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[1] We investigated water vapor variations in the tropical lower stratosphere on seasonal,
quasi‐biennial oscillation (QBO), and decadal time scales using balloon‐borne cryogenic
frost point hygrometer data taken between 1993 and 2009 during various campaigns
including the Central Equatorial Pacific Experiment (March 1993), campaigns once or
twice annually during the Soundings of Ozone and Water in the Equatorial Region
(SOWER) project in the eastern Pacific (1998–2003) and in the western Pacific and
Southeast Asia (2001–2009), and the Ticosonde campaigns and regular sounding at Costa
Rica (2005–2009). Quasi‐regular sounding data taken at Costa Rica clearly show the tape
recorder signal. The observed ascent rates agree well with the ones from the Halogen
Occultation Experiment (HALOE) satellite sensor. Average profiles from the recent
five SOWER campaigns in the equatorial western Pacific in northern winter and from the
three Ticosonde campaigns at Costa Rica (10°N) in northern summer clearly show two
effects of the QBO. One is the vertical displacement of water vapor profiles associated
with the QBO meridional circulation anomalies, and the other is the concentration
variations associated with the QBO tropopause temperature variations. Time series of
cryogenic frost point hygrometer data averaged in a lower stratospheric layer together with
HALOE and Aura Microwave Limb Sounder data show the existence of decadal
variations: The mixing ratios were higher and increasing in the 1990s, lower in the early
2000s, and probably slightly higher again or recovering after 2004. Thus linear trend
analysis is not appropriate to investigate the behavior of the tropical lower stratospheric
water vapor.

Citation: Fujiwara, M., et al. (2010), Seasonal to decadal variations of water vapor in the tropical lower stratosphere observed
with balloon‐borne cryogenic frost point hygrometers, J. Geophys. Res., 115, D18304, doi:10.1029/2010JD014179.

1. Introduction

[2] Water vapor in the stratosphere contributes to the
radiative balance of the stratosphere and influences vari-
ability and recovery of the ozone layer through its radiative
and photochemical nature [e.g., Kley et al., 2000]. Its con-
centration is controlled by dehydration processes in the
tropical tropopause layer (TTL) [Fueglistaler et al., 2009],
methane oxidation within the stratosphere [Rohs et al.,
2006], and transport associated with the diabatic meridional
circulation, i.e. the Brewer‐Dobson circulation [Holton
et al., 1995]. Variability of water vapor in the tropical lower
stratosphere largely reflects dehydration processes occurring
in the TTL, and therefore measurements and understanding
of the variability are crucial for global atmospheric chem-
istry and climate.
[3] Seasonal variation of water vapor in the tropical

lower stratosphere has been observed with satellite sensors,
particularly the Halogen Occultation Experiment (HALOE)
instrument on board the Upper Atmosphere Research
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Satellite (UARS) which was in operation between September
1991 and December 2005 [e.g., Mote et al., 1996; Randel
et al., 2001]. Tropical tropopause temperatures have a
prominent seasonal cycle, which primarily control the
effective entry value of water vapor; the seasonally varying
entry values then propagate upward in the tropical lower
stratosphere by the ascending branch of the Brewer‐Dobson
circulation. The signature in water vapor is often termed as
the tape recorder signal with the tape head at the tropical
tropopause [Mote et al., 1996].
[4] Short‐term interannual variations of water vapor in the

tropical lower stratosphere are mainly caused by the quasi‐
biennial oscillation (QBO) and El Niño–Southern Oscilla-
tion (ENSO). The QBO modulates the tropical lower
stratospheric water vapor through the modulation of tropical
tropopause temperatures and hence the effective entry value,
and through the modulation of the tropical ascending speed
of the Brewer‐Dobson circulation. Niwano et al. [2003]
used HALOE water vapor and methane data to estimate
the QBO modulation of the Brewer‐Dobson circulation
quantitatively. Randel et al. [2004] and Fueglistaler and
Haynes [2005] discussed that both the QBO and ENSO
are the primary cause of interannual variations of the trop-
ical tropopause temperature and the water vapor around the
bottom of the tropical lower stratosphere.
[5] As for longer‐term variations, linear increasing trends

of stratospheric water vapor have been reported based on
balloon‐borne cryogenic frost point hygrometer data at a
Northern Hemisphere midlatitude site, Boulder (40.00°N,
105.25°W), Colorado, since 1980 [Oltmans et al., 2000;
Scherer et al., 2008] and based on 10 data sets including the
Boulder data since 1954 [Rosenlof et al., 2001]. The
increasing rate is reported as ∼0.6% per year for 1980–2000
[Scherer et al., 2008] and ∼1% per year (∼0.05 parts per
million by volume, ppmv, per year) for 1954–2000
[Rosenlof et al., 2001]. These increasing trends have
important implications for the ozone layer and climate [e.g.,
Scherer et al., 2008, and references therein; Solomon et al.,
2010]. Around 2000–2001 a drop in lower stratospheric
water vapor was observed, and since then, persistent low
values have been observed at least up to 2005 based on the
Boulder in situ data and HALOE data (around Boulder; in
the tropics; and at 60°N–60°S) [Randel et al., 2006; Scherer
et al., 2008]. The changes around 2000–2001 may imply the
existence of decadal variations in the TTL and tropical
lower stratosphere.
[6] The mechanisms responsible for the increasing trends

during the past half‐century and for the recent possible
decadal variations are still unclear. The increase of methane
can account for only ∼30% of the increase in stratospheric
water vapor [Rohs et al., 2006]. Although the estimation of
tropical tropopause temperature trends was found to be
difficult due to frequent, often undocumented changes in
radiosonde and satellite instrumentation, there could have
been a cooling trend rather than a warming trend at least
during the past two to three decades [e.g., Rosenlof and
Reid, 2009, and references therein; Seidel et al., 2009,
Figure 4]. The apparent lack of mechanisms supporting the
increasing trends prompted a search for other processes such
as changes in the tropical ascending branch of the Brewer‐

Dobson circulation (i.e., its latitudinal width, and strength in
season) [Rosenlof, 2002], detailed microphysical processes
occurring in the dehydration within the TTL (which may
disconnect the direct relation between temperature and water
vapor) [e.g., Sherwood, 2002; Peter et al., 2006], among
others. However, there is no successful explanation for the
increasing trends at present. Fueglistaler and Haynes [2005]
discussed that the long‐term trends might have been over-
estimated. As for the recent possible decadal variations,
Randel et al. [2006] pointed out that intensification of the
Brewer‐Dobson circulation may have occurred after 2001.
On the other hand, Rosenlof and Reid [2008] proposed a
link among the sea surface temperatures and convective
activity in the tropical western Pacific, tropical tropopause
temperatures, and tropical lower stratospheric water vapor
(note that Lanzante [2009] questioned some of their key
findings specifically regarding the temperature observa-
tions used in their paper). Furthermore, there exist incon-
sistencies in trends and variability between the two key
water vapor data sets, namely, the Boulder in situ data
and HALOE data [Randel et al., 2004; Scherer et al.,
2008].
[7] There have been several tropical campaigns since the

early 1990s where the same types of balloon‐borne cryo-
genic frost point hygrometers as those used at Boulder were
flown (Figures 1 and 2 and Tables 1 and 2). Major campaigns
are the Central Equatorial Pacific Experiment (CEPEX)
campaign over the central equatorial Pacific Ocean in March
1993, campaigns once or twice annually under the Sound-
ings of Ozone and Water in the Equatorial Region
(SOWER) project at several tropical Pacific and Southeast
Asian sites from 1998 to present, and campaigns and regular
sounding activity under the Ticosonde project at Costa Rica
in Central America from 2005 to present. The water vapor
data taken during these tropical campaigns have been used
for TTL dehydration studies [e.g., Vömel et al., 1995a,
2002; Fujiwara et al., 2001; Hasebe et al., 2007; Shibata
et al., 2007; Selkirk et al., 2010; Inai, 2010], satellite vali-
dation [e.g., Vömel et al., 2007a], and radiosonde humidity
sensor validation [e.g., Vömel et al., 2003, 2007b]. How-
ever, these data have not yet been used for studies on sea-
sonal to interannual variations.
[8] The purpose of this paper is to investigate seasonal to

decadal variations of water vapor in the tropical lower
stratosphere using in situ balloon‐borne cryogenic frost
point hygrometer data taken at various tropical sites over the
last 17 years, 1993–2009 (Figure 1). As discussed above,
water vapor variations in the tropical lower stratosphere
have been investigated primarily with satellite sensors,
particularly HALOE data. Analyses and comparisons are
also made with satellite water vapor data from HALOE
(up to 21 November 2005) and from the Microwave Limb
Sounder (MLS) on board the NASA Earth Observing
System (EOS) Aura satellite launched in July 2004.
Tropical in situ data up to 2009 will provide some new
insights into the tropical lower stratospheric water vapor
behavior. The remainder of this paper is organized as
follows. Section 2 describes the tropical balloon observa-
tions and satellite data sets, section 3 provides results and
discussion on seasonal variations, QBO‐related variations,
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and decadal variations, and finally, section 4 lists the main
conclusions.

2. Observations and Data Description

2.1. Cryogenic Frost Point Hygrometers and Field
Campaigns

[9] In this paper, we use data from two types of balloon‐
borne cryogenic frost point hygrometer, the National Oceanic
and Atmospheric Administration (NOAA) cryogenic frost
point hygrometer (NOAA FPH) (the analog controller ver-
sions) [Vömel et al., 1995b; Kley et al., 2000; Vömel et al.,
2007c] and the University of Colorado cryogenic frost point
hygrometer (CFH) [Vömel et al., 2007d]. These instruments

are based on the chilled mirror principle and provide a direct
measurement of the frost point temperature of the ambient
air. The total uncertainty of the NOAA FPH above the
middle‐to‐upper troposphere is estimated as ∼0.5°C frost
point temperature which translates to ∼10% in lower
stratospheric water vapor mixing ratio [Vömel et al., 1995b].
The CFH is an upgraded version of the NOAA FPH and
utilizes the advanced digital controller that allows continu-
ous measurements of frost point/dew point temperature
between the surface and the middle stratosphere. The total
uncertainty of the CFH for the tropical mixing ratio mea-
surements is estimated as 3%–5% in the lower‐to‐middle
troposphere, 5%–8% in the upper troposphere and in the
TTL, and 8%–9.5% in the lower stratosphere up to 28 km
altitude [Vömel et al., 2007d].

Figure 2. CFH sounding schedule at Costa Rica between July 2005 and June 2009 under the Ticosonde
project. Half lines indicate successful soundings with good quality data points above the 100 hPa level but
below the 37 hPa level. Full lines indicate those with good quality data points above the 37 hPa level (for
Figure 11).

Figure 1. Location of the observation sites. H, Ha Noi (21.01°N, 105.80°E); K, Kototabang (0.20°S,
100.32°E); Ba, Bandung (6.90°S, 107.60°E); W, Watukosek (7.57°S, 112.65°E); Bi, Biak (1.17°S,
136.06°E); T, Tarawa (1.35°N, 172.92°E); CI, Christmas Island (1.52°N, 157.20°W); S, San Cristóbal
Island (0.90°S, 89.62°W); CR, Alajuela (9.98°N, 84.21°W; July–September 2005, and May 2007 to
present) and Heredia (10.00°N, 84.11°W; October 2005 to January 2007), Costa Rica; J, Juazeiro
do Norte (7.23°S, 39.28°W). Smaller dots connected with lines indicate the sounding locations of
the research vessel Vickers under the Central Equatorial Pacific Experiment (CEPEX).
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[10] Vaisala RS80 radiosondes were used as data trans-
mitters, which simultaneously provided measurements of
pressure, temperature, and tropospheric relative humidity.
The data sampling rate is at 8 s for the NOAA FPH and 1.2 s
for the CFH, depending on the interface board used in the
telemetry system. The uncertainty of the pressure measure-
ment of this radiosonde used in this telemetry system is
within 0.5 hPa.
[11] In both instruments, data were obtained both during

ascent and descent. For the NOAA FPH measurements,
mostly descent data are used due to the slightly larger
contamination potential, and the data are averaged for every
250 m bin. For the CFH measurements, both ascent and
descent data are being used; data suspected of contamination
are flagged out (such data points are sometimes found above
20 km) (see sections 2.2 and 2.5 of and discussions by
Vömel et al. [2007d]). In this paper, for the CFH mea-
surements, the ascent data are primarily used, and vertical
averages are taken (e.g., for ∼250 m) where appropriate.
[12] Table 1 lists tropical NOAA FPH data taken within

the CEPEX, SOWER, and NOAA projects. There was no
campaign in 1994–1996, and the campaigns were mostly
made in northern winter to spring except for the three
campaigns at San Cristóbal Island. It should be noted that
the NOAA FPH data taken in the CEPEX campaign were
adjusted to the HALOE measurements to compensate for the
radio frequency interference [Vömel et al., 1995a]. Also,
the low temperature calibration correction (below ‐79°C)
described by Vömel et al. [2007c] and Scherer et al. [2008]
has been applied to all NOAA FPH data except for those
taken during the CEPEX campaign. For the 68–37 hPa layer
averages that will be discussed in section 3.3, this correction
procedure resulted in ∼−0.06 ppmv (∼−2%) corrections.
Table 2 lists CFH data taken under the SOWER project. In
2003, we switched from NOAA FPH to CFH for the tropical
campaigns (see section 2.9 of Vömel et al. [2007d] about
the December 2003 campaign). After 2003, the SOWER

campaigns were made in the tropical western Pacific to
Southeast Asian region annually in northern winter. After
2007, we conducted campaigns at different locations
simultaneously for the match analysis [Inai, 2010]. Figure 2
shows the CFH sounding schedule at Costa Rica between
July 2005 and June 2009 under the Ticosonde project
[Selkirk et al., 2010]. The total number of CFH soundings in
this period is 124. Figure 2 only shows the soundings with
good quality data points above the 37 hPa (∼23 km) level
(58 in total) and above the 100 hPa (∼16 km) level but
below the 37 hPa level (36 in total). There were four
intensive campaigns and once or twice monthly soundings,
with some exceptions, to cover different seasons. It should
be noted that soundings in Costa Rica were made at Alajuela
(9.98°N, 84.21°W) from July to September 2005, at Heredia
(10.00°N, 84.11°W) from October 2005 to January 2007,
and again at Alajuela from May 2007, with the same
operation team.
[13] For the analysis of seasonal variations, Ticosonde

CFH profiles with good quality data points above the
100 hPa level will be used. For the analysis of QBO related
variations, both Ticosonde and SOWER CFH profiles
(above the 100 hPa level) after December 2004 will be used.
For the analysis of longer‐term variations (Figure 11), only
the NOAA FPH and CFH profiles with good quality data
points above the 37 hPa level will be used.

2.2. Satellite Measurements

[14] The HALOE instrument uses a solar occultation
technique at near‐infrared to infrared wavelengths to mea-
sure water vapor and other key constituents in the middle
atmosphere [Russell et al., 1993]. The measurements
roughly span latitudes ∼80°N–80°S and were taken between
11 October 1991 and 21 November 2005. The time and
location of each vertical measurement depend on the
satellite’s near‐polar orbit and the occultation configuration
for sunrise and sunset. The number of measurements in the
latitudes 10°N–10°S within a month varies from zero to
∼60 for each sunrise and sunset occultation data set. Harries
et al. [1996] estimated the accuracy of the version 17 water
vapor data set as ±10% over most of the height range in the

Table 1. List of Tropical NOAA Frost Point Hygrometer (NOAA
FPH) Soundings After 1993

Period Place Project
Total

Number
Numbera

(37 hPa)

Mar 1993 western/central Pacific
to Christmas Island

CEPEX 13 11

Feb 1997 Juazeiro do Norte, Brazil NOAA 1 1
Nov 1997 Juazeiro do Norte, Brazil NOAA 2 1
Mar–Apr 1998 San Cristóbal Island, the

Galápagos
SOWER 3 2

Sep 1998 San Cristóbal Island, the
Galápagos

SOWER 5 3

Mar 1999 San Cristóbal Island, the
Galápagos

SOWER 2 2

Sep–Oct 1999 San Cristóbal Island, the
Galápagos

SOWER 3 2

Nov–Dec 2000 San Cristóbal Island, the
Galápagos

SOWER 6 2

Nov–Dec 2001 Watukosek, Indonesia SOWER 5 0
Aug 2002 San Cristóbal Island, the

Galápagos
NOAA 2 2

Jan 2003 Watukosek, Indonesia SOWER 3 1
Mar 2003 San Cristóbal Island, the

Galápagos
NOAA 1 0

aNumber of successful soundings with good quality data points above
the 37 hPa level (for Figure 11).

Table 2. List of Tropical Cryogenic Frost Point Hygrometer
(CFH) Soundings Under the SOWER Project

Period Place
Total

Number
Numbera

(100 hPa)
Numberb

(37 hPa)

Dec 2003 Bandung, Indonesia 4 0 0
Dec 2004 Bandung, Indonesia 4 4 1
Dec 2005 Tarawa, Kiribati 2 0 0
Jan 2006 Biak, Indonesia 9 8 5
Jan 2007 Biak, Indonesia 6 6 5

Kototabang, Indonesia 5 4 4
Tarawa, Kiribati 5 4 4
Ha Noi, Vietnam 6 6 6

Jan 2008 Biak, Indonesia 7 7 5
Kototabang, Indonesia 4 4 3
Ha Noi, Vietnam 5 5 5

Jan 2009 Biak, Indonesia 4 4 3
Ha Noi, Vietnam 4 4 3

aNumber of successful soundings with good quality data points above
the 100 hPa level but below the 37 hPa level.

bNumber of successful soundings with good quality data points above
the 37 hPa level (for Figure 11).
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middle atmosphere and ±30% at the boundaries and the
precision at a few percent in the lower stratosphere. In this
paper, we use the HALOE version 19 data, file version
P1.6 (downloaded from http://haloe.gats‐inc.com/ in October
2008) with 30 standard levels per decade of pressure (e.g.,
100.0, 92.61187, 85.76959, 79.43282,… hPa). Note that
studies using HALOE water vapor data described in the
Introduction used data version 17 or 18 or 19. For example,
Randel et al. [2001, 2004, 2006] used data version 19 with a
different standard pressure level set (12 standard levels per
decade of pressure). As this manuscript was in preparation,
data version 20 was being prepared at Hampton University
(James M. Russell III, private communication, 2009). The
major revisions include the consideration of temperature‐
dependent effects of the interfering O2 continuum (see sec-
tions 1.4.5 and 2.3.1 of Kley et al. [2000]) and the use of
2.452 mm HF channel for the water vapor retrieval (Ellis E.
Remsberg, private communication, 2009). These revisions
will probably result in an increase in water vapor mixing
ratios in the tropical lower stratosphere. Further discussion
will be presented in section 3.3.
[15] The MLS instrument utilizes thermal microwave to

far infrared emission from the atmospheric limb to measure
water vapor and other key constituents in the middle
atmosphere including the upper troposphere [Waters et al.,
2006]. The measurements started in August 2004. The

number of measurements in the latitudes 10°N–10°S within
a month is 35,000–45,000 except for the first two months
during which time the number was 25,000–35,000 per
month. In this paper, MLS data version 2.2 are used
(downloaded from http://mls.jpl.nasa.gov/ between May and
August 2009). Lambert et al. [2007] estimated the precision
of the version 2.2 water vapor data set as 4%–9% in the
stratosphere and the accuracy as 4%–11% at 68–0.01 hPa.
Vömel et al. [2007a] validated water vapor data from both
versions 1.5 and 2.2 using coincident CFH measurements at
10 sites located between 67°N and 21°S between February
2005 and January 2007, sampling the fine‐resolution CFH
profiles with the smoothing function and averaging kernel of
the MLS. It was found that the MLS data version 2.2 and
CFH measurements agree on average to within 2.7% ± 8.7%
between 68 hPa and 21.5 hPa.

3. Results and Discussion

3.1. Seasonal Variations

[16] Figure 3 shows water vapor profiles taken at Costa
Rica arranged for four seasons. We observe that the profiles
show distinct characteristics for each season. For example,
in DJF there are two minima at ∼80 hPa and at ∼30 hPa and
one maximum at ∼50 hPa, while in JJA, there is only one
minimum at ∼60 hPa. This is the so‐called tape recorder

Figure 3. Water vapor mixing ratio profiles at Costa Rica in (a) December–January–February,
(b) March–April–May, (c) June–July–August, and (d) September–October–November. Black curves
are for measurements in 2005, blue for 2006, green for 2007, orange for 2008, and purple for 2009.
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signal. The seasonal cycle of water vapor is due to the
seasonal cycle of tropical tropopause temperature (showing
a minimum in northern winter and a maximum in northern
summer), that is, the tropical tropopause acts as a tape head
recording the water vapor mixing ratio. It should be noted
that the mixing ratios below the top of the TTL (e.g., 70 hPa
by Fueglistaler et al. [2009]) largely reflect the local/
regional processes (around Costa Rica in this case) while
those above this level represent the zonal mean concentra-
tions; the effective entry value is determined by horizontal
transport/mixing and dehydration processes within the TTL.
The air is then transported upward associated with the
Brewer‐Dobson circulation, with its water vapor mixing
ratio basically maintained. The signal is somewhat degraded
by vertical diffusion and by dilution with midlatitude air
[Mote et al., 1998]. The contributions of production through
the methane oxidation are small (up to ∼10%) in the height
region shown in this figure (see, e.g., Randel et al. [1998]
for the vertical gradients of methane in the tropical lower
stratosphere).
[17] In Figure 4, we show the CFH data from Costa Rica

binned into monthly averages over the 4 years of the record.
Before taking monthly averages, each profile has been
averaged for over data bins with 250 m intervals. Note
also that for determination of the minimum and maximum

mixing ratio locations, we assumed that they always ascend
with time. We observe a clear upward propagation of drier
(wetter) air starting at the tropopause in northern winter
(summer). Figure 4 also shows the month‐pressure distri-
bution of monthly averaged HALOE profiles around Costa
Rica (5°N–15°N and 120°W–50°W) during the late 1990s
and during the early 2000s. The difference in the mixing
ratio in the stratosphere between the two periods will be
discussed in section 3.3. The location of the tropopause
minimum, at ∼80 hPa in February for CFHs and at ∼80 hPa
in March for HALOE, is almost the same between the CFH
and HALOE measurements.
[18] We use the ascent rate of the extrema in Figure 4 to

roughly estimate the vertical velocity in the tropical lower
stratosphere. Using the observed tape recorder signal,
Mote et al. [1998] have estimated the vertical profiles of the
“true” vertical velocity, vertical diffusion, and dilution by
midlatitude air at the same time using a one‐dimensional
advection‐diffusion‐dilution equation, while Niwano et al.
[2003] and Schoeberl et al. [2008] estimated only the ver-
tical velocity, assuming that the vertical diffusion and
dilution by midlatitude air are negligible. Here we focus on
the ascent rate of only the extrema with the assumption
in the latter two studies; the estimated vertical velocity may
be the upper bound of the “true” vertical velocity because

Figure 4. Climatological month‐pressure distribution of water vapor mixing ratio (a) at Costa Rica over
the period July 2005–June 2009 using CFH data, (b) in the Costa Rica region (5°N–15°N and 120°W–
50°W) over the period 1996–1999 using HALOE data, and (c) as in Figure 4b, but for the period 2002–
2005. Note that the annual cycle is repeated in order to gain a better sense of the tape recorder signal. The
regions with ≤4 ppmv are colored gray. Mixing ratio numbers for the solid contours are shown. Dotted
contours are for 2.5 and 3.5 ppmv. Circles and stars indicate the location of the minimum and maximum
mixing ratios, respectively (see text).
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vertical diffusion tends to accelerate the ascending tape
recorder signal [e.g., Schoeberl et al., 2008]. Figure 5 shows
the ascent rate profiles for the minima and the maxima in
Figure 4. The results for the CFH and HALOEmeasurements
are similar. Except for the mixing‐ratio minimum at 50–30
hPa, the ascent rate is 0.2–0.4 mm s−1, which generally agrees
with the previous studies. The minimum ascends faster (0.4–
0.8 mm s−1) at 50–30 hPa partly because it is in northern
winter when the Brewer‐Dobson circulation
becomes stronger and probably partly because of the effect
of vertical diffusion around this level. Note that the uncer-
tainty of the ascent rate for the CFH measurements is esti-
mated as ∼0.05 mm s−1 at 50 hPa if we assume that the
major factor of the uncertainty is the uncertainty in radio-
sonde pressure measurements (0.5 hPa). For the HALOE
measurements, the uncertainty is ∼0.1 mm s−1 if we take the
reference pressure uncertainty of 2.3% [Russell et al., 1993].
[19] Finally, we notice a clear difference between the CFH

and HALOE measurements (Figure 4), that is, the vertical
gradient of water vapor mixing ratio in the upper tropo-
sphere and even in the lower stratosphere. Figure 6 shows

monthly averaged profiles in January and July. In particular,
the positive vertical gradients at 80–60 hPa in January are
much larger in the CFH measurements than in the HALOE
measurements (see also Figure 12.) This might imply that
the vertical diffusion and dilution by midlatitude air in this
height region in this season might be overestimated using
HALOE data [Mote et al., 1998].

3.2. QBO Variations

[20] Figure 7 shows average profiles from the five SOWER
campaigns in the tropical western Pacific in northern winter
when CFHs were flown. Data from the subtropical station
Ha Noi are excluded. We observe that the profiles in the
December 2004, January 2007, and January 2009 cam-
paigns (in bluish colors) are displaced downward from the
profiles in the January 2006 and January 2008 campaigns
(in reddish colors), with a geopotential height difference of
∼1.5 km at 50–60 hPa. The QBO phase in the tropical lower
stratosphere was a westerly phase for the former lower
profiles, and an easterly phase for the latter higher profiles,
as also shown in Figure 7. Figure 8 shows average profiles

Figure 5. Ascent rate profiles calculated from (a) the minimum mixing ratio locations and (b) the
maximum mixing ratio locations, using Costa Rica CFH data (solid), HALOE 1996–1999 data (dotted),
and HALOE 2002–2005 data (dashed) shown in Figure 4.

Figure 6. Monthly averaged profiles of water vapor mixing ratio at or near Costa Rica in (a) January and
(b) July, shown in Figure 4. Solid curves are for Costa Rica CFH data, dotted curves are for HALOE
1996–1999 data, and dashed curves are for HALOE 2002–2005 data.
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at Costa Rica (10°N) from the three Ticosonde campaigns in
northern summer. Above the 50 hPa level, it is clear that the
vertical gradients of water vapor for July–August 2006 (in
bluish colors) are greater than those for July–August 2005
and 2007 (in reddish colors), suggesting downward dis-
placements for the former in this altitude region. The ver-
tical displacement around 40–80 hPa may be estimated as
∼1 km in geopotential height. The QBO phase in July–
August 2006 was a weak easterly phase centered around
60 hPa, and the phase in July–August 2005 and 2007 was an
easterly phase above the 50 hPa level.
[21] These vertical displacements are associated with the

QBO meridional circulation anomalies [e.g., Baldwin et al.,
2001]. On the QBO time scales, the adiabatic temperature
change associated with vertical motion in the thermodynamic
equation is roughly balanced with the diabatic heating that
can be approximated by a Newtonian cooling expression as

w
HN 2

R
’ ���T ; ð1Þ

where w is vertical wind, H is the scale height of the
atmosphere, N is the buoyancy frequency, R is the gas

constant for dry air, a is the Newtonian cooling coefficient,
and dT is the temperature anomaly. Therefore w is roughly
out of phase with dT, and the vertical displacement dz is
about a quarter cycle delayed from w. Figure 9 shows
the zonal and monthly mean deseasonalized temperature
anomaly and the vertical displacement obtained by inte-
grating w in equation (1) at the equator at 30, 50, and 70 hPa
using European Centre for Medium‐Range Weather Fore-
casts (ECMWF) reanalysis (ERA‐Interim) temperature
data. In the integration, N was set to be 2.2 × 10−1 s−1 at
all pressure levels. a is often taken as 5 × 10−7 s−1

(corresponding to a radiative damping time of ∼20 days) in
the lower stratosphere [Baldwin et al., 2001], but Niwano
et al. [2003] discussed that a may be smaller, e.g., 1 ×
10−7 s−1 (100 days) around 70 hPa in the tropics. Thus
Figure 9 shows dz for both a = 5 × 10−7s−1 and 1 × 10−7 s−1

to show an uncertainty range. We observe that the sign of
dz corresponds to the sign of vertical displacement (either
upward or downward) for the SOWER northern winter
campaigns (Figure 7). For the Ticosonde northern summer
campaigns (Figure 8), the signs agree at 30 hPa but may
not agree well at lower levels; the QBO phases were not

Figure 7. Average profiles of (left) water vapor mixing ratio and (right) zonal wind at equatorial western
Pacific stations (i.e., Kototabang, Bandung, Biak, and Tarawa) during the five SOWER campaigns in
December 2004 (purple), January 2006 (dark yellow), January 2007 (dark blue), January 2008 (red),
and January 2009 (light blue).

Figure 8. As for Figure 7, but for Costa Rica during the three Ticosonde campaigns in July–August
2005 (dark yellow), July–August 2006 (dark blue), and July–August 2007 (red).
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ideal for these campaigns to look at the QBO meridional
circulation anomaly effect in the vertical profiles. Also, the
amplitude of dz (<2 km) shown in Figure 9 broadly agrees
with the results in Figures 7 and 8 (note that the vertical
displacements shown in these figures may show the twice
of the amplitude).
[22] We observe another effect of the QBO on the water

vapor in the tropical lower stratosphere in Figures 7 and 8.
Figure 7 shows that the minimum at 80–100 hPa (represent-
ing the concentration in the western Pacific region) and the
secondary minimum at 30–40 hPa (representing the con-
centration in the global tropics) both indicate a variation
with roughly a 2 year periodicity. The difference in con-
centration is ∼0.5 ppmv. The two minima are connected
qualitatively such that higher (lower) concentrations at
30–40 hPa are the result of higher (lower) concentrations at
80–100 hPa in the previous winter. Note that the tropopause
region over the tropical western Pacific is coldest throughout
the year and thus largely controls the entry value of water
vapor [Holton and Gettelman, 2001]. Figure 8 also shows
that the minimum at 50–70 hPa (reflecting the concentration
in the global tropics) indicates a two‐year periodicity with a
∼0.5 ppmv difference and that its concentrations qualita-
tively reflect the concentrations at 80–100 hPa in the tropical
western Pacific in the previous winter shown in Figure 7. It
should be noted that we also observe the QBO variability in
saturation water vapor mixing ratio at 100 hPa over the
tropical western Pacific using reanalysis data sets (see
Figure 13). The QBO‐related mixing ratio anomalies created
at the tropical tropopause propagate upward by the Brewer‐
Dobson circulation. Note also that the observed ∼0.5 ppmv
changes due to the QBO are consistent with the estimation
by Fueglistaler and Haynes [2005] who used ECMWF

40 year reanalysis (ERA40) temperature and wind data
[Uppala et al., 2005] at the 400 K potential temperature
level.
[23] Figure 10 shows average profiles at Ha Noi (21.01°N)

from the three SOWER campaigns in northern winter. We
observe that the secondary minimum at 30–40 hPa shows a
weak biennial oscillation: The concentration in January
2008 is larger than that in January 2007 and in January
2009. This is qualitatively consistent with the variation at
the same level over the equatorial western Pacific as shown
in Figure 7. However, the zonal wind profiles indicate that
the site is primarily affected by the midlatitude westerly jet
centered around 200 hPa, and as shown by Randel et al.
[1999], the QBO signals in zonal wind becomes almost
zero in this latitude region. Nevertheless, there seems to
exist a link in the water vapor field at this level between the
equatorial region and this latitude region, probably through
horizontal transport/mixing, on the QBO time scale. The
concentration at the lower minimum at 80–100 hPa is pri-
marily controlled by the air flow around this level on sub-
seasonal time scales. When air comes from the equatorial
western Pacific, the concentration tends to be lower.

3.3. Decadal Variations

[24] Figure 11 shows the time series of water vapor
mixing ratio averaged for 68–37 hPa (corresponding
roughly to 19–23 km) using NOAA FPH, CFH, and satellite
10°N–10°S data. For NOAA FPH and SOWER CFH data,
campaign averages are shown. For Ticosonde CFH and
satellite data, monthly averages are shown. Note that lower
quality HALOE data (particularly before mid‐1992) are not
plotted. As shown in Tables 1 and 2 and in Figure 2, only
the NOAA FPH and CFH profiles with good quality data

Figure 9. Time series of zonal and monthly mean equatorial temperature anomaly deseasonalized with
respect to the 2004–2009 climatology (solid; in Kelvin) and the estimated vertical displacement (dotted
black for a = 5 × 10−7 s−1 and dotted gray for a = 1 × 10−7 s−1; in km; see text for details) at (a) 30 hPa,
(b) 50 hPa, and (c) 70 hPa.
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points above the 37 hPa level are used in Figure 2. The
reason for the choice of layer between 68 hPa and 37 hPa is
explained below. The water vapor concentrations around the
tropopause region strongly reflect the local temperature var-
iations on subseasonal time scales. As noted in section 3.1,
the upper boundary of the TTL is often considered to be
70 hPa [e.g., Fueglistaler et al., 2009] as above this level
lower stratospheric characteristics dominate, and thus local
measurements largely reflect the zonal mean field. In the
tropical lower stratosphere there is a clear seasonal cycle in
the water vapor profile, i.e., the tape recorder signal.
Therefore taking a certain layer average would be appro-
priate to investigate interannual variability. For NOAA
FPH and CFH data, the upper bound of good quality data
depends on each sounding, and successful soundings reach-

ing the 30 hPa level are relatively few. For satellite data, the
number of data levels are limited. Considering these factors,
we chose the 68–37 hPa layer. The HALOE data version 19
with the file version P1.6 used here has 9 levels between
68 hPa and 37 hPa, and the MLS data version 2.2 used here
has 4 levels between 68 hPa and 38 hPa. Note that the
vertical bars show the standard error of the mean, which is the
standard deviation divided by a square root of the number of
(independent) measurements. For CFH data, we assumed
conservatively that the measurements are independent for
every ∼250 m. As described in section 2.1, the NOAA FPH
data taken in the CEPEX campaign were adjusted to the
HALOE measurements [Vömel et al., 1995a].
[25] Figure 11 shows that there are three distinct periods,

the 1990s, the early 2000s, and the mid to late 2000s. In the

Figure 11. Time series of water vapor mixing ratio averaged for 68–37 hPa using NOAA FPH and CFH
(except for Ha Noi) data and 10°N–10°S HALOE and MLS data. Open circles indicate NOAA FPH
campaign averages, and open stars indicate SOWER CFH campaign averages. Closed triangles indicate
Ticosonde CFHmonthly averages. Closed circles colored pink indicate HALOEmonthly averages (sunrise
and sunset data are mixed), and closed squares colored light blue indicate MLS monthly averages. Vertical
bars show the standard error of the mean (see text for details). For satellite data, the bars are generally
smaller than the symbols in size.

Figure 10. As for Figure 7, but for Ha Noi during the three SOWER campaigns in January 2007 (dark
blue), January 2008 (red), and January 2009 (light blue).
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1990s, both HALOE and NOAA FPH data generally indicate
a gradual increase that has been reported previously [e.g.,
Rosenlof et al., 2001]. The HALOE averages for 1993–1996
and for 1997–2000 are 3.64 and 3.78 ppmv, respectively.
The two exceptionally low NOAA FPH values are taken in
September 1998 and in September 1999 both at San Cristóbal
Island and might be in part due to small sampling numbers.
In the early 2000s, the concentrations are low after the drop
around 2000–2001 as clearly indicated with HALOE data.
The HALOE average for 2001–2004 is 3.29 ppmv. The
three NOAA FPH campaigns between late 2000 and early
2003 support the occurrence of this drop. After 2004, the
concentrations might have become ∼0.5 ppmv higher than
those in the early 2000s. The Costa Rica CFH average for
July 2005–June 2009 is 3.77 ppmv, and the MLS average
for 2005–2008 is 3.74 ppmv. (Note that the standard error of
the mean for the above 4 year averages is quite small, i.e.
0.01 ppmv for CFH and 0.001 ppmv for HALOE and MLS.)
However, as will be discussed in the next paragraph, the
HALOE measurements may have a dry bias of ∼0.3 ppmv
or larger, and thus the changes from the early 2000s to the
late 2000s may be smaller. Note that the CFH and MLS
measurements show similar variations also on seasonal and
QBO time scales. (The components on these time scales
remain even after the layer averaging.)
[26] A closer look at Figure 11 around 2004–2005 suggests

that the HALOE measurements may be ∼0.3 ppmv lower
than the CFH and MLS measurements. (Lambert et al.
[2007] have already reported that there are similar biases
between the MLS and HALOE measurements in the global
stratosphere.) In July 2005, there were 13 CFH soundings at
Costa Rica that reached the 100 hPa level and above (note
that Figure 2 may show only 11 soundings, but there were
actually two soundings on 22 and on 24 July 2005). During
this period, the HALOE data set has 5 profiles and the MLS
has 1189 profiles in the region around Costa Rica, 5°N–15°N
and 120°W–50°W. Figure 12 shows intercomparisons of the
HALOE, MLS, and CFH measurements around Costa Rica
in July 2005. Note that the averaging kernel of the satellite
measurements is not considered here. But, as described in

section 2.2, Vömel et al. [2007a] have shown that the MLS
data version 2.2 and CFH data degraded with the MLS
averaging kernel agree on average to within 2.7% ± 8.7%
between 68 hPa and 21.5 hPa. Figure 12 shows that the
HALOE and CFH measurements are consistently biased
throughout the tropical lower stratosphere (e.g., ∼0.4 ppmv
around 50 hPa and ∼1 ppmv at 80 hPa), while the dif-
ference between the MLS and CFH measurements is small
(<∼0.2 ppmv around 60 hPa). Therefore CFH and MLS data
suggest that the HALOE measurements have a dry bias in
the tropical lower stratosphere (∼0.4–1 ppmv in July 2005
over Costa Rica and ∼0.3 ppmv on average at least over the
period 2004–2005).Also,Wrotny et al. [2010] comparedwater
vapor data from the Atmospheric Chemistry Experiment‐
Fourier Transform Spectrometer (ACE‐FTS) on board the
SCISAT‐1 satellite and from HALOE for February and
August of 2004 and 2005 at 10°N–10°S and showed that
HALOE water vapor is ∼10% lower than ACE‐FTS water
vapor at 100–20 hPa. (Note that Lambert et al. [2007]
showed very good agreement between the MLS and
ACE‐FTS measurements.) As described in section 2.2, the
HALOE team is currently preparing the data version 20
which may give somewhat higher water vapor mixing ratios
in the tropical lower stratosphere.
[27] In summary, water vapor mixing ratios were higher

and increasing in the 1990s, lower in the early 2000s, and
probably slightly higher again or recovering after 2004.
These facts suggest the existence of decadal variations in
tropical lower stratospheric water vapor [e.g., Solomon et al.,
2010], not simply upward trends and the drop discussed
previously.
[28] Finally, we investigate interannual variations of the

water vapor entry value using five reanalysis temperature
data sets that are independent of the water vapor measure-
ments. Figure 13 shows time series of 1 year running
averaged saturation water vapor mixing ratio at 100 hPa in
the tropical western Pacific cold region, a proxy for the entry
value, calculated from temperature data in the five reanalyses
which are ERA40, the more recent ECMWF reanalysis
(ERA‐Interim), the Japanese reanalysis (JRA25/JCDAS)

Figure 12. Average profiles of water vapor mixing ratio from (a) 13 CFH measurements at Costa Rica
(black) and 5 HALOE profiles around Costa Rica (gray) and (b) the same CFH measurements as in
Figure 12a (black) and 1189 MLS profiles around Costa Rica (gray), during July 2005. Horizontal bars
indicate the standard error of the mean. For MLS data, the bars are smaller than the thickness of the curve.
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[Onogi et al., 2007], the NCEP/NCAR reanalysis data
(NCEP1) [Kalnay et al., 1996], and the NCEP‐DEOAMIP‐II
reanalysis data (NCEP2) [Kanamitsu et al., 2002]. The Goff
1965 formulation presented by Murphy and Koop [2005] is
used for the conversion of temperature to saturation water
vapor partial pressure. The tropical western Pacific region
(10°N–10°S and 120°E–150°W) is chosen because the tro-
popause over this region is considered to largely determine
the entry value of water vapor [Holton and Gettelman,
2001]. However, the following discussion does not change
qualitatively if we choose, e.g., the global tropics (10°N–
10°S) [see also Fueglistaler and Haynes, 2005].
[29] Figure 13 shows that ERA40, ERA‐Interim, and

JRA25/JCDAS data indicate general agreement particularly
for interannual variability from the QBO to decadal time
scales. These three data sets show a large drop around 2000–
2001 (1.5–2 ppmv, corresponding to a temperature drop of
∼2 K) and a gradual recovery through the 2000s; this is
qualitatively consistent with the water vapor observations
shown in Figure 11. It should be noted that NCEP1 and
NCEP2 100 hPa temperature data show strong negative
trends in the 1990s and that the corresponding saturation
water vapor mixing ratios in the beginning of the 1990s are
as high as nearly 10 ppmv; thus NCEP1 and NCEP2 data
are shown only after 2001 in Figure 13 (Randel et al. [2002]
showed that NCEP1 data have 2–3 K warm biases at the
tropical tropopause). Also, note that there is a constant offset
in Figure 13 (even for ERA40, ERA‐Interim, and JRA25/
JCDAS) with respect to Figure 11; this is probably due to
the fact that 100 hPa temperatures are generally greater than
the cold‐point temperatures, and that the averaging proce-
dures have smoothed out subseasonal variability in tropo-
pause temperatures associated with, for example, equatorial
Kelvin waves. Also, the region of 10°N–10°S and 120°E–
150°W may be too wide to specify the primary dehydration

region. Figure 13 (except for NCEP1 and NCEP2 data)
supports the existence of decadal variations in the tropical
lower stratospheric water vapor.
[30] The decadal changes around the tropical tropopause

over the tropical western Pacific, which have caused the
decadal variations of water vapor in the tropical lower
stratosphere, may have been resulted from changes in the
Brewer‐Dobson circulation [Randel et al., 2006] or from
changes in the sea surface temperatures and convective
activity in the western Pacific [Rosenlof and Reid, 2008] or
from both. The 11 year solar cycle and major volcanic
eruptions could also have some contributions. However,
Yamashita et al. [2010] estimated the solar cycle contribu-
tion as only 0.2 K in the tropical lower stratosphere using a
chemistry climate model. Also, there was no major volcanic
eruption that directly affected the global stratosphere after
1994. We note that the characteristics of the ENSO may be
different before and after the 1997–1998 record strong warm
event (El Niño event). Before this event, warm events
occurred every 3–7 years, while after this event, cold events
(La Niña events) occurred for three subsequent years (i.e.,
1998–1999, 1999–2000, and 2000–2001) and then warm
events occurred roughly every 2 years (i.e., 2002, 2004–
2005, 2006). (The ENSO phases here are determined from
the Southern Oscillation Index prepared by NOAA.) The
colder tropopause temperatures in the early 2000s might be
related with these ENSO characteristics. It should also be
pointed out that when not subjected to a running average,
the time series of ERA‐Interim 100 hPa temperature for the
tropical western Pacific (not shown) indicate that not only
the northern winter minimum was low particularly in 2000–
2001 and in 2001–2002 but also the northern summer
maximum was low in 2001 and in 2002 and relatively low
in 2000 and in 2003. Therefore northern summer processes
as well as northern winter processes may be important to

Figure 13. Time series of 1 year running averaged saturation water vapor mixing ratio at 100 hPa in the
tropical western Pacific (10°N–10°S and 120°E–150°W) calculated from temperature data from NCEP1
(red), NCEP2 (dark yellow), JRA25/JCDAS (black), ERA40 (light blue), and ERA‐Interim (dark blue)
reanalysis. The 1 year running averages are taken between ‐365 day and 0 day at a given time. Note that
NCEP1 and NCEP2 data are shown only after 2001. See text for details.
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explain the decadal variations of tropopause temperatures in
the tropical western Pacific and water vapor mixing ratios in
the global lower stratosphere.

4. Conclusions

[31] We investigated water vapor variations in the tropical
lower stratosphere on seasonal, QBO, and decadal time
scales using in situ, balloon‐borne cryogenic frost point
hygrometer (NOAA FPH and CFH) data taken at various
tropical sites over the last 17 years, 1993–2009. Data from
the UARS HALOE (1991–2005) and EOS Aura MLS
(2004–2009) and from reanalyses were also analyzed and
compared with the in situ water vapor data. Because water
vapor variations on these time scales had been investigated
extensively with HALOE data, the emphasis was also on the
quantitative comparisons between HALOE and our in situ
data.
[32] Quasi‐regular CFH sounding data taken at Costa Rica

between July 2005 and June 2009 clearly showed the tape
recorder signal. The ascent rates calculated from the mini-
mum and maximumwater vapor mixing ratios using monthly
averaged CFH data agree well with those using HALOE
data for 1996–1999 and for 2002–2005. A clear difference
between CFHs and HALOE is the vertical gradient in the
lower stratosphere, particularly in northern winter at 80–
60 hPa. This has an implication for the vertical diffusion and
dilution by midlatitude air which were previously estimated
with HALOE data.
[33] Average profiles from the five SOWER CFH cam-

paigns in the equatorial western Pacific in northern winter
and from the three Ticosonde CFH campaigns at Costa Rica
(10°N) in northern summer clearly showed two effects of
the QBO. One is the vertical displacement of water vapor
profiles (the maximum‐to‐minimum difference of 1–1.5 km)
in association with the QBO meridional circulation anoma-
lies. We found that the thermodynamic balance between the
adiabatic temperature change and the diabatic heating [e.g.,
Baldwin et al., 2001] reasonably explains the observed
vertical displacement of water vapor profiles. The other is
the concentration variations (the maximum‐to‐minimum
difference of ∼0.5 ppmv) in association with the QBO
tropopause temperature variations. The QBO‐related mixing
ratio anomalies created at the tropical tropopause propagate
upward by the Brewer‐Dobson circulation. At Ha Noi
(21°N), there is a weak link to the equatorial region through
horizontal transport/mixing on subseasonal time scales
around the tropopause and on the QBO time scale in the
lower stratosphere.
[34] Time series of all tropical NOAA FPH and CFH data

averaged in a lower stratospheric layer (68–37 hPa) together
with HALOE and MLS data showed the existence of
decadal variations in tropical lower stratospheric water
vapor, not simply upward trends and the drop around 2000–
2001. In the 1990s, both HALOE and NOAA FPH data
generally indicate a gradual increase that has been reported
previously. In the early 2000s, the concentrations are low
after the drop around 2000–2001. After 2004, the con-
centrations may become slightly higher than those in the
early 2000s and may show an increase again. It should be
noted that we found that the HALOE measurements may
have a dry bias of ∼0.3 ppmv or larger compared with the

CFH and MLS measurements in the tropical lower strato-
sphere at least during 2004–2005. Thus the changes between
the early 2000s (measured primarily with the HALOE) and
the late 2000s (measured with the CFH and MLS) may be
smaller than those indicated by the original measurements.
The observed decadal changes in lower stratospheric water
vapor are generally in good agreement with 100 hPa tem-
perature data in the tropical western Pacific from the
ERA40, ERA‐Interim, and JRA25/JCDAS reanalyses. The
decadal variations in the tropical tropopause temperature
and in the tropical lower stratospheric water vapor during
the past ∼20 years may have been caused by changes in the
stratospheric circulation [Randel et al., 2006] and/or the sea
surface temperature with similar time scales [Rosenlof and
Reid, 2008; Solomon et al., 2010], but further studies are
necessary.
[35] Water vapor in the lower stratosphere has important

roles in the global atmospheric chemistry and climate
through its radiative and photochemical nature. Long‐term,
accurate measurements using in situ, cryogenic frost point
hygrometers are thus crucial to monitor one of the important
factors of our climate system.
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