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Abstract

Water vapor and ozone profiles in the tropical tropopause layer (TTL) are investigated using measurements from
balloon-borne frost-point hygrometers and ozone sensors during the Central Equatorial Pacific Experiment campaign.
Variations in water vapor, ozone, and temperature are described during soundings taken over a period of two weeks and
over a distance of approximately 2,700 km along the equator. These observations indicate that the first and latter halves of
the campaign period are characterized as cold and warm phases near the cold point tropopause, respectively. Stationary
and eastward-traveling components equally contributed to these temperature anomalies. During the transition between
the two phases, the ozone increased around 350–400 K, with the maxima around the 360 K isentrope. The water vapor
simultaneously increased and decreased around the 360–400 K and 350–360 K isentropes, respectively. Simultaneous
increases in ozone and water vapor around 360–400 K with a reduction in the vertical gradients suggest the possibility of
turbulent mixing associated with a large-scale wave structure. The enhancement of vertical shear of zonal wind during the
transition between the two phases also supports this idea. The decrease in water vapor around the 350–360 K isentropes
could be understood as a result of saturation on the isentropic surface. This study shows the importance of observing
variations in isentropic coordinates, rather than altitude coordinates, around the TTL in order to make a quantitative
argument concerning mixing and dehydration when a large-amplitude disturbance exists.

1. Introduction

The tropical tropopause plays an important role in
imprinting the characteristics of air entering the strato-
sphere from the troposphere (Brewer 1949; Holton et
al. 1995). The vertical structures of trace gases, such as
water vapor and ozone, across this level are described by
the characteristic change from a tropospheric turbulent
layer to a stratospheric stable layer. Owing to this prop-
erty, this altitude range is called the tropical tropopause
layer (TTL). For more than a decade, many researchers
have improved their understanding of the dynamics,
radiation, and transport in the TTL using a wide variety
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of data from recent satellite measurements, field cam-
paigns, and model simulations (e.g., Fueglistaler et al.
2009, and references therein).

Low temperatures, including large-scale dynamics
around the tropical tropopause, are important for dry-
ness in the stratosphere. Several mechanisms have been
proposed by many researchers (e.g., Holton and Gettel-
man 2001; Hatsushika and Yamazaki 2003; Jensen and
Pfister 2004; Fueglistaler et al. 2005; Fueglistaler and
Haynes 2005). The key concept is that minimum tem-
peratures along trajectories limit the amount of water
vapor in the stratosphere. On the other hand, several ex-
planations have been proposed for the hydration mech-
anism in the TTL, such as those associated with aerosol
variations (Sherwood 2002; Notholt et al. 2005) and
overshooting convection (e.g., Chaboureau et al. 2007;
Corti et al. 2008). An understanding of the relationship
between these water vapor dehydration and hydration
mechanisms is one of the most important requirements
for clarifying the processes in the TTL.
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Many researchers have described vertically and hori-
zontally propagating equatorial waves in the equatorial
atmosphere (e.g., Wheeler et al. 2000; Straub and Ki-
ladis 2002; Suzuki et al. 2010a). Boehm and Verlinde
(2000) and Fujiwara et al. (2001) noted that equatorial
waves could be important for modulating the amount
of water vapor in the TTL. Because temperature fluctu-
ations caused by equatorial waves near the cold point
tropopause (CPT) are quite large (e.g., Tsuda et al.
1994), air parcels should encounter temperatures below
the average value.

Equatorial waves play another important role as
demonstrated by observational evidence, suggesting
vertical mixing of air parcels in association with Kelvin
wave breaking (Fujiwara et al. 1998; Fujiwara et al.
2003). In the tropical latitudes, a steep increase in the
ozone mixing ratio above approximately 14 km (a few
kilometers below the CPT) has been observed. Using
ozonesonde data, which are useful for analyzing the
transport history of air parcels in the TTL, Folkins et
al. (1999) proposed that this steep increase is due to the
suppression of vertical mixing associated with convec-
tive transport in the TTL. Very recently, Flannaghan and
Fueglistaler (2011) used data from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) in-
terim reanalysis project to suggest that the TTL may be
affected by mixing from shear-flow instability associ-
ated with Kelvin waves.

This paper focuses on a series of vertical water vapor
and ozone profiles obtained from the Central Equato-
rial Pacific Experiment (CEPEX) campaign in March
1993. In this study, we complement earlier analyses
of those measurements (Vömel et al. 1995; Kley et al.
1997) with an analysis that focuses on the equatorial
wave structure during the observation period and its re-
lation to the water vapor and ozone distributions. This
study explores variations in water vapor and ozone in
association with the background meteorological fields
and wave properties. The water vapor and ozone mixing
ratios in isentropic coordinates are analyzed, assuming
adiabatic motion. The non-conservative processes in-
volving water vapor and ozone seen in this campaign
period will be investigated in terms of possible irre-
versible mixing.

The observation datasets are described in Section 2.
The vertical water vapor and ozone profiles and the
large-scale dynamical fields are described in Section 3.
The observed differences between the isentropic and al-
titude coordinates, and the possible causes of variations
in water vapor and ozone associated with the dynamical
structure of large-scale waves are discussed in Section
4. Conclusions are presented in Section 5.

2. Data

Balloon-borne measurements obtained during the
CEPEX campaign were used in this analysis. These
soundings were conducted in the central Pacific in
March 1993, along a cruise route mostly at 2◦S, and
on Christmas Island at 157.12◦W, 1.30◦N (Vömel et al.
1995). This experiment was designed to capture verti-
cal profiles for water vapor and ozone from the middle
troposphere to the lower stratosphere in both the con-
vectively active and suppressed regions in the central
Pacific Ocean. As will be described in Section 3, we
used data ranges from 178.46◦E, 2.00◦S to 157.12◦W,
1.30◦N, covering a distance of approximately 2700 km,
for our primary analysis. The corresponding longitudi-
nal observation points are indicated by stars in Fig. 3.
The observation period is approximately two weeks.

Water vapor and ozone were measured by a frost-
point hygrometer (FPH) and an electrochemical con-
centration cell (ECC) sensor, respectively (Vömel et al.
1995; Kley et al. 1997). For analysis in subsequent
sections, the temperature, pressure, geopotential height,
potential temperature, relative humidity with respect to
ice, saturation mixing ratio, water vapor mixing ratio,
and ozone mixing ratio are used. The water vapor mix-
ing ratio was obtained from the frost point using the
Goff–Gratch equation. These data are all interpolated
on an altitude grid with a 250 m interval. Vömel and
Diaz (2010) recently pointed out that extremely low
ozone mixing ratios in the upper troposphere may be an
artifact. We do not apply their suggested correction be-
cause the exact values of very low ozone concentrations
are not important in this study.

We use quarterly daily temperature and zonal wind
data from the ECMWF 40-year reanalysis (ERA-40)
and daily outgoing long-wave radiation (OLR) data
from the National Oceanic and Atmospheric Adminis-
tration (NOAA) in order to capture the features of large-
scale fields.

3. Descriptions of water vapor, ozone, and temper-
ature

3.1 Vertical distributions of water vapor and ozone
Figure 1 shows vertical profiles of (a) the water vapor

mixing ratio and (b) the ozone mixing ratio from March
7–26, 1993 from the upper troposphere to the lower
stratosphere, with an offset from earlier to later profiles
(far right). The spatial and time lags of these soundings
were up to 200 km and 2.5 days respectively, as we will
see in Fig. 3. Profiles 1–8 correspond to cruise obser-
vations, and profiles 9 and higher are from observations
on Christmas Island. Figure 1a shows that the water
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Fig. 1. Vertical profiles of (a) water vapor and (b) ozone mixing ratios. Profiles obtained from CEPEX using 13
FPH and 12 ECC ozonesonde measurements are shown on a logarithmic scale. Each color denotes one sounding.
Later profiles are shifted to the right. Dashed lines indicate reference axes of 5 ppmv for water vapor and 20 ppbv
for ozone.
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Fig. 2. Water vapor (blue), saturation water vapor (yellow), and ozone (red) mixing ratio profiles: period from (a)
days 7 to 17 and (b) days 20 to 26. Corresponding profile numbers are from 1 to 8 and from 9 to 13, respectively.
Profiles 1 and 9 are indicated by open symbols with darker colors.

vapor mixing ratios of profiles 1–8 decrease with an in-
crease in altitude up to 17 km, and those of profiles 9–13
are roughly constant above 15 km. Consequently, the
amount of water vapor around the tropopause is much
lower in the earlier period than in the later period, as we
will see in Fig. 2. Figure 1b shows that the ozone pro-
files in the earlier period are almost constant up to the
tropopause level (∼16 km), but those in the later period
increase gradually in the upper troposphere (14–16 km),
although some profiles are exceptional, such as profiles
1 and 9. As a result, the amount of ozone around the
tropopause is much lower in the earlier period than in
the later period.

To clarify the characteristics of water vapor and
ozone near the CPT, Fig. 2 shows the profiles of wa-
ter vapor mixing ratios (blue), saturation mixing ratios
(yellow) calculated from the ambient temperature, and
ozone mixing ratios (red) in two different locations and

periods. Figure 2a shows profiles 1–8, obtained dur-
ing the cruise from March 7 to March 17; and Fig. 2b
shows profiles 9–13, observed on Christmas Island from
March 20 to March 26.

In the saturation mixing ratio profiles, minima around
17 km are seen in Fig. 2a, whereas in Fig. 2b, min-
ima are less marked and appear around 15–17 km.
These differences are attributed to the vertical tempera-
ture structures, which correspond to the extremely cold
tropopause with a sharp minimum and the relatively
warm tropopause with a gradual lapse rate, respectively.
As we will see in Figs. 3 and 8, the peak-to-peak tem-
perature variability at 100 hPa is approximately 10 K,
which may be produced by a combination of an al-
most stationary cold area in the central Pacific and an
eastward-moving atmospheric system, probably due to
a Kelvin wave. In addition, we see clearly in Fig.
5c that the signs of temperature anomalies around the
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Fig. 3. Longitude–time sections averaged over 5◦S–5◦N. (a) 100 hPa temperature and (b) 100 hPa zonal wind from
ERA-40, and (c) OLR field from NOAA satellites. Stars indicate observed locations and times. Thick dashed
lines indicate approximate phase lines along the eastward traveling disturbance.



408 Journal of the Meteorological Society of Japan Vol. 90, No. 3

Fig. 4. Longitude–time sections of 100 hPa temperature from ERA-40 averaged over 5◦S–5◦N. (a) Low frequency
component and (b) high frequency component. Observed locations, times, and phase lines of the eastward trav-
eling disturbance are the same as in Fig. 3.

tropopause are the opposite of those in the upper tro-
posphere, suggesting variability in the structure of the
TTL.

The water vapor and saturation mixing ratio profiles
are almost saturated from 15 to 17 km in Fig. 2a, and
from 13 to 15 km in Fig. 2b, if we define saturation us-
ing the Clausius–Clapeyron relation. In these altitude
ranges, cirrus clouds may exist at different heights, al-
though they were not observed directly during this pe-
riod. The ozone profiles are also clearly different in the

two periods. The mixing ratios around the tropopause
are higher in Fig. 2b than in Fig. 2a. In these two peri-
ods, it seems that the saturation, water vapor, and ozone
mixing ratios could be controlled by a common mech-
anism near the CPT because the two periods show dis-
tinctive changes in the TTL.

In Fig. 2, the exceptional profiles, 1 and 9, are plot-
ted by open symbols. For profile 1, observed on March
7, the water vapor mixing ratios show considerably low
values and are below 1 ppmv above 16 km in Fig. 2a.
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Vömel et al. (1995) interpreted this profile as a conse-
quence of dehydration associated with deep convection.
These water vapor mixing ratios correspond to low satu-
ration mixing ratios due to extremely low temperatures.
For profile 9, observed on March 20 on Christmas Is-
land, the ozone distribution has a local maximum with
a wavy variation around 15 km, corresponding to warm
anomalies around this altitude. In the following discus-
sion, these two profiles will be excluded from the aver-
ages over each of the two periods.

3.2 Large-scale temperature disturbance near the
tropopause

To understand the tracer profile differences between
the two periods, Fig. 3 describes the longitude–time
distributions of (a) temperature and (b) zonal wind at
100 hPa from the ERA-40 data, and (c) OLR data from
NOAA averaged over 5◦S–5◦N for 60 days from Febru-
ary 15 to April 16, 1993. Isothermal lines at 192 K
are drawn in Figs. 3a and 3c. The locations and times
of soundings are indicated by stars. During this pe-
riod, an almost stationary cold area existed around the
date line with eastward traveling disturbances superim-
posed (Fig. 3a). Cold regions are usually seen in the
divergent area of zonal winds for both the stationary
and eastward-traveling components, indicating that a
quadrature phase relationship exists between the tem-
perature and the zonal wind (Fig. 3b). In addition, low
temperatures appear on the eastern side of the large-
scale active convection indicated by low OLR values
(Fig. 3c). For the traveling component in particular, it
is suggested that a Kelvin wave response to convective
heating exists in the troposphere (e.g., Wheeler et al.
2000; Straub and Kiladis 2002).

For the observational period denoted by stars in Fig.
3, the characteristic change around the tropopause seen
in Fig. 2 is interpreted as variation in the temperature
field from cold to warm anomalies. During this pe-
riod, cold anomalies appear mostly in the central Pa-
cific with some intermissions due to warm anomalies
traveling eastward with a phase speed of approximately
20 m s−1. To denote the eastward-propagating signa-
ture, a supplemental line is plotted in Fig. 3. Along this
line, active convective regions appear with lower OLR,
easterly winds, and nodes of cold and warm anomalies.
The first half of the CEPEX observation period lies in
the almost stationary cold anomalies, and the latter half
on Christmas Island lies in the eastward traveling warm
anomalies. In other words, this observation period can
be characterized as a combination of the almost station-
ary and eastward-traveling components. The variations
in the waves are further explained below.

Figures 4a and 4b show longitude–time sections of
the 100 hPa temperature averaged over the equator
(5◦S–5◦N) for the low frequency and high frequency
components, respectively. The low frequency compo-
nent is calculated by a 60-day low-pass filter (Duchon
1979), and the high frequency is a residual. During
this analysis period, almost stationary cold anomalies
appear around the date line with lower temperatures in
the first and latter halves (Fig. 4a). At the same time,
eastward-traveling temperature anomalies exist across
the entire globe. The vertical phase structures of the
temperature and zonal wind tilt eastward with increas-
ing altitude between the 300 and 50 hPa levels (not
shown), clearly suggesting the existence of a Kelvin
wave in response to the convective heat source moving
eastward (e.g., Wheeler and Kiladis 1999; Wheeler et
al. 2000; Suzuki et al. 2010a).

Temperature variations due to the two components
tend to work in a similar way except that the first half of
the CEPEX period is colder than the latter half. Along
the observation points, the variation is approximately 3
K for the stationary component and approximately 4 K
for the traveling component. Thus, a large fluctuation of
approximately 7 K could be due to an overlapping of the
eastward-propagating wave and the stationary structure
in the central Pacific near the tropopause.

4. Characteristics of vertical distributions in alti-
tude and isentropic coordinates

4.1 Average profiles of water vapor and ozone mixing
ratios

To distinguish between the two periods, the averaged
profiles of water vapor and ozone are examined. Be-
cause the temperature variation involves the undulation
of an isentropic surface, we compare the two averaged
profiles in altitude and isentropic coordinates. In Fig.
5, the profiles of (a) water vapor (circles) and (b) ozone
(squares) are plotted in altitude coordinates for the first
half of the period (open symbols) and the latter half
(solid symbols) as described for Figs. 1 and 2. Here-
after, the first period refers to the cold phase and the
latter refers to the warm phase as seen in the CPT tem-
peratures.

For the water vapor minimum around 17 km, the av-
erage water vapor mixing ratios in the cold and warm
phases are 1.6 ppmv and 2.8 ppmv, respectively. Both
are less than the typical value of 3.5 ppmv in the strato-
sphere, implying the possible existence of some kind of
dehydration mechanism during this season. The ozone
mixing ratios are larger in the warm phase than in the
cold phase, suggesting a large contribution from strato-
spheric ozone-rich air in the warm phase.
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Fig. 5. Averaged profiles in the cold phase (open symbols) and the warm phase (solid symbols) in altitude coordi-
nates. (a) Water vapor mixing ratio, (b) ozone mixing ratio, and (c) potential temperature profiles. Dashed (cold
phase) and solid (warm phase) lines in (c) denote selected isentropic surfaces of 350, 355, 370, and 400 K.

Fig. 6. Averaged profiles in the cold phase (open symbols) and warm phase (solid symbols) in isentropic coordinates.
(a) Water vapor mixing ratio and (b) ozone mixing ratio profiles. (c) Water vapor (circles) and ozone (squares)
tendencies from the cold to the warm phase represented by relative differences.

Figure 5c shows two averaged potential temperature
profiles (triangles) in the cold phase and warm phase.
Four isentropic surfaces at 350, 355, 370, and 400 K are
indicated by dashed and solid horizontal lines for the
cold and warm phases, respectively. The thicknesses

between the 350 and 355 K, and between the 355 and
370 K isentropes, are smaller; and those between 370
and 400 K are larger in the warm phase than in the cold
phase. The difference in the water vapor profiles around
13 km in Fig. 5a may be related to an ascent of the isen-
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Fig. 7. Zonal wind and vertical shear derived
from ERA-40 along observation points. (a)
Dashed, solid, and dot-dashed lines represent
70, 100, and 150 hPa zonal winds, respec-
tively. (b) 100 hPa vertical shear. Arrows
indicate days observed by CEPEX. Note that
averaging procedure excludes the two profiles
indicated by gray arrows. See the text for de-
tails.

tropic surface. In addition, the difference in the ozone
profiles around 16–17 km in Fig. 5b may be related to a
descent of the isentropic surface. The association with
vertical displacement of the isentropic surfaces suggests
that the water vapor and ozone distributions could be
affected by perturbations in the large-scale temperature
disturbance.

For the equatorial Kelvin wave, the estimated vertical
phase velocity is on the order of 10−3 m s−1 (e.g., Fuji-
wara and Takahashi 2001), which is much faster than

the seasonal-scale vertical velocity, 5 × 10−4 m s−1

(e.g., Holton and Gettelman 2001). If the vertical dis-
placement of the isentropic surface is assumed to be due
to a Kelvin wave, a vertical ascent or descent of approx-
imately 2 km is estimated to take approximately a week.
Because the vertical motion due to radiative heating is
estimated to be lower than the order of 1 K day−1 (e.g.,
Corti et al. 2006), adiabatic vertical motion with a time
scale of approximately a week is assumed to dominate,
particularly when large-amplitude waves exist. To eval-
uate the changes in water vapor and ozone, the mixing
ratios in isentropic coordinates are investigated below.

Figures 6a and 6b show the water vapor and ozone
profiles for the two regimes respectively, and Fig. 6c
shows the differences between the two for water vapor
(circles) and ozone (squares) in isentropic coordinates.
In Fig. 6a, the water vapor mixing ratios in the upper
TTL between 360 and 400 K are lower in the cold phase
than in the warm phase, which can also be seen in Fig.
5a. However, the mixing ratios in the lower TTL be-
tween 345 and 360 K are lower in the warm phase than
in the cold phase, which is the opposite of the result in
Fig. 5a in altitude coordinates. Thus, the water vapor
increase seen in altitude coordinates could be a result
of the displacement of isentropic surfaces. Note that
increases in tracers seen in altitude coordinates include
both the contribution from diffusion process and adia-
batic advection process. Such temporal differences in
water vapor between the two regimes in the cold and
warm phases appear in Fig. 6c.

The ozone mixing ratios between 350 and 400 K
in the entire TTL represent higher values in the warm
phase than in the cold phase (Fig. 6b); the difference is
highest at 360 K (Fig. 6c). This strongly suggests that
the change in the ozone mixing ratio is due to cross-
isentropic transport rather than adiabatic vertical dis-
placement of air parcels. Irreversible transport, pos-
sibly from the stratosphere, is supported by Fujiwara
et al. (1998, 2003) who described the role of Kelvin
waves and their influence on the turbulence. Possible
mechanisms for the variations in water vapor and ozone
around the height ranges of 360–400 K and 350–360 K
(the upper and lower TTL, respectively) are discussed
in the next subsections in association with the vertical
displacement of isentropic surfaces.

4.2 Possibility of cross-isentropic transport
Using water vapor and ozone sonde measurements

similar to those used in this study, Fujiwara et al. (2001)
demonstrated that increasing water vapor and decreas-
ing ozone appear around the tropopause in the upward-
displacement phase of a Kelvin wave because the verti-
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Fig. 8. Vertical structure of the temperature anomaly in the cold phase (open triangles) and warm phase (solid
triangles) for the observational period in (a) altitude coordinates and (b) isentropic coordinates.

cal gradient of water vapor is negative, whereas ozone
is positive. Figure 6, however, shows low amounts of
water vapor and ozone in the cold phase in the upper
TTL, and high amounts of water vapor and ozone in the
warm phase in the upper TTL, indicating a positive cor-
relation between water vapor and ozone. Moreover, in
Figs. 6a and 6b, the water vapor and ozone profiles both
become smoother with reduced vertical gradients in the
warm phase compared with the cold phase, suggesting
a possible vertical mixing process due to a Kelvin wave
around this height.

Flannaghan and Fueglistaler (2011) recently sug-
gested possible mixing from shear-flow instability due
to Kelvin waves in the TTL. Figure 7 shows (a) time
series of zonal wind interpolated along the observation
points at 70, 100, and 150 hPa from the ERA-40 data,
and (b) that of the vertical wind shear calculated from
the data at 70 and 150 hPa. The wind shear clearly be-
comes strong during the period between the cold and
warm phases; the peak appears just before profile 10,
at the beginning of the warm phase. In the analyses of
Figs. 5 and 6, we discarded profile 9 because it is highly
disturbed. However, that profile would be reasonable if
we suppose that it is affected by turbulent mixing from

the wind shear.

4.3 Temperature and water vapor variations in isen-
tropic coordinates

To interpret the change in water vapor in the lower
TTL between 345 and 360 K where the idea of ver-
tical mixing may not be applied to a decrease in wa-
ter vapor; in this subsection, we discuss quantitatively
how temperature disturbances in isentropic coordinates
contribute to the saturation mixing ratio of water vapor.
First, we examine the temperature variations during the
cold and warm phases in altitude and isentropic coordi-
nates.

Figures 8a and 8b show the temperature anomalies
over the observational period in altitude (∆T (z)) and
isentropic (∆T (θ)) coordinates, respectively. Open and
solid triangles represent temperature anomalies in the
cold and warm phases, respectively. The mean value
was calculated from the average over all available pro-
files. In the stratosphere above 400 K, ∆T (θ) is smaller
than ∆T (z). In the TTL below 370 K, ∆T (θ) is larger
than ∆T (z); the largest anomaly seen in ∆T (θ) is ap-
proximately 10 K at approximately 350 K. The reason
is that strong stability in the stratosphere prevents ver-
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Table 1. Relationship between temperature
anomaly in isentropic coordinates and relative
difference in saturation mixing ratio.

isentropic temperature rel. diff. of
surface anomaly saturation

mixing ratio
370 K −2.5 K −33%

−5.0 K −54%
−10.0 K −80%

355 K −2.5 K −30%
−5.0 K −50%
−10.0 K −76%

tical displacement of the isentropic surfaces, while the
weak stability in the troposphere allows air parcels to
move over larger distances. Consequently, in the TTL,
the temperature variations in isentropic coordinates are
larger than those in altitude coordinates; this is a very
important point when we consider variations in water
vapor or humidity.

Following the Clausius–Clapeyron relation, we can
easily calculate the change in the saturation mixing ra-
tio of water vapor according to that in the temperature
in isentropic coordinates. Using the average profile as
defined in Fig. 8, the relationship between the tempera-
ture anomaly (T ′) and the relative difference in the sat-
uration mixing ratio (q′s/q̄s) at 355 and 370 K is pre-
sented in Table 1. Within this temperature range around
the tropopause, changes in T ′ on the isentropic surface
clearly affect q′s/q̄s, as shown in Table 1. This result
suggests that temperature disturbance plays an impor-
tant role on the isentropic surface under saturated con-
ditions; the decreases in water vapor of approximately
50% in the lower part of the TTL (around 355 K) in Fig.
6c correspond approximately to the changes in the sat-
uration mixing ratios in Table 1, owing to the adiabatic
cooling of 5 K.

The effect of large temperature variations in the TTL
in isentropic coordinates was further investigated. Fig-
ure 9 shows the vertical distributions of the relative hu-
midity with respect to ice. High values (>100%) are
sometimes seen around 345–360 K in the warm phase
and around 360–380 K in the cold phase, indicating
nearly saturated conditions. This is due to tempera-
ture disturbances corresponding to the combination of
stationary and eastward-traveling cold anomalies over
time, as discussed in Section 3. Thus, the decrease in
the water vapor mixing ratio between 345 and 360 K
from the cold to the warm phase could be understood

Fig. 9. Vertical profiles of relative humidity with
respect to ice in isentropic coordinates during
the cold phase (open circles) and warm phase
(solid circles). The black line indicates the av-
erage for the observational period.

as its saturated condition during the warm phase around
that height range.

On the other hand, the low values of relative humid-
ity observed in the upper part of the TTL (around 370
K) in the warm phase may be explained by vertical de-
scents of isentropic surfaces. A decrease of approxi-
mately 20% in relative humidity around 370 K during
the transition from the cold to the warm phase is consis-
tent with 1 K of adiabatic warming (not shown). How-
ever, approximately 7 K of warming was actually ob-
served around this level, which requires a much greater
decrease in relative humidity and suggests the existence
of a source of water vapor. Furthermore, the peak in-
creases of approximately 80% and 130% in water vapor
and ozone, respectively, near this level in isentropic co-
ordinates, as shown in Fig. 6c, may be the upper limit
of stratospheric air mixed by irreversible transport.

5. Conclusions

Water vapor and ozone profiles in the TTL were an-
alyzed using water vapor and ozone sonde observations
from the CEPEX campaign. Characteristic variations in
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water vapor, ozone, and temperature were found dur-
ing the roughly two week observation period and within
a spatial extent of approximately 2,700 km. A clear
distinction appeared between the first and latter halves
of the observation period, which were characterized by
cold and warm phases having large temperature dis-
turbances near the cold point tropopause, respectively.
However, the phase relationship in temperature was re-
versed around the bottom of the TTL. From the first half
to the latter half of the period, even on the isentropic sur-
face, increases in water vapor and ozone mixing ratios
were found, with maximum peaks around the 360 to 370
K isentropes. In analyzing these signatures, we showed
that it is important to view these quantities in isentropic
coordinates rather than altitude coordinates.

The background temperature field along the observa-
tion points is characterized as a combination of station-
ary and eastward-traveling cold anomalies around the
upper part of the TTL; the eastward signal may be re-
lated to a Kelvin wave. In association with the tempera-
ture variation, the water vapor mixing ratios are lower
around the upper part of the TTL and higher around
the lower part of the TTL in the cold phase than in
the warm phase. Moreover, the ozone mixing ratios
are lower around the TTL in the cold phase than in the
warm phase. The vertical gradients of the water vapor
and ozone profiles decreased at the transition from the
cold to the warm phase near the CPT. In addition, en-
hancement of vertical shear of zonal wind during the
transition between the two phases was observed.

Regarding the mechanism for increasing water va-
por around 360–400 K and ozone around 350–400 K
in isentropic coordinates, the turbulent mixing process
associated with a breaking Kelvin wave is a possible in-
terpretation as proposed by Fujiwara et al. (1998, 2003).
The effect of mixing, not only on ozone but also on wa-
ter vapor, is described in this paper. Nishi et al. (2007)
recently showed that large-amplitude Kelvin waves are
commonly seen from November to March, implying
that a breaking event could occur as a consequence.
This is consistent with the results of Flannaghan and
Fueglistaler (2011), which suggested a mixing process
in the TTL due to Kelvin waves.

Another interpretation of this simultaneous increase
in water vapor and ozone is horizontal transport; how-
ever, contributions to the water vapor variation during
horizontal transport (including adiabatic and diabatic)
may be small near the central Pacific because the hor-
izontal wind is weak (less than 5 m s−1 in Fig. 3). To
understand the positive bias of the observed water vapor
from in situ soundings (e.g., Hasebe et al. 2007), it may
be necessary to include the influence of vertical mixing.

Gettelman et al. (2002) and Folkins and Martin
(2005) showed that convective activity had a large ef-
fect even in the upper troposphere or around the bottom
of the TTL, resulting in water vapor variations there.
In this study, a relationship was also seen between or-
ganized convective activity and undulation of the isen-
tropic surface because the downward displacement of
isentropic surfaces in the lower part of the TTL may be
affected by convective activity. These space–time varia-
tions in organized convection are expected to be closely
related to the Madden–Julian Oscillation (Schwartz et
al. 2008).

These results imply that the wave activities may
change the water vapor and ozone budget in the TTL
at time scales on the order of a week, as shown in re-
cent observations by Fujiwara et al. (2009) and Suzuki
et al. (2010b). Because of its quasi-conservative na-
ture, ozone may be more suitable for detecting signals
of turbulent mixing. Further observations and analysis
of water vapor and ozone with high vertical resolution
are necessary in order to understand these issues.
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