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Abstract. The thermal structure of tropical cyclones (TCs) in
different ocean basins is studied using global positioning sys-
tem (GPS) radio occultation (RO) measurements co-located
with TCs” best tracks. The objective of this work is to under-
stand the mutual influence of TCs and atmospheric parame-
ters in different regions. We selected more than 20 000 GPS
RO profiles co-located with TCs in a time window of 6 h and
space window of 600 km from the TC center in the period
2001-2012 and classified them by intensity of the cyclone
and by ocean basin. The results show that TCs have differ-
ent characteristics depending on the basin, which affects the
cloud top altitude and the TC thermal structure which usually
shows a negative temperature anomaly near the cloud top al-
titude. In the Northern Hemisphere ocean basins, the temper-
ature anomaly becomes positive above the cloud top while in
the Southern Hemisphere ocean basins it stays negative up to
about 25 km in altitude.

Furthermore, in the Southern Hemisphere the storms reach
higher cloud top altitudes than in the Northern Hemisphere
ocean basins, indicating that possible overshootings over-
pass the climatological tropopause more deeply at extratrop-
ical latitudes. The comparison of the TC thermal structure
with the respective monthly mean tropopause altitude allows
for a detailed analysis of the probability for possible over-
shooting. While the co-locations between GPS ROs and TC
tracks are well distributed in all the ocean basins, conditions
for possible overshootings are found to be more frequent in
the Southern Hemisphere basins and in the northern Indian
Ocean basin. However, the number of possible overshootings
for high intensity storms (i.e., TC categories 1-5) is the high-
est in the western Pacific Ocean basin.

1 Introduction

Tropical cyclones (TCs) are destructive events that every year
cause many deaths, injuries and damage to human property
and landscape. They are the natural catastrophes that account
for major economic losses in several countries including the
USA (Pielke et al., 2003; Emanuel, 2005). So far studies on
TCs are neither able to clearly detect trends in the frequency
and intensity of these phenomena nor able to understand
what impact climate change could have on them (Landsea
et al., 2006; Emanuel et al., 2008; Emanuel, 2013; Kunkel
et al., 2013). However, it is predicted that major economic
losses due to TCs may be doubled in the future (Mendelsohn
etal., 2013).

TCs hit whatever they find along their path without any
distinction between poor and rich countries. Recently the
landfall of hurricane Sandy was considered one of the most
destructive events in USA east coast history (Halverson and
Rabenhorst, 2013), while typhoon Haiyan created a devastat-
ing tragedy in the Philippines (Chiu, 2013).

We are presently able to predict the track of TCs (100-
200 km error) with good accuracy within 12 to 24 h (Goerss,
2000; Roy and Kovordanyi, 2012), but we are still far from
forecasting the intensity of the storm (Emanuel, 1999; De
Maria et al., 2005; Lin et al., 2013) and understanding its
development (Montgomery et al., 2012).

Satellite measurements have drastically improved the
TC forecast (e.g., Dvorak, 1975) and monitoring accuracy
(Brueske and Velden, 2003; Demuth et al., 2004; Velden et
al., 2006) by using different remote-sensing instruments on
meteorological and research satellites. Further progress was
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made in the last decade by the global positioning systems
(GPS) radio occultation (RO) technique (e.g., Huang et al.,
2005).

Wong and Emanuel (2007), Luo et al. (2008) and Verga-
dos et al. (2013) demonstrated that there is a connection be-
tween the cloud top height and cloud top temperature with
the intensity of the storm. Biondi et al. (2012, 2013) showed
a correlation between the cloud top altitude and the storm’s
thermal structure. The knowledge of the thermal structure
gives important information on the cloud top height and this
entails a better understanding of atmospheric circulation and
troposphere—stratosphere transport, which are still poorly un-
derstood (Danielsen, 1993; Folkins and Martin, 2005).

The measurement of atmospheric parameters (such as tem-
perature) with high vertical resolution and accuracy at the
tropopause level is difficult especially during severe weather
events (e.g., TCs). Polar-orbiting satellites in low-Earth or-
bit do not provide suitable temporal and spatial (vertical and
horizontal) resolution to study mesoscale weather phenom-
ena. Geostationary satellites have excellent horizontal and
temporal resolution for this purpose, but lack precise vertical
discrimination, and offer little information about the tropi-
cal or subtropical tropopause. Ground-based measurements
are too sparse and often not reliable in the upper troposphere
and lower stratosphere (UTLS).

Many studies have been conducted to determine the alti-
tude of the storm cloud top height using satellite instruments
and different techniques (Knibbe et al., 2000; Koelemeijer
et al., 2002; Poole et al., 2002; Platnick et al., 2003; Min-
nis et al., 2008; Chang et al., 2010; Biondi et al., 2013), but
the results depend strongly on the physical retrieval method
and on the satellite data used (Sherwood et al., 2004), with
errors ranging from about 400 m (Biondi et al., 2013) for
a selected number of cases to 3km (Chang et al., 2010).
Some other studies have analyzed the UTLS during TCs us-
ing limb sounding measurements such as Atmospheric In-
frared Sounder (AIRS) and Microwave Limb Sounder (MLS)
with a vertical resolution of 2 to 3km (Ray and Rosenlof,
2007).

The GPS RO technique (Kursinski et al., 1997; Anthes,
2011; Steiner et al., 2011) allows for the estimation of at-
mospheric temperature in remote areas and during extreme
weather events with global coverage and high vertical reso-
lution and accuracy (Steiner et al., 2013), avoiding tempera-
ture smoothing issues in the UTLS (given by microwave and
infrared radiometers) and improving the poor temporal and
spatial coverage given by satellite lidars, radars and balloon
soundings.

The objective of this study is to analyze the thermal struc-
ture of TCs by using RO measurements for different storm in-
tensities and different ocean basins where TCs develop. We
aim to show that the RO measurements are well suited for
studying severe storms and for evaluating the storms’ contri-
bution to the atmospheric circulation (Pommereau and Held,
2007; Corti et al., 2008; Romps and Kuang, 2009).
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In Sect. 2 we describe the data sets used, in Sect. 3 we give
a description of the methodology, and in Sect. 4 we describe
the results obtained analyzing all the RO profiles co-located
with TCs. In the final section, we report the conclusions high-
lighting the possible future developments and applications.

2 Data description
2.1 Tropical cyclones’ best tracks

We have downloaded the TCs’ best tracks from the Inter-
national Best Track Archive for Climate Stewardship (I1B-
TrACS; http://www.ncdc.noaa.gov/ibtracs/) (Knapp et al.,
2010) in Network Common Data Form (netCDF) format. 1B-
TrACS is a complete archive containing information about
TCsall around the world combining the data acquired by sev-
eral agencies responsible for different ocean basins. For all
the TCs the most important characteristics are reported, in-
cluding the following: TC name, date and time of acquisition
(every 3 or 6 h depending on the agency); latitude and lon-
gitude of the TC center; source (agency data provider); wind
speed (averaged over 1 or 10 min depending on the agency);
and pressure.

2.2 GPS radio occultation temperature

We have used the GPS RO product level 2 (L2) (includ-
ing refractivity, temperature and pressure) processed by the
Wegener Center for Climate and Global Change (WEGC)
through the new occultation processing system (OPS) ver-
sion 5.6 based on University Corporation for Atmospheric
Research (UCAR) version 2010.2640 orbit and excess phase
data (Schwaerz et al., 2013). The WEGC OPSV5.6 is based
on a geometrics optics retrieval combined with a wave op-
tics retrieval in the lower and middle troposphere. A bending
angle optimization is performed at high altitudes with co-
located short-range forecast profiles of the European Centre
for Medium-Range Weather Forecasts (ECMWF).

The vertical resolution ranges from about 100 m in the
lower troposphere to about 1km in the stratosphere (Gor-
bunov et al., 2004; Kursinski et al., 1997). The horizontal res-
olution is about 1.5 km across ray and ranges from about 60
to about 300 km along ray (Melbourne et al., 1994; Kursinski
etal., 1997).

Physical temperature is retrieved based on an optimal es-
timation retrieval with co-located ECMWEF short-term fore-
cast profiles as background data (the latter contribute rele-
vant information in the middle and lower troposphere). For
the present study of TCs we use the OPSv5.6 physical tem-
perature profiles.

From this OPSv5.6 archive, we use data from the fol-
lowing missions: the Satélite de Aplicaciones Scientificas C
(SAC-C) from 2001 to 2011 (Hajj et al., 2004), the Chal-
lenging Minisatellite Payload (CHAMP) from 2001 to 2008
(Wickert et al., 2001), the Gravity Recovery And Climate
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Experiment A (GRACE-A) from 2007 to 2012 (Beyerle et
al., 2005), the Constellation Observing System for Meteorol-
ogy, lonosphere and Climate (COSMIC) from 2006 to 2012
(Anthes et al., 2008). In order to have a suitable mean refer-
ence field available against which anomalies can be defined,
we have created a GPS RO temperature reference climatol-
ogy averaging all the GPS RO profiles collected in the period
2001 to 2012 from the different missions to monthly means
for a5° x 5° horizontal resolution. The climatology is finally
provided at a vertical sampling grid of 100 m and at a hori-
zontal grid sampled at 1° x 1° in longitude and latitude and
it will be denoted in the following sections as Tgjim.

3 Methods
3.1 Tropopause altitudes

Tropopause altitudes were computed from individual RO
temperature profiles (Rieckh et al., 2014), using the lapse
rate definition of the World Meteorological Organization
(WMO, 1957). This definition allows for finding multiple
tropopauses, which was a requirement for this study. The
WMO states that

1. “The first tropopause is defined as the lowest level at
which the lapse rate decreases to 2°Ckm~1 or less,
provided also the average lapse rate between this level
and all higher levels within 2km does not exceed
2°Ckm~1”

2. “If above the first tropopause the average lapse rate be-
tween any level and all higher levels within 1 km ex-
ceeds 3°Ckm~1, then a second tropopause is defined
by the same criterion as under (1). This tropopause may
be within or above the 1 km layer.”

An example of tropopause altitudes as a function of lat-
itude is shown in Fig. 1 with about 60000 cases in Jan-
uary 2007 (a) and in July 2007 (b): the tropopause has a
seasonal variability with higher altitudes during the North-
ern Hemisphere winter (Rieckh et al., 2014).

We finally computed monthly mean tropopause altitudes
based on the individual tropopause altitudes for each month
and for zonal means of 10-degree width in latitude. Cloud
top altitudes were then compared to mean tropopause al-
titudes (& standard deviation) for the detection of possible
overshootings into the stratosphere.

3.2 Tropical cyclone cloud top height

The mean GPS RO latitude and longitude tangent points were
co-located with the TCs’ center coordinates in a time win-
dow of 6 h and a space window of 600 km (Table 1), leading
to more than 20 000 collocation cases. The RO profiles were
also sub-selected, for checking the sensitivity to selection cri-
teria, in a shorter time window (of 3 and 1 h) and in a smaller
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Figure 1. Exemplary tropopause altitude distribution vs. latitude
during the Northern Hemisphere winter (a) and summer (b).

Table 1. Number of RO profiles co-located with TCs within increas-
ing distance from the center of the TC.

Distance from the  Number
TC center [km] of RO
0-30 47
30-100 503
100-200 1579
200-300 2603
300-400 3674
400-500 4949
500-600 7223

space window of 300 km. The results were found consistent
with the larger data set (6 h and 600 km), which we finally
used in this study, allowing for a larger number of samples
for more robust statistics.

We investigated different ocean basins as shown in Fig. 2:
North Atlantic Ocean (NA), eastern Pacific Ocean (EP),
western Pacific Ocean (WP), South Pacific Ocean (SP),
northern Indian Ocean (NI) and southern Indian Ocean (SI).
For any ocean basin the profiles were classified (Table 2)
using a common storm intensity scale (tropical depression
(TD), tropical storm (TS), TC categories 1-5) given by the
Saffir-Simpson Hurricane wind scale.

Due to the large dimensions of a TC and its relatively slow
horizontal movement, it is possible that the same RO profile
is selected more than once with different temporal and spatial
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Figure 2. lllustration of TC tracks (background from Wikipedia) for ocean basins: North Atlantic Ocean (red), eastern Pacific Ocean (ma-
genta), western Pacific Ocean (green), South Pacific Ocean (cyan), northern Indian Ocean basin (blue) and southern Indian Ocean basin

(white).

Table 2. Mean altitude (in km) of the lowest coldest point of temper-
ature anomaly profiles for different ocean basins and different storm
intensities. The Southern Hemisphere ocean basins are marked in
italic.

TD TS Catl Cat2 Cat3 Cat4 Cats

NA 154 155 159 16 16 162 144
WP 156 163 163 164 164 165 172
EP 156 157 157 1538 16 159 151
sp 178 177 178 174 176 174 179
NI 166 166 177 163 175 174 17
Sl 175 179 174 177 173 167 178

NA is North Atlantic Ocean; WP is western Pacific Ocean; EP is eastern Pacific
Ocean; SP is South Pacific Ocean; NI is northern Indian Ocean; Sl is southern
Indian Ocean. TD is tropical depression; TS is tropical storm; Catl is tropical
cyclone category-1; Cat2 is tropical cyclone category-2; Cat3 is tropical cyclone
category-3; Cat4 is tropical cyclone category-4; Cat5 is tropical cyclone
category-5.

distances from the TC center. In these cases we have included
only the co-located RO profile with the shortest delay.

For any ocean basin and for each storm category, we have
sampled the RO profiles around the storm center as shown in
Fig. 3, where we show the distribution of GPS RO profiles
within 6 and 3 h around the center of tropical storms in the
North Atlantic Ocean basin. In Fig. 4 we show the distribu-
tion of the same profiles along the real tracks in latitude and
longitude.

For each ocean basin and each storm category we com-
puted the temperature anomaly (Tanomaly) Of any single RO
profile comparing the temperature during the storm (Tstorm)
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Figure 3. Exemplary distribution of GPS RO profiles within 6 h (red
circles) and 3 h (blue dots) around the center of a tropical storm in
the North Atlantic Ocean, within a spatial window of 600 km from
the center.

with the local monthly mean climatology (7iim) as defined
in Sect. 2.2 (i.e., in the respective 1° x 1° bin):
Tanomaly = Tstorm — Tclim. (1)

We finally averaged all the profiles in the same ocean basin
for each storm category to be able to compare the thermal
structure characterizing the basin itself.
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Figure 4. Exemplary distribution of GPS RO profiles in a time win-
dow of 6 h and spatial window of 600 km along 135 tropical storm
tracks in the North Atlantic Ocean basin.

In all the ocean basins, the TCs often move from the trop-
ics to extratropical areas (especially in the North Atlantic
Ocean and the western Pacific Ocean). We categorized the
profiles as “tropical” between 20° S and 20° N and as “extra-
tropical” beyond 20° latitude as shown in Table 2, for high-
lighting the different thermal structures with the variation of
latitude.

For monitoring possible overshooting conditions during
a storm, we computed the height of the lowest anomaly
minimum (Hcoldest) between 10 and 22km in altitude for
each Tanomaly Profile (Biondi et al., 2013), the monthly mean
tropopause altitude (Hmm_trop) Of the respective month and
area (Sect. 3.1), and the corresponding standard deviation of
the monthly mean tropopause altitude (Hmstd_trop)- We used
the multi-annual standard deviation estimate for each month
of the year here (e.g., October 2001 to 2012 data for Octo-
ber; sensitivity testing showed that using standard deviation
estimates for individual months leads to essentially the same
results).

For robustness, we used two different references for de-
tecting the possible overshooting conditions:

Heoldest> Hmm_trop + Hmstd_trop» (2)
Heoldest™> Hmm_trop + Hmstd_trop 1.0 km, 3)

where 1.0 km is the uncertainty for TC cloud top altitude de-
tection using GPS RO as estimated by Biondi et al. (2013)
from analysis with co-located lidar data. The uncertainty
occurs mainly due to the finite resolution of RO data (see
Sect. 2.2), and also due to co-location uncertainty, whereas
the RO geopotential height and hence altitude allocation er-
ror is only about 10m in the troposphere and around the
tropopause within the 50° S and 50° N latitude band of inter-
est here (Scherllin-Pirscher et al., 2011). If Hgojgest Satisfies

www.atmos-chem-phys.net/15/5181/2015/

TC category 2 North Atlantic ocean basin
25 T T T

- - N
o (&) o
T T

Altitude above msl| [km]

(4]
T

20

Temperature anomaly [K]

Figure 5. RO temperature anomaly profiles during TC category 2 in
the North Atlantic Ocean basin. In red the tropical profiles, in blue
the extratropical profiles, in yellow the mean anomaly of tropical
profiles, in light-blue the mean anomaly of extratropical profiles,
in black the mean of all the profiles and dashed black the mean
plus/minus the standard deviation.

Eqg. (2) itis considered to be indicative of possible overshoot-
ing when the lowest anomaly minimum (the cloud top) over-
passes the tropopause monthly mean altitude plus its standard
deviation. Equation (3) defines an even more robust condi-
tion where Hcoldest IS considered to be indicative of possible
overshooting when the lowest anomaly minimum (the cloud
top) overpasses the tropopause monthly mean altitude plus
its standard deviation plus the 1 km uncertainty margin.

We have used these two different thresholds, one less and
one more conservative, for detecting the possible overshoot-
ing because there is still a large uncertainty in the atmo-
spheric physics community in the overshooting detection.
Equation (2) should be already accurate enough due to the
temperature accuracy of GPS RO, but with Eq. (3) we want
to take into account also the uncertainty of the technique used
for detecting the TC cloud top altitude (Biondi et al., 2013).
Since there is not enough independent reference data avail-
able for validating the results at this point, we report both
results and do not advocate a more exact definition based on
our current knowledge.

4 Results
4.1 Thermal structure

The temperature anomaly during TCs usually shows a tropo-
spheric warming and a sharp inversion just below the cloud
top with a cooling corresponding to the cloud top altitude
(Biondi et al., 2012, 2013). With reference to these results,
we assume that the storm cloud top altitude corresponds to
Hcolgest- However, we note possible uncertainties regarding
the cooling signature which may also be due to the presence
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Figure 6. Mean temperature anomalies for different storm categories shown for: (a) western Pacific Ocean and (b) South Pacific Ocean.

Numbers in brackets denote the numbers of observations.

of large-scale dynamical response to latent heating below the
cold anomaly (Randel et al., 2003; Holloway and Neelin,
2007) or to gravity waves originated from the TC (Tsuda et
al., 2000; Kiladis et al., 2001; Kim and Alexander, 2015).

As shown in Fig. 5, this behavior is in general similar for
TCs in the tropical and extratropical areas, but in the extra-
tropical area the amplitudes of tropospheric warming and
cloud top cooling are amplified. In Fig. 5 we show as an
example the 84 RO profiles (69 extratropical and 15 tropi-
cal) of a TC category 2 in the North Atlantic Ocean basin.
The temperature anomaly profiles at the storm’s location are
computed relative to the monthly mean temperature clima-
tology (2001 to 2012) for the respective location (1° x 1°
bin). The same feature is evident in all the other ocean basins
for all the categories (not shown). The mean temperature
anomaly for tropical profiles (yellow line) reaches a maxi-
mum of about 2.5K at about 10km in altitude and a mini-
mum of about —2.5 K near 16 km in altitude. The mean tem-
perature anomaly for extratropical profiles (light-blue line)
shows the same features but more pronounced with a maxi-
mum of about 6 K and a minimum of about —4 K.

Figure 6 shows mean temperature anomaly profiles for the
western Pacific Ocean basin and the South Pacific Ocean
basin, respectively, for all storm categories as representa-
tive of the two hemispheres. Overall during a TC, the tropo-
sphere is warmer than the climatological mean and the cloud
top is colder. In the Northern Hemisphere above the altitude
Hcoldest there is a warming in the stratosphere, which is not
well present in the Southern Hemisphere.

Figure 7 gives an overview of the minimum temperature
anomaly vs. altitude of the coldest point for all ocean basins
and storm categories. TDs and TSs usually reach the coldest
point at lower altitudes (4 basins out of 6) and the TCs in
categories 4 and 5 reach the coldest point at higher altitudes.
No relevant differences can be highlighted for the storm cat-
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Figure 7. Temperature anomaly vs. altitude of the coldest point for
different ocean basins and different storm intensities. The colors
denote different basins. The circle size denotes different intensi-
ties and increases with intensity, from the smallest to the biggest,
in the following order: TD-TS—-Catl-Cat2—Cat3—Cat4—Cat5. The
numbers represent the case number used for the analyses.

egories 1, 2 and 3. The coldest anomalies are found in the
South Pacific for all storm categories: between —8 and —6 K
for TCs, between —6 and —5 K for TSs and about —4 K for
TDs. For this area, the Heolgest also is at higher altitudes (be-
tween 17.4 and 17.9 km) than in any other basin (Table 2).
Temperature anomalies over the southern Indian Ocean are
also usually colder than in the other ocean basins (except
South Pacific), with higher Hgojgest- In the Southern Hemi-
sphere the storms reach higher altitudes than in the Northern
Hemisphere (Table 2) and they also have colder cloud tops.
Another feature characteristic of storms is the double
tropopause (Danielsen, 1993; Corti et al., 2008; Biondi et al.,
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2012, 2013; Davis et al., 2014), which is visible in Fig. 6b
for TC category 5 (dotted lines). This is also apparent for all
the TC categories in the northern Indian Ocean basin (not
shown), since the small number of cases does not smooth the
double variation such as it happens for the other ocean basins
and categories.

4.2 Tropopause uplift and possible overshooting

The overshooting due to convective systems and TCs is an
important topic for understanding the atmospheric circula-
tion and the climate changes (Pommereau and Held, 2007;
Romps and Kuang, 2009), but it is still debated due to the dif-
ficulties of measuring atmospheric parameters during severe
events. Using the definition of possible overshooting con-
ditions given by Egs. (2) and (3), we compared any single
anomaly temperature profile with the corresponding zonal
monthly mean tropopause altitude, computed for latitude
bands with 10-degree width, obtaining the results reported
in Tables 3 and 4. Table 3 reports the details for each ocean
basin and each storm category distinguishing between events
in the tropical or extratropical area. Table 4 gives a summary.

As already described in Sect. 3.2 and following the find-
ings of Biondi et al. (2012, 2013), we assume that the lowest
temperature anomaly minimum corresponds to the TC cloud
top altitude and the cyclone’s strong convection causes the
local tropopause uplift. According to this theory the TC cre-
ates a double tropopause where the primary tropopause is
due to the presence of the TC’s cloud top and the secondary
tropopause is the former tropopause which is pushed up by
the convection (Biondi et al., 2012, 2013).

In Table 3 it is evident that the number of possible over-
shootings obtained by using Eq. (3) is much lower (about one
third) than the number obtained by using Eq. (2), as should
be expected from the former threshold criterion being more
conservative. However, the distribution of the possible over-
shootings over the ocean basins is the same (not shown), but
with a reduced number of cases from Eq. (3), so the same
considerations done hereafter for Table 3 and Fig. 8 are also
valid for possible overshootings computed with Eq. (3).

Figure 8 shows the distribution map of co-locations be-
tween GPS RO and TC tracks for different intensities. Fig-
ure 9 shows the distribution map of possible overshootings
detected using Eq. (2). The area with the highest overshoot-
ing probability from strong cyclones is found to be the west-
ern Pacific Ocean. Our results are consistent with the over-
shooting patterns reported by Romps and Kuang (2009) with
only a small difference in the eastern Pacific Ocean basin,
where we do not see too many overshooting conditions. The
comparison between Figs. 8 and 9 highlights the presence of
strong cyclones in all ocean basins including the North At-
lantic Ocean and eastern Pacific Ocean basins, but the occur-
rence of possible overshootings is much lower in these basins
than in the western Pacific Ocean and southern Indian Ocean
basins.
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Figure 8. Distribution map of GPS RO co-located with storms
of different categories: tropical depression (yellow), tropical storm
(green), tropical cyclone categories 1 and 2 (red) and tropical cy-
clone categories 3 to 5 (magenta).
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Figure 9. Distribution of possible overshootings for different storm
categories: tropical depression (yellow), tropical storm (green),
tropical cyclone categories 1 and 2 (red) and tropical cyclone cate-
gories 3 to 5 (magenta).

The results show that in general conditions for possible
overshootings into the stratosphere are found more often in
the tropics (26.8 %) than in the extratropics (13.5%). In the
Southern Hemisphere, possible overshootings are more fre-
quent (38.9% of tropical cases and 25% of extratropical
cases) than in the Northern Hemisphere (20.2% of trop-
ical cases and 9.9% of extratropical cases). The possible
overshootings mostly come from tropical cases with high
intensity storms. The lowest percentage of possible over-
shooting conditions is detected in the eastern Pacific Ocean
area (6.3 % for tropical cases and just 6.6 % of extratropical
cases). The highest percentage is detected in the South Pa-
cific Ocean area with 40.9% of tropical cases and 48.4%
of extratropical cases. It is also high in the Indian Ocean
with 34.5 and 38.3% in the northern and southern tropics,
respectively, and 46.6 and 40.1 % in the northern and south-
ern extratropics, respectively (in this case the number of co-
locations is very small). We do not give any detail on the
statistics by intensity, since the number of cases for higher
intensities (i.e., categories 3 to 5) is too small.

The monthly mean tropopause altitudes in the tropics be-
tween 20° S and 20° N ranges between 16 and 17.5 km alti-
tude depending on the season. In the extratropics between 20
and 30° latitude it is about 1 km lower, and exhibits higher
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Table 3. Total number of RO profiles (no. occ) co-located with storms of different intensities, selected by ocean basin. Columns denoted “overshoot” give the number of possible
overshootings in percent and the mean altitude difference between the storm cloud top and the corresponding monthly mean tropopause computed with Egs. (2) / (3). Acronyms are the
same as in Table 2; see that caption for explanation.

D | TS | Catl | Cat2 | Cat3 | Cat4 | Cats
no. overshoot | no. overshoot | no. overshoot | no. overshoot | no. overshoot | no. overshoot | no. overshoot

occ [%] [km] | occ [%] [km] | occ  [%] [km] | occ  [%] [km] | occ  [%] [km] | occ  [%] [km] | occ [%] [km]

tropical 267 8/4 2.1/3.1 | 285 72 1.8/3.6 57 2/0  1.3/0.0 15 7/0 0.8/0.0 8 0/0  0.0/0.0 27 15/4 2.2/6.0 3 0/0  0.0/0.0

NA  extragg_zp 255 12/5 2.5/3.6 | 395 713 2.4/3.6 | 121 4/0  1.3/0.0 53 9/0 1.4/0.0 37 5/3 2.8/4.7 26 12/0 1.1/0.0 2 0/0  0.0/0.0
extrazp_4gp 194 9/4 3.3/4.8 | 537 13/6 3.4/4.8 | 163 16/7 3.7/5.2 16 10/0  1.9/0.0 4 0/0  0.0/0.0 3 0/0  0.0/0.0 0 0/0  0.0/0.0
tropical 625 22/9 1.9/3.0 | 411 32/9 1.6/29 | 140 36/9 1.3/25 66 50/14 1.7/3.0 46 35/6 1.4/2.0 70 30/6 1.3/2.9 28 50/4 1.1/3.1

WP extragg_zp 350 22/8 2.2/3.4 | 459 31/10 2.0/3.2 | 174 32/10 1.9/2.9 90 2216 2.0/2.7 64 17/5 1.8/2.8 56 21/2 1.3/2.0 13 69/23 1.7/2.8
extrazp_4g 102 34/16 3.1/4.2 | 261 33/11 2.7/3.9 48 37/10 2.5/3.6 19 37/21 2.7/3.3 5 20/0 1.8/0 2 50/0 1.6/0.0 0 0/0  0.0/0.0
tropical 668 6/1 1.3/3.3 | 415 6/1 1.6/3.8 | 100 52 1.6/2.7 40 3/0 1.5/0.0 38 13/5 1.8/2.6 35 14/9 1.8/2.2 4 0/0  0.0/0.0

EP extragp_zp 278 4/1 2.0/3.8 | 205 8/1 15/2.8 54 7/0 1.2/0.0 28 14/4 1.8/35 11 0/0  0.0/0.0 6 0/0  0.0/0.0 0 0/0  0.0/0.0
extragg_40 10 30/10 4.5/8.4 2 50/50 3.5/35 0 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0
tropical 214 38/15 1.7/2.6 | 156 41/8 1.4/2.6 49 55/18 1.4/2.2 14 43/7  1.211.7 11 27/0  1.2/0.0 13 31/8 1.2/2.0 3 100/33 1.7/3.4

SP extragp—3o 78 37/13 1.9/2.7 | 153 48/14 1.8/2.6 30 73/23 1.8/26 21 62/5 1.7/3.3 9 56/11 15/21 6 50/0 1.5/0.0 0 0/0  0.0/0.0
extragg-40 11 64/9 3.1/3.7 77 55/25 3.0/3.6 1 0/0 0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0
tropical 176 34/11 1.5/2.3 67 34/12 1.6/25 7 57/0 1.1/0.0 1 0/0  0.0/0.0 2 50/0 1.0/0.0 5 40/0 1.2/0.0 3 0/0  0.0/0.0

NI extrapp_3o 97 46/20 2.4/3.4 29 48/24 2.4/3.4 3 67/0 2.2/0.0 0 0/0  0.0/0.0 1 0/0  0.0/0.0 1 0/0  0.0/0.0 1 0/0  0.0/0.0
extragp_40 1 100/100 4.0/4.0 0 0/0  0.0/0.0 0 0/0 0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0
tropical 811 37/14 1.7/26 | 496 40/11 1.6/25 | 101 39/15 1.8/2.6 55 44/20 1.6/2.1 52 42/12 1.7/3.3 18 39/0 1.2/0.0 1 100/0  0.9/0.0

Sl extragpp_zp 352 35/17 2.3/3.1 | 335 41/18 2.3/3.1 52 42/21 2.1/2.6 31 48/10 1.7/2.2 33 36/18 2.0/25 2 50/0 2.2/0.0 0 0/0  0.0/0.0
extrazp_40 37 57/35 3.9/47 | 139 60/37 3.5/4.1 2 50/0 3.0/0.0 0 0/0  0.0/0.0 1 0/0  0.0/0.0 0 0/0  0.0/0.0 0 0/0  0.0/0.0
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Table 4. Summary of Table 3, reporting the percentage of tropical
and extratropical cases binned into ocean basins, hemispheres, and
tropics/extratropics. The column “Percentage” reports the percent-
age of possible overshootings computed with Eq. (2) and within
brackets the percentage of possible overshootings computed with
Eq. (3).

Total  Percentage

North Atlantic Ocean Lr)(ci[:;cal 1222 1(7)5 83
Western Pacific Ocean ';rxot[;;cal igjg ;2; Eg%
Eastern Pacific Ocean tGrXot[r);cal 1282 22 ggg
South Pacific Ocean '([erxotpr);cal ggg igi 8;3
Northern Indian Ocean erot;:;cal ig% igg ggg
Southern Indian Ocean erci;:;cal 1223 igi 8;23
Northern Hemisphere ';rxciﬂcal gggg 285 Egg
Southern Hemisphere ;rxot;r);cal ;Zgg ggg gégg
Tropical 5603 26.8 (8.5)
Extratropical 10223 13.5(5.3)

variability. Between 30 and 40° latitude, the tropopause alti-
tude ranges from 11 to 15 km (Fig. 1).

Figure 10 shows the difference between the cloud top
altitude and the corresponding monthly mean tropopause
(also reported in Table 3). The highest percentage of cases
with differences larger than 3 km is detected for extratropical
cases in the southern Indian Ocean basin. In general, in the
North Atlantic Ocean and eastern Pacific Ocean basins the
cloud top altitudes do not overpass the tropopause by more
than a few hundred meters (green dots in Fig. 10).

Figure 11 shows, in a statistical summary view, an exam-
ple of possible overshooting detection results in the western
Pacific Ocean basin for TSs at different latitudes (0-20°; 20—
30°; 30-40°), as reported in Table 3. The magenta stars in the
shaded area, according to Egs. (2) and (3), denote the storm
cloud top altitudes not overshooting into the stratosphere, the
magenta stars in the white area account for possible over-
shooting according to Eq. (2), and the green stars account for
possible overshooting according to Eq. (3). The distribution
over the year shows that storms occur from April to Decem-
ber over the western Pacific Ocean at 0 to 20° N and mainly
from July to October at 20 to 40° N. Overshootings are found
in each investigated latitude zone when storms occur. Hardly

www.atmos-chem-phys.net/15/5181/2015/

Figure 10. Distribution of the difference between the cloud top al-
titude and the tropopause altitude for all the GPS RO profiles co-
located with TC best tracks.

any overshootings are found from July to September in the
tropics (0 to 20° N).

5 Conclusions

The thermal structure of TCs in different ocean basins and
the conditions for possible overshooting of cloud tops into
the stratosphere, were investigated based on GPS RO mea-
surements. The results indicate that the effects of TCs on the
UTLS should be studied in connection to the ocean basin
where they develop, since their thermal structure is clearly
connected to the basin. In particular, basins in the Northern
and Southern hemispheres show a different thermal structure:

In the Southern Hemisphere, storms reach higher altitudes
and the cloud top is colder than in the Northern Hemisphere.
The temperature anomaly above the cloud top becomes posi-
tive in Northern Hemisphere ocean basins while it stays neg-
ative up to about 25km in altitude in the Southern Hemi-
sphere ocean basins. The reason of this warming above the
storm cloud top in the Northern Hemisphere is not clear yet
and is a topic of further investigations.

A double tropopause characterizes a storm (Biondi et al.,
2012, 2013), which is evident in all the ocean basins for
all storm intensities (not shown) and can be definitely de-
fined as a feature reflecting the high-altitude convection dy-
namics. Comparisons between the monthly mean tropopause
altitude and the storm cloud top altitude indicate a signif-
icant fraction of possible overshootings. Results show that
the possible overshootings will overpass the climatological
tropopause more deeply at extratropical latitudes (Table 3),
where the tropopause is lower, but there is no clear tendency
connected to specific basins.

While the co-locations between GPS ROs and TC tracks
for all the intensities are well distributed in all the ocean
basins, conditions for overshooting occur more frequently in
the Southern Hemisphere and in the northern Indian Ocean
basin. However, the number of possible overshootings for
high intensities (i.e., TC categories 1 to 5) is higher in the
western Pacific Ocean basin. In this area, conditions for over-
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Figure 11. Monthly mean tropopause altitude (solid line) and stan-
dard deviation (light-blue shaded area) for different latitude zones
(a) 0-20°, (b) 20-30° and (c) 30-40° in the western Pacific Ocean
basin. The stars denote the storm cloud top altitudes below the mean
tropopause (blue), above the tropopause (magenta) and for over-
shooting according to Eq. (2) (magenta with white background) and
overshooting according to Eq. (3) (green), respectively.
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shooting are found for a percentage of 30 to 50 % of the cy-
clones, especially within tropical latitudes.

We have demonstrated that the GPS RO technique is very
well suited for monitoring and understanding the TCs’ ther-
mal structure and its contribution to the atmospheric circu-
lation through possible overshootings into the stratosphere.
With the actual RO missions we are not able to fully mon-
itor all TCs with high temporal resolution. Currently, the
number of RO profiles is decreasing due to the degrada-
tion of Formosat-3/COSMIC. In the near future several new
missions are planned (e.g., COSMIC-2, MetOp-C, PAZ and
GEROS), and with the support of new Global Navigation
Satellite System (GNSS) constellations (e.g., the European
Galileo) and the availability of the Russian Global’naya Nav-
igatsionnaya Sputnikovaya Sistema (GLONASS), we may be
able to adequately monitor all TCs.

To date the number of GPS ROs is about 2500 per day, but
with the new mission COSMIC-2, for example, the coverage
will increase to more than 10 000 per day and the density of
profiles in the tropics will be higher due to a lower inclination
of six of the twelve planned COSMIC-2 satellites. This will
definitely be an advantage for the study of TCs.
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