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Abstract. The spatial and temporal behavior of low-frequency changes (trends) in stratospheric
constituents measured by instruments on the Upper Atmosphere Research Satellite (UARS)
during 1991-98 is investigated. The data include CHy, H,O, HF, HCI, O3, and NO, from the
Halogen Occultation Experiment (HALOE), and O3, ClO, and HNOj from the Microwave Limb
Sounder (MLS). Time series of global anomalies are analyzed by linear regression and empirical
orthogonal function analysis. Each of the constituents show significant linear trends over at least
some region of the stratosphere, and the spatial patterns exhibit coupling between the different
species. Several of the constituents (namely CHy, H,O, HF, HCI, O3, and NO;) exhibit a
temporal change in trend rates, with strong changes prior to 1996 and weaker (or reversed) trends
thereafter. Positive trends are observed in upper stratospheric ClO, with a percentage rate during

1993-97 consistent with stratospheric HCl increases and with tropospheric chlorine emission
rates. Significant negative trends in ozone in the tropical middle stratosphere are found in both
HALOE and MLS data during 1993-97, together with positive trends in the tropics near 25 km.
These trends are very different from the decadal-scale ozone trends observed since 1979, and this
demonstrates the variability of trends calculated over short time periods. Positive trends in NO,
are found in the tropical middle stratosphere, and spatial coincidence to the observed ozone
decreases suggests the ozone is responding to the NO, increase. Significant negative trends in
HNOj are found in the lower stratosphere of both hemispheres. These coupled signatures offer a
fingerprint of chemical evolution in the stratosphere for the UARS time frame.

1. Introduction

The Upper Atmosphere Research Satellite (UARS) was
launched in September 1991 with a mission to observe a suite of
chemical constituents of importance for stratospheric ozone (in
addition to data on atmospheric dynamics and solar variability
[Reber, 1993]). The UARS mission was originally projected to
last for 18 months, with 1 year of extended operations. The
satellite has now been operational for over 6 years, and two of the
instruments designed for stratospheric constituent measurements
are still providing data (namely the Halogen Occultation
Experiment (HALOE) [Russell et al., 1993] and the Microwave
Limb Sounder (MLS) [Barath et al., 1993]). The long time
series of these constituent measurements provides an opportunity
to study interannual variability in the chemical makeup of the
stratosphere. In particular, these data provide information on
monotonic low-frequency changes (trends) in the constituent
fields, and the time series are now of sufficient length to study
trend-like variability. The objective of this work is to quantify
the spatial and temporal structure of these trends and to study the
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coherent behavior of the different constituents over the UARS
time period.

The UARS HALOE data are analyzed here for the period
covering October 1991 to July 1998; MLS data are analyzed
through July 1997. We calculate linear trends over the period
1993-1997, omitting data from 1991-1992 because of possible
effects of the Mt. Pinatubo eruption (in 1991) and strong changes
in the solar cycle during this time. Five years is a relatively short
time record to sample trend-like variability, much shorter than the
~ 16-18 year satellite records available to quantify column and
profile ozone trends [e.g., McPeters et al., 1996; Stratospheric
Processes and Their Role in Climate (SPARC), 1998]. We thus
examine both the linear trends over 1993-1997 and also details of
the anomaly time series over the entire 1991-1998 record to
quantify temporal variations (i.e., how linear are the trends). It
turns out that almost all of the trends are very nonlinear, showing
substantial changes in the latter part of the record (after 1996).
Both the trends over 1993-1997 and the nonlinearity over the
most recent part of the record show coherence between the
various constituents. The observation of coherent low-frequency
changes in several different species (many not previously
available) provides several pieces to the puzzle of how the
stratosphere evolves chemically on a decadal timescale.

Some of the results here extend prior trend analyses of the
UARS data. Russell et al. [1996a] documented trends in
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HALOE HF and HCI near the stratopause for data through early
1995, and the HF time series was extended to early 1997 by
Considine et al. [1997]. Nedoluha et. al. [1998a,b] and Evans et
al. [1998] reported trends in HALOE H,0, CHy, and NO,, and
Siskind et al. [1998] used model calculations to examine the
sensitivity of O3 and CIO trends to changes in these other species.
Aspects of the HALOE and MLS ozone trends have been
reported by SPARC [1998]. Further details of CIO trends from
MLS measurements will be presented in “Long-term variations in
the free chlorine content of the stratosphere” by L. Froidevaux et
al. (hereinafter referred to as Froidevaux et al., manuscript in
preparation, 1998). The objective here is to combine trend
information on all the constituents into one location, using
identical time intervals and statistical analyses, in order to derive
a coherent picture of stratospheric variability.

2. Data

2.1. HALOE

The HALOE data analyzed here are from the version 18 (v18)
retrieval algorithm, spanning the time period October 1991 to
July 1998. The HALOE instrument is described by Russell et al.
[1993], and details of the data are presented by Park et al.
[1996], Harries et al. [1996], Russell et al. [1996b,c], Bruhl et
al. [1996], and Gordley et al. [1996] for CH4 H,0, HF, HC], O;,
and NO, data, respectively. We use HALOE level 3a data,
available on 16 standard UARS pressure levels spanning 100-
0.32 mb (approximately 16-56 km) with a vertical spacing of
about 2.5 km. Sunrise and sunset HALOE measurements are
combined for all constituents except NO, (which has a strong
diurnal variation). We bin the data into monthly samples on a 4°
latitude grid prior to the statistical analyses discussed below.
Because HALOE does not observe polar regions during much of
the year, we focus our results on the latitude band 60°N-S.

2.2. MLS

MLS observations of Oy, ClO, and HNOj are obtained from
the version 4 (v4) retrieval algorithm. Details of the Oy and CIO,
data (from v3 processing) are described by Froidevaux et al.
[1996] and Waters et al. [1996], respectively. Changes to these
constituents for v4, along with details of the HNO; data, are
discussed partly in the above references and in the MLS 4 Data
Quality Document (available from the MLS web site at
http://mls.jpl.nasa.gov). We use. MLS v4 level 3a data, for which
retrievals are performed on the 100, 46, 22, 10, 4.6, 2.2, 1.0, and
0.46 mb pressure levels (every other UARS pressure level;
vertical resolution ~ 5 km). The available data are binned into
monthly samples on a 4° latitude grid. As a note, MLS data after
June 1997 are somewhat different from earlier data, because
MLS was then operating with only one radiometer. This may
result in some small shifts in the data, and hence MLS data after
June 1997 are not included in the trend analyses here.

Subsets of these vertical levels are analyzed here for each
constituent (where the data are deemed ‘‘scientifically useful”).
For Oy and CIO, data over the 46-1 mb range are used, while for
HNOs, only the 100-, 46-, and 22-mb levels are analyzed.
Additionally, for CIO (which has a strong diurnal variation), we
bin separately the daytime and nighttime observations and
analyze daytime data at 2.2 and 1.0 mb and day-night differences
at and below 4.6 mb [after Waters et al., 1996]. Individual
profile data are screened, and only “QUALITY=4" profiles are
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included in the monthly means. We note that the availability of
CIlO data decreases substantially after 1994 and additionally that
the CIO profile retrievals have relatively large noise uncertainties
[Waters et al., 1996].

2.3. SAGEII

Because we show ozone trends derived from HALOE and
MLS data, it is of interest to directly compare trends calculated
from the Stratospheric Aerosol and Gas Experiment II (SAGE II)
ozone measurements over the same time period (1993-1997).
SAGE Il is a solar occultation instrument with similar space-time
sampling to that for HALOE, but that makes observations in
different spectral bands. We use the version 5.96 retrieval of
SAGE 1II ozone, which incorporates improved separation of
aerosol and ozone effects [Cunnold et al., 1998]. These v5.96
SAGE II ozone data contribute a major role to the recent ozone
trends evaluations by SPARC [1998] and World Meteorological
Organization (WMO) [1998] (based on the SAGE II record over
1984-1996, and the SAGE I data over 1979-1981). The objective
here is to examine SAGE II trends over the shorter period 1993-
1997 for direct comparison to the HALOE and MLS results, and
for comparison with the longer decadal changes.

3. Statistical Analyses

Previous analyses of HALOE data have shown clear evidence
of low-frequency variations associated with (1) the seasonal cycle
[e.g., Luo et al., 1994; Mote et al., 1996; Randel et al., 1998] and
(2) the quasi-biennial oscillation (QBO) [Luo er al, 1996;
Randel et al., 1998]. -Because both of these signals can be
accurately characterized in an empirical manner, we remove them
prior to examination of the data for “other” low-frequency
variability. At each latitude and pressure level the seasonal cycle
is fit using a seasonal harmonic analysis (with constant, annual
and semiannual harmonics), while the QBO is fit using linear
regression onto two orthogonal basis functions derived from the
QBO equatorial zonal winds over 70-10 mb. The details of these
statistical fits for CHy and H,O are shown by Randel et al.
[1998]. Figure 1 shows an example of the procedure applied to
CH, data at 3 mb over 16-24°N: the top panel shows the original
data together with the seasonal cycle fit, and the middle panel
shows the deseasonalized data and the statistical QBO fit. The
bottom panel shows the corresponding residuals (full data minus
seasonal and QBO fits), and these residuals are the basis for
further analysis. Figure 1 includes a linear trend fit of these
residuals (over 1993-1997) derived from ‘standard regression
analysis (extended with a dashed line through the entire 1991-
1998 time series). We also remove “outliers” in the time series
prior to trend (or empirical orthogonal function (EOF)) analyses
by omitting residual data points with variations larger than 3
times the local temporal standard deviation.

Standard errors for the trend analyses are estimated using a
bootstrap resampling of the original data [Efron and Tibshirani,
1993]. We sample 6-month segments of the data to automatically
include the effect of serial autocorrelation. Significant trends
(values larger than twice the statistical standard error) are
indicated with shading in the contour plots of trends throughout
this paper, note these estimates only account for statistical
uncertainty and do not include any instrumental drift uncertainty.
A further consideration when evaluating field statistics (such as
trends over the latitude-height plane) is that even for completely
random data, 5% of the samples would be “significant” based on
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Figure 1. Time series of HALOE CH, data at 3 mb over 16-
24°N. Top panel shows ‘full’ monthly means plus (repeating)
seasonal cycle fit, while the middle panel shows the
deseasonalized data plus the QBO regression fit. Bottom panel
shows residual anomalies (‘full’ field minus seasonal and QBO
fits), plus the linear trend (fit over 1993-97, and extended with a
dashed line over 1991-98).

just random chance. However, the trend patterns identified here
typically cover much more than 5% of the total area and (more
importantly) exhibit spatial coherence and interrelationships
between species that is suggestive of true geophysical variability.

All of the statistical fits here are made using time series over
1993-1997 only, because of possible anomalies during 1991-
1992 due to Pinatubo aerosols (either true atmospheric structure
or data retrieval problems). Relatively large anomalies during
1991-1992 that would affect trend results are seen in O; and
HNO; data, for example. The 1991-1992 period is also
associated with high solar cycle index, as shown in Figure 2,
whereas there is a relative minimum over 1993-1997 (enhanced
solar activity will lead to true atmospheric changes, and the high
sunspot activity may affect some of the HALOE solar occultation
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measurements). Although the statistical analyses are calculated
over 1993-1997 only, time series of anomalies (seasonal and
QBO effects removed) are shown for the full 1991-1998 data.
We often show time series of latitudinally averaged anomalies on
specific pressure levels (e.g., hemispheric or global means)
calculated by simple area averaging; for months when less than
50% of the particular region is sampled, the corresponding area
mean is omitted in these time series.

Besides linear trend analysis, we use empirical orthogonal
function (EOF) analysis in an attempt to isolate the dominant
space and timescales of variability. EOF analysis is based on an
eigenvector decomposition of the temporal covariance matrix
[e.g., Kutzbach, 1970] and identifies modes of variability that
explain optimal fractions of space-time variance. The mixing
ratio anomaly covariances are area (cosine (latitude)) weighted
prior to eigenanalysis. Output of the EOF analysis include
eigenvalues (proportional to the fraction of total variance
explained) and spatial structure of the modes; time variation is
examined by projection of the original anomalies onto these
spatial structures. These time projections illustrate the global
time variations of the constituent anomalies integrated over
latitude and height, spatially weighted by the structure of the
EOF patterns. The EOF analysis allows independent estimation
of coherent time variability in the data, allowing a search for a
time-varying trend, for example.

4. Results
4.1. CH4 and H20

The overall structure and variability of CH4 and H,0 are
tightly coupled in the stratosphere, because CH, oxidation is a
principal source of stratospheric HyO [e.g., Remsberg et al.,
1984]. The oxidation reactions produce approximately two
molecules of H,O for each one of CHy. Empirical studies of
HALOE and other data sets have shown that the quantity D =
H,0 + 2CH, is an approximately conserved parameter throughout
much of the stratosphere [Remsberg et al., 1984; Dessler et al.,
1994; Remsberg et al., 1996]. We thus examine the variability of
CH4, H;O and H2O + 2CH4

Figure 3 shows time series of hemispheric mean CH,
anomalies in the lower stratosphere (31 mb, ~ 24 km) and near
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Figure 2. Time series of 10.7 cm solar flux, illustrating the 11-
year solar cycle. The dashed lines indicate the time period
covered by the trend calculations here (1993-97).
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Figure 3. Time series of hemispheric CH, anomalies at 0.5 mb
(top) and 32 mb (bottom). Solid and open circles denote NH and
SH data, respectively. Straight lines are the regression-fit trends
over 1993-97. The right hand axes indicate the approximate
percentage variations, calculated as a fraction of the long-term
means.

the stratopause (0.5 mb, ~ 53 km). The lower stratosphere
anomalies show monotonic increase in time. In the upper
stratosphere, CH, shows a clear decrease during 1992-1996, and
then a reversal of the downward trends during 1997-1998; the
most recent values are similar to those at the beginning of the
record. The linear trends account for a large fraction of variance
in these data during 1993-1997. Figure 4a shows a meridional
cross section of trends in CH, over 1993-1997 in units of percent
per year (relative to the local time mean values). Figures 4b and
4c show corresponding trend estimates for HO and H,0 + 2CH,,
respectively.  Positive CH, trends are seen in Figure 4a
throughout the lower stratosphere with magnitude ~ + 1% per
year; the global mean trend over 100-22 mb is 0.86 + 0.40% per
year (2 standard error uncertainty), and this is in reasonable
agreement with measured CH,4 trends in the troposphere of
~ 0.7% per year calculated from data over 1983-1992 by
Dlugokencky et al. [1994]. Significant negative CH, trends are
observed in the upper stratosphere (= 40 km) in Figure 4a, with
maximum values near the stratopause of -3 to —=5% per year. A
mixed CH, trend signal is observed in Figure 4a in the middle
stratosphere (~ 30-40 km), with negative trends in the NH and
weak or positive trends in the SH (with a relative maximum over
10°-30° near 40 km). This NH-SH asymmetry is also observed in
the ~ 20-30 km layer, with positive NH trends that are larger and
more significant than those in the SH.

Time series of hemispheric mean H,O anomalies at 10 mb and
1 mb are shown in Figure 5. These data show an overall increase
throughout 1991-1996 but more constant values (or decreasing at
1 mb) for the more recent observations. Note the strong
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anticorrelation between the 1-mb H,0 anomalies in Figure 5 and
the 0.5-mb CH4 data in Figure 3; these are ratioed such that H)O
+ 2CH, is approximately constant since 1996. The increase in
stratospheric H)O in HALOE data prior to 1997 has been
reported by Nedoluha et al.[1998a], who find similar upward
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Figure 4. Meridional cross sections of linear trends in (a) CHy,
(b) HyO, and (c¢) H,0 + 2CH,. Trends are expressed in terms of
local percentages (with respect to the long term means). Shading
indicates the trends are statistically significant at the 95% (two
sigma) level.
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Figure 5. Time series of hemispheric H,O anomalies at 1 mb
(top) and 10 mb (bottom), for NH (solid) and SH (open circles)
observations, along with the 1993-97 trend fits.

trends in  ground-based  millimeter-wave  spectrometer
measurements. Figure 4b shows the HALOE H,O trends over
1993-1997 expressed in percent per year of the time-mean
background. Positive trends of order 1-2% per year are found
over most of the stratosphere above approximately 25 km;
_ significant trends are not found below 20 km. Oltmans and
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Hofmann [1995] report significant trends in H,O during 1981-
1994 at Boulder, Colorado (40°N) with magnitude ~ 0.4-0.8%
per year over altitudes of 16-24 km, but significant trends are not
seen in the zonal average HALOE v18 data (during 1993-1997)
over these altitudes. As a note, the HALOE v18 H,0 data below
20 km are less reliable than those above this altitude because of
instrumental pointing uncertainties. '

There is some spatial structure of note in the H,O trends,
namely a minimum over 0°-30°S near 40 km, and an NH-SH
asymmetry over ~ 23-30 km (with stronger positive trends in the
SH than in the NH). These spatial patterns have strong
correspondence to structure seen in the CHy trends (Figure 4a),
such that their effects nearly cancel when trends in the quantity
H,0 + 2CH, are calculated. As shown in Figure 4c, these trends
exhibit less spatial structure than either CH, or H;O alone, with
near constant trends (~ 1% per year) over the entire altitude range
20-55 km.

The altitude structure of the global mean trends in CHy, H,0,
and H,O + 2CH, are shown in Figure 6. Here the trends are
expressed in units of mixing ratio tendencies (ppmv per year).
This illustrates the relatively small contribution of the CHy trends
to the total H,0O + 2CH,, particularly in the upper stratosphere
(although the percentage CH, trends are large in this region
because of small background CH, levels). Physically, this means
that the negative CH, trends in the upper stratosphere do not
contribute a large fraction of the observed increase in HyO via
oxidation, but rather there is an independent mechanism for the
stratospheric H,O increases (as noted by Nedoluha et al. [1998a]
and Evans et al. [1998]).

The application of EOF analysis to the HALOE CH,, H,0,
and H,O + 2CH, anomalies results in one predominant space-
time variance structure (or mode) for each quantity (termed
EOF1), and these each turn out to be closely related to the linear
trends. Figure 7 shows the spatial structure of EOF1 for CH, and
H,0, and comparison with the respective trends (Figure 4) shows
similar spatial patterns in both cases. The EOF1 spatial structure
for the quantity H,0 + 2CH, (not shown) shows a broad spatial
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Figure 6. Altitude profiles of near global (60°N-S) trends in CH,, H,O and H,O + 2CH,, expressed in terms of
ppmv per year. Error bars show the respective two sigma uncertainties at 32 and 1 mb.
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Figure 7. Meridional cross sections of the spatial structure of
EOF1 for anomaly time series of CHy (top) and H,O (bottom).
The percentage of total variance explained by EOF1 is indicated
above each panel. Units are arbitrary.

structure spanning much of the globe over ~ 20-50 km (similar to
the trends in Figure 4c). Of greatest importance here is the time
projection of the respective EOF1 patterns, which are shown in
Figure 8; these illustrate the actual time development of the
global anomalies projected onto the spatial EOF1 structures and
effectively give globally integrated estimates of time variability.
The time series in Figure 8 include both the monthly projections
(smoothed with a 3-month running mean) and a low-frequency
smoothed version. The CH, time series in Figure 8 are separated
for variations in the lower and upper stratosphere (below 10 mb
and above 6.8 mb, respectively) to isolate these regions.

The lower stratosphere CHy time series in Figure 8 shows an
overall increase in time; depending on interpretation, there is
either a local maximum during 1995-1996 or a decline in growth
rate after 1996. This time variation is similar to that observed in
tropospheric CH,, where a local maximum was observed during
1991-1992 [Dlugokencky et al., 1998]; this 4-year time lag
between local maxima in the troposphere and stratosphere could
be consistent with the “age” of air in the lower stratosphere [Hall
and Waugh, 1997; Waugh et al., 1997]. For the other three time
series in Figure 8, there is a clear change in the sense of the
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trends before and after 1996. CH, and H,0O variations in the
upper stratosphere show the most dramatic changes (see Figures
3-5), with the earlier trends being reversed during 1997-1998.
The slight decrease in global H,O after 1996 approximately
balances the increasing CHy (in the upper stratosphere), such that
the quantity H,O + 2CH, integrated over the stratosphere is very
nearly constant after 1996.

4.2, HF and HCI

Stratospheric HF and HCIl are similar in that they both
originate primarily as the photochemical breakdown products of
tropospheric chlorofluorocarbons (CFCs). HF has no significant
natural sources, while about 80% of stratospheric HCI originates
from CFCs [WMO, 1989]. Trends in stratospheric HF and HCl
from HALOE measurements have been studied by Russell et al.
[1996a], who conclude that trends near the stratopause (~ 55 km)
are consistent with known tropospheric CFC increases. We
extend the analyses by examining structure of the trends in the
latitude-height plane and the detailed time evolution through
1998.

Figure 9 shows time series of hemispheric mean anomalies in
HF and HCl at 1 mb. Both constituents show monotonic
increases throughout most of the HALOE record, with rapid
increases prior to 1996 and a flattening of the trends during
1997-1998 (with suggestion of decreasing values of HCI in
1998). Meridional cross sections of the 1993-1997 trends in HF
and HCl are displayed in Figure 10, showing statistically
significant trends throughout almost the entire stratosphere.
Similar overall features are seen in the HF and HCI trends in
Figure 10, namely (1) an increase in the trends with altitude and
(2) a relative minimum in trends in the tropics below ~ 35 km.
The structure of these trends is similar to the background HF and
HCI structures and also is qualitatively similar to the “age” of
stratospheric air [e.g., Hall and Waugh, 1997, Waugh et al.,
1997], with largest trends corresponding to the oldest air. This is
a reasonable result: since the HF and HCI trends are primarily
due to the photochemical breakdown of tropospheric CFCs, air
with older photochemical age will possess larger trends (and also
largest absolute background amounts). There is an NH-SH
asymmetry in the HF trends in Figure 10 over altitudes of ~ 30-
40 km, with larger trends in the NH (also seen to a lesser degree
in HCI); this is similar to the spatial structure seen in the CH4 and
H,O trends in Figure 4. The fact that a similar asymmetry is
observed in all the long-lived trace constituents in this region
suggests it is a robust signal, likely due to low-frequency
variations in atmospheric transport.

EOF analysis of the global HF and HC1 anomalies results in a
predominant mode for each species with spatial structures that
strongly resemble the trend patterns shown in Figure 10. The
time variation of the EOF1 patterns are shown in Figure 11, and
here the projections have only been calculated above 35 km in
order to accentuate the upper stratospheric variations. The time
variations for HF and HCI shown in Figure 11 reveal very linear
increases through 1996, with weaker trends afterward for HF near
the stratopause (consistent with the findings of Considine et al.
[1997]). The change in HCI trends occurs about one year later
than HF in Figure 11, after which a downward tendency is
inferred (see also Figure 9). It is interesting that the temporal
evolutions of HF and HCl in Figure 11 are qualitatively similar to
those of CH, and H,O shown in Figure 8, that is, there is a
decrease in the trend of each species after 1996. Considine et al.
[1997] attribute the change in HF trend to a leveling off of
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Figure 8. Time series of the projection of global anomalies onto EOF1 spatial structures (shown in Figure 7 for
CH,4 and H,0O). Left panels show CH, projections above 6.8 mb (top) and below 10 mb (bottom). Upper right

panel is the global H,O projection, and lower right panel is for H,O + 2CH,.

The thin lines show monthly

projections, while the heavy lines are temporally smoothed versions. Dashed lines show the continuation of linear

trends calculated over 1993-95.

tropospheric CFCs [Montzka et al., 1996], which is a reasonable
assumption; however, the similarly timed changes in CH4 and
H,O trends suggest other dynamical or chemical processes may
influence HF and HCI.

4.3. CIO

Chlorine monoxide (ClO) is the predominant form of reactive
chlorine that destroys ozone. In the upper stratosphere (near 40
km), ClO is also the second-largest chlorine-containing species,
with mixing ratios approximately 20% those of HCI. The
primary source of ClO in the stratosphere is anthropogenic CFCs,
with approximately 20% of the current amount due to “natural”
chlorine, as discussed for HCl above. Accordingly, it is
anticipated that stratospheric C1O will have increased during the
UARS time frame.

The trends calculated from the MLS ClO data are rather
sensitive to the time period chosen for the analysis. Siskind et al.
[1998] present MLS CIO trends derived over 1991-1997 and
1992-1995 (from the analyses of L. Froidevaux et al., manuscript
in preparation, 1998) that are a factor of 2 or more larger than the
results shown here. This highlights the variable nature of trends
derived from short-time records. ‘Our results calculated over
1993-1997 are intended to be directly comparable to the other
UARS trends shown here.

Calculation of ClO trends over 1993-1997 shows almost no
regions of local statistical significance at particular latitudes and
heights. However, global means do show significant trends.
Time series of hemispheric mean ClO data at 4.6 and 2.2 mb are
shown in Figure 12, showing the full variability (these time series
have not been deseasonalized or had QBO effects removed).
Data at 4.6 mb show a statistically significant trend of 0.015 £
0.010 (20 uncertainty) ppmv per year, and this is the only
altitude where the 1993-1997 trend is significant. The time series
at 2.2 mb in Figure 12 shows a series of low values during 1992,
so that it is evident the trends over 1992-1995 [Siskind et al.,
1998] will be much larger than those over 1993-1997. .

The vertical profiles of time mean CIO and HCI are shown in
Figure 13, based on MLS and HALOE data averaged over 60°N-
S. Also shown here are vertical profiles of the global trends
expressed in mixing ratio (ppbv/year) and trends calculated as
percentage values. The global HCI trends are significant at all
altitudes, whereas CIO trends are only significant at 4.6 mb. The
mixing ratio trends in ClIO and HCI in the upper stratosphere
(near 35-45 km) are similar in proportion to the background
values so that the percentage trends are about the same (~ 2-3%
per year). Because ClO and HCI trends in the upper stratosphere
are both tied to tropospheric CFC increases, the approximately
constant percentage increases in both constituents provides a
consistency check on each individual species. Furthermore, since
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Figure 9. Time series of hemispheric (top) HF and (bottom) HCI

anomalies at 1 mb for NH (solid circles) and SH (open circles)
data, along with the 1993-1997 trends.

Russell et al. [1996a] have demonstrated that the stratospheric
HCI trends are consistent with tropospheric CFC trends, the
results in Figure 13 suggest that this consistency extends to
stratospheric ClO trends also.

4.4. Ozone

The HALOE and MLS data provide two independent
measurements of ozone trends over the UARS lifetime. These
data complement each other in terms of measurement technique
(solar occultation versus microwave emission) and space-time
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sampling. Figure 14 shows meridional cross sections of trends in
ozone from HALOE and MLS over 1993-1997 plotted in units of
percent per year (with respect to local background values); note
the greater altitude range and higher vertical resolution available
with the HALOE results. The HALOE trends show significant
negative trends near 30-35 km (near the mixing ratio maximum)
over 30°N-S with maximum values of ~ -1% per year.
Significant positive trends are observed below this region (with
maximum at the 32-mb level) centered near the equator (~ 10°N-
S). Negative trends of order —0.5% per year are also seen in the
HALOE data over middle to high latitudes in the upper
stratosphere, but these are not significant.

The MLS trends show significant negative trends in the
tropical middle stratosphere (over 30-40 km) reasonably similar
in spatial structure and magnitude (~ -1% per year) to the
HALOE trends but extending to higher altitudes. MLS also
shows positive trends at lower altitudes in the tropics in
reasonable agreement with HALOE. Note that there is a
difference in vertical sampling between the HALOE and MLS
data (data levels are indicated on the right-hand axes in Figure
14), and this may influence differences in detail for trends in
these data.

Figure 15 shows trends derived from SAGE II ozone data for
the same period (1993-1997) as the HALOE and MLS
calculations in Figure 14. The SAGE II trends look reasonably
similar overall to the HALOE and MLS results. The most
distinctive feature in the SAGE II data.is the positive tropical
trends near 25 km, as seen also in the HALOE and MLS data.
The negative tropical trends near 30-35 km observed in HALOE
and MLS data are weaker and not significant in the SAGE II
results (except near 20°N).

Figure 16 compares time series of the tropical ozone
anomalies from HALOE, MLS, and SAGE II (the latter spanning
late 1984-1997) for the 10- and 32-mb levels (interpolated from
the 46- and 22-mb levels for MLS data). All three data sets show
reasonable agreement for low-frequency variations at 32 mb
during 1992-1997. Comparison with the longer record of SAGE
I data (back to 1984) suggests there was a substantial drop in
ozone at 32 mb following the eruption of Mt. Pinatubo in 1991
followed by a slow return to prevolcanic ozone levels by
approximately 1996. The time series at 10 mb in Figure 16
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Figure 10. Meridional cross sections of trends in (left) HF and (right) HCI. Units are ppbv per year in both panels,

and shading denotes 95% statistical significance.



3719

EOF1 time projection HF
4 T T T T T T T T T T T T T T
21 _
of ]
-2F _
T%1 92 93 94 95 96 97 98 99
EOF1 time projection HCI
4 T T T T T T T T T T T T T T T
2r 1
or 1
-2+ N
T%1 92 93 94 95 96 97 98 99
YEAR

Figure 11. Time series of the projection of EOF1 for (top) HF
and (bottom) HCI calculated over 35-55 km. The spatial patterns
of the respective EOFs are not shown, but are similar to.the
trends in Figure 10.

shows clear negative trends in HALOE and MLS data, but such a
trend is less evident in the SAGE II measurements.

Overall, the HALOE, MLS, and SAGE II ozone trends over
1993-1997 show reasonably similar spatial structures (Figures 14
and 15). However, these short-term ozone variations are very
different from trends derived from longer time records of SAGE I
and II data (1979-1996) or SAGE II data alone (1984-1996)
[SPARC, 1998]. These decadal-scale SAGE trends highlight
significant ozone decreases in the upper stratosphere (maximum
near 40-45 km) outside of the tropics, with magnitude of order
—0.6% to —0.8% per year. Similar trends are also found in
Umkehr and Solar Backscatter Ultraviolet (SBUV/(2)) data by
SPARC [1998]. Negative trends of this magnitude are seen in the
high-latitude upper stratosphere in the shorter-term HALOE,
MLS, and SAGE II records (Figures 14 and 15), but there is not
strong spatial coherence or statistical significance. ~ More
importantly, the strongest trend signals seen in Figures 14 and 15
of tropical ozone loss near 30-35 km and increases below are not
found in the longer SAGE records. The 32-mb SAGE II time
series seen in Figure 16 suggests large and long-lasting effects on

RANDEL ET AL.: TRENDS DERIVED FROM UARS MEASUREMENTS

tropical ozone related to the Mt. Pinatubo eruption in 1991, and
this is one obvious mechanism for trends over 1993-1997 being
very different from longer records (back to 1979). These
demonstrated differences in ozone trends caution that the changes
observed in other constituents during the UARS lifetime are not
necessarily representative of decadal time scales.

4.5. NO2

Nitrogen dioxide (NO,) is an important component of the
reactive nitrogen budget in the stratosphere. NO, has a strong
diurnal variation, and HALOE provides independent sunrise and
sunset measurements, which are analyzed Separately here. The
mean values of NO, peak in the middle stratosphere (~ 35 km),
with sunset values approximately twice as large as those at
sunrise [Nevison et al., 1996].

Meridional cross sections of the trends in HALOE sunrise
and sunset NO, data are shown in Figure 17, and vertical profiles
of the trends over 30°N-S are shown in Figure 18. Both sunrise
and sunset observations show significant positive trends with
maxima in the tropics over 25-35 km (slightly below the mixing
ratio peaks; see Figure 18). Statistical significance for the 30°N-
S trends extends over 20-40 km (Figure 18). The sunset trends
(measured in mixing ratio) are approximately twice as large as
those at sunrise, such that the percentage increases (also shown in
Figure 18) are similar at sunrise and sunset (~ 3-4% per year near
30 km and larger values below). Time series of sunset NO,
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Figure 12. Time series of hemispheric mean ClO data at (top)
2.2 mb and (bottom) 4.6 mb. Solid and open circles denote NH
and SH data, respectively. These time series have not been
deseasonalized, but show the full variability. Lines show the
global trend fits over 1993-1997.
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Figure 13. (left) Vertical profiles of ClO and HCI time mean background structures and (middle and right) trends
for data averaged over 60°N-S. Trends are shown in both mixing ratio (middle) and percentage (right) values. The

error bars on the middle curves indicate 2 G uncertainties.

anomalies at 14.6 mb (~ 30 km) averaged over 30°N-S are shown
in Figure 19, showing a clear upward trend over 1993-1997.

The spatial maximum in NO, trends (Figure 17)
approximately overlaps the region of strongest negative ozone
trends in the tropical middle stratosphere (near 30 km; see Figure
14). In this altitude region, ozone catalytic destruction is
dominated by NOy [e.g., Osterman et al., 1997], so a strong
anticorrelation between ozone and NO, is expected. The space-
time character of this anticorrelation is explored further by a
singular value decomposition (SVD) analysis [see Wallace et al.,
1992]; this is analogous to an EOF analysis for one variable, but
searches for optimal modes of covariance between two fields (O

HALOE ozone trend (%/year)
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Figure 14. Meridional cross sections of ozone trends dur
MLS data. Values are shown in local percent per year

and sunset NO, anomalies in this instance). The results (shown
in Figure 20) show spatially correlated maxima in the tropical
middle stratosphere with O3 and NO, out of phase near 30 km
(and a secondary ozone maximum centered near 24 km in phase
with NO,); these patterns are similar to the linear trends in
Figures 14-17. The time projections of the O3 and NO,
anomalies in Figure 20 show substantial high-frequency
variability; however, the temporally smoothed time series suggest
a change in the slope in the latter part of the record (with
strongest trends prior to 1996). These time variations are
qualitatively similar to those observed for CHs, H,O, HF, and
HCI above (Figures 8-11).
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ing 1993-1997 calculated from (left) HALOE and (right)
(relative to the long-term means), and shading denotes

statistical significance. Trends are only shown over regions where the background ozone is greater than 1 ppmv.
Tick marks on the right axes denote data levels; note the MLS data only cover 46-1 mb and have half the vertical

resolution of the HALOE data.



RANDEL ET AL.: TRENDS DERIVED FROM UARS MEASUREMENTS

SAGEIl ozone trend (%/year)
1993-97
S0r ER
~ 0
£ g
E 40t 3
- L
g :
= 110 o
T 3or 0
[a
30
201
-1 1 1 1 100
60S 30S 0 30N 60N
Latitude

Figure 15. Ozone trends during 1993-1997 calculated from
SAGE II data. Contour interval is 0.5 % per year, and shading
denotes statistical significance.
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Figure 16. Time series of tropical ozone anomalies from SAGE
I, HALOE and MLS data. (top) Data at 10 mb over 30°N-S and
(bottom) at 32 mb over 10°N-S. The SAGE II data are expressed
in terms of ozone density (left axes) and HALOE and MLS in
terms of mixing ratio (right axes). The time series are offset for
clarity.
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Figure 17. Meridional cross sections of trends in HALOE NO,
data for measurements made at (top) sunrise and (bottom) sunset.
Contour interval in both panels is 0.05 ppbv per year, and
shading denotes statistically significant trends.
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4.6. HNO3

Nitric acid (HNO3) also contributes a substantial fraction of
the stratospheric odd nitrogen budget; it is the dominant
component in the lower stratosphere. Figure 21 shows trends in
the MLS HNO; data during 1993-1997 (recall that these data are
only retrieved on pressure levels of 100, 46, and 22 mb).
Significant negative trends are observed in HNOj in both
hemispheres outside of the tropics with somewhat larger trends in
the NH. The trends of order —0.2 ppbv per year in Figure 21
correspond to percentage variations of ~ -2% per year over these
five years. Figure 22 shows time series of HNO; hemispheric
mean anomalies at 46 mb, illustrating the downward trend in
both hemispheres.  There are also relatively high HNOj
anomalies in both hemispheres during 1992, probably due to the
influence of Mt. Pinatubo aerosols [see Koike et al., 1994; David
et al., 1994; Coffey, 1996]. Figure 23 shows time series of
aerosol surface area (which is proportional to the heterogeneous
chemical reaction probability) in the lower stratosphere derived
from SAGE II measurements (Thomason et al. [1997], updated
through 1997). These data quantify the very large aerosol surface
area in 1992 (due to Pinatubo), corresponding to the high HNO;
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Figure 18. Vertical profiles of HALOE sunrise and sunset NO, (left) time means and (middle and right) trends for
data averaged over 30°N-S. Trends are shown in both mixing ratio (middle) and percentage (right) values. Error
bars on the sunset trends in the middle panel denote 2 ¢ uncertainties.

anomalies in Figure 22. For later discussion, note the aerosol
surface area returns to relatively small values by late 1994, with
small changes since that time (although the amount of aerosol
continues to slowly decline).

The main source of HNO; in the stratosphere is NO, + OH —
HNO;, and NO, is also a product of HNO; photolysis (HNO; +
hv — OH + NQ,). Because of this coupling, it is interesting to
compare the absolute amount of increase in NO, observed by
HALOE with the observed decrease in HNO3; measured by MLS.
To that end, we calculate the global mean column integrals of the
anomalies in each species according to

(;O:(ivA_J TdZcostdilp@.] )

w 2.cosodd

Here p(z) is the background atmospheric density (p = p, exp(-z/7
km)), x'(¢,z) is the constituent anomaly, N4 is Avogadro’s
number, and W is the respective molecular weight for NO, (46)
or HNO; (63). Vertical integrals are calculated over 100-4.6 mb
for sunset NO, (the region of largest trends in Figure 17) and
100-22 mb for HNO;. The objective is to compare as directly as

HALOE NO2 anomalies 14mb
8 [ ¥ T T T A T A T A L A T - T T : 17
5 F 1 1
> r -+
_g_ 2 - 4 g
a -1t 1 29
I ()]
. -4 - 1 -89
-7 F {-15
-10 L S S N R S S S S -22
91 92 93 94 95 96 97 98 99

YEAR

Figure 19. Time series of NO, sunset anomalies at 14 mb for
data averaged over 30°N-S.

possible changes in the total stratospheric burdens of NO, and
HNO;. Time series of these global column anomalies are shown
in Figure 24, showing that the absolute amount of HNO; decrease
over 1993-1997 is about a factor of 2 larger than the NO,
increase: the corresponding 1993-1997 trends are — 0.20 + 0.04
for HNOj; and + 0.12 + 0.02 for NO, (with units of 104/cm? per
year). The larger absolute HNOj trends are principally the result
of their occurring in the lower stratosphere; there is
approximately a factor of 5 density variation between the HNO;
maxima in Figure 21 and the NO, maxima in Figure 17. These
results suggest that there is a partial cancellation in the changing
amounts of NO, and HNOj; in the stratosphere during 1993-1997,
similar to compensating changes observed after Mt. Pinatubo
[Koike et al., 1994; Coffey, 1996]. However, the HNO; column
trends are still about a factor of 2 larger than those in NO,. This
difference could be due to several reasons, such as (1) positive
HNO;y trends outside the region sampled by MLS, such that the
column HNO; and NO, trends more nearly balance; (2) unknown
instrument trend uncertainties; or (3) an additional mechanism .
for depleting HNO; in the lower stratosphere.

5. Summary and Discussion

The relatively long record of stratospheric constituent
observations from UARS shows evidence of monotonic changes
(trends) in every constituent over at least some regions of the
stratosphere. In fact, the trend component is usually apparent to
the eye in time series of anomalies (especially if the seasonal
cycle and QBO variations are removed previously). Our
objective here has been to describe the space-time characteristics
of these trends in all the constituents observed by the HALOE
and MLS instruments and to search for coherent behavior among
the different species. The most important results are summarized
and discussed here.

Methane (CH,) increased in the lower stratosphere during
1993-1997 at a rate of 0.86 + 0.40% per year, consistent with
observed tropospheric increases (prior to 1992). CH, decreased
in the upper stratosphere at a rate of ~ -4 £ 1.5% per year during
1993-1997, but recent data for 1997-1998 show a reversal of



RANDEL ET AL.: TRENDS DERIVED FROM UARS MEASUREMENTS

HALOE 03 SVD1 77.8%

50F .

. 11
~ el
€ £
40t 3~

[ ]
-+~ -
5 2
o4 410 »n
[+
T 30r 2
a
30
20 |
L . — . 100
60S 30S 0 30N 60N
Latitude
HALOE NO2 SVD1 77.8%
50+
—_ a
: E
40 °
Y “
Ny 3
o @
T 30r ¢
o
20}
- 1 L 1
60S 30S 0 30N 60N
Latitude

3723

SVD1 fime projection 03
3 , . , . , . —
2-
1_
0..
_1-
_2.
_.3-
"1 92 93 94 95 96 97 98 99
year
SVD1 time projection NO2
7 , . , , , . :
6-
5-
4-
3-
2_
1..
0..
...1-
_2_
_3\.
-4}
_.5-
_6.
-7 ! I L 1 1 L 1
91 92 93 94 95 96 97 98 99
year

Figure 20. (left) Spatial patterns and (right) time projections for the leading mode of covariance between HALOE
ozone and sunset NO, residuals. Ozone structure is on top and NO, on bottom. The dashed lines in the right-hand
panels show the continuation of linear trends calculated over 1993-1995.

these earlier trends. The mechanism for the upper stratospheric
decrease for the earlier period is not well understood. One
possible contribution is increasing chemical destruction due to
chlorine chemistry [see Lary and Toumi, 1997], although
idealized model results suggests this may only account for ~ -1 to
—2% per year (C. Granier, personal communication, 1997).
Nedoluha et al. [1998b] have suggested a large perturbation in
stratospheric circulation may also have contributed to this
decrease, and the transient nature of the observed trends is
consistent with such an impulsive forcing. One obvious
mechanism for such a change is the Mt. Pinatubo volcanic
eruption in June 1991. Idealized model studies [e.g., Brasseur
and Granier, 1992; Rosenfield et al., 1997] have suggested an
increase in tropical vertical velocity by 10-20% following the
eruption, and more detailed aerosol heating calculations by
Eluszkiewicz et al. [1997] suggest possibly larger perturbations.
However, these calculations all suggest that the Pinatubo
circulation anomaly decayed to small values by the end of 1992,
whereas the upper stratospheric CH, anomalies (Figure 3) show
monotonic decreases until approximately 1996.

HALOE data show increases in water vapor throughout most
of the stratosphere at a rate of ~ 1.5% per year during 1993-1997.
These trends appear to flatten or change sign (in the upper

stratosphere) after 1996, similar to the CHy time series. The
magnitude of H,O increase during 1993-1997 is much larger than
can be accounted for by methane oxidation (Figure 6; see also
Nedoluha et al. [1998a)). The variable component of
stratospheric total hydrogen (H,0O + 2CH,) shows significant
increases (~ 1% per year) prior to 1996, but more constant values
after 1996. The trends prior to 1997 suggest some mechanism
for increased H,O transport into the stratosphere. The main
mechanism for water vapor transport into the stratosphere is via
the mean upward circulation in the tropics [e.g., Mote et al,
1996], although the details of where and when the transport
occurs are poorly understood at present. Nedoluha et al. [1998a)
have suggested that a temperature increase of ~ 0.1 K per year
near the tropical tropopause could account for the observed
stratosphere H,O trends, and small changes in tropopause
pressure could also influence short-term trends. Although there
is not evidence for warming trends in the tropical lower

~ stratosphere from long-term radiosonde or satellite data [WMO,

1998], there is less detailed information available at present on
variability of the global tropical tropopause.

Two new pieces of information regarding CH, and H,O trends
arise from this study. First, there are clear spatial structures in
the CH4 and Hy)O trends in the middle stratosphere (Figure 4)
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Figure 21. Meridional cross section of linear trends in MLS
HNO; data. Contour interval is 0.1 ppbv per year, and shading
denotes statistically significant trends. Note data are only
available over 100-22 mb.
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with an asymmetry between the hemispheres. These patterns are
mirrored in both CH4 and H,O, such that they cancel in the
quantity H,O + 2CH, (Figure 4). Because the conversion of CHy
into H,O depends on the residence time in the stratosphere, these
spatial patterns are evidence of low-frequency variations in
atmospheric transport in the middle stratosphere (such that the air
is somewhat older in the Northern Hemisphere (NH) and younger
in the Southern Hemisphere (SH) over 30-40 km). Similar
spatial structures (and implications) are derived from the HF
trends (Figure 10).

A second important point is that time variations in the trends
of H)O and CH, reveal an apparent discontinuity near the
beginning of 1996 (Figure 8) with substantially weaker (or
reversed) trends after this time. A qualitatively similar time
variation is observed in the HF and HCI time series (Figure 11)
and is also suggested in Oy and NO,data (Figure 20).

The appearance of a similar changing trend in many
constituents is suggestive of some true atmospheric change,
although only speculation on the mechanism(s) can be offered.
The evidence for changing trends in several long-lived
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Figure 22. Time series of hemispheric anomalies in HNO; data
at 46 mb, for NH (solid) and SH (open circles) data. Straight line
is the 1993-1997 trend fit.

constituents argues for some corresponding change in the large-
scale stratospheric circulation. An impulsive response to the Mt.
Pinatubo eruption in June 1991 is one obvious impact to the
stratospheric system, but model calculations [e.g., Rosenfield et
al., 1997] and stratospheric temperature observations [Randel et
al.,, 1995; Angell, 1997] suggest that much of the Pinatubo
impact decayed to background values within 1-2 years. One
possibility is that the impulsive Pinatubo change could produce
radiative-chemical couplings which somehow extend global
effects until 1996. One mechanism for such coupling could be
ozone in the tropical lower stratosphere, which shows substantial
changes after Pinatubo, and a response time of order 4 years to
return to prevolcanic equilibrium (Figure 16). Because ozone
radiative effects influence tropical upwelling, the observed ozone
changes could modulate stratospheric circulation on this same
timescale.  Another possible contributor is solar variability:
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Figure 23. Time series of aerosol surface area at 20.5 km in the NH and SH midlatitudes (35°-45°N-S) derived
from SAGE II measurements. These data are an update of the time series shown by Thomason et al. [1997, Figure
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Figure 24. Time series of global column integrals (equation 1) for anomalies in MLS HNO; and HALOE sunset

NO,. Straight lines are the 1993-1997 trend fits.

although the solar cycle is at a relative minimum during 1993-
1997 careful inspection of Figure 2 shows a decline in implied
solar forcing during 1993-1995 with a flattening in early 1996
(similar to the constituent variations) and an increase in 1998.
However, large stratospheric circulation changes are not
anticipated from these relatively small solar variations, so we do
not expect this to be an important effect.

The spatial structure of HF and HCI trends (Figure 10) are
both similar to patterns of their respective time mean
backgrounds, with maxima in the upper stratosphere and minima
in the tropical lower-middle stratosphere. This is reasonable, as
the presence of these constituents in the stratosphere is in fact
due to trend-like growth (related to tropospheric CFCs). The
trends maximize in the upper stratosphere because that is where
the photochemical CFC breakdown is maximum [see Russell et
al., 1996a]. These trend (and background) patterns are both
similar to patterns of the “age” of stratospheric air [e.g., Hall and
Waugh, 1997; Waugh et al., 1997] with smaller values in the
tropics reflecting the upwelling of relatively young, less
photochemically aged air. The HF trends, and to a lesser degree
those for HCl, show both the NH-SH asymmetries over 30-40
km, and a decrease in the trend rates after 1996, observed in the
H,0 and CH, trends. Considine et al. [1997] have attributed the
decreasing HF trends near the stratopause to the observed
decrease in tropospheric CFCs [Montzka et al., 1996] with a time
lag of ~ 4 years. Although this is a reasonable conclusion, the
observation of similar temporal behavior for the long-lived
constituents of H;O and CH, (whose sources are presumably
independent of tropospheric CFCs), and for O3 and NO,, suggests
there may be variations in transport or chemistry additionally
affecting the HF and HCI trends.

The MLS ClO data show significant positive trends in the
upper stratosphere for large area means. The magnitude of the
calculated CIO trends varies substantially depending on the time
period chosen: the results shown here (over 1993-1997) are
substantially smaller than those shown by Siskind et al. [1998]
for the periods 1992-1995 and 1991-1997. Our 1993-1997 CIO

trends show a percentage rate of increase that is very similar to
that observed for HCI during the same time period (~ 2-3% per
year). This is a reasonable result, assuming that both the CiO and
HCI trends originate from tropospheric CFCs [e.g., Russell et al.,
1996a), although Siskind et al. [1998] argue that differences in
the HCI and ClO trend rates might be expected because of
decreasing CHy in the upper stratosphere. Although the global
mean ClO trends are significant at the 4.6 mb level, there is little
information that can be derived from the spatial structure of the
ClO trends; there is a large degree of variability (either
atmospheric or instrumental) and little statistical significance for
local CIO trends.

Ozone trends calculated from the HALOE and MLS data over
1993-1997 show reasonably similar results (Figure 14) with
negative trends of order ~ -1% per year in the tropical middle
stratosphere, and increases in the lower stratosphere (near 25 km)
of 1-2% per year. Direct comparison with SAGE II trends over
1993-97 shows reasonable agreement, particularly in the tropical
lower stratosphere, and the similar findings from three
independent measurement systems gives confidence in these
results. Comparison with the longer record of SAGE II data
(back to 1984) suggests that the lower stratospheric ozone trends
over 1993-1997 are strongly influenced by a prolonged recovery
to Mt. Pinatubo in 1991: the time series at 32 mb (Figure 16)
suggests the prevolcanic equilibrium is not reached until ~ 1996.
This is probably the main reason why the ozone trends over
1993-1997 are fundamentally different in character to the longer-
term trends (~1979-1996) presented in the recent assessments by
SPARC [1998] and WMO [1998]. These clear differences
caution against interpretation of other constituent trends from
UARS as representative of longer-term (decadal) trends.

The mechanism(s) for the extended effects of Mt. Pinatubo on
tropical ozone near 25 km are not known. The ozone equilibrium
in this region is primarily a balance between photochemical
production and upward transport [e.g., Avallone and Prather,
1996] such that increased circulation corresponds to relatively
low ozone. The slow return to prevolcanic equilibrium may be
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evidence for Pinatubo circulation effects beyond the 1-2 year
timescale derived in model or diagnostic calculations [Rosenfield
et al., 1997; Eluszkiewicz et al., 1997]. Other possibilities
include a self-healing effect associated with observed tropical
ozone loss above 28 km (a decrease in upper level ozone
allowing penetration of more ultraviolet light, leading to
enhanced ozone production) or photochemical ozone loss
associated with Pinatubo aerosols.

The observed ozone decrease in the tropical middle
stratosphere over ~ 28-35 km is likely associated with spatially
coherent increases in NO, observed in this region. Both sunrise
and sunset NO, observations from HALOE show statistically
significant increases over ~ 20-40 km. The trends in mixing ratio
maximize near 30-32 km, slightly below the peak in background
NO, (which is near 35 km). The spatial out-of-phase coincidence
between trends in Oy and NO, (in the tropics over 28-35 km) is
physically consistent with the dominant control of NOy catalytic
cycles for ozone destruction in this region [see, e.g., Osterman et
al., 1997]. The mechanism(s) behind the observed NO, increases
are not known; Nedoluha et al. [1998b] suggest a combination of
transport and solar cycle effects (although there are relatively
small solar variations during 1993-1997). The percentage
increases in NO, vary from ~ 2 to 10% per year over 25-35 km
(decreasing with altitude; see Figure 18); these values are much
larger than the ~ 0.3% per year increase observed in tropospheric
N,O [WMO, 1998], so the stratospheric increase is not simply
following the troposphere. An intriguing piece of the puzzle is
that the coherent O3- NO, variations exhibit an apparent flattening
of the trend after 1996 (Figure 20), similar to the time variations
seen in other constituents here.

The MLS HNO; data show strong changes over the 1991-
1997 record. The time series show a rapid increase from 1991 to
early 1992, followed by a relatively strong decrease during late
1992, and this is similar to changes observed in ground-based
column HNOj; measurements [Koike et al., 1994], which are
attributable to Pinatubo aerosols (see Coffey [1996], and the
aerosol record in Figure 23). After 1993 the MLS HNO; data
show a continued decline in both hemispheres at a rate of ~ -2%
per year (during 1993-1997). Time series of aerosol
measurements in the lower stratosphere from SAGE II data
(Figure 23) indicate the majority of aerosol surface area changes
(the important quantity for heterogeneous chemistry variations)
occurred by the end of 1994, although levels continue to decrease
slowly through the present time. It is difficult to interpret
detailed time variations in the global HNO; data after 1993; the
46 mb data (Figure 22) suggest a possible flattening of the HNO;
trends after 1994 similar to the SAGE II aerosol surface area, but
this is less evident in the global column integrals (Figure 24).
We note the model results of Rosenfield et al. [1997] also suggest
the direct heterogeneous chemical effects on HNO; from
Pinatubo were not large after 1994.

Because HNO; and NO, are coupled chemically in the
stratosphere, it is interesting to compare changes in globally
integrated column amounts. We find that the decreases in
column HNO;j are about a factor of 2 larger than column
increases in sunset NO, data from HALOE. This suggests either
unresolved trends in HNOj; outside the region of MLS data,
instrumental uncertainties, or another mechanism for removing
HNO; in the lower stratosphere.

In summary, the UARS data show trends in CHy (in the upper
stratosphere), H)O, O;, NO,, and HNO; that are not well
understood. Additionally, the changing trend rates after 1996 is
an intriguing and poorly understood aspect of these data.

RANDEL ET AL.: TRENDS DERIVED FROM UARS MEASUREMENTS

Hopefully, the continued operation of UARS will allow the
details of these trends to be tracked well into the future.
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