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ABSTRACT

Interannual variations of stratospheric water vapor over 1992-2003 are studied using Halogen Occultation
Experiment (HALOE) satellite measurements. Interannual anomalies in water vapor with an approximate 2-yr
periodicity are evident near the tropical tropopause, and these propagate vertically and latitudinally with the
mean stratospheric transport circulation (in a manner analogous to the seasonal ‘‘tape recorder’). Unusually
low water vapor anomalies are observed in the lower stratosphere for 2001-03. These interannual anomalies
are also observed in Arctic lower-stratospheric water vapor measurements by the Polar Ozone and Aerosol
Measurement (POAM) satellite instrument during 1998-2003. Comparisons of the HALOE data with balloon
measurements of lower-stratospheric water vapor at Boulder, Colorado (40°N), show partial agreement for
seasonal and interannual changes during 1992—-2002, but decadal increases observed in the balloon measurements
for this period are not observed in HALOE data. Interannual changesin HALOE water vapor are well correlated
with anomaliesin tropical tropopause temperatures. The approximate 2-yr periodicity is attributable to tropopause
temperature changes associated with the quasi-biennial oscillation and El Nifio-Southern Oscillation.

1. Introduction

Stratospheric water vapor is controlled to a high de-
gree by temperatures near the tropical tropopause. Brew-
er (1949) suggested that the extreme dryness of the
stratosphere is due to a global-scale circulation origi-
nating in the Tropics, wherein air entering the strato-
sphere is freeze dried when crossing the cold tropical
tropopause. Striking confirmation of this relationship is
provided by the observed annual cycle in stratospheric
water vapor coupled to the annual cyclein tropical tem-
peratures (the tropical ‘‘tape recorder’”; Mote et al.
1996). While the details of the dehydration process(es)
near the tropopause remain atopic of debate (e.g., Des-
dler 1998; Holton and Gettelman 2001; Sherwood and
Dessler 2001), the large coherent annual cycles (~5 K
in temperature, and ~1-2 ppmv in water vapor) are
strong evidence that stratospheric water vapor responds
to temperatures near the tropopavise.
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Long-term balloon measurements of lower strato-
spheric water vapor at Boulder, Colorado (40°N), have
shown positive trends of ~1% yr—* for the period 1980—
2000 (Oltmans et al. 2000), and these positive trends
can have significant radiative and chemical effects if
representative of the global stratosphere (e.g., Forster
and Shine 1999; Dvortsov and Solomon 2001; Shine et
al. 2003). Somewhat less than half of this trend can be
explained by observed trends in tropospheric methane
(oxidized to form water vapor in the stratosphere), but
the majority of the observed increase in these data re-
mains unexplained (Kley et al. 2000; Rosenlof 2002).
One logical mechanism for the additional increase
would be awarming of the tropical tropopause (the cold
trap region); a net increase of ~1 K decade—* would be
sufficient to explain the observed water vapor trends.
However, observations of long-term changes show that
the tropical tropopause has cooled slightly during the
~1980-2000 time period (Randel et a. 2000; Zhou et
al. 2001; Seidel et al. 2001), discounting this as a mech-
anism for decadal-scale water vapor increases. Thus
while stratospheric water and tropopause temperatures
are strongly correlated for the (large amplitude) seasonal
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cycle, they appear uncorrelated for decadal-scal e chang-
es.

The objective of this paper is to use the long record
(1991-2003) of near-global satellite observations from
the Halogen Occultation Experiment (HALOE) to ex-
plore interannual variability of stratospheric water va-
por, and furthermore to quantify correlations between
the observed water vapor changes and temperatures near
the tropical tropopause. We include some comparisons
between the HAL OE data and Polar Ozone and Aerosol
Measurement (POAM) 111 measurements of water vapor
in the Arctic stratosphere during 1998-2003. These two
satellite datasets show good agreement for interannual
changes during the overlap period, and this supports
reliability of the global changes observed by HALOE.
We also include comparisons between the HAL OE data
and updated time series of the Boulder balloon mea-
surements for the region ~16-27 km. In particular we
compare interannual variations and long-term changes
(trends) for the overlap period 1992—2002.

A main objective here is to quantify the interannual
correlations between the HAL OE water vapor anomalies
and temperatures near the tropical tropopause. We con-
sider temperature records derived from several datasets:
meteorol ogical analyses, radiosondes, and satellite mea-
surements. Each of these datasets has strengths and
weaknesses in terms of homogeneity and spatial sam-
pling (discussed in detail in section 2), and we find
significant differences in derived temperature anoma-
lies, especially at 100 hPa (near thetropical tropopause).
Based on the most continuous and homogeneous da-
tasets, we find strong correlations between the water
vapor anomalies and tropopause temperatures in the
deep Tropics (~10°N-10°S). Origins of the tropopause
temperature anomalies can be traced primarily to the
stratospheric quasi-biennial oscillation (QBO), along
with some influence from the strong-tropospheric El
Nifio-Southern Oscillation (ENSO) event, which oc-
curred during 1997-98. These coherent variations pro-
vide clear evidencefor coupling between meteorological
climate variability and global stratospheric water vapor.

2. Water vapor data
a. HALOE water vapor

The HALOE instrument provides high quality vertical
profiles of stratospheric water vapor derived from solar
occultation measurements (Russell et al. 1993; Harries
et a. 1996). HALOE began operating in October 1991
and continues to the present (early 2004). We use the
v19 retrieval product obtained in so-called level-3 for-
mat. The HALOE measurements extend from the ap-
proximate local tropopause level to above 50 km; the
vertical resolution is ~2 km, but the level-3 data are
slightly oversampled with a 1.3-km vertical spacing (12
standard levels per decade of pressure, e.g., 100, 82.5,
68.1, . . . hPa). The HAL OE occultation sampling makes
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approximately 15 sunrise and 15 sunset measurements
per day, with sunrises and sunsets usually separated in
latitude. The latitudinal sampling progresses in time so
that it takes approximately 1 month to sample the lat-
itude range ~60°N-60°S (see Russell et al. 1993). We
bin the combined sunrise and sunset data into monthly
samples for further analyses, and interpolate across
missing monthsin the time series shown here. Extensive
intercomparisons with aircraft and balloon measure-
ments in the Stratospheric Processes and Their Role in
Climate (SPARC) Water Vapor Assessment (Kley et al.
2000) shows overall high quality for HALOE data, with
only a slight dry bias in the lower stratosphere (~5%—
20%). We also make use of HALOE methane (CH,)
measurements, and their validation is discussed in Park
et al. (1996).

Several details of the HALOE water vapor data are
relevant, especially for examining long-term changes.
The water vapor retrievals are more uncertain in the
enhanced stratospheric aerosol environment following
the 1991 Mt. Pinatubo volcanic eruption (Hervig et al.
1995). We screen these data by using only profileswhere
the retrieval uncertainty is less than 10%, and this ef-
fectively causes aloss of datain the lowest stratosphere
until late 1992. The HALOE retrievals also utilize tem-
perature profiles from National Centers for Environ-
mental Prediction (NCEP) Climate Prediction Centers
(CPC) data (see section 3b) below 32 km for pressure
registration and other effects, so that erroneous tem-
perature changes could bias retrievals. However, the
CPC temperature data do not exhibit unusual changes
(asdiscussed below), so that thisis probably not afactor
in the HALOE water vapor changes.

b. POAM water vapor

The POAM 11 instrument (Lucke et al. 1999) is a
space-based visible/near-infrared solar occultation pho-
tometer on the SPOT satellite. SPOT-4 was launched in
March 1998 and measurements have been available
since April 1998. The POAM instrument is on a polar-
orbiting satellite (SPOT), and this allows occultation
measurements only over high latitudes (~55°-70°N, and
~65°-85°S). Variations in lower stratospheric water va-
por over the Arctic are controlled by transport from
tropical latitudes (Randel et al. 2001; Nedoluha et al.
2002), whereas in situ dehydration dominates in the
Antarctic. Our comparisons here focus on the Arctic
POAM measurements. The POAM |1l water vapor re-
trievals have an altitude range of ~10—-45 km (Lumpe
et al. 2002). Validation of these data is discussed in
Danilin et a. (2002) and Nedoluha et a. (2002). The
primary uncertainty in the POAM 1Il water vapor re-
trievals in the lower stratosphere is the modeling of
aerosol effects; in order to limit errors, we exclude data
when the aerosol to water vapor extinction ratio exceeds
15 (Nedoluha et a. 2000).
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c. Boulder balloon water vapor

An ongoing long-term measurement program for
stratospheric water vapor has been maintained at Boul-
der, Colorado (40°N, 105°W), since 1980, using a bal-
loon-borne frost point hygrometer (Oltmans et al. 2000).
These balloon measurements are made approximately
once per month, and sampl e atitudes of ~5-25 km with
0.2-km vertical resolution. An individually calibrated
instrument is flown for each sounding, together with a
radiosonde for temperature and pressure information.
The calibration is based on a Nationa Institute of Stan-
dards and Technology (NIST) traceable measurement of
the frost-point temperature that is converted to mixing
ratio (Voemel et al. 1995). In the SPARC Water Vapor
Assessment (Kley et al. 2000), good agreement was
found with HALOE with a bias of 5% [Climate Mon-
itoring and Diagnostics Laboratory (CMDL) hygrom-
eter lower] in the 10-50-hPa altitude range, but with a
somewhat larger difference of 12% with the CMDL hy-
grometer higher at 60—100 hPa.

3. Temperature data

Temperature data analyzed here include meteorol og-
ical analyses, radiosondes, and satellite datasets, which
have varying degrees of spatial coverage, vertical res-
olution, and time continuity; these are described briefly
in turn below. We include these various datasets because
they exhibit some substantial differencesin derived tem-
perature anomalies near the tropical tropopause, which
in turn influence our interpretation of water vapor var-
iability.

a. Met Office stratospheric analyses

Daily stratospheric analyses have been produced at
the Met Office since October 1991 using a stratosphere—
troposphere data assimilation system (Swinbank and
O’ Neill 1994). These data are output on standard pres-
sure levels with six equally spaced levels per decade of
pressure, including 100, 68.1, 46.4, . . . hPa. The strato-
spheric analyses were originally produced as correlative
data for the Upper Atmosphere Research Satellite
(UARS) project; in October 1995 the separate UARS
assimilation system was discontinued, but stratospheric
analyses were continued as part of the Met Office op-
erational forecasting suite. Since November 2000 the
Met Office stratospheric analyses (METO) have been
produced using a 3D variational data assimilation
(3DVAR) system (Lorenc et a. 2000), and one impor-
tant change is that satellite radiance measurementswere
assimilated directly rather than using retrieved temper-
ature profiles.

A major input to global meteorological analyses [in-
cluding METO, NCEPR, European Centre for Medium-
Range Weather Forecasts (ECMWEF) 40-yr reanalysis
(ERA-40) and CPC data used here] are radiances or
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temperature profiles from operational satellite measure-
ments. A series of National Oceanic and Atmospheric
Administration (NOAA) satellites has been in orbit
since 1978, containing a suite of instruments that are
collectively called the Television Infrared Observational
Satellite (TIROS) Operational Vertical Sounder (TOVS;
Smith et al. 1979). An improved set of temperature and
humidity sounders called the Advanced TOVS
(ATOVS) is now replacing the older TOV'S series, be-
ginning with the NOAA-15 satellite launched in May
1998. Because the TOVS and ATOVS instruments are
not identical, there could be discontinuities in analyzed
temperature datasets associated with the switch from
TOVSto ATOV S measurements. TOV'S datawere used
exclusively in the stratospheric METO analyses prior to
the introduction of 3DVAR (November 2000). Both
TOVS (NOAA-14) and ATOVS (NOAA-15) radiances
were used after this time until TOV'S were replaced by
ATOVS (NOAA-16) in April 2001.

b. Climate Prediction Center

Operational daily analyses of stratospheric tempera-
tures have been produced by the Climate Prediction
Center of the U.S. National Centers for Environmental
Prediction since late 1978 (Gelman et al. 1986). Data
for stratospheric pressure levels 70, 50, 30, . . . hPaare
based on objective analysis of satellite data (plus ra-
diosondes over Northern Hemisphere midlatitudes).
These data are combined with the NCEP operational
analyses over 1000—100 hPa, and this latter analysis
system evolves over time as improvements are made
(e.g., Trenberth and Olsen 1988). The CPC stratospheric
analysis system was changed in May 2001, with data
up to 10 hPa based on NCEP operational analyses, and
satellite data above.

¢. NCEP-NCAR reanalysis

The NCEP—National Center for Atmospheric Re-
search (NCAR) reanalysis project uses a global numer-
ical weather analysis/forecast system to perform data
assimilation using historical observations, spanning the
time period from 1948 to the present (Kalnay et al. 1996;
Kistler et al. 2001). A key feature of the NCEP-NCAR
reanalysis is that the analysis system remains constant,
although changes in data quality and availability strong-
ly influence the analyses (especially in the lower strato-
sphere, e.g., Santer et al. 1999). The tropical tropopause
region is especially sensitive to the details of data in-
clusion (W. Ebisuzaki 2003, personal communication).
For example, the inclusion of satellite temperature re-
trievals from TOV'S beginning in late 1978 resulted in
ajump in analyzed tropical tropopause temperatures by
~2 K (Pawson and Fiorino 1999; Randel et al. 2000).
The NCEP-NCAR reanalysis switched from TOVS to
ATOVS data in July 2001, and this may have contrib-
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uted to the apparent jump in tropical 100-hPa temper-
atures after 2001 discussed below.

d. ERA-40

The ECMWF has produced a global reanalysis for
the period 1957-2002, including the stratosphere up to
1 hPa, based on the use of variational data assimilation
techniques. ERA-40 directly assimilates TOVS and
ATOVS radiances, as opposed to retrieved temperature
profiles. Documentation of the ERA-40 assimilation
system and selected data are available on the ECMWF
Web site (http://www.ecmwf.int).

e. Radiosondes

Temperature measurements from tropical radiosonde
observations are included here, including 23 stations
over latitudes ~20°N—-20°S with continuous and, we
believe, homogeneous records for ~1991-2002. These
stations are a subset of those listed in Randel et al.
(2000), and the locations are shown later (in Fig. 14).
Monthly means have been derived from daily measure-
ments, including data at standard pressure levels 150,
125, 100, 80, 70 hPa, and at the cold point tropopause
(temperature minimum). Anomaly time seriesfrom each
station have been inspected visually and by comparison
with microwave sounding unit (M SU) satellite data, and
the analyses presented here have omitted stations or
pressure levels with obvious discontinuities. One sub-
stantial change at United States—controlled stations oc-
curred with a switch in radiosonde instruments in late
1995, which influenced the radiation correction and | ow-
er stratospheric daytime temperatures (Seidel et al.
2001; Elliott et al. 2002); these changes were minimized
by using only nighttime observations at these stations.
The radiosonde data used here agree well with the so-
called “libera—conservative (LIBCON)" adjusted ra-
diosonde dataset discussed in Lanzante et al. (2003),
which currently only extends to 1997.

f. GPS radio occultation

High quality tropical temperature profiles have been
derived from global positioning system (GPS) radio oc-
cultation measurements for several time periods. Time
series of data covering April 1995 to February 1997 are
available from the GPS Meteorology (GPS/MET) sat-
ellite (Kursinski et al. 1996; Rocken et al. 1997), and
data since June 2001 are available from the [CHAMP;
(Challenging Minisatellite Payload) Wickert et al. 2001]
and Satélite de Aplicanciones Cientiificas-C (SAC-C;
Hajj et al. 2004) satellites. The GPS radio occultation
data are characterized by high vertical resolution, and
show excellent agreement with independent measure-
ments over ~10-30 km (Rocken et al. 1997; Hajj et al.
2004; Randel et al. 2003). A particular strength of the
GPS occultation technique is that there are no intersa-

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 61

tellite calibration effects on derived temperatures. Al-
though the temporal records are short at present (GPS/
MET for 1995-97, and CHAMP and SAC-C for 2001—
03), these data allow independent measures of vari-
ability for these periods, and are the start of what may
well become a key climate monitoring data product for
the future.

g. MSU-4

Global satellite measurements from the microwave
sounding unit channel 4 (MSU-4) provide a weighted
layer mean temperature of the lower stratosphere over
approximately 13-22 km (Spencer and Christy 1993).
The MSU-4 time series extends from late 1978 to 2002,
based on combining results from many operational da-
tasets (e.g., Christy et al. 2000). The MSU-4 measure-
ments used here are from a newly developed dataset
from Remote Sensing Systems, Inc. (RSS), as described
in Mears et a. (2003).

4. Water vapor observations
a. Updated HALOE record

Time variations in near-global average (60°N—-60°S)
HALOE H,O at 82 hPa (~17.5 km) are shown in Fig.
13, covering the period January 1992—-August 2003. The
82-hPalevel isjust above the tropopause in the Tropics,
and H,O exhibits a strong seasonal cycle tied to tem-
peratures near thetropical tropopause (Moteet al. 1996).
Interannual variations are also evident in Fig. 1a, and
these are highlighted in Fig. 1b by simply deseasonal-
izing the data (using a harmonic seasonal cycle fit of
monthly data at each latitude and height, as in Randel
et al. 1998). Two interesting features are evident in the
deseasonalized time series (Fig. 1b): 1) there is an ap-
proximate 2-yr periodicity in the anomalies, and 2) there
are persistent low values observed for the last 3 yr
(2001-03). Note these low values are observed during
both NH summer and winter in the full data (Fig. 1a).

A height—time section of deseasonalized H,O anom-
alies over 20°N—-20°S is shown in Fig. 2. Anomalies
with an approximate 2-yr periodicity originate at levels
near 100 hPa and propagate vertically into the middle
stratosphere; note also the vertical propagation of the
low anomalies at the end of the record. These patterns
are effectively the interannual signal analog of the sea-
sonal tape recorder described by Mote et al. (1996). The
H,O anomalies increase in amplitude above 10 hPa in
Fig. 2, with a maximum near 40 km; these upper-strato-
spheric maxima are primarily related to CH, oxidation
(as shown below), whereas the anomalies below 10 hPa
originate near the tropopause. The anomalies in Fig. 2
propagate vertically between 100-10 hPa with a mean
speed of ~8 km yr—* (~0.25 mm s-). This value is
very similar to the propagation speed of the annual cycle
in water vapor (Mote et al. 1998; Niwano et al. 2003),
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Fic. 1. (a) Time series of near-global mean (~60°N—-60°S) water
vapor at 82 hPaderived from HAL OE data. The circles show monthly
mean values, and error bars denote the monthly standard deviation.
(b) Deseasonalized near-global mean H,O anomalies at 82 hPa. The
solid lines are running Gaussian-weighted means of the individual
points (using a Gaussian half-width of 12 months).

and also close to the calculated mean upwelling rate in
the tropical lower stratosphere (Rosenlof 1995). How-
ever, as discussed in detail by Waugh and Hall (2002),
in general the propagation time (or phase lag) of peri-
odically varying tracers in the tropical stratosphere
varies with the period of the cycle, with slower prop-
agation for longer periods. The fact that similar prop-
agation speeds are observed in water vapor for annual
and approximately 2-yr variations (Fig. 2) suggests
quantitative information on transport that will be ex-
plored in future work.

The structure and variability of H,O and CH, are
tightly coupled in the stratosphere, because CH, oxi-
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FiG. 2. Height—time cross section of deseasonalized HALOE H,O
anomalies averaged over 20°N-20°S. Contours are 0.1, 0.3, ...
ppmv (zero contours omitted).

dation is a principal source of stratospheric H,O (e.g.,
Remsberg et al. 1984). Oxidation reactionsinthemiddle
and upper stratosphere produce approximately two mol-
ecules of H,O for every one of CH,, and empirical
studies show that the quantity H,O + 2 X CH, is an
approximately conserved parameter (away from source—
sink regions for H,0O; e.g., Dessler et al. 1994). Figure
3 shows a height-time section of H,O + 2 X CH,
anomalies over 20°N—-20°S derived from HALOE data.
Thisshowsnearly identical variability asthe H,O anom-
alies alone (Fig. 2) below 10 hPa, but substantial dif-
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Fic. 3. Height-time cross section of deseasonalized anomalies in
H,0O + 2 X CH, from HALOE measurements averaged over 20°N—
20°S. Contours are =0.1, 0.3, . .. ppmv.
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Fic. 4. Latitude—time cross sections of deseasonalized anomalies
inH,O + 2 X CH, at (a) 82 hPa and (b) 46 hPa. Contours are =0.1,
0.3, ... ppmv.

ferences above; in this case the anomalies decrease
monotonically in amplitude away from 100 hPa. A large
fraction of the H,O anomalies above 10 hPain Fig. 2
originate from CH, oxidation, and are mirrored in op-
positely signed CH, anomalies (not shown here, but see
Figs. 19-21 of Randel et al. 1998). The residual H,O
+ 2 X CH, anomaly patternsin Fig. 3 show continuous
propagation of anomalies from the tropopause up to the
stratopause (~50 km), and these continue into the mid-
dle mesosphere (not shown here). The magnitude of the
anomalies decreases between the tropopause and ~30
hPa (~25 km), and is approximately constant above.
Thelatitudinal distribution of H,O + 2 X CH , anom-
aliesat 82 hPaisshownin Fig. 4a, and virtually identical
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Fic. 5. Latitude-time lag correlation map of deseasonalized H,O
anomalies at 68 hPa, with respect to a reference time series at the
equator. Values above 0.5 are shaded. Note the highest correlations
spread to midlatitudes of both hemispheres with time lag ~3-6
months.

patterns are derived for H,O alone. This shows that the
large amplitude anomalies are centered in the Tropics,
and have a broad latitudinal structure covering at least
~40°N—40°S. The low 2001-03 anomalies cover nearly
the entire globe (60°N-60°S). Figure 4b shows asimilar
diagram of the H,O + 2CH, anomalies at 46 hPa (~22
km), showing patterns delayed by approximately 6
months compared to 82 hPa, and maxima somewhat
more confined to the Tropics.

There is some suggestion in Fig. 4 that extratropical
anomaliesfollow thosein the Tropics by several months.
This is quantified in Fig. 5, which shows a latitude—
time lag correlation diagram of H,O anomalies at 68
hPa with respect to variations at the equator. The cor-
relations show clear propagation of tropical anomalies
into midlatitudes of both hemispheres with a time lag
of ~3-6 months. This is consistent with the meridional
propagation observed of the H,O seasonal cycle in the
lowermost stratosphere (e.g., Randel et al. 2001).

b. Comparison with POAM data

The POAM 11l instrument has been making mea-
surements of polar stratospheric water vapor since April
1998, and Fig. 6 shows an altitude-time series of the
Arctic POAM observations over 10-25 km for 1998—
2003. These data span the latitude range of ~55°-70°N.
The time series show a strong seasonal minimum (dur-
ing March-July) over ~14-18 km each year; this rel-
atively dry air originates near the tropical tropopause,
and istransported meridionally in the lower stratosphere
(approximately following the 380—400-K isentropes) all
the way to the polar cap (Randel et a. 2001; Nedoluha
et a. 2002). Of more interest here are the interannual
variations in water vapor evident in the seasonal minima
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Fic. 7. Time series of deseasonalized anomalies in Arctic water
vapor at 100 hPa, derived from POAM and HALOE measurements.
POAM data span the latitude range ~55°-~70°N, and HALOE data
are averaged over 55°—60°N. Both datasets are deseasonalized with
respect to the period 1998-2001.
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in Fig. 6, namely, relatively shallow minima in 1998
and 2000, and deep minima in 1999 and for the 3 yr
2001-03. Figure 7 shows a comparison of the desea-
sonalized anomaliesin POAM Arctic dataat 16 km with
HALOE 100 hPa anomalies over 55°-60°N (near the
northernmost latitude of regular HALOE measurements,
eg., see Fig. 4). The interannual anomalies in Fig. 7
show overall good agreement between the POAM and
HALOE measurements, and in particular both datasets
show relatively low water vapor anomalies for the most
recent period 2001-03. This agreement is more re-
markable when noting the magnitude of the anomalies
is ~0.2 ppmv, which is ~5% of background values.
This agreement reinforces confidence in the global water
vapor anomaly patterns derived from HALOE data
alone.

¢. Comparison with Boulder balloon data

An updated time series of the Boulder frost-point hy-
grometer measurements averaged over 17-22 km is
shown in Fig. 8. These frost-point data were obtained
from an updated and revised dataset provided courtesy
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FiG. 8. Data points show time series of water vapor averaged over
17-22 km at Boulder, CO, from frost-point hygrometer measurements
covering 1980-2002. The thin line shows a smooth fit through the
data points using a running Gaussian window with a half-width of
three months. The heavy line shows HALOE satellite water vapor
data during 1992-2002 for the same altitude region, using measure-
ments near Boulder (over latitudes 35°-45°N and longitudes 80°—
130°W).

of Holger Voemel (avail able at http://cires.colorado.edu/
~voemel/data/data.html). Figure 8 includes a smooth
curve fit through the data to highlight the low-frequency
variations (derived using a moving Gaussian window
with half-width of 3 months). The long-term increase
in water vapor at Boulder is clearly evident, along with
a considerable amount of interannual variability [al-
though the latter could be significantly influenced by
the infrequent (~ once monthly) sampling]. Figure 8
also shows HAL OE water vapor dataduring 1992—-2002,
using data averaged over pressure levels 82—46 hPa
(~17-22 km), and including measurements near Boul-
der (over latitudes 35°—45°N and longitudes 80°—130°W,
very similar results are found using zonal means over
35°-45°N). There is reasonable agreement between the
Boulder and HALOE datasets in Fig. 8 for the early
part of the overlap record (1992—96). However, thetime
series diverge after 1997, with the balloon measure-
ments showing overall higher values than HALOE; note
that both datasets show a relative decrease after 2001.
Because of the higher values after 1997, the Boulder
measurements show an overall H,O increase for 1992—
2002, whereas the HALOE data do not. The difference
in long-term changes is quantified in Fig. 9, comparing
vertical profiles of the linear trends in Boulder data (for
1980—2002 and 1992-2002) with trends derived from
HALOE measurements for 1992—2002. The trend re-
gression calculations include a term to model QBO var-
iability, and statistical uncertainties are estimated using
resampling techniques (as in Randel et al. 1999). The
balloon data show a statistically significant increase of
~0.5%—-1% yr—* over ~15-25 km for both time periods,
whereas the HAL OE data for 1992—-2002 show nhegative
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FiG. 9. Vertical profile of linear trends in water vapor derived from
the Boulder frost-point hygrometer data (light lines, shown for two
time periods 1980—2002 and 1992-2002), and HAL OE datafor 1992—
2002 (dark line). The HAL OE trends are based on measurements near
Boulder (35°—45°N and 80°-130°W); very similar results are found
for zonal means over 35°~45°N. Error bars show the statistical un-
certainties of the linear trend fits.

or near-zero trends. The negative ‘‘trends’” for the low-
est levels of HALOE data primarily arise from the very
low, persistent values occurring at the recent end of the
time series (e.g., Figs. 1-4), and a linear trend is not
an appropriate statistical model of this short record.
Nonetheless, Fig. 9 serves to quantify the significant
differences in decadal-scale changes inferred from the
Boulder balloon data (increases of ~1% yr—*) and
HALOE record (near zero or negative trends) for the
identical time period 1992—2002.

For reference, Fig. 10 shows a meridional cross sec-
tion of the global H,O trends derived from HALOE data
for 19922002, together with time series of deseason-
alized anomalies at 82, 10, and 2 hPa illustrating the
actual variability. Figure 10 shows that negative trends
cover the global lower stratosphere, but these are simply
due to the anomalously low values at the end of the
short time series. Conversely, the upper stratosphere
shows positive trends, but these are primarily due to
anomalously low values at the beginning of the short
record (1992-93; see also Fig. 2). The existence of rel-
atively abrupt changes in stratospheric water vapor in
the HALOE record cautions against overinterpretation
of linear trends calculated from a short record with ar-
bitrary end points. This is reinforced by the changing
character of HALOE H,O trends as the record length
increases (e.g., the different results of Nedoluha et al.
1998; Randel et al. 1999; Rosenlof 2002; Nedoluha et
al. 2003; and Fig. 10 here). Nonetheless, the large dif-
ferences between the Boulder and HALOE trends for
the same 19922002 time period is disconcerting, be-
cause these are the two best long-term records of strato-
spheric water vapor available at present.
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Fic. 10. (left) A meridional cross section of linear trends in HALOE H,O data for 1992—-2002. Contour
interval is 0.2% yr—* and shaded regions indicate statistically significant trends. (right) Time series of de-
seasonalized H,0 anomalies at 2, 10, and 82 hPa, from top to bottom; details of these time series are the
same as in Fig. 1b. Note that the derived trends in this short time sample are highly influenced by low-

frequency variations at either end of the time series.

5. Correlations with tropical tropopause
temperatures

Here we consider correlations between the observed
HALOE H,O anomalies over 1992-2002 and temper-
atures near the tropical tropopause, with the anticipation
of finding temperature anomalies as a precursor to the
H,O variability. We use the deseasonalized HALOE
H,O anomalies at 82 hPa over 20°N-20°S (i.e., just
abovethetropical tropopause) as areferencetime series,
and explore time series and cross correlations with the
several temperature datasets discussed in section 2. We
note that nearly identical results are found using H,O
anomalies at 100 hPg; the choice of 82 hPais based on
the fact that the cold point tropopause typicaly lies
between 100 and 82 hPa. Furthermore, thisis consistent
with the fact that the seasonal cycle in HALOE water
vapor shows a minimum at 82 hPa.

Temperature data from meteorological analyses are
available on standard pressure levels 150, 100, and 70
hPe; standard radiosonde archives have somewhat high-
er vertical resolution, adding 125 and 80 hPa, and also
include the cold point (seasonally varying between
~90-105 hPa). While the 100-hPa level is in general
a poor surrogate for the tropical tropopause (Seidel et
al. 2001), it is the closest standard analysis level avail-
able from global analyses. Additionally, interannual
temperature variations are nearly identical between the
cold point tropopause and 100 hPa (Seidel et al. 2001,
see also Fig. 13 below).

Significance for the H,O—temperature correlationsare
estimated as follows. After omitting the first 6 months

of 1992 (due to questions of HALOE data quality), the
time series covers July 1992-December 2002 (N = 126
months). However, both the H,O and temperature anom-
aly time series are dominated by low-frequency vari-
ability, which significantly reduces the effective number
of degrees of freedom. One-month lag autocorrelations
for these datasets are typically r, ~ 0.8, and a simple
estimate of the number of independent data points is
given by N(1 — r))/(1 + r,) ~ 14 (Trenberth 1984).
Cross-correlation values of 0.45 and 0.52 are then sig-
nificant at the 10% and 5% levels, respectively.
Figure 11 shows time series of the deseasonalized
temperature anomalies in the deep Tropics (10°N-10°S)
at 100 hPa (the standard pressure level closest to the
tropopause), including all six temperature datasets dis-
cussed in section 2b. Here, the temperatures in each
dataset have been deseasonalized using the entirerecord,
and anomalies have been normalized with respect to the
time period April 1995-February 1997, in order to di-
rectly include the GPS measurements. Figure 11 shows
substantial differencesin the anomaliesat 100 hPa, most
notably for the time period 2001-02. During these years
the NCEP and METO datasets show |large and persistent
cold anomalies (of order 2-3 K), whereas the ERA-40,
CPC, radiosonde, and GPS datasets do not. These sub-
stantial differences in the tropical climate record at 100
hPa (near the tropopause) are especially confusing for
interpretation of the water vapor variability; note the
period of large 100-hPa differencesin Fig. 11 (~2001—
02) is precisely the period of the persistent dry anom-
alies observed in the HALOE H,O data (e.g., Fig. 1b).
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Fic. 11. (top) Time series of deseasonalized 100-hPa temperature
anomalies over 10°N-10°S, showing results from six different da-
tasets. Each time series is normalized to be zero for Apr 1995-1997.
(bottom) Difference of the respective time series with averaged ra-
diosonde data.

A complementary dataset for comparison of tropical
temperature variability is provided by satellite mea-
surements from MSU-4, which represents a weighted
mean layer temperature over ~13-22 km. Figure 12
compares the deseasonalized anomalies in MSU-4 data
over 10°N-10°S with vertically integrated profile anom-
alies from NCEP, METO, and radiosonde data, using
the MSU-4 weighting function (i.e., weighted pressure
level data, asin Spencer and Christy 1993). Overall the
integrated profile data agree reasonably well (to within
~0.5 K) and track all of the variability of the observed
MSU-4 anomalies for the time period prior to 2000,
whereas both the integrated NCEP and METO data ex-
hibit cold biases during 2001-02 (Calculations for the
ERA-40 and GPS data are similar to the radiosonde
results, and for clarity, are not included in Fig. 12).
Comparisons of the vertical profiles of temperature
anomalies during this 2001-02 period (not shown here)
furthermore suggest problems in the NCEP and METO
data, especially at the 100-hPa level.

The overall comparisons suggest that the cold 100-
hPa anomalies seen for 2001-02 in NCEP and METO
data (Fig. 11) are erroneous, and probably related to
changes in analysis system or input data. The METO
stratospheric analysis changed to a 3DVAR system in
November 2000, and also began to assimilate radiances
rather than retrieved temperature profiles, and this is
very close to the time when anomalies appear at 100
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FiG. 12. (top) Time series of deseasonalized temperature anomalies
from MSU-4 satellite data, together with corresponding time series
derived from NCEPR, METO, and radiosonde datasets (vertically in-
tegrated using the MSU-4 weighting function); these time series are
smoothed with a 1-2—1 running filter. (bottom) The respective dif-
ferences with respect to MSU-4, with no time smoothing applied.

hPa and differences with MSU-4 begin (Figs. 11-12).
The NCEP-NCAR, reanalysis system has remained con-
stant in time, but there are continually evolving changes
in available input data. A potentially important change
occurred with the introduction of temperature retrievals
from ATOVS satellite measurements in July 2001, al-
though the NCEP-NCAR temperature changes in Figs.
11-12 appear to occur closer to the beginning of 2001
(very similar to METO). Thus, while we are suspicious
of the discontinuous behavior in NCEP-NCAR 100-hPa
data (and their disagreements with radiosondes, GPS,
and M SU temperatures), aclear cause has not been iden-
tified.

Correlations between the HAL OE lower stratosphere
H,O anomalies over 20°N-20°S and near-tropopause
temperature anomalies from the various datasets arelist-
ed in Table 1. These include both contemporaneous cor-
relations, and correlations for the water vapor time series
lagged by 2 months (this increases the correlation val-
ues, consistent with the H,O anomalies being an inte-
grated response to temperature variations). In the fol-
lowing discussions we refer to these lagged correlation
values. The strongest correlation (0.73) is found with
the NCEP-NCAR 100-hPa temperatures, but at least
part of this arises from the cold anomalies for 2001—
02, which is a questionable detail. The radiosonde data
show relatively high correlations for pressure levels 100
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TaBLE 1. Correlations between HALOE 82-hPa H,0 anomalies and 10°N-10°S temperature anomalies at different levels; X’s are shown
if data are unavailable at that level. The left number in each column refers to the correlation with water vapor lagged by 2 months, while
the right (bracketed) value refers to contemporaneous (lag O) correlations.

Source 125 hPa 100 hPa Cold point 80 hPa 70 hPa
CPC X 0.48 [0.36] X X 0.40 [0.32]
METO X 0.25 [0.28] X X 0.46 [0.43]
NCEP X 0.73 [0.68] X X 0.52 [0.44]
ERA-40 X 0.67 [0.57] X X 0.44 [0.30]
Radiosondes (all 10°N-10°S) 0.06 [—0.07] 0.61 [0.49] 0.72 [0.56] 0.64 [0.49] 0.48 [0.35]

and 80 hPa, and an even higher value using the cold
point (0.72). Figure 13 shows time series of the 82-hPa
water vapor anomalies, together with radiosonde cold
point temperatures (averaged for all stations over 10°N—
10°S), plus 100-hPa zonal mean temperature anomalies
from ERA-40 data (which are virtually identical to the
radiosonde cold point anomalies). Beyond the signifi-
cant numerical correlations, the respective time series
show agreement in the timing of large anomalies, for
example, warm temperatures and high water vapor for
1997-98 and 1999-2000. The tropica mean tempera-
tures are relatively cold for 2001-02, but the anomalies
have similar magnitudes to previous lows during the
latter 1990s (in contrast to the water vapor). One re-
markable featureisthat the 2001-02 anomalies are more
persistent than prior cold periods in this (short) record.

Figure 14a shows the correlations between 82-hPa
HALOE water vapor and cold point temperatures from
each individual tropical radiosonde station (with a 2-
month lag included to maximize correlations), and Fig.
14b shows a similar calculation based on 100-hPa tem-
peratures from the ERA-40 data. Results from the grid-
ded ERA-40 and station data are in good agreement,
showing strongest correlations primarily for latitudes

92 94 96 98 00 02
Year
Fic. 13. (top) Time series of deseasonalized HALOE H,O at 82
hPa over 20°N-20°S (i.e., the near-bottom level in Fig. 2). (bottom)
Deseasonalized anomalies in radiosonde cold point tropopause tem-
perature, averaged from all stations over over 10°N-10°S (solid line),
together with anomalies in ERA-40 100-hPa temperatures (dashed

line). Ther = 0.72 correlation refers to the water vapor and radio-
sonde temperature time series.

over ~10°N-10°S. This demonstrates that stratospheric
water vapor anomalies are correlated primarily with
temperatures near the equator. There is relatively little
zonal structure to the positive equatorial correlationsin
Fig. 14, with slightly higher values in the eastern hemi-
sphere, and near the date line.

Figure 15 compares the observed anomaiesin HALOE
82-hPa H,O with anomalies in saturation mixing ratio
(Q:) calculated from the tropical radiosonde cold point
data (based on monthly means, which will probably
overestimate minimum values, e.g., Dessler 1998).
Overall thereisreasonable correlation (as expected from
the temperature comparisons), but the observed anom-
alies are substantially less than those in Qg (the rms
values are 0.27 and 0.90, respectively). One possible
explanation for this difference is that, while the tem-
perature anomalies occur primarily over 10°N-10°S
(Fig. 14), the H,O anomalies are quickly transported
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FiG. 14. (a) Numbers show the correlation between 82-hPaHAL OE
water vapor anomalies over 20°N-20°S (top of Fig. 13) with cold
point tropopause temperature at each individual radiosonde station
(with water vapor lagged by 2 months to maximize the correlations).
(b) Map of correlation between 82-hPa water vapor and 100-hPa
temperature anomalies from ERA-40 data. Contour interval is 0.1,
with values above 0.5 shaded.
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Fic. 15. Comparison of observed HALOE 82-hPa H,O anomalies
over 20°N—20°S (dark line) with H,O saturation mixing ratio anom-
aies calculated from cold point tropopause temperature statistics
(light line).

over latitudes ~40°N-40°S (see Figs. 4-5), so that the
effect of the tropical temperature anomalies is effec-
tively diluted.

The vertical structure of the tropical temperature
anomalies during 1990—2002 derived from radiosonde
data (over 10°N-10°S) is shown in Fig. 16; thisis in-
tended to illustrate the processes that influence temper-
atures near the cold point (roughly the layer over 100—
80 hPa). The largest tropical temperature anomalies oc-
cur in the stratosphere, with an approximate 2-yr pe-
riodicity and downward phase progression that are sig-
natures of the stratospheric QBO. The bottom of the
QBO temperature signal reaches near the cold point; for
long-term statistics, the QBO magnitude at the tropo-
pauseis ~+0.5 K (Angell and Korshover 1964; Randel
et al. 2000). Note that the QBO temperature signal is
centered on the equator with an e-folding scale of ap-
proximately 10° latitude (Baldwin et al. 2001), so that
the QBO mechanism is consistent with the equatorial
maximum in temperature correlations shown in Fig. 14.
A second source of stratospheric temperature variability
in Fig. 16 is the Mt. Pinatubo volcanic eruption in June
1991, which resulted in warm temperature anomalies
for approximately 2 yr, but with relatively small effects
near the tropopause. Figure 16 also shows the effects
of the large 1997-98 ENSO event, which warmed the
tropical upper troposphere by ~2 K. This warming ex-
tended in altitude to above 100 hPa, contributing to the
relatively warm tropopause region in 1997-98 (see Fig.
13). Thus both stratospheric and tropospheric meteo-
rological processes contribute to temperature variability
in the near-tropopause region, which in turn modulates
stratospheric water vapor.

The near-global patterns of stratospheric water va-
por fields influenced by tropical temperature anom-
aliesare shownin Fig. 17. These show the correlations
between radiosonde cold point temperature anomalies
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FiG. 16. Height—time section of interannual temperature anomalies
in the Tropics for 1990-2002, derived from radiosonde data over
10°N-10°S. The cold point typically lies within the 100-80-hPalayer,
noted by the horizontal lines. The time series at the bottom is the
multivariate ENSO index, obtained from the Climate Diagnostics
Center Web site (http://www.cdc.noaa.gov); P denotes the volcanic
eruption of Mt. Pinatubo in Jun 1991.

and HALOE H,O + 2 X CH, fields for time lags of
0, 6, and 12 months. The contemporaneous (lag 0) pat-
terns show significant correlationsin the lowest altitudes
near the tropopause, with a meridional scale over
~30°N-30°S. At lag 6 months, the patterns of strongest
correlations have risen in altitude by a few kilometers,
and spread widely in latitude, covering nearly the entire
globe over 60°N—60°S. Further vertical propagation is
observed at lag 12 months, with strongest correlations
observed in the NH.

6. Summary and discussion

Over 12 yr of continuous, near-global measurements
of stratospheric water vapor are available from HALOE,
and these data allow us to test our understanding of
processes that control interannual changes, especially
the influence of tropical tropopause temperatures. The
HALOE H,O data show coherent interannual changes
of magnitude ~=*=0.3 ppmv, with an approximate 2-yr
periodicity. The anomalies originate near the tropical
tropopause, and propagate vertically and latitudinally to
influence much of the global stratosphere. The vertica
propagation observed in Figs. 2-3 is the interannual
analog of the seasonal tape recorder of Mote et al.
(1996), with a mean upward velocity of ~8 km yr—1.
Likewise, the interannual anomaliesin the lower strato-
sphere that originate in the Tropics propagate into mid-
dle and high latitudes of both hemispheres with atime
scale of several months (Figs. 4-5). The HALOE data
also show remarkably low and persistent H,O anomalies
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Fic. 17. Meridional cross sections of correlation between radio-
sonde tropical tropopause temperature anomalies (bottom of Fig. 13),
and HALOE H,0 + 2 X CH, anomalies at each latitude and height.
Results are shown for time lags zero (bottom), 6 months (middle),
and 12 months (top). Contours are =0.1, 0.2, . . ., with values above
0.5 shaded.

for the most recent 3 yr of the record (2001-03), and
these low values cover much of the globe for this period.

The POAM satelliteinstrument has been making mea-
surements of stratospheric water vapor over polar lati-
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tudes (~55°~70°N and ~65°-85°S) since 1998, allow-
ing direct comparisons with HALOE for 1998-2003.
Variations in lower-stratospheric water vapor over the
Arctic are dominated by transport from tropical latitudes
for both seasonal (Randel et al. 2001; Nedoluha et al.
2002) and interannual variations (see Fig. 4), while in
situ dehydration dominates over Antarctica (e.g., Ne-
doluha et al. 2000). Direct comparison of the POAM
and HALOE data over the Arctic shows remarkably
good agreement for interannual anomalies (Fig. 7), in-
cluding persistent low values after 2001. The interan-
nual consistency between these two independent data-
sets promotes confidence in the global HAL OE record.

The most continuous long-term record of stratospher-
ic water vapor is from balloon-borne frost-point hy-
grometer measurements made at Boulder, Colorado
(40°N), since 1980, and these data invite detailed com-
parisons with the HALOE record since 1992. Compar-
isons with HALOE data near Boulder (Fig. 8) show
reasonable agreement for the early part of the overlap
record (1992-96). However, the time series in Fig. 8
diverge after 1997, with balloon dataincreasing in time,
but HALOE staying relatively constant or decreasing
(note, however, that certain aspects of interannual var-
iability in Fig. 8 are consistent, most notably the rela-
tively low values for 2001-02 seen in both datasets).
The reason for this difference in the datasets after 1997
is unclear at present, but the result is that calculated
decadal -scale changes (trends) for 1992—2002 are very
different between the balloon and satellite datasets: the
Boulder balloon data show increases of ~0.5%—1% yr—*
whereas HAL OE shows small or negative trends in the
lower stratosphere (Fig. 9). The HALOE trends are not
representative of long-term monotonic changes, but are
clearly influenced by end points of the short data record
(see Fig. 10). The reason(s) for the disparity between
the Boulder balloon and HALOE satellite water vapor
data after 1997, and the differences in the respective
long-term changes, are unknown at present. It will be
important to reconcile these data, as they are the two
longest and most continuous records availablefor strato-
spheric water vapor.

A key focus of this work is quantifying the relation-
ship between the observed HALOE H,O changesin the
lower stratosphere and temperatures near the tropical
tropopause (which can simply modulate the seasonal
freeze drying of air entering the tropical stratosphere).
We have noted substantial uncertainty in estimates of
interannual temperature variability near the tropical tro-
popause, and have considered results based on six dif-
ferent data sources (NCEP-NCAR and ERA-40 re-
analyses, CPC and METO stratospheric analyses, and
radiosondes and GPS data, the latter only for 1995-97
and 2001-02). While there is reasonable agreement be-
tween the different datasets in the tropical lower strato-
sphere (50 and 70 hPa), there are important differences
at 100 hPa. In particular, the NCEP-NCAR and METO
data show large and persistent cold anomalies of 2-3 K
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at 100 hPa during 2001-02, which are not seen in ERA-
40, CPC, radiosonde, or GPS data (Fig. 11). These 100-
hPa differences for 2001-02 are especially troublesome
because thisis the time period of the observed low H,0O
anomaliesin the HAL OE record (and these would match
well with the cold NCEP-NCAR and METO 100-hPa
anomalies). However, comparison of the different da-
tasets with MSU-4 satellite measurements (Fig. 12) and
examination of the anomaly vertical profiles (not shown
here) cast suspicion on the METO and NCEP-NCAR
results. Furthermore, there are known changes in anal-
ysis systems and input data that likely influence con-
tinuity in these data, and we do not include the NCEP-
NCAR and METO data in further analyses.

Anomalies in tropical tropopause temperatures de-
rived from radiosondes and ERA-40 reanalyses are
strongly correlated with HALOE H,O (Fig. 13). Radio-
sonde data show that the strongest correlations occur
using the cold point tropopause. The spatial pattern of
correlations (Fig. 14) suggest that temperatures in the
deep Tropics (~10°N-10°S) most strongly influence
lower-stratospheric water vapor, and there is not strong
zonal structure to the correlations. The meridional scale
of ~10°N-10°S, lack of zonal structure, and approxi-
mate 2-yr periodicity are consistent with a predominant
QBO influence. While the H,O saturation mixing ratio
anomalies calculated from temperatures over 10°N—
10°S are substantially larger than observed (Fig. 15),
this can be reconciled by the observed latitudina
spreading of the tropical signal to ~40°N—40°S, so that
the forced tropical signal is ‘““diluted.” The observation
that interannual changes in water vapor are closely
linked to large-scal e temperature variations near the tro-
popause is consistent with the idealized modeling stud-
ies of tropical dehydration of Holton and Gettelman
(2001), Gettelman et al. (2002), and Jensen and Pfister
(2004).

The persistent low H,O anomalies seen during 2001—
03 in HALOE data are less easy to understand. As a
whole, tropical tropopause temperatures are cold for this
period, but not unusually cold compared to prior minima
during the 1990s (Fig. 13). One remarkable aspect of
the temperatures during this time is that they remain
relatively cold for an extended period (approximately 2
yr), whereas prior cold periods had shorter duration.
Because stratospheric water vapor responds in an in-
tegrated manner to tropopause temperatures, the ex-
tended cold tropopause during 2001-02 may be one
source of the unusually low water vapor during these
years. Other factors, such as the detailed vertical struc-
ture of temperatures near the cold point, changes in
tropical deep convection or changes in dehydration mi-
crophysics, may also be important.

The downward vertical propagation of stratospheric
temperature anomalies, their ~2-yr periodicity, and
near-equatorial latitudinal structure al implicate the
QBO as a mechanism influencing near-tropopause tem-
peratures (and hence H,0). This QBO influence on
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stratospheric H,O has been analyzed in numerical sim-
ulations by Giorgetta and Bengston (1999) and Geller
et al. (2002). The detailed time variations of tropical
temperatures (Fig. 16) furthermore suggest that the
strong tropospheric ENSO **warm event’” during 1997—
98 aso had an influence on the tropopause, and was
partially responsible for the positive stratospheric H,O
anomalies observed during thistime. The primary effect
of a “warm” ENSO event on the tropical tropopause
isadipole pattern of temperature anomaliesin the west-
ern and central Pacific, so that the climatological min-
imum temperatures are somewhat warmer (Gettelman
et al. 2001). The resulting influence on stratospheric
water vapor has been simulated by Geller et a. (2002)
and Scaife et a. (2003), with results similar to the ob-
servations here.
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