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Interhemispheric asymmetry in the 1 mbar O3 trend:
An analysis using an interactive zonal mean model
and UARS data

D. B. Considine,!'? A. E. Dessler,’? C. H. Jackman,? J. E. Rosenfield,??
P. E. Meade,?* M. R. Schoeberl,?2 A. E. Roche,® and J. W. Waters®

Abstract. Trends in O3 calculated from solar backscattered ultraviolet (SBUV)
observations near 1 mbar are more negative at high latitudes in the southern
hemisphere than in the northern hemisphere [Hood et al., 1993]. A mechanism
is presented that produces an interhemispheric O3 trend asymmetry similar

to the observed asymmetry in the Goddard Space Flight Center dynamically
interactive zonal mean model. Upper Atmosphere Research Satellite (UARS)
data are then examined for evidence that the atmospheric trend asymmetry is
produced by a similar mechanism. The model O3 trend asymmetry is mainly due
to interhemispheric differences in odd chlorine (Cl,) partitioning. The asymmetry
in Cl, partitioning is caused primarily by lower amounts of CH4 and NO in the
southern hemisphere than the northern hemisphere high latitudes, due to differences
in the dynamical behavior of the model hemispheres. Symmetric increases in Cl,
are accompanied by a southern hemisphere increase in ClO that is larger than in the
northern hemisphere. Concentrations of CH4 and N,O retrieved by the cryogenic
limb array etalon spectrometer aboard UARS during 1992 are lower in the southern
hemisphere fall and winter seasons at high latitudes in the upper stratosphere
than in the northern hemisphere, favoring higher southern hemisphere ClO values.
However, observations of ClO by the microwave limb sounder on UARS do not show
consistently higher values in the southern hemisphere compared with the northern
hemisphere in 1992, 1993, or 1994. The UARS data therefore do not confirm that
a mechanism similar to the model mechanism occurs in the real atmosphere and is

the cause of the SBUV Oj trend asymmetry.

1. Introduction

Long-term satellite observations of atmospheric Oz
concentrations indicate that the amount of Oz in the
middle and upper stratosphere has decreased over the
past 15 years. Decreases in Oz similar to the obser-
vations are predicted by global two-dimensional mod-
els of stratospheric photochemistry to be a consequence
of increased amounts of stratospheric chlorine [World
Meteorological Organization WMO, 1995]. The simi-

1Joint Center for Earth System Science, University of
Maryland, College Park.

2NASA Goddard Space Flight Center, Greenbelt, Mary-
land.

8General Sciences Corporation, Laurel, Maryland.

 Applied Research Corporation, Landover, Maryland.

5Lockheed Palo Alto Research Laboratories, Palo Alto,
California.

6Jet Propulsion Laboratory, Pasadena, California.

Copyright 1998 by the American Geophysical Union.

Paper number 97J D02363.
0148-0227/98/97JD-02363%$09.00

larity between the model predictions and the satellite-
observed trends is a crucial link in the theory connect-
ing anthropogenic chlorine emissions to stratospheric
O3 depletion. It is therefore important to examine and
determine the cause of any discrepancies between the
model predictions and observations.

One feature of the O3 trends calculated from solar
backscattered ultraviolet (SBUV) and SBUV 2 datais a
substantially more negative trend at high southeen lat-
itudes than high northern latitudes. A recent analysis
of Stratospheric Aerosol and Gas Experiment (SAGE)
and SAGE 1I satellite data shows a similar asymmetry
[Wang et al., 1996]. This asymmetry is not replicated
in model Oz trend calculations, which typically have
similar magnitudes in the northern and southern hemi-
spheres.

The SBUV trend asymmetry is shown in Figure la
which is a plot of the annually averaged trend in per-
cent per year calculated using both SBUV and SBUV
2 data. The combined data set extends from November
1978 through June 1994 [Hollandsworth et al., 1995], al-
though SBUV 2 provides no data in winter poleward of
60° or poleward of 40° after 1992. The southern hemi-
sphere trend is about 40% larger in magnitude than the

1607



1608

' a
~ LI 7’
1 ! -
< AL AN P
~ [ ’ %l 4 I \ N A
L :, ~0- / \ S ~ 3
o E~ __0% ~ 3
) - - - —0.4 - _ 3
0 10 — —’O‘A - — -_-
[72] ~ o~ 7/
& RS \\ /— -0.2 - — - i
NEN
o e NN N P 02~ N
C NN\ NN = T =
-80 —-40 0 40 80
LATITUDE
v r b
= i+ /) u
< o Gy
% - M '_\Q 0-0 -1
~ G O -
N i
Lt .
o cig ’ E
2 E
wn
o [jt>
o ¢
o N 6’.080
: , Ai%w .
-80 0 40
LATITUDE

Figure 1. (a) Annually averaged trend in Oz calcu-
lated from the combined Nimbus 7 solar backscattered
ultraviolet (SBUV) and Nimbus 11 SBUV 2 instrument
data sets, in percent per year. (b) Statistical error (1o)
in the annually averaged trend calculated from the com-
bined SBUV and SBUV 2 instruments.

northern hemisphere trend, peaking above 1.4% com-
pared with about 1 %/yr. The 1o precision uncertainty
of this result is shown in Figure 1b. The difference
between the southern and northern hemisphere high-
latitude trends around 1 mbar is similar in magnitude
to the 1o uncertainty, suggesting that the difference is
real. The statistical significance of the asymmetry is
marginal, however, and it is also possible but somewhat
unlikely that the asymmetry is due to uncertainties in
the trend calculation. No mechanism has yet been sug-
gested to explain the asymmetric loss of O3. Determin-
ing its cause is complicated because few observations
of other atmospheric constituents that might establish
the cause of the trend asymmetry were taken during
the time that the changes in Og occurred. Instruments
on UARS have made observations of many important
stratospheric trace constituents since its launch in late
1991, and data from UARS may provide some clues.
The Goddard Space Flight Center (GSFC) operates
two zonal mean models of stratospheric photochemistry
and dynamics. One is designed as an assessment tool
and is driven by a residual circulation that is calcu-
lated off-line from observations [Douglass et al., 1989;
Jackman et al., 1990; Considine et al., 1994]. The sec-
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ond model is primarily a research tool and calculates its
residual circulation interactively using model-calculated
O3 and a planetary wave dissipation parameterization
forced by topography [Bacmeister et al., 1995; Rosen-
field et al., 1997]. The O3 trend of each of these models
is shown in Figures 2a and 2b. The trend is calculated
as the annually averaged percent change in O3 between
two model runs to steady state using 1980 and 1990
boundary conditions. The boundary value fluxes used
in these runs were taken from WMO [1990, Table 3.2].
The trend calculated with the assessment model
is typical of other zonal mean model trend calcula-
tions and shows little interhemispheric asymmetry [e.g.,
WMO, 1995]. The interactive model, on the other hand,
exhibits a large asymmetry. Although the southern
hemisphere trend peak occurs in the model between 5
and 10 mbar instead of at 1 mbar as observed, the model
calculated trend is qualitatively similar to the observa-
tions, with the southern hemisphere peak trend about
50% larger than the northern hemisphere peak trend.
The major difference between these two models is
the model dynamics. In the interactive model, inter-
hemispheric topographical differences force a southern
hemisphere residual circulation characterized by much
less meridional mixing due to planetary wave activity

——--.-.\\I T a;ﬂ/;u.::
= 1P~ I T T T oo
_ - N O~ - - -~ 10
& L s T NN S -7, 7 -7~
= N~ s AN N
< - \"180/"’d - Voo~ A
b f-=Sbes T T - TosET
S F— 04— — ~ — — . — — — _ T~ -7
@ 10 g2 — -~ -~_ 7
Ll < =5
o® - \\ 00 , .
o,
o (N
AN A 1 ) u 7
-90 -60 -30 0 30 60 90
LATITUDE
.::l\\\l T T ’0-1‘__.
~ 1_-_——:\\\\____/b’ /’O'Av
e T-=333~ - ZORS- T
o ”»:\\\\ N -7 < - =
E — - N \\' N - 7 / —
~ -7 y ool < I
W | 6 // /7 o ~ - \\ -
- \l/ 7 s\ *_‘—
g By zZl o LTiIiIE
- Yed - -~ o~ -
0 102/ M9% ) =
(V] AL ‘S/ S e ——— — ~
L 2 %P . T~
o 227 0 > 7
C7 TN
ol L . . .
-90 -60 -30 0 30 60 90
LATITUDE

Figure 2. (a) Annually averaged trend in Oz calcu-
lated by the Goddard Space Flight Center (GSFC) as-
sessment model, in percent per year. (b) Annually av-
eraged trend in 03 calculated by the GSFC interactive
model, in percent per year.
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and a more isolated winter polar vortex. Constituent
concentrations in the southern hemisphere high-latitude
stratosphere are therefore different from those in the
northern hemisphere during the same season. As a re-
sult, the model southern hemisphere responds differ-
ently to increases in chlorine loading than the model
northern hemisphere, as seen in Figure 2b.

It is well known that the dynamical behavior of the
real southern hemisphere stratosphere is also different
from the northern hemisphere [e.g., Schoeberl and Hart-
mann, 1991]. This difference between the behavior of
the northern and southern hemispheres may result in
conditions that produce an asymmetry in the O3 trend
in the real atmosphere.

In this paper, we diagnose the specific conditions in
the interactive model that produce its asymmetric O3
trend. We show that the model behavior is consistent
with our theoretical expectations. Following this, we
examine UARS data to see if the features causing the
model trend asymmetry are apparent in the real atmo-
sphere. Qualitative agreement between the model and
the atmosphere will suggest that atmospheric mecha-
nisms similar to those in the model may be producing
the observed asymmetry in the SBUV trend calculation.
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Figure 3. (a) Seasonal trends in Oz in percent per
year, calculated from the SBUV and SBUV 2 data set.
Shown is an average of the 0.5-1 mbar and the 1-2 mbar
layers. (b) Seasonal trends in O3 calculated by the God-
dard Space Flight Center interactive model. The 3 mbar
layer trend is shown.
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The remainder of this paper is devoted to this model
analysis and its subsequent application to UARS ob-
servations. In section 2 we outline a theoretical ap-
proach to understanding the possible sources of inter-
hemispheric asymmetries in the middle to upper strato-
spheric Og trend and support the theory with model
output. Following this, various UARS data are exam-
ined for behavior similar to that found in the interactive
model. A summary and some conclusions are provided
in section 4.

2. Model Analysis

Figure 3a plots the seasonal trend coefficients from
the combined SBUV and SBUV 2 data set in percent
per year for the average of 0.5-1 mbar and the 1-2 mbar
layers, as a function of the week of year and latitude.
The interhemispheric trend asymmetry is more appar-
ent in Figure 3a than the annually averaged trends plot-
ted in Figure 1. The maximum trend magnitude in the
southern hemisphere is more than 2 %/yr and occurs in
late fall and early winter at high latitudes. The trend
magnitude decreases to a minimum of about 0.4 %/yr
in the late summer. In the northern hemisphere a max-
imum trend magnitude of just over 1 %/yr occurs in
the fall. The minimum trend magnitude occurs in the
summer as in the southern hemisphere, just reaching
the zero trend mark in the 60 ° to 70° latitude band at
week 26. As with the annually averaged trend asym-
metry shown in Figure la, the differences between the
southern and northern hemispheres are significant at
the 1o level.

Qualitatively similar behavior is seen in the interac-
tive model. Figure 3b shows the seasonal trend plot
from the interactive model at 3 mbar. The 3 mbar
level is examined for several reasons. First, the northern
hemisphere trend peaks at this level. Second, although
it is not the model level with the largest trend asym-
metry, the asymmetry that does exist at 3 mbar is still
substantial. Third, there is only a small trend asymme-
try in the model at the 1 mbar level where the observed
trend asymmetry peaks. Fourth, the SBUV data have
a relatively low resolution and do not precisely locate
the peak trend asymmetry in altitude. The SAGE II in-
strument has significantly higher resolution and-shows
a peak trend occurring around 2 mbar. Our strategy is
therefore to examine the 3 mbar model results and take
the differences between the 3 mbar and 1 mbar levels
into account when comparing the model results with
observations.

The maximum trend magnitude at the 3 mbar level
occurs in the southern hemisphere autumn with a peak
magnitude of about 3 %/yr marked in Figure 3b by an
“H.” A rapid decrease in trend magnitude occurs over
the course of the winter, with a minimum of about 0.1
% /yr marked in Figure 3b by “L,” occurring in late win-
ter at the highest latitudes. The trend magnitude then
increases to a secondary maximum of over 1.5 %/yr in
the spring. The northern hemisphere seasonal trend
in the interactive model is very similar to the south-
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Figure 4. The 1980 to 1990 change in annually av-
eraged ClO and Cl, in the interactive model showing
increases in (a) ClO in parts per trillion by volume and
(b) increases in Cly in parts per billion by volume.

ern hemisphere, phase shifted by 6 months and with
smaller magnitudes. The maximum trend in the north-

ern hemisphere occurs in fall, with a secondary maxi- -

mum in the spring. Although there are some differences
between the SBUV-calculated trends and the model
trends, the similarities between the two suggest that
similar mechanisms may be responsible for the inter-
hemispheric asymmetries in both the observations and
the model calculation.

The interactive model O3 trend is caused by increases
in Cl,. Figures 4a and 4b are plots of annually averaged
difference in ClO and Cl, between 1980 steady state and
1990 steady state interactive model runs, respectively.
These figures show that the increase in model Cly is
relatively symmetric and the increase in ClO is asym-
metric. Comparison of the interactive model annually
averaged Os trend in Figure 2b and the increase in C1O
in Figure 4a shows that there is a strong correlation
between the two. We therefore want to understand the
relationship between the asymmetric changes in Oz and
ClO as well as the conditions that produce an asymmet-
ric ACIO from a symmetric ACl,.

Consider a region of the atmosphere in photochem-
ical equilibrium, where transport is unimportant. In
this case the concentration of O3 (denoted [Og]) will be
determined by the ratio of its chemical production and
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loss terms Po, and Lo,, where Po, is the rate of Og
production in molecules per unit volume persecond and
Lo, is the loss frequency in units of 1 persecond. If Po,
remains constant and Lo, changes by ALo,, then the
fractional change in O3 will be approximately

(1)

The O3 loss frequency can be broken into contribu-
tions from Cl, and other loss terms:

Lo, = Lotn+ Lay,
(0] ClOo
= Lotnh + 2kci0,0 (O_3> (C_ly) [Cly]. (2)

In (2), kcio,0 is the rate of the ClO+0 — Cl+ 0, reac-
tion. This is the rate-limiting step of the catalytic cycle
controlling Oz destruction due to Cl,. We have also
introduced the ratios 0/O3 and ClO/Cl, which can be
determined by photochemical equilibrium assumptions.
Loth includes the loss of Og due to Chapman chemistry
and the catalytic Og loss cycles involving odd hydrogen,
nitrogen, and bromine species. If we assume that Loy
remains constant as Cl, increases, then the fractional
change in Og loss frequency and the fractional change
in Og resulting from the increase ACly in Cl, will be

AO; ALo,
O3 " Lo,
oo (8) (840w
- - LO;, * ()
HCI
HO, [CHy hv
Cl
NO (O O3
Clo

Figure 5. Schematic representation of the odd chlo-
rine family at the 1 mbar level. Shown are the mem-
bers, HCI, Cl, and ClO, and the reactions that are pri-
marily responsible for establishing the partitioning of
the family among its members. At this level, HOCI is
predicted to be approximately 10% of Cl, and so is ne-
glected. The reaction ClIO + OH — Cl + HO; is also
neglected because it is negligible at this altitude com-
pared to Cl1O + O — Cl + O,.
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Here we also assume that increases in Cly will not affect
O; or Cly partitioning.

Now consider a parcel in the southern hemisphere
and a similar parcel in the northern hemisphere, both
of which experience the same increase in Cly. If there
is an interhemispheric asymmetry in the partitioning
of Cly such that (ClO/Cl,)S® = A(ClO/Cl,)NH, then
the northern hemisphere fractional change in Og loss
frequency will be

(ALOS )NH ALY

LOs  Loth + Lglf,l ’
Assuming that the only difference between the northern
and southern hemispheres is the Cly partitioning, the

fractional change in O3 loss frequency in the southern
hemisphere will be
NH
AALG;

(ALOS ) St |
LOa Loth + ALgIIy{

Equations (4) and (5) show that the magnitude of the
O3 trend is determined by the size of ALglff in relation

to Loth + ng , while the trend asymmetry is deter-

(4)

(3)

mined by the relative magnitudes of Lotn and Lgf .In
the interactive model the fraction of Cly-catalyzed O3
loss at high latitudes in the fall, where the Oz trend
is largest, ranges from about 40% of the total chemical
loss at 3 mbar to about 70% at 1 mbar. Therefore one
expects an asymmetry in the Oz trend that is about
half of the asymmetry in the Cl, partitioning.

We now consider the factors controlling the Cl, pat-
titioning in the middle to upper stratosphere. Figure 5
shows schematically the principal members of the Cl,
family in this region and the primary reactions that
result in the interconversion of the members into each
other. At this altitude, Cl, is mostly in the form of Cl1O
and HCI, so Cly =~ HCl + ClO. Therefore

ClO N 1

cl, ~ 14 EOU
The key ratio in Cly partitioning in the upper strato-
sphere is therefore HCl/ClO. From the reactions shown
in Figure 5, in photochemical equilibrium this ratio can
be expressed as

HCl _ (HCL [ Cl
Clo ~ \'cr /\co/’

HCl _ keycn, [CHa] + keyn, [Ha] + koo, [HOo)
Cl kuc,ou[OH] + juc

(6)

(7)

where

b

(8)
al _ kci0,80[NO] + kcio,0[0] 9)
ClO kci,0,[03] -

Any asymmetry in the HCl/ClO ratio will be the result
of asymmetries in the concentrations of the constituents
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in Equations (8) and (9) or temperature. These two
equations therefore provide a list of possible sources of
interhemispheric asymmetry in the Og trend. We can
examine model output to determine the largest sources
of its interhemispheric trend asymmetry which can then
be compared with observations obtained by UARS.

Figure 6 shows the annual cycle for seven con-
stituents, temperature, and the HCI photolysis.coeffi-
cient from the 1990 steady state run of the interac-
tive model as a function of month at 3 mbar. The
solid line plots the values at 65°S, and the dashed
line plots the corresponding northern hemisphere val-
ues, phase shifted by 6 months. The phase shift al-
lows direct comparison of the northern and southern
hemisphere annual cycles. We choose 65° because it
is the highest model latitude that does not enter po-
lar night where the above analysis would not apply. Of
these species, OH, O, HO3, and Jyc display no sig-
nificant interhemispheric asymmetry. Figure 6 shows
that significant asymmetries in CH4, NO, O3z, and H,
that would affect Cl, partitioning do occur. Values of
CH,4, Hy, and NO in the southern hemisphere are lower
than the northern hemisphere values which favor larger
ClO concentrations in the southern hemisphere. The
lower southern hemisphere Oz values occurring dur-
ing the winter months favor smaller concentrations of
ClO. Finally, although northern hemisphere temper-
atures exceed southern hemisphere temperatures only
by a maximum of 3%, the temperature sensitivity of
the C1+ CH4 — HCl1+CH3 and Cl+H; — HCl+H re-
actions results in rates in the northern hemisphere that
are up to 18% and 32% larger than the southern hemi-
sphere wintertime values, respectively. The asymmetry
in these reaction rates would favor larger values of ClO
in the southern hemisphere.

The effect of the constituent asymmetries shown in
Figure 6 on model ClO can be seen in Figure 7a
whichshows the northern and southern hemisphere C10
concentrations at the 3 mbar model level, again at 65°S
and 65°N. Plotted in Figure 7b is Cl,, showing that the
asymmetry in ClO seen in Figure 7a is not due to an
asymmetry in inorganic chlorine concentrations.

The respective roles of the reactions shown in Fig-
ure 5 can be evaluated by determining the fraction of
the total rate of conversion of one Cl, member-into an-
other contributed by each reaction. This fraction will
vary over the course of the year, so the reactions will
be more important at some times and less important at
others. For instance, Figure 5 shows that Cl+ CH,; —
HCl + CH3 competes with Cl + HOy — HCl 4+ O5 and
Cl+ Hy — HCl + H. The fraction of the total rate of
conversion of Cl to HCI by the reaction of Cl and CH4
is thus

key,cn,[CHa)
fo,cn, = .
kci,cn, [CH4] + kcy Ho,[HO2] + kCl,Hg[H(2]
10)
Similar equations apply for the other reactions govern-
ing the partitioning of Cl, at this altitude. Figures 8a
and 8b show the interconversion fractions for four of the
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Figure 6. Seasonal dependence of a number of constituents, the HCI photolysis coefficient, and
the model-calculated temperature at 3 mbar in the interactive model. The solid line denotes
southern hemisphere values at 65°S. The dashed line denotes northern hemisphere values, phase
shifted by 6 months to coincide with the southern hemisphere points.

reactions involved in Cl, partitioning as a function of
season at the 3 mbar level in the southern hemisphere.
Figure 8 shows that the Cl+CH4 — HCl+CHj3 reaction
is responsible for about 35% to 70% of the conversion
of Cl to HCIl, with the Cl + HO; — HCl 4+ O reac-
tion responsible for most of the rest. Figure 6 shows
that while there is a substantial asymmetry in CHy,
the asymmetry in HO; is insignificant. The competi-
tion between the two. reactions therefore reduces the
impact of the asymmetry in CH, in the pattitioning

of Cly. Figure 8b shows an even larger dilution of the

impact of the NO asymmetry on the Cl, partitioning.
This is because most of the conversion of ClO to Cl at
the 3 mbar level is governed by ClO + O — Cl + O,
and O is not significantly asymmetric. It is interesting
to note that at 1 mbar where the O3 trend in the atmo-
sphere observed by the SBUV instrument is largest, O
concentrations are predicted by the model to be about
a factor of 20 larger than they are at 3 mbar. Thus the

role played in the partitioning of Cl, by the ClO + NO
reaction at 1 mbar is negligible.

The analysis presented above is based on the assump-
tion that the primary reactions involved in Cly par-
titioning are shown in Figure 5. This is true for the
model, but may not be true in the atmosphere. Atmo-
spheric models using standard photochemical reactions
tend to overestimate the amount of ClO in the 1 to
5 mbar region of the atmosphere compared with ob-
servations [Chandra et al., 1993; Dessler et al., 1996].
One suggestion that has beén made to rectify the situ-
ation is to include a branching ratio for the reaction of
ClO with OH to produce HCl [McElroy and Salawitch,
1989]. The normal product of the ClO + OH reaction
is Cl, but a branching ratio to HCl of up to 14% can-
not be ruled out by current laboratory measurements of
this reaction rate [DeMore et al., 1994]. If a 6% branch-
ing ratio to HCl is included, fci,cu, drops by between
12% (summier) and 47% (winter) near 1 mbar. This
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Figure 7. Seasonal dependence of (a) ClO and (b) Cly
at 3 mbar in the interactive model. The solid line de-
notes southern hemisphere values at 65°S. The dashed
line denotes 65°N northern hemisphere values, phase-
shifted by six months to coincide with the southern
hemisphere points.

could substantially reduce the effect of interhemispheric
asymmetries in CH4 on Cly partitioning.

3. UARS Data Analysis

The model analysis of section 2 provides a picture of
how an Og trend asymmetry arises in the GSFC interac-
tive two-dimensional (2D) model. Asymmetric forcing
of the model circulation produces asymmetric long-lived
tracer d1str1but10ns The asymmetries in the tracers re-
sult in an asymmetry in the model chlorine partitioning.
Therefore symmetricincreases in Cl result in asymmet-
ric increases in ClO and asymmetnc decreases in Og. In
the model, asymmetries in CH4 and NO are the largest
sources of model trend asymmetry. The UARS data set
provides an opportunity to look for similar behavior in
the atmosphere. In this section the available data are
presented and compared with the results of section 2.

UARS measures several constituents that should be
asymmetric if atmospheric mechanisms similar to those
seen in the model results described above are produc-
ing the asymmetry seen in the SBUV data. First are
the long-lived tracers CH4 and N2O. Because they are
long-lived, these constituents are good indicators of dy-
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namical processes in the atmosphere. CH4 measure-
ments are available from the improved stratospheric and
mesospheric sounder (ISAMS), the halogen occultation
experiment (HALOE), and cryogen limb array etalon
spectrometer (CLAES) The most appropriate data set
for this study is from CLAES because it samples high
latitudes at the appropriate times of year and spans over
a year of observations. The ISAMS instrument provides
180 days of observations [Remedios et al., 1996], and the
HALOE instrument does nat observe hlgh enough lati-
tudes during the fall and winter [Park et al., 1996]. The
altitude range of CLAES CH, extends up to about 0.2
mbar, while the N3O data are meaningful up to 1 mbar
[Roche et al., 1996].

As was shown in the section 2, a second major con-
tributor to the interhemispheric asymmetry in model
Cly partitioning is NO. As discussed above, at 1 mbar
the rate of the ClO 4+ O — Cl 4 O reaction is much
larger than that of ClIO+NO — Cl+NO;. Atmospheric
asymmetries in NO are therefore not expected to play
a role where the atmospheric trend asymmetries occur.
This is fortunate because validated NO observations ap-
propnate for this study are not currently availablein the
UARS data set. :
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Figure 8. Conversion fractions for various reactions
controlling Cl, partitioning at 3 mbar and 65°S (see
text for definition of conversion fraction.) a. Conversion
fractions for the reactions Cl + CHy4 (solid line) and
Cl+HO; (dashed line). b. Conversion fractions for the
rea.c)tlons ClO + NO (solid line) and CIO + O (dashed
line).
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The microwave limb sounder (MLS) provides obser-
vations of Cl0, O3, and temperature. Although O3 and
temperature were not major contributors to the asym-
metries seen in the model data, they could play a role in
the atmosphere. Unlike the CLAES data that are avail-
able only through April 1993, the MLS data set extends
to the present. These constituents will be examined to
the extent that the data set allows below.

In the following data analysis we chose to look at the
latitude band between 65° and 70° for the CLAES data
and the 60° to 70° band for the MLS data and to follow
the changes in the various constituent concentrations
over the course of the year. There are several reasons for
this choice. First, the O3 trend asymmetry seen in the
SBUYV data is a function of latitude and pressure, sug-
gesting that we should intercompare the hemispheres at
the same latitude and pressure level. Second, because
the trend and the trend asymmetry are largest at high
latitudes, the data analysis should consider higher lat-
itudes. Third, the mechanism we are investigating as
the potential source of the trend asymmetry is one that
requires sunlight. At latitudes higher than 60° to 70°
there are too few daylight observations to obtain robust
yaw cycle averages from the relatively imprecise MLS
ClO observations.

Because we are constructing zonal mean averages at
high latitudes in fall and winter, the averages include
data taken both inside and outside the polar vortex. To
check possible influences of the vortex on our results, we
used potential vorticity and the potential vorticity gra-
dient to construct zonal mean averages using only ob-
servations from inside the vortex and compared them
with the averages including all the observations. We
found no differences large enough to affect the conclu-
sions of the data analysis. Apparently, the altitudes of
interest here are above the region where the polar win-
ter vortex is a strong barrier to horizontal transport, so
the region inside the vortex is not as chemically distinct
as it is at lower altitudes where the isolation is stronger
[e.g., Schoeber! and Hartmann, 1991].

3.1. CLAES CH4 and NoO

Figure 9a compares the annual cycle of CH4 in the
northern and southern hemispheres in 1992 at 1 mbar
using CLAES version 7 data. Each point represents the
zonal mean of all the data retrieved between 65° and
70° for an entire yaw cycle. The northern hemisphere
data have been phase shifted by 6 months so that the
southern and southern hemisphere annual cycles can be
compared directly. The crosses in Figure 9 are south-
ern hemisphere points, and the asterisks are northern
hemisphere values. Error bars on the points represent
the precision of the data and do not include estimates
of accuracy uncertainty. Accuracy uncertainties would
shift both northern and southern hemisphere observa-
tions away from their true values in a similar manner.
The accuracy of the observations is therefore irrelevant
in this interhemispheric comparison. The error bars are
generally smaller than the data points for these aver-
ages.
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Figure 9. Seasonal behavior of version 7 cryogenic

limb array etalon spectrometer (CLAES) (a) CH4 and
(b) N2O in 1992 for the northern and southern hemi-
spheres. Each point is an average over all retrieved
values not flagged as bad data for an entire yaw cy-
cle at the 1 mbar level, between 65° and 70° latitude.
Units are parts per million by volume for CH,4 and parts
per billion by volume for N;O. Crosses represent val-
ues for the southern hemisphere and asterisks represent
northern hemisphere values. Error bars representing
the standard error of the data are drawn but sometimes
the standard error is smaller than the plotting symbol.
The northern hemisphere values have been phase shifted
by 6 months so the northern hemisphere and southern
hemisphere points coincide on the plots.

In both hemispheres, CHy4 values are similar and near
their annual minimum at the end of the summer at this
altitude. During the fall in both hemispheres, CH4 in-
creases rapidly, with values in the northern hemisphere
somewhat larger than those in the southern hemisphere.
During the winter and spring, CH4 continues to increase
in both hemispheres, though the rate of increase slows
compared to the fall. Northern hemisphere CH4 val-
ues are 20% to 50% larger than southern hemisphere
during these two seasons. At the end of spring and
the beginning of summer, in November in the southern
hemisphere and and May in the northern hemisphere,
a reversal occurs such that southern hemisphere CH, is
about twice as large as in the northern hemisphere. It
appears that CH4 in the northern hemisphere begins to



CONSIDINE ET AL.: INTERHEMISPHERIC ASYMMETRY IN OZONE TRENDS

relax back to the low values characteristic of the late
summer earlier than what occurs in the southern hemi-
sphere.

Analogous behavior is seen in version 7 CLAES N,0,
shown in Figure 9b. Note that the data are plotted on a
semilogarithmic scale. Unlike CHy4, N3O is not directly
involved in determining Cl, partitioning. However, the
observed asymmetry in CLAES N,O corroborates the
CH4 observations. A minimum in NoO occurs some-
time in the late summer. The fall and winter values
in the northern hemisphere at high latitudes average
about a factor of 2 larger at this altitude than in the
southern hemisphere, emphasizing that a distinct asym-
metry exists between these two regions in 1992 which
lowers long-lived tracer mixing ratios in the southern

hemisphere compared with the northern hemisphere.
The latitudinal behavior of CH4 and N2O during the
winter of 1992 is shown in Figures 10a and 10b at the 1
mbar level. Each point is a zonal mean average over 5°
latitude bands for the June/July 1992 yaw cycle in the
southern hemisphere and the December 1992/January
1993 yaw cycle in the northern hemisphere. The plots
show that the southern hemisphere winter values are
significantly lower than the northern hemisphere values

over a range of higher latitudes.
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Figure 10. Same as Figure 9, but for latitudinal be-
havior. The northern hemisphere values are plotted as a
function of negative latitude so that the northern hemi-
sphere and southern hemisphere points coincide on the
plots.
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While the SBUV trends in the southern hemisphere
shown in Figure 1a peak at around 1 mbar, in the SAGE

II trend analy31s of Wang et al. [1996] the peak trend
occurs at around 2 mbar. In addition, peak values of
ClO from MLS also occur around 2 mbar. It is there-
fore interesting to know how the asymmetry in CHy
and N,O changes with altitude. Both CH4 and N3O in
the 65° to 70° latitude band maintain lower values in
the southern hemisphere than the northern hemisphere,
down to about 10 mbar. Northern hemisphere N,O is
consistently about a factor of 2 larger than the corre-
sponding southern hemisphere values. The asymmetry
between southern and northern hemisphere CH4 does
not a.ppear to be quite as strong at lower altitudes, with
northern uennspuefe values around 25% largef than the
southern hemisphere values in contrast to the 50% dif-

fprnnr‘m w]’ll(‘]’l Qccnur |n f}lp 1 m]’\nr rna‘ln'n

ACLICLCCS aialaz QULLL 141 L0 4 ivald 1051050,

The difference between the southern and northern
hemispheres seen in the CLAES data is not as great
as the difference between the southern and northern
hemisphere high latitudes in the interactive model. For
instance, Figure 6 shows that northern hemisphere CH,
in the interactive model during June and July at 65°
and 3 mbar is about a factor of 2 larger than the south-
ern hemisphere value. The CLAES data shown in Fig-
ure 10a differ by about 50% between the southern and
northern hemispheres. Although this is less than seen
in the interactive model, the CLAES CH, observations
show that in 1992 a situation existed that would fa-
vor higher ClO levels at high latitudes in the southern
hemisphere. If the behavior of the atmosphere in 1992
is typical, then one would expect persistently higher
values of ClO to occur in the southern rather than the
northern hemisphere.

3.2. MLS Og and Temperature

O3 plays an important role in the partitioning of Cly,
as can be seen in the schematic representation of the Cl,
family in Figure 5 and (9). In the model results shown
in Figure 6, O3 displays no interhemispheric asymme-
try during the fall. In the late winter, northern hemi-
sphere Og values are up to 50% higher than those in
the southern hemisphere, promoting ClO over HCl in
the northern hemisphere. This asymmetry is one rea-
son that the late winter/early spring model O3 trends
seen in Figure 3b are smaller than those occurring in
the late fall.

The annual cycle of O3 as observed by MLS at 1 mbar
is shown in Figure 11a, which was made using version
4 data averaged between 60° and 70° in the northern
and southern hemispheres. As in previous plots, each
of the values shown in Figure 11a is an average over an
entire yaw cycle. Summertime values are quite similar
in the northern and southern hemispheres, with val-
ues of about 2.3 ppmv. During the fall, O3 concen-
trations nearly double in both hemispheres, with O3
in the southern hemisphere about 8% higher than the
northern hemisphere. No asymmetry between the hemi-
spheres exists in the winter, but a difference of about
25% occurs in the spring, with northern hemisphere lev-
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Figure 11. Seasonal behavior of version 4 microwave
limb sounder (MLS) (a) O3 and (b) temperature in 1992
for the northern and southern hemispheres. Each point
is an average over all retrieved values not flagged as bad
data for an entire yaw cycle at the 1 mbar level, between
60° and 70° in latitude. Values are in parts per million
by volume for O3 and Kelvin for temperature. Crosses
represent values for the southern hemisphere and aster-
isks represent northern hemisphere values. Error bars
representing the standard error of the data are drawn,
but sometimes the standard error is smaller than the
plotting symbol. The northern hemisphere values have
been phase shifted by six months so the northern hemi-
sphere and southern hemisphere points coincide on the
plot.

els higher than those in the southern hemisphere. The
O3 concentrations observed by the MLS instrument in
1992 would not result in large fall and winter interhemi-
spheric differences in Cl, partitioning at high latitudes
in the 1 mbar region.
The annual cycle of temperature as observed by MLS
in 1992 at 1 mbar averaged between 60° and 70° in
the northern and southern hemispheres is shown in Fig-
ure 11b. In both the northern and southern hemispheres
the temperature peaks in the summer and has a min-
imum in the winter. At no time are there any asym-
metries that exceed 10%. However, the southern hemi-
sphere appears to warm up more rapidly in spring, and
"the maximum differences between the two hemispheres
at this altitude and latitude occur at that time.
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In the winter of 1992 the southern hemisphere is
colder than the northern hemisphere by about 1.6%.
This temperature asymmetry would favor somewhat
larger values of ClO in the southern hemisphere than
the northern hemisphere.

3.3. MLS Cl0

The UARS constituent asymmetries examined above
would produce an asymmetry in the O3 trend by affect-
ing Cly partitioning to favor C1O. The MLS instrument
on UARS has been observing ClO since its launch in
September 1991, so several years of ClO observations
are available for examination. The ClO data are useful
up to 1 mbar [Waters et al., 1996]. Plotted in Fig-
ures 12a-12c are the seasonal cycles of daytime average
ClO from version 4 data at 1 mbar for 1992, 1993, and
1994, respectively. The points represent averages of all
the daytime data available for each yaw cycle observed
between 60° and 70° in the northern and southern hemi-
spheres. Figure 12 shows that peak values of ClO tend
to occur in the fall and winter, when O3 trends are
largest. However, southern hemisphere ClO values are
not consistently larger than the northern hemisphere
values, as would be expected if the trend asymmetry
were due to interhemispheric differences in Cl, parti-
tioning.

In 1992 we can combine model output with observa-
tions of CLAES CH4 and MLS O3 and temperature to
predict an approximate asymmetry between southern
and northern hemisphere ClO from (8) and (9). In the
fall of 1992 at 1 mbar between 65° and 70° latitude,
southern hemisphere ClO is predicted to be about 7%
larger than northern hemisphere ClO. In the winter,
southern hemisphere ClO is predicted to be about 25%
larger than the northern hemisphere values. Most of
this asymmetry is caused by the asymmetry in CHy,
with O3 and temperature playing similar, smaller roles.
This predicted asymmetry in ClO is too small to ac-
count for the trends calculated from the SBUV obser-
vations. Given the uncertainty in the ClO data, it is not
possible to determine whether the predictions derived
from (8) and (9) are consistent with the observed ClO.

Figure 12 shows that large asymmetries in southern
and northern hemisphere ClO concentrations did not
occur in 1992, 1993, or 1994. Output from the interac-
tive model suggests that factor of 2 differences between
southern and northern hemisphere ClO during the fall
or winter maintained over the SBUV and SBUV 2 ob-
serving period would be required to produce the ob-
served asymmetries in the Oz trend. Such differences
should be observable in the MLS ClO data averaged
over a yaw cycle. Thus, if the observed asymmetries in
the O3 trend are due to asymmetries in Cl, partition-
ing, other years besides 1992, 1993, or 1994 would have
to be responsible for the trend.

4. Summary and Conclusions

Trends in O3 in the 1 to 3 mbar region calculated from
SBUV observations are significantly more negative in
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Figure 12. Seasonal behavior of version 4 MLS day-
time ClO in (a) 1992, (b) 1993, and (c) 1994 for the
northern and southern hemispheres. Each point is an
average over all daytime retrieved values not flagged as
bad data for an entire yaw cycle at the 1 mbar level, be-
tween 60° and 70° in latitude. Values are given in parts
per billion by volume. Crosses represent values for the
southern hemisphere and asterisks represent northern
hemisphere values. Error bars representing the stan-
dard error of the data are drawn, but sometimes the
standard error is smaller than the plotting symbol. Er-
ror bars for the southern hemisphere points have wider
crossbars to distinguish them from northern hemisphere
error bars. The northern hemisphere values have been
phase shifted by 6 months so the northern hemisphere
and southern hemisphere points coincide on the plot.

the southern compared with the northern hemisphere.
A recent calculation of O3 trends using SAGE data ex-
hibits a similar asymmetry. To date, no mechanism that
might explain the asymmetry has been proposed.
Trends in Og calculated using the GSFC 2D interac-
tive model are asymmetric and qualitatively similar to
the SBUV trends, unlike other models that have been
used in profile Og trend calculations. The model trend
is due to large dynamical differences between the north-
ern and southern hemispheres, particularly in the fall
and winter. These dynamical differences result in lower
values of CH4 and NO in the southern hemisphere high
latitudes than in the northern hemisphere. Since these
constituents play an important role in Cl, partition-

1617

ing, their asymmetry creates large interhemispheric dif-
ferences in the partitioning of Cl,. Much more of the
southern hemisphere Cl, at high latitudes is in the form
of ClO than that at northern hemisphere high latitudes.
When Cly is added to the model by the breakdown of
increased amounts of chlorofluorocarbons, the southern
hemisphere increase in ClO is larger than in the north-
ern hemisphere. The larger increase in ClO in the south-
ern hemisphere results in larger O3 destruction and a
larger Og trend.

To determine whether a similar mechanism might be
responsible for the asymmetric atmospheric trend cal-
culated from SBUV and SBUV 2 satellite observations,
we examined various data from UARS. Atmospheric ob-
servations of CH, and N3O from the CLAES instru-
ment in 1992 are lower in the southern hemisphere fall
and winter than in the northern hemisphere. This sug-
gests that there are dynamical asymmetries between the
northern and southern hemispheres in the atmosphere
that are similar to those in the model. In addition,
given our current understanding of photochemistry in
the high-latitude 1 mbar region, the lower observed val-
ues of CHy in the southern hemisphere are consistent
with a Cly partitioning that would favor C10. However,
the asymmetry in ClO that we calculate should be pro-
duced by the observed asymmetry in CHy4 in 1992 would
not be large enough to produce the observed Oz trend
asymmetry.

Observations of O3 and temperature from the MLS
instrument show small asymmetries between the north-
ern and southern hemisphere that should not produce
large differences in Cly partitioning between the two
hemispheres.

Observations of ClO in 1992, 1993, and 1994 by the
MLS are not significantly different in the northern as
opposed to the southern hemispheres. In 1992 the pre-
cision of the ClO observations is not sufficient to de-
termine if there is an asymmetry consistent with that
expected from the CHy4, Og, and temperature observa-
tions. However, the precision of the ClO data is good
enough to show that the 50% to factor of 2 differences
between the southern and northern hemispheres needed
to explain the SBUV trend asymmetries did not oc-
cur in 1992, 1993, or 1994. If the observed interhemi-
spheric differences in ClO for these years are typical of
all the years in the SBUV data set, then the mechanism
producing the observed atmospheric trend asymmetry
could not be the same as the model trend asymmetry
mechanism.

Other mechanisms that might explain the Oz trend
asymmetry include asymmetric transport of O3 out of
the high-latitude upper stratosphere and asymmetries
in temperature. This can be seen by examining (4)
and (5) in the model analysis. We assumed that the
O3z loss due to sources other than Cly, Lon, was the
same in both hemispheres. If instead LY < LNH,
then a symmetric increase in Cl,-catalyzed loss would
result in a larger southern hemisphere trend. The Loh
term includes the loss of Og due to transport, Chapman
chemistry, HO., and NO,. At high latitudes at the 1
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mbar level, Oz loss due to the very temperature sen-
sitive Chapman O + Oz — 20, reaction is the largest
chemical loss process after Cly-catalyzed Oz loss. In-
vestigating these possibilities is a subject for further
research.

The UARS data provide evidence of an asymmetry
in long-lived tracer concentrations between the north-
ern and southern hemisphere in the high- la.titude 1
mb&f 1'65’";0!1. In th" GSL C Lutei'&btlvc llLUdC]L a Siiii-
lar tracer asymmetry produces interhemispheric photo-
chemical differences that result in an asymmetric O3
trend. In the UARS data we have examined, we find

no ev1uence 01 a hl.IIllldI pI.lO(;OCIleIIllCd,l blbudhl()[l WI]J.(,IL

would explain an asymmetric Og trend if maintained
This does not imvnlv that a

over 2 nu }\D"‘ f\f years A IO RVULD  LVUU Lilipiy Vaovy o

OVCI & 4uiioCl Ui yOars.

mechanism 51m11ar to the model mechanism does not
occur in the atmosphere. Other, unobserved years may
be responsible for the atmospheric trend. However, it is

IIILPUDDIUIC bU uct;cuuulc WllclrllCl. or l.lUb bulb I.D bhﬂ Cade
due to a lack of observations in these years. If ClO ob-
servations are continued in the future, a deeper under-
standing of the interannual behavior of this constituent
in the high-latitude, 1 mbar region could arise, which
would indicate whether the model mechanism also op-
erates in the Earth’s atmosphere.
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