1722

JOURNAL OF CLIMATE

VoLuMmE 17

Potential Intensity of Tropical Cyclones. Comparison of Results from Radiosonde and
Reanalysis Data

MELISSA FREE

NOAA/AIr Resources Laboratory, Slver Spring, Maryland

MARJA BISTER”

Meteorological Research, Finnish Meteorological Institute, Helsinki, Finland

KERRY EMANUEL

Program in Atmospheres, Oceans, and Climate, Massachusetts Institute of Technology, Cambridge, Massachusetts

(Manuscript received 24 June 2003, in final form 12 November 2003)

ABSTRACT

Long-term changes in the intensity of tropical cyclones are of considerable interest because of concern that
greenhouse warming may increase storm damage. The potential intensity (Pl) of tropical cyclones can be
calculated from thermodynamic principles, given the state of the sea surface and atmosphere, and has been
shown in earlier studiesto give areasonable estimate of maximum intensity for observed storms. The Pl cal cul ated
using radiosonde data at 14 tropical island locations shows only small, statistically insignificant trends from
1980 to 1995 and from 1975 to 1995. In the mid-1990s Pl at most of these stations does not show the strong
increase that appears in global and regional Pl calculated from reanalysis data. Comparison with results derived
from reanalysis data suggests that previous adjustments to the reanalysis-derived Pl may overstate Pl after 1980
in some regions in comparison with that before 1980. Both reanalysis and radiosonde Pl show similar interannual
variability in most regions, much of which appears to be related to ENSO and other changes in SST. Between
1975 and 1980, however, while SSTsrose, Pl decreased, illustrating the hazards of predicting changesin hurricane

intensity from projected SST changes alone.

1. Introduction

Increases in hurricane intensity are expected to result
from increases in sea surface temperature and decreases
in tropopause-level temperature accompanying green-
house warming (Emanuel 1987; Henderson-Sellers et
al. 1998; Knutson et al. 1998). However, because the
predicted increase in intensity for doubled CO, is only
5%—20%, changes over the past 50 yr would likely be
less than 2%—too small to be detected easily. In fact,
studies of observed frequencies and maximum inten-
sities of tropical cyclones show no consistent upward
trend (Landsea et al. 1996; Henderson-Sellers et al.
1998; Solow and Moore 2002). While actual intensity
changes are hard to measure, changes in potential in-
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tensity (Pl) can be estimated from thermodynamic prin-
ciples as shown in Emanuel (1986, 1995) given arecord
of SSTs and profiles of atmospheric temperature and
humidity. Potential intensity is the maximum sustain-
able intensity of tropical cyclones based on the ther-
modynamic state of the atmosphere and sea surface,
measured in terms of the maximum winds (V,,) or
minimum central pressure (p,,,). Calculations of PI
agree well with the observed maximum intensities of
severetropical storms(Tonkin et al. 2000), and increases
in potential intensity may affect intensity distributions
of weaker tropical storms (Emanuel 2000).

Bister and Emanuel (2002a, hereafter BEO2a) cal-
culated potential intensity of tropical cyclones using
data from the National Centers for Environmental Pre-
diction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalhay et al. 1996). The
results after 1979 were adjusted to account for the spu-
rious shift in reanalysis temperatures that occurred with
the introduction of satellite data in the late 1970s. The
adjustment was based on the comparison of Pl for years
before and after 1979 with similar SSTs. As BEO2a
noted, this adjustment is subject to considerable uncer-
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Fic. 1. Locations of stations used.

tainty, making the results unsuitable for trend analysis
before 1980. Other possible errorsin the NCEP-NCAR
reanalysis, discussed in detail in BEO2a, may also affect
the calculated potential intensities.

In this paper we calculate potential intensity using
radiosonde and SST data and compare the resulting sea-
sonal cycles and annual mean time series to those from
BEO2a at grid points near selected radiosonde stations.
Because the radiosonde data do not have any major
discontinuity in the late 1970s, this allows a more con-
fident assessment of changes in Pl at these locations
before and after 1980. We also explore the reasons for
interannual changes in our calculated PI.

2. Methods

We calculated potential intensity by the method de-
scribed in Emanuel (1995) and BEO2a, using the re-
lation

Ts Ck
vz == - —(CAPE* — CAPE),, 1
e @
where T, is the SST, T, is the mean outflow temperature
(temperature at the level of neutral buoyancy), C, is the
exchange coefficient for enthalpy, C, isadrag coefficient,
CAPE* isthe convective available potential energy of air

TasLE 1. Names, WMO identification numbers, and locations of
radiosonde stations used, along with the number of missing months
from 1975 to 1995. A dash indicates that too few data points exist
at the particular time to be used.

Months
missing
0000 1200
Station WMO no. UTC UTC Lat Lon

Truk 91334 2 — 75 151.9
Nandi 91680 6 — —-175 177.3
Pago Pago 91765 1 7 -144 170.8
Hilo 91285 16 10 19.7 —155.1
Guam 91217 10 23 135 144.8
San Juan 78526 2 1 18.4 —66.0
Key West 72201 5 2 24.6 -81.8
Barbados 78954 71 26 13.1 —59.5
Ascension Island 61902 — 82 -8.0 -14.4
Koror 91408 2 — 7.3 134.5
Tarawa 91610 79 — 1.4 172.9
Atuona 91925 43 — -9.8 139.0
Honiara 91517 96 — -9.4 160.1
Majuro 91376 2 — 7.1 171.4

lifted from saturation at sea level in reference to the en-
vironmental sounding, and CAPE isthat of boundary layer
air. CAPE* and CAPE are evaluated at the radius of max-
imum wind of the hypothetical cyclone using areversible
adiabatic parcel-lifting algorithm. To get the pressure at
the radius of maximum wind, which is needed for the
CAPE calculation, we use the relation

c, T, In(po/p,) = 0.5VZ, + CAPE,, (2

where p, is the ambient surface pressure and p,, is the
pressure at the radius of maximum wind (see BE02a).
Equations (1) and (2) are solved iteratively.

The calculated V,,,, is reduced by 10% to account for
the difference between gradient winds and winds near
the surface. The calculation is done for each day with
sufficient data, but only days for which the calculated
Vo €XCEEDS 40 m s~* areincluded in the means. Month-
ly means are calculated only if Pl results exist and ex-
ceed this threshold for at least 10 days in the month.
The minimum central pressure (p,,,) iS obtained from
V.. Dy arelation similar to Eq. (2).

To minimize spurious trends from changes in sound-
ing resolution over time, we interpolated the radiosonde
soundings to 10-mb resolution and to the 13 levels used
by BEO2a. Results using the 10-mb resolution are gen-
eraly afew meters per second larger than those using
only 13 levels. The lowest level used, representing the
boundary layer, was 1000 mb, except at Guam, where
990 mb was used because 1000 mb was not consistently
above the surface. Statistical significance of trends is
determined by comparison to the uncertainty (twice the
standard error of the trend) with degrees of freedom
adjusted to account for autocorrel ation using theformula
Ny = N(1 — r)/(1 + r), wherer is the lag-1 autocor-
relation of the time series.

3. Data

We selected 14 island radiosonde stationsin the Trop-
ics (see Fig. 1 and Table 1) having relatively long and
complete records. For the calculation of potential in-
tensity, daily temperature data from the troposphere up
to 70 mb and humidity data from the lower troposphere
are necessary. We used soundings from the Compre-
hensive Aerological Reference Data Set (Eskridge et al.
1995) and monthly mean SSTs from NCEP EOF anal-
yses (Smith et al. 1996). Many stations suitable for stud-
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ies of lower-tropospheric trends could not be used here
because of sparse data near the tropopause.

Homogeneity was assessed using station histories
from the National Climatic Data Center (NCDC) and
visual inspection of time series of temperature and hu-
midity at 1000 mb and temperature at 70 mb, as well
as the Pl results (Pl calculations are not sensitive to
humidity in the upper troposphere). Where both day and
night observations exist, we examine also time series
of the day—night differences of these quantities. If a
sudden, sustained level shift in temperature or humidity
coincided with a similar discontinuity in PI, and the
changes did not appear to be explained by known large-
scale natural variations, such as ENSO or volcanic erup-
tions, the station was considered inhomogeneous at that
time. Because of widespread changes in humidity sen-
sors before 1974 (Gaffen 1996), we considered only
results after that date. At seven stations (the first seven
listed in Table 1) the results are considered homoge-
neous between 1975 and 1995 at a minimum. At the
other seven stations, discontinuities in temperature or
humidity time series between these dates, which do not
appear to be natural, make the results unreliable for
trend cal culations. Despite these inhomogeneities, these
stations are useful for the investigation of climatology
and interannual variability.

4, Results

Figure 2 shows seasonal cycles of minimum central
pressure (p.,,) for the 14 stations, grouped by location.
This plot shows only results from daytime soundings.
At Guam and Hilo, Hawaii, intensities are greater (p,n
is lower) for night soundings than day soundings, but
at San Juan, Puerto Rico, Key West, Florida, Barbados,
and Pago Pago, the two observation times give very
similar results. As expected, the amplitude of the sea-
sonal cycle in the Caribbean stations increases with dis-
tance from the equator. In the Pacific, however, this
relationship is less evident, with Atuona showing alarg-
er seasonal cycle than other stations, despite its greater
proximity to the equator. In the Northern Hemisphere,
maximum intensities (minimum pressures) generally oc-
cur in September or October and minimum intensities
(maximum pressures) in late winter. Koror and Tarawa
show a more complex pattern, with maximain May and
December at Koror, and in February and November at
Tarawa. In the Southern Hemisphere, minima occur in
or near August and maxima are between December and
March. Honiara, with higher SSTs than the other sta-
tions, shows much greater intensities, with central pres-
sures below 850 mb for 5 months of the year. Intensities
at Ascension Island and Hilo are less than at the other
stations. These features are generally consistent with the
results based on reanalysis data described in Bister and
Emanuel (2002b). The p,,, a Honiara, Solomon I slands,
is about 20-mb lower than in BEQ2a, while Tarawa p;,
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FiG. 2. Seasonal cycles of potential intensity at 14 radiosonde sta-

tions expressed as minimum central pressure (mb), calculated from

data for 1982-95, grouped by geographic region. Plots show daytime
results only.
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is higher than in Bister and Emanuel (2002b) by a sim-
ilar amount.

Figure 3 compares annual means of V., from radio-
sonde data at seven homogeneous stations to those from
reanalysis data at grid boxes at the same locations from
BEO2a. It aso shows the Southern Oscillation index
(SOl) for comparison. Interannual variability in the Pl
seriesis generally anticorrelated with ENSO (positively
correlated with the SOI), especially in the western Pa-
cific. Correlations between Pl and the SOI range from
0.052 at Hilo to 0.70 at Pago Pago, with al but Hilo
and San Juan significantly correlated. Before 1980,
mean Pls are generally similar in both datasets, but after
1980 the BEO2a results are higher than radiosonde re-
sultsby afew meters per second at many stations. Nandi,
Hilo, San Juan, and Key West are exceptions, showing
little relative shift in Pl between 1978 and 1980. At
several of these stations, a relative shift in Pl between
the radiosonde and reanalysis results occursin 1976/77,
several years before the adjustment in reanalysis PI.

Our results generally show similar interannual vari-
ability to that from BEO2a after 1980. Barbados and San
Juan are exceptions, with less agreement in year-to-year
variability between the two sets of results. The two ho-
mogeneous locations in the Caribbean (Key West and
San Juan) show less upward trend in reanalysis Pl than
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Fic. 3. Annual mean Pl expressed as maximum wind speed (m
s~1) for seven stations from radiosonde day (solid lines), night (dotted
lines), and reanalysis (dashed lines) data, with (top) the Southern
Oscillation index (dash-dotted line, multiplied by 2). (Pl from radio-
sonde data is sometimes discontinuous due to data gaps.)

the larger-scale North Atlantic mean shown in BEO2a,
suggesting that these locations may not be representa-
tive.

Table 2 shows the correlations between Pls in the
sonde and reanalysis results for the 14 stations. Almost
al of the correlations, which range from 0.27 to 0.95,
are significant at the 95% level. Correlations are gen-
erally higher for 1980-95 than for 1973-97.

Table 3 shows the trends for the reanalysis and ra-
diosonde V,,,, for the individual stations for 198095,
none of which is significant at the 95% level. For 1975—
95 (not shown) Guam and Pago Pago have significant
negative trends and Hilo has a significant positive trend
in the radiosonde data, while reanalysis has significant
positive trends at Tarawa and Majuro, Marshall Islands.

The mean of the PlIs for the homogeneous stations in
the northwest tropical Pacific, southwest tropical Pacif-
ic, and Caribbean, along with the mean for the 7 most
homogeneous radiosonde stations together and for all
14 stations, is compared to the equivalent mean Pl from
BEO2a in Fig. 4. The two sets of time series are very
similar in interannual variability between 1980 and
1995, but the reanalysis-based Pl in the northwest and
southwest Pacific shows an upward jump relative to the
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TABLE 2. Correlations between annual mean V,,, from radiosonde
and from reanalysis (BE02a) by station. Correlations in boldface are
significant at the 95% level.

Correlation Correlation
Station name 1973-97 1980-95
Truk 0.73 0.82
Nandi 0.72 0.78
Pago Pago* 0.73 0.84
Pago Pago** 0.61 0.70
Hilo* 0.95 0.93
Hilo** 0.87 0.83
Guam* 0.43 0.89
Guam** 0.34 0.88
San Juan* 0.46 0.62
San Juan** 0.35 0.72
Key West* 0.77 0.69
Key West** 0.70 0.53
Barbados* 0.55 0.55
Barbados** 0.59 0.61
Ascension* 0.60 0.55
Koror 0.42 0.27
Tarawa 0.62 0.82
Atuona 0.47 0.63
Honiara 0.52 0.71
Majuro 0.59 0.64
* 0000 UTC.
** 1200 UTC.

sonde-based result in 1980, presumably because of the
adjustment of the reanalysis Pl by BEO2a. This effect
is not clearly evident in the Caribbean.

Table 4 shows trends in the regional and overall
means for 1980-95 and 1975-95 for both reanalysis
and radiosonde results. From 1980 on, the majority of

TaBLE 3. Linear least sguares trends in V,,,, from the annual time
series (m s* decade*) by station. Uncertainty column is 2 times the
standard error.

Trend—sondes Trend—reanalysis
Station name 1980-95 + 1980-95 =+
Truk 0.75 3.1 0.30 2.4
Nandi 341 5.3 0.64 4.3
Pago Pago* —0.61 6.5 2.72 5.8
Pago Pago** =371 6.7
Hilo* 1.79 1.9 2.69 2.0
Hilo** 0.70 1.8
Guam* —2.04 3.9 —0.06 34
Guam** —-2.70 4.3
San Juan* —-1.01 2.7 0.13 34
San Juan** -0.30 2.2
Key West* —2.14 3.0 —0.86 15
Key West** -0.67 1.9
Barbados* 2.22 3.6 0.50 4.4
Barbados** 0.80 34
Ascension* 3.28 5.4 1.03 2.2
Koror 3.23 2.8 1.15 24
Tarawa 2.96 5.3 4.82 6.1
Atuona —-3.49 8.9 0.30 4.7
Honiara 3.71 5.1 3.99 35
Majuro 2.58 5.3 1.99 3.0

* 0000 UTC.

** 1200 UTC.
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Fic. 4. Regiona and global annual means of Pl (m s~*) from
radiosonde (open circles) and reanalysis (closed circles) data. ““NW
Pacific’’ includes Truk, Guam, and Hilo. ** SW Pacific”” includes Pago
Pago and Nandi. *“ Caribbean” includes San Juan and Key West. ‘' Best
stations” is the mean of the seven stations considered homogeneous
from at least 1974-95: Truk, Guam, Hilo, San Juan, Key West, Pago
Pago, and Nandi.

trends are positive, but none is statistically significant
at the 95% level. (None exceeds the 95% confidence
interval of twice the standard error, which is adjusted
for autocorrelation of the time series). For 1975-95, a
negative trend in the Caribbean in the sonde results and
positive trend in the northwest tropical Pecific in the
reanalysis results are barely significant. Trends in the
reanalysis results for these groups of stations are gen-
erally slightly larger than for radiosondes after 1980,
and at least 1 m s~* decade? larger than sonde results
for the longer time period. These differences are not
statistically significant.

5. Discussion

Because model studies predict only a 3-7 m st in-
crease in tropical cyclone intensity with a doubling of
CO, (e.g., Emanuel 1987; Knutson et a. 1998; Hen-
derson-Sellers et al. 1998) associated with a 2.2-K in-
crease in SST, the lack of a detectable upward trend in
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TaBLE 4. Trends in regional mean potential intensity (m s—*
decade*). Uncertainty column is 2 times the standard error.

Radiosonde Uncer- Reanalysis Uncer-

trend tainty trend tainty
1980-95 trend
Best stations -0.17 2.6 0.79 2.2
All stations 1.07 2.6 1.38 2.2
Northwest Pacific -0.13 2.0 0.98 21
Southwest Pacific 0.62 5.2 1.68 5.0
Caribbean —-1.90 3.0 0.21 2.0
1975-95 trend
Best stations —1.50 21 0.92 15
All stations 0.34 15 1.66 1.7
Northwest Pacific -0.47 1.3 1.62 1.8
Southwest Pacific -2.09 4.4 1.18 35
Caribbean —2.60 21 0.92 1.3

Pl since the mid 1970s is not surprising. The genera
similarity in interannual variability between the radio-
sonde and reanalysis Pl suggests that the intradecadal
changes shown in both time series may be real. How-
ever, although we avoid the problem of discontinuity at
1979 present in the reanalysis data, using radiosonde
data allows only a very limited sampling of the tropical
atmosphere. Because the sonde data are weighted heavi-
ly toward the northwestern tropical Pacific, and do not
sample the Pacific east of 140°W at all, they may tend
to understate any changes related to ENSO variability.
The results shown here may, therefore, not be repre-
sentative of the Tropics as a whole. In particular, the
relative jump upward of the reanalysis results in com-
parison with the radiosonde results in 1979/80 appears
to be larger in the western Pacific than elsewherein the
Tropics, so that the overall effect of the adjustments
made in BEO2a is likely to be less than that shown at
these locations.

Apart from the adjustment made to Pl by BEO2a,
differences between our radiosonde-based results and
those of BEO2a for the same locations can arise from
differencesin SSTsor in the sounding temperatures and
humidities. The SSTs are in most cases almost identical,
but the monthly means of soundings can differ notice-
ably between radiosondes and the reanalysis. Such dif-
ferences may arise from undetected inhomogeneitiesin
the radiosonde soundings, inhomogeneities in the re-
analysis due to problems with the radiosonde or satellite
inputs, or unrealistic effects of the reanalysis model.
Inhomogeneities that produce spurious drying (see Ross
and Gaffen 1998) or cooling would tend to give unre-
alistic increases in PI. Also, our results for specific lo-
cations may not correspond well to results for larger
regions due to our limited spatial sampling.

In most time periods, Pl tends to be positively cor-
related with SST changes. From 1975 to 1980, however,
Pl decreases strongly while SST rises in the seven-sta-
tion mean and regional mean plots. Specific humidity
and temperature increase noticeably in the radiosonde
data over this period at the seven best stations (see Fig.
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Fic. 5. Anomalies of specific humidity (g kg—*) and temperature
(K) at 1000 mb from radiosonde data and SST (K) for the seven best
stations. Curves have been shifted vertically to facilitate comparison.

5). Ross and Elliott (2001) saw a similar increase at
many tropical stations. Such increasesin boundary layer
humidity (and, to a much lesser extent, temperature)
tend to decrease the potential intensity in the calculation
used here (see BEO2a, Table 2). The result of the com-
peting influences of increasing SST and increasing
boundary layer humidity is in this case a decrease in
Pl. Thus, SST changes alone do not account for all
changes in PI.

6. Conclusions

Our results show no significant trend in potential in-
tensity from 1980 to 1995 and no consistent trend from
1975 to 1995. This result is consistent with the lack of
long-term trend in observed intensities and with the rel-
atively small size of expected changes, but differs from
the upward tendency seen in regional and global means
of reanalysis-based Pl in BEO2a. The adjustment made
in BEO2ato account for discontinuitiesin the reanalysis
time series may overstate Pl after 1980 in comparison
with that before 1980 in some regions. Seasonal cycles
are similar in radiosonde-based and reanalysis-based PI.
Both BEO2a and radiosonde Pl show similar interannual
variability in most cases, much of which appears to be
related to ENSO and other changes in SST. Because the
calculated Pl is reduced with increasing boundary layer
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temperature and humidity, increases in SST are not al-
ways associated with increases in Pl.
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