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Water vapor control at the tropopause by equatbrial.
Kelvin waves observed over the Galdpagos

M. Fujiwara,’> 2 F. Hasebe,® M. Shiotani, 2 N. Nishi,* H. Vémel,® and S. J.

Oltmans®

Abstract. Soundings of frost-point hygrometers, ozoneson-
des, and radiosondes at San Crist6bal Island (0.9°S, 89.6°W)
in September 1998 provide an observational evidence that
equatorial Kelvin waves around the tropopause act as a de-
hydration pump for the stratosphere. During the downward-
displacement phase of a Kelvin wave, dry and ozone-rich
stratospheric air is transported into the upper troposphere.
During the upward-displacement phase, on the other hand,
higher specific-humidity air moves up in the tropopause re-
gion, but at the same time, this upward motion causes cool-
ing of the air that limits the water vapor amount entering
the stratosphere. Also, wave breaking contributes to the
irreversible transport of ozone across the tropopause. Con-
sidering their omnipresence at the equatorial tropopause,
we suggest that Kelvin waves may be one of the impor-
tant agents for maintaining the dryness of the tropical lower
stratosphere.

1. Introduction

It has been known since the 1970s that large-scale
eastward-moving disturbances are prominent around the
equatorial tropopause. Madden and Julian [1972] noted
the existence of an eastward-moving disturbance at the
tropopause level, in association with the 40-50-day oscilla-
tion in the troposphere, the so-called Intra-Seasonal Oscil-
lation (ISO) or Madden-Julian Oscillation (MJO). Parker
[1973] found the existence of marked disturbances confined
around the equatorial tropopause, which have the character-
istics of equatorial Kelvin waves, one of the planetary-scale
eastward-moving equatorial gravity waves [e.g., Andrews et
al., 1987]. Before the early 1990s, however, there has been
little discussion on the role of these disturbances in the vari-
ation and transport of minor constituents at the equato-
rial tropopause, i.e., in stratosphere-troposphere exchange
(STE) (see section 1 of Fujiwara and Takahashi [2001]; see
also section 7 of Holton et al. [1995], esp., p. 428). Tsuda
et al. [1994] first suggested their role in STE by analyzing
radiosonde data in Indonesia. An episode of stratospheric
ozone transport into the upper troposphere associated with
a breaking Kelvin wave and MJO activity below was first
observed in Indonesia by Fujiwara et al. [1998]. A close
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relationship between cirrus clouds and Kelvin waves near
the tropopause was first observed in the western Pacific
by Boehm and Verlinde [2000]. Satellite water vapor mea-
surements have shown the omnipresence of eastward-moving
ISO-time-scale signals at the global equatorial tropopause
[Mote et al., 2000]. Fujiwara and Takahashi [2001] used a
general circulation model incorporating a simple ozone pho-
tochemistry to show that ozone and water around the equa-
torial tropopause are always greatly perturbed by Kelvin
waves and that there are longitudinal and seasonal differ-
ences in Kelvin wave activity.

The Soundings of Ozone and Water in the Equatorial Re-
gion/Pacific Mission (SOWER /Pacific) has been running on
a campaign basis since 1998 to improve our understanding
of the equatorial atmosphere by making balloon-borne mea-
surements of ozone, water vapor, and meteorological vari-
ables at three representative stations in the equatorial Pa-
cific, San Cristébal Island in the Galdpagos Islands (Re-
public of Ecuador), Kiritimati (Christmas) Island (Repub-
lic of Kiribati), and Indonesia [Hasebe et al., 2001]. During
the September 1998 campaign, we observed a Kelvin wave
episode at San Cristébal, in which water vapor and ozone
around the tropopause showed large variations in associa-
tion with this wave. In the present paper, we examine this
episode in detail and discuss the role of Kelvin waves as a
dehydration pump at the tropical tropopause.

2. Observation

Vertical profiles of water vapor from the middle tro-
posphere to the middle stratosphere were measured us-
ing the NOAA/CMDL balloon-borne cryogenic frost-point
hygrometers [Vomel et al., 2001). The hygrometer is
launched together with an electrochemical concentration cell
ozonesonde and a Vaisala RS80-15H radiosonde equipped
with a Humicap-H relative humidity (RH) sensor. The ra-
diosonde measures pressure, temperature, and RH (PTU),
and is used as data transmitter. Water vapor data are ob-
tained during the controlled descent as well as during the
ascent to minimize potential contamination problems. The
water vapor measurements have a typical accuracy of ~10%
in mixing ratio up to the middle stratosphere. The ozone
measurements have an accuracy of 5-10% in the troposphere
and ~5% in the lower stratosphere. Water vapor-ozone-
PTU soundings were made on September 6, 10, and 14,
but the sounding on September 6 did not provide water va-
por data around the tropopause. Additional soundings of
ozone and PTU were made on September 4, 8, and 12. We
also launched Vaisala RS80-15G radiosondes (equipped with
a Humicap-A RH sensor and a Global Positioning System
(GPS) antenna for the horizontal wind measurement) once
or twice daily in September 1998. The RH measurement
by radiosondes is available up to ~11 km for Humicap-A
sensors and up to ~12-13 km for Humicap-H sensors in the
tropics.
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Figure 1. Profiles of water vapor mixing ratio (thick
curves), saturation water vapor mixing ratio calculated
from ambient temperature using the Goff-Gratch formula-
tion (thin curves), and ozone mixing ratio (dashed curves)
at San Cristébal on September 10 and 14, 1998. The plotted
data are 250 m averages. For water vapor and temperature,
both ascending and descending data are averaged, whereas
for ozone, only ascending data are used.

3. Results and Discussion

Figure 1 shows the results of the hygrometer soundings on
September 10 and 14. The water vapor mixing ratio above
18 km up to the middle stratosphere was 3-4 ppmv in both
soundings, but water vapor, ozone, and saturation mixing
ratio show large changes in the tropopause region (14-18
km) during this 4-day period. On September 10, dry strato-
spheric air extended down to 15.25 km (5.18 ppmv), and
ozone concentrations were enhanced in the tropopause re-
gion (211 ppbv at 17.25 km (tropopause)). The tropopause
region was unsaturated due to high ambient temperature
and low frost-point temperature. These features are con-
sistent with adiabatic downward motion occurring around
the tropopause. On September 14, on the other hand, the
tropopause region was relatively wet (6-10 ppmv at 14-16.5
km) and cold, hence nearly saturated at 16-17 km, and the
ozone concentration was lower (127 ppbv) at the tropopause
(16.5 km).

Figure 2 shows all ozone profiles during the campaign.
On September 4 and 6, the tropopause nearly corresponded
to the “ozonopause” which is the boundary between the re-
gion with tropospheric low ozone concentrations and that

with stratospheric high ozone concentrations. Here, we use
125 ppbv as the ozonopause value. On September 8, the
tropopause was at its lowest altitude, ~15 km. While the
ozonopause remained around 16 km during September 8-
12, the tropopause moved upward from ~15 to 17-17.5 km,
leaving a significant amount of stratospheric ozone in the
upper troposphere. On September 14, the ozonopause and
tropopause were located at nearly the same altitude again.
The characteristics of ozone and tropopause variations re-
semble the case observed by Fujiwara et al. [1998] (see their
Figures 2 and 4).

Figure 3 shows the time-altitude distributions of ozone,
temperature, potential temperature, and zonal wind at San
Cristébal in September 1998. We can see a downward mo-
tion of ozone in the tropopause region, from ~18 km on
September 4 to ~14 km on September 14. While isolines for
mixing ratios greater than 125 ppbv recovered by Septem-
ber 14, the 75-ppbv isoline continued to move downward
to as low as 14 km. Figures 3(b)-(d) utilize radiosonde
data as well to investigate the disturbance in detail. Before
September 8, the tropopause was colder and gradually mov-
ing downward. After the tropopause jump around Septem-
ber 8-9, the tropopause was again moving downward and
getting colder. The temperature change associated with this
disturbance was ~7 K at 16 km (from 194 K on September 7
to 201 K on September 10). The potential temperature plot
indicates that before September 8, the isentropes near and
just above the tropopause were moving downward and that
after the tropopause jump, their downward motion contin-
ued and extended into the upper troposphere. We can see
a downward-motion line from 17.5 km on September 2 to
14 km on September 15, although the motion of individual
isentropes is smaller. At the same time, a zonal wind oscil-
lation was observed in the 12-19-km region, with the period
(2mw™?!, where w is the frequency) of ~18 days (ex., from
September 2 to 20, at 16 km). The downward-motion line
for isentropes nearly corresponded to the zero zonal wind
line, which indicates that the vertical phase speed of this
disturbance, ¢*), was —3.1 x 10™% m s™*. The background
zonal wind in September 1998 was nearly zero at 15-19 km,
and the amplitude of this disturbance, U, was ~15 m s}
at 16 km. There was no substantial meridional-wind com-
ponent (not shown) corresponding to this zonal wind oscil-
lation. These meteorological characteristics again resemble
the case observed by Fujiwara et al. [1998] (see their Figures
4 and 5 and Plate 1). If we focus only on the tropopause
level, the water vapor-ozone sounding on September 10 mea-
sured the downward-displacement phase of this disturbance,
and the sounding on September 14 measured the neutral or
upward-displacement phase of this disturbance.

The equatorial longitude-time distribution of temperature
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Figure 2. Profiles of ozone (thick) and temperature (thin) from 12 to 20 km on September 4, 6, 8, 10, 12, and 14, 1998
at San Cristébal. Stars indicate the location of the tropopause defined by the temperature minimum. Horizontal arrows
indicate the location of the ozonopause defined by 125-ppbv ozone concentration.
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Figure 3. Time-altitude distributions of (a) ozone (25-ppbv interval, pink for 75-125 ppbv, red for more than 125 ppbv),
(b) temperature (2-K interval, blue for less than 200 K), (c) potential temperature (5-K interval), and (d) zonal wind
from 10 to 20 km at San Cristébal in September 1998. Vertical resolution here is set to 50 m. Stars indicate the location
of the tropopause. Blue and red arrows in (a)-(c) indicate ozonesonde soundings and hygrometer-ozonesonde soundings,

respectively.

at 100 hPa (European Centre for Medium-Range Weather
Forecast (ECMWF) global analysis data) shows the horizon-

tal extent and motion of this disturbance (Figure 4). The
eastward-moving warm anomaly (slanted line) corresponds
to the warm, descending anomaly observed at San Cristébal
around September 10. This eastward-moving signal attains
a large amplitude over the western Pacific in late August,
moves eastward with a zonal phase speed, ¢®, of ~14 m
s~!, and becomes weak over South America in the middle of
September. Figure 4 also shows that eastward-moving sig-
nals over the eastern Pacific and South America are sporadic
and that those over the Indian Ocean are regularly present
with larger amplitudes [cf., Fujiwara and Takahashi, 2001].
It should be noted that in the ECMWF zonal wind data
(not shown), the eastward-moving signal relevant to the ob-
servation at San Cristébal is very weak.

The characteristic values for the disturbance (27w ™!, ¢(®),
and ¢®) estimated above reasonably satisfy the dispersion
relation for equatorial Kelvin waves (see section 3 of Fu-
jiwara et al. [1998]). Note that the buoyancy (or Briint-
Viisild) frequency, N, at 16 km is on average ~1.8 x10~2
s~! with a large positive vertical gradient in the tropopause
region, from ~0.8 x1072 s™! at 10-13 km to ~2.3 x10~%s™*
at 17 km and above. Thus, the disturbance observed at San
Cristébal in September 1998 can be identified as an equa-
torial Kelvin wave because: It had a zonal-wind component
but no meridional-wind component; it propagated eastward;
its warm anomaly appeared at the zero zonal wind phase
with the eastward-wind shear (note that the background
zonal wind was zero); and its characteristic parameters rea-
sonably satisfied the dispersion relation for equatorial Kelvin
waves. The maximum vertical displacement by this wave
can be estimated from 2U/N (see section 4.1 of Fujiwara et
al. [1998]) to be ~1.7 km for N = 1.8 x 1072 s™'. The
downward motion of the ozone isolines and isentropes is in

reasonable agreement with this estimate. Furthermore, the
zonal wind amplitude, U was comparable to the (intrinsic)
zonal phase speed of the wave, ¢®, so that breaking of the
wave, i.e., vertical mixing is expected at least at the max-
imum eastward-wind phase of the wave (see section 4.2 of
Pujiwara et al. [1998]). The vertical extent of this mix-
ing region should be less than ~2.4 km, half of the vertical
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100 hPa along the equator from the ECMWTF global analysis
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the warm anomaly moving eastward and passing over San
Cristébal around September 10.
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wavelength ((27w™!)c(*)/2). Nearly constant ozone concen-
trations around 18 km on September 6-8, around 17 km
on September 8-12, and around 15-16 km on September 14
(Figures 2 and 3(a)) may indicate this vertical mixing.
Finally, we briefly discuss potential contributions of hor-
izontal advection and convection. Similar to the estima-
tion of the vertical displacement, the maximum zonal dis-
placement by this wave can be estimated from 2U/w to be
~7.4x10% km. We also made trajectory calculations with
the ECMWF data. Seven-day isentropic backward trajecto-
ries from the tropopause region at San Cristébal on Septem-
ber 10 showed that the air was mostly influenced by trans-
port from tropical South America and the Atlantic within
0-10°N. During the observation period, the region was some-
times influenced by subtropical air, but the enhanced ozone
never originated from midlatitude stratosphere. As for the
convective activity during the observation period, the ra-
diosonde RH 'data show that wet air (60-90% RH with re-
spect to liquid water) appeared during September 5-12 from
the top of the boundary layer to ~7 km but that a dry layer
(<30% and often <10%) existed above the wet air mass,

from ~7 to ~11 km. Thus, there was no direct influence of
cumulus convection on the variation of minor constituents in
the tropopause region. Satellite infrared cloud images con-
firm that there was no significant cloud activity along the
equator in the central and eastern Pacific during the period,
although some active convection was present around 10°N
in the eastern Pacific.

These observational results suggest that Kelvin waves
around the tropopause include the following processes that
cause stratosphere-troposphere exchange and maintain the
dryness of the tropical lower stratosphere. During the
downward-displacement phase of a Kelvin wave (September
10 at San Cristébal), dry and ozone-rich stratospheric air is
transported into the upper troposphere. During the upward-
displacement phase (September 14, at the tropopause level),
higher specific-humidity air moves up, but this upward mo-
tion causes adiabatic cooling, which at the same time limits
the water vapor amount entering the stratosphere. When
the wave amplitude becomes large enough to meet the break-
ing condition, irreversible mixing occurs at the maximum
eastward-wind phase, resulting in net transport of ozone
across the tropopause.

4. Conclusion

The soundings of water vapor, ozone, and meteorologi-
cal variables at San Cristébal in September 1998 demon-
strated the role of equatorial Kelvin waves as a dehydration
pump for the stratosphere. In other words, Kelvin waves
“open” the tropopause for downward transport of water va-
por from the dry stratosphere into the upper troposphere,
but “close” the tropopause for upward transport of water
vapor from the wet upper troposphere into the stratosphere
when the cooling by the upward motion is strong enough.
Wave breaking contributes to the irreversible transport of
ozone across the tropopause, but even if the breaking does
not occur, Kelvin waves can limit the water vapor amount
entering the stratosphere. The strength of the cooling due
to the upward motion by the wave is the critical factor. We
also see that shorter-period, smaller-amplitude waves were
enbedded in the Kelvin wave (Figure 3(d), for example),
which might also play a role in the dehydration as suggested
by Potter and Holton [1995]. The present study highlights
the role of Kelvin waves in tropical stratosphere-troposphere
exchange. Intensive, coordinated observation campaigns are

FUJIWARA ET AL.: WATER VAPOR CONTROL BY KELVIN WAVES

needed to further investigate a possible dynamical-radiative-
physical-chemical coupling in association with these large-
scale tropopause-level waves.
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