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[1] Time series of stratospheric water vapor measurements by satellites and balloons
show persistent low values beginning in 2001. Temperature observations show that the
tropical tropopause has been anomalously cold during this period, and the observed water
vapor changes (approximately —0.4 ppmv) are consistent with the temperature decreases
(approximately —1 K). The cold anomalies occur in the tropics over a narrow vertical
layer near 15—20 km. There have been corresponding changes in the tropical ozone profile
over the same period, with ~10% reductions over a similar narrow layer near the
tropopause. The variations in temperature and ozone appear coupled, and the spatial
patterns of the changes since 2001 are consistent with an increase in the mean tropical
upwelling (Brewer-Dobson) circulation. Estimates of tropical upwelling derived from
eddy statistics (‘““downward control’”) show coherence with interannual temperature
changes, including a consistent increase after 2001. Part of the temperature changes may
also be explained as a radiative response to the observed ozone decreases. The results
paint a consistent picture of enhanced tropical upwelling after 2001, resulting in colder
temperatures, lower water vapor and lower ozone near the tropical tropopause. The recent

low values significantly influence estimates of decadal-scale trends in temperature and

ozone near the tropical tropopause.
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1. Introduction

[2] Stratospheric water vapor provides the most direct
evidence that air enters the stratosphere primarily in the
tropics. Both the overall dryness of the stratosphere [Brewer,
1949] and the large annual cycle in stratospheric water
vapor [Mote et al., 1996] are evidence that air passes the
cold tropical tropopause in transit to the stratosphere.
Recent calculations show that the observed annual cycle
in water vapor is in quantitative agreement with transport
across the seasonally varying tropopause [Fueglistaler et
al., 2005]. Interannual changes in stratospheric water vapor
also reflect variations in tropopause temperatures; the tem-
perature effects of the stratospheric quasi-biennial oscilla-
tion (QBO) and the El Nifio—Southern Oscillation (ENSO)
are seen in stratospheric water vapor in both observations
[Randel et al., 2004, hereinafter referred to as R04] and
model calculations [Giorgetta and Bengston, 1999; Geller
et al., 2002; Fueglistaler and Haynes, 2005]. Because of
this relationship, stratospheric water vapor may be a
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sensitive indicator of variations in tropical tropopause
temperatures.

[3] The Halogen Occultation Experiment (HALOE) sat-
ellite instrument [Russell et al., 1993] has been making
near-global measurements of stratospheric water vapor
since late 1991. Continuing observations from HALOE
show a substantial and persistent decrease in stratospheric
water vapor beginning in approximately 2001, and continu-
ing to present. This change in water vapor is also observed
in several other satellite and balloon data sets. The focus of
this paper is to explore variations in tropical tropopause
behavior as an explanation for the recent low water vapor
values. We examine tropopause temperatures to quantify
coherence with water vapor, and isolate the spatial structure
of recent temperature changes. We also examine variations
in ozone profile near the tropical tropopause based on
balloon and satellite data sets, and find ozone decreases
after 2001 that have similar space-time characteristics to the
observed temperature changes. One mechanism for such
coupled temperature and ozone changes could be an in-
crease in the mean upwelling (Brewer-Dobson) circulation
near the tropical tropopause (here vertical advection is a
dominant term in the thermodynamic and ozone continuity
equations, and coherent temperature-ozone changes result
from similarly signed vertical gradients in potential temper-
ature and ozone). Accordingly, we examine circulation
statistics of derived tropical upwelling to search for changes
consistent with the tropical temperature and ozone decreases
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after 2001. Another mechanism for coupled temperature and
ozone variations is a simple radiative response of temper-
ature to ozone changes, and we used idealized model
calculations to estimate the importance of this effect. We
also examine longer-term variations in tropical tropopause
temperatures and ozone, to put the recent changes in the
context of decadal-scale variability.

2. Data
2.1. Stratospheric Water Vapor

[4] The HALOE instrument provides high-quality vertical
profiles of stratospheric water vapor derived from solar
occultation measurements [Russell et al., 1993; Harries et
al., 1996]. HALOE began operating in October 1991, with
data analyzed here through August 2005. We use the v19
retrieval product obtained in so-called level 3 format. The
HALOE measurements extend from the approximate local
tropopause level to about 80 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, namely 100., 82.5, 68.1,...hPa). HALOE
water vapor signals have been extremely stable throughout
more than 13 years of observations. There is no trend in the
absolute signal which has only changed by 0.5% since launch
and there is no effect due to instrument drift because the basic
signal used for retrieval is a ratio measurement that will
remove any bias shifts (J. M. Russell III, Hampton University,
private communication, 2005). The HALOE occultation
sampling makes 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 one month to sample the
latitude range ~60°N-S. We bin the combined sunrise and
sunset data into monthly samples for further analyses.

[5] We briefly examine two other time series of strato-
spheric water vapor measurements to show that the low
values after 2001 are not an artifact of the HALOE data.
These data sets include balloon-borne frost point hygrom-
eter measurements from Boulder, Colorado (40°N, 105°W),
described by Oltmans et al. [2000], and Polar Ozone and
Aerosol Measurement 11T (POAM I1I) satellite observations,
detailed by Nedoluha et al. [2002]. The Boulder balloon
measurements are made approximately once per month, and
sample altitudes ~5-25 km. POAM III is a solar occulta-
tion instrument on a polar orbiting satellite, providing
measurements only over high latitudes (~55-70°N and
~65-85°S). Variations in lower-stratospheric water vapor
over the Arctic are controlled primarily by transport from
tropical latitudes [Nedoluha et al., 2002; R04], whereas in
situ dehydration dominates over the Antarctic. Our compar-
isons here focus on the Arctic POAM III measurements, and
cover the time period 1998—-2005; we omit data from June—
August 2004 that have some apparent problems.

2.2. Radiosonde Temperatures

[6] Temperature data used here are from tropical radio-
sonde measurements, and include results from two different
data sets. For examining recent results (over the HALOE
time period, 1992—-2005) we use data from 30 tropical
stations (~25°N—25°S) obtained from the Integrated Global
Radiosonde Archive (IGRA) from the NOAA National
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Climate Data Center; somewhat more attention is focused
on a subset of 13 stations close to the equator (over 10°N—
10°S). The station locations are shown below. Monthly
means have been derived from daily measurements at
standard pressure levels, plus the cold point tropopause
(temperature minimum). We have compared data from each
station with colocated satellite measurements from the
Microwave Sounding Unit (MSU), following Randel and
Wu [2006], to demonstrate that these stations do not have
significant data homogeneity problems for the time period
after 1992.

[7] Examination of longer-term (decadal) changes in
tropical tropopause temperatures requires special attention,
because changes (improvements) in radiosonde instrumen-
tation or radiation corrections over time can result in
spurious cooling trends [Seidel et al., 2001; Lanzante et
al., 2003a, 2003b; Randel and Wu, 2006]. Here we briefly
examine longer-term changes in tropical tropopause temper-
atures based on a number of radiosonde stations from the
LKS data set [Lanzante et al., 2003a, 2003b], which have
undergone adjustments to minimize inhomogenieties. These
time series are updated to 2004 using the Integrated Global
Radiosonde Archive (IGRA), and the combined data are
termed LKS+IGRA. Detailed comparisons with colocated
satellite measurements suggest that many of the tropical
LKS+IGRA stations still have artificial cooling biases in the
lower stratosphere, with magnitudes in excess of 0.5 K/
decade [Randel and Wu, 2006]. Accordingly, for decadal-
scale changes we restrict our attention to a handful of
stations where such biases are relatively small; these include
Hilo (20°N), San Juan (18°N), Nairobi (1°S), Manaus (3°S),
Townsville (19°S) and Rio de Janeiro (23°S).

2.3. Ozone

[8] Time series of tropical ozone profiles are obtained from
the SHADOZ (Southern Hemisphere Additional Ozone-
sondes) data archive at http://croc.gsfc.nasa.gov/shadoz/
[Thompson et al., 2003]. SHADOZ consists of a set of 12
tropical stations with ozonesonde soundings approximately
once per month, beginning in 1998. The analyses here focus
on data from 7 near-equatorial stations with continuous
records that cover the period 1998-2005. These stations
include Nairobi, Kuala Lampur, Fiji, Samoa, San Cristobal,
Natal and Ascension Island, with locations also shown below.

[v] We also include ozone data from Stratospheric Aero-
sol and Gas Experiment II (SAGE II) satellite measurements
[McCormick et al., 1989]. SAGE 1I is a solar occultation
instrument with similar space-time sampling to HALOE,
and made measurements covering late 1984 to the middle of
2005. The wvertical resolution of SAGE 1II is ~0.5—1 km,
which is a key attribute for analysis of the tropopause
region. We use the version 6.2 retrieval of SAGE II data,
covering the period November 1984 to March 2005 (ex-
cluding 2 years following the Mt. Pinatubo volcanic erup-
tion in June 1991).

3. Results
3.1. Stratospheric Water Vapor and Tropical
Tropopause Temperatures

[10] The evolution of near-global (60°N—-60°S) water
vapor at 82 hPa for the entire HALOE record (1992—
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