cooling suggests that their current ability
to predict future changes in tropical cyclone activity
may be compromised. Insofar as reanalyses depend upon
both observations and forcing, any shortcomings in
representing ozone losses or the processes controlling
the strength of the Brewer—Dobson circulation and its
changes can also influence reanalyses.

6. Summary

Tropical cyclones are sensitive to both their kinematic
and thermodynamic environments. Discussions of the
latter usually focus on sea surface temperature (absolute
or relative) as the thermodynamic quantity most relevant
to tropical cyclones. Here we emphasize that the relevant
thermodynamic quantities are the air-sea thermody-
namic disequilibrium and thermodynamic efficiency,
which control potential intensity; surface enthalpy flux,
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which contributes to convective activity; and mid-
tropospheric saturation deficit, which has a strong effect
both on convection and on tropical cyclone development.
Atleast in the North Atlantic region, where recent trends
appear to be dominated by thermodynamic influences,
downward trends in tropical cyclone outflow tempera-
ture, associated with a cooling tropical tropopause layer
and lower stratosphere, are a significant contributor to
upward trends in potential intensity over the past few
decades, atleast as inferred from time series of soundings
at San Juan, Puerto Rico, and from NCEP-NCAR and
MERRA reanalyses. Application of a tropical cyclone
downscaling technique to NCEP-NCAR and MERRA
reanalysis data implies that TTL cooling has made
a significant contribution to the increase in tropical
cyclone activity over this period, but comparisons with
MSU and sounding data suggests that the NCEP-NCAR
reanalysis overestimates the cooling and, therefore, the
increase in potential intensity. The uncertainties in tem-
perature changes in this region are hence of great impor-
tance for attempts to interpret tropical cyclone changes.
In this regard it is important to emphasize the evident
role played by several past volcanic eruptions in mod-
ulating temperatures in and around the TTL so thatitis
not just long-term trends that need to be considered but
also shorter-term episodic changes. It is well known that
most global circulation models underestimate this cooling
and, when the downscaling technique is applied to such
models, they largely fail to capture the observed increase
in North Atlantic tropical cyclone activity. Extant work
suggests that the observed cooling of the tropical TTL
and lower stratosphere since 1979 is linked not only to
warming by major volcanic eruptions in the first 15 years
of the record but also to a combination of ozone depletion
and increased Brewer—Dobson upwelling. The failure of
most GCMs to capture this cooling must be addressed
before such models can be used to project future changes
in tropical cyclone activity.
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