GEOPHYSICAL RESEARCH LETTERS, VOL. 22, NO. 13, PAGES 1721-1724, JULY 1, 1995

Correlated observations of HCl and CIONO; from UARS
and implications for stratospheric chlorine partitioning

A. E. Desslerl, D. B. Considine! G. A Morrisl, M. R. Schoeberll, J. M. Russell, IIIz,
A. E. Roche®, J. B. Kumer?, J. L. Mergenthaler’, J. W. Waters®, J. C. Gille>, G. K. Yue?

Abstract. We present the first near-global set of corre-
lated measurements of stratospheric HC1 and CIONO? con-
centrations. These data, obtained from the Upper
Atmosphere Research Satellite (UARS) between August
1992 and March 1993, are analyzed using the Goddard tra-
jectory mapping technique. These data indicate that, be-
tween 20 and 30 km altitude and 60°N to 60°S latitude, to-
tal inorganic chlorine (Cly) is fairly evenly distributed be-
tween CIONO7 and HCI, with HCl the slightly more dom-
inant reservoir. The sum of UARS measurements of HCI
and nighttime CIONO?2, which approximates Cly at these
altitudes, closely agrees with Cly derived from a tracer-Cly
relation originally derived from aircraft data, increasing
confidence in the UARS data. Comparisons between these
data and two-dimensional model results suggest that mod-
els underpredict CIONO? (overpredict HCI) near 20 km and
overpredict CIONO? (underpredict HC1) near 30 km, al-
though the 20-km underprediction is not as large as analy-
ses of aircraft measurements have indicated.

Introduction

Standard models of the stratosphere predict that, with the
exception of the perturbed polar vortices, half or more of
stratospheric inorganic chlorine should be in the form of
hydrochloric acid (HCl), with most of the rest being chlo-
rine nitrate (CIONQO?). The relative abundance of HCI and
CIONO2 is a major factor in determining the effectiveness
of stratospheric inorganic chlorine (Cly) in ozone destruc-
tion because photolysis of CIONO? yields ClO, the chlo-
rine radical implicated in catalyzing ozone loss, while HCl
is a comparatively benign form of chlorine. Therefore, a
reliable determination of the relative abundance of HC1 and
CIONO is central to understanding ozone destruction.

The lack of correlated, global measurements of HCI and
CIONO? has prevented rigorous validation of model predic-
tions of the partitioning between these two species.
Simultaneous shuttle-based ATMOS measurements of HC1
and CIONO7 indicate that HCI is the dominant member of
Cly between 20 and 30 km [Zander et al., 1990]. In con-
trast, NASA ER-2 aircraft measurements of mid- and high-
latitude HCI concentrations by Webster et al. [1994; 1993]
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suggest that, near 20 km (~500 K potential temperature),
only ~40% of Cly is HCL. Measurements of CIO and
other trace species measured simultaneously with these
ER-2 HCI data, however, imply that HCI makes up ~88%
of Cly [Stimpfle et al., 1994].

The data used in these previous analyses, however, suffer
from various shortcomings. Interpretation of the ER-2
data is hampered by limited altitude coverage, limited sea-
sonal coverage, and the lack of a simultaneous CIONO?
measurement. Interpretation of the ATMOS data is ham-
pered by limited latitudinal and seasonal coverage. Due to
the importance of the Cly family in catalyzing strato-
spheric ozone destruction, disagreements between the vari-
ous measurements and photochemical theory are an impor-
tant uncertainty in our understanding of the chemistry of
stratospheric ozone. In this paper, we use Upper
Atmosphere Research Satellite (UARS) measurements of
key species obtained between August 1992 and March
1993 to investigate this issue. Our focus is on the 550,
650, and 800 K potential temperature surfaces
(approximately 21, 24, and 30 km, respectively), and lati-
tudes between 65°N and 65°S. This is a region of excep-
tional scientific interest because it holds the majority of
the Earth's ozone. HCI is measured by the HALogen
Occultation Experiment (HALOE); CIONO? is measured
by the Cryogenic Limb Array Etalon Spectrometer
(CLAES). Over this altitude range and time span, HCl1
data (version 17) have an estimated accuracy of +15%, and
CIONO7 data (version 7) have an estimated accuracy of
+30%. These are estimates of the total systematic uncer-
tainty of the measurements, and are determined from an
analysis of retrieval algorithms, instrumental considera-
tions, and comparisons with correlative measurements.

Analysis

The primary difficulty with comparing HALOE HCI and
CLAES CIONO7 data arises because the instruments do
not make simultaneous measurements in the same loca-
tion. In order to compare CIONQO7 and HCI measurements
made at different locations and times, we use the Goddard
trajectory mapping technique [Morris et al., 1995].
Briefly, for each day on which there are HC] measure-
ments, maps of CIONO7 are made at noon and midnight
(GMT). The maps are constructed from nighttime CLAES
CIONO? measurements made within +3 days and isentrop-
ically advected forward or backward to the time of the map
using NMC balanced winds. Each HALOE HCI measure-
ment made during the day is isentropically advected forward
for up to twelve hours until the time of the next CIONO»
map (either noon or midnight, GMT). Those CIONO)
measurements within 400 km of the HC1 measurement and
in air with similar potential vorticity (PV) are considered
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correlated with the HCI observation. At 550, 650, and 800
K, the maximum allowable PV gradient between the
GONozdeaumam1720zmd8md05m2Ks1
kg1 , respectively. Because of possible complications
caused by the diurnal cycle of CIONO2, we restrict our
analysis to nighttime CIONO7 data (solar zenith angles
greater than 100°). Note that nighttime CIONO? is ap-
proximately the sum of daytime CIONOQ», ClO, and Cl.
Because its lifetime is much longer than one day at these
levels, HCI has no significant diurnal cycle. Each of the
time periods discussed in this paper (August 18 to
September 19, 1992, November 1 to 27, 1992, and
February 12 to March 16, 1993), included ~20,000 night-
time CIONO7 observations and ~700 HCI observations,
and produced ~300 correlated observations each.

Figure 1 shows the sum of HCI and nighttime CIONOp
as a function of latitude for the three potential temperature
levels and three time periods. The error bars are representa-
tive of the accuracy of the sum of UARS data, ~+17%.
The latitude coverage during a given time period is deter-
mined by the overlap of the HALOE and CLAES viewing
patterns. On the 550 and 650 K surfaces, HCI and night-
time CIONO3 together make up virtually all of Cly. On
the 800 K surface, the sum of HCI and nighttime CIONO7
make up at least 90% of Cly, with HOCI making up the
rest. Thus, Fig. 1 can be c0n51dered to a good approxima-
tion to be a plot of Cly vs. latitude. Also shown on the
plot is Cly derived from a Cly-tracer relation (solid line)
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based on aircraft data [Woodbridge et al., 1995] using zon-
ally averaged measurements of CH4 from HALOE. The
UARS Cly agreement agrees well with derived Cly, adding
confidence in the accuracy of the UARS data over thlS time
period and altitude range.

To understand the partitioning of Cly between HCI and
CIONO7, we consider the ratio [ClOIgOz]/[HCl] (where
[x] denotes the species concentration). Because there is no
direct chemical reaction linking the molecules HCI and
CIONO2, we expand this ratio in terms of the ratios of
constituents that are directly related by chemical reactions,

[clONO,] _[cloNo,] [clo] [ci]
[Ha] ~ [co] [c] [Hc]

Assuming steady-state conditions, Equation (1) can be
rewritten,

M

[ClON02 ] - kco.noe [NOZ ]
HCal — )
[HCI CloNo2 2
K 03[ 03] X ycron[OH]

X
(k010+o[0] + kClO+N0[N0]) kCH4+cz[CH4 ]

where k denotes a bimolecular rate constant and J denotes a
photolysis rate constant; unimportant terms, such as het-
erogeneous reactions involving CIONO?, have been ne-
glected. In the region of the atmosphere of interest, we
note that k¢yo. NoINO] >> k0. 0[0], and subsequently
substituting the steady-state relation (kyo,03[03] +
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Figure 1. The sum of HCI and nighttime CIONQO? (parts per billion by volume) vs. latitude. The individual UARS mea-
surements (X) and an average of the UARS measurements (dashed lines) are both shown. Error bars are estimates of the
accuracy of the UARS sum (+17%). The solid line is Cly derived from the relationship of Woodbridge et al. [1995] using
zonally averaged HALOE measurements of CH4 taken over the same time period that the chlorine data were obtained. The
top row is the 800 K potential temperature surface, middle row is the 650 K surface, bottom row is the 550 K surface.
The left column data are from August and September 1992, the middle column data are from November 1992, the right
column data are from February and March 1993. On the 550 and 650 K surfaces these two constituents make up virtually
all of Cly. On the 800 K surface, the sum makes up ~90% of Cly.
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Figure 2. [nighttime CIONO2]/([HCl]+[nighttime CIONO2]) vs. latitude. The individual UARS measurements (X) and
an average of the UARS measurements (dashed lines) are both shown. Error bars are estimates of the accuracy of the
UARS ratio (+34%). The solid lines are calculations from the Goddard 2D model. The top row is the 800 K potential
temperature surface, the middle row is the 650 K surface, and the bottom row is the 550 K surface. The left column data
are from August and September 1992, the middle column data are from November 1992, the right column data are from

February and March 1993.

kno+ciolClIO/Ino2 for [NO2J/[NO], we obtain the ex-
pression,

[CION 0, ] - Kaowo

quantity is related to Equation (3) by: [nighttime
CIONO2]J/([HC1]+[nighttime CIONO2]) =1 - 1/(1 +
[nighttime CIONO2]/[HC1]). Over the conditions consid-
ered in this analysis, these ratios react similarly to changes

[HCl] Yoo in the parameters on the right hand side of Equation (3).
) . :
Kok nos0s| 05 |” +Keroskno.ao[ CIO][ O The accuracy of the ratio of the UARS data is +34%.
x( anosko.on| 311 C’;m worao[ 0] 3]) ) These data suggest that Cly is fairly evenly distributed be-
CIO+NO"” NO2

% K nenon [OH ]
kCH4+CI[CH4 ]

Strictly speaking, Equation (3) is the ratio of daytime
CIONO7 to HC1. Because [ClO] << [CIONQO?] in this
region of the atmosphere, this daytime ratio is expected to
be both numerically similar to the ratio of [nighttime
CIONO2)J/[HC]] and show similar dependencies on other
atmospheric constituents. Over this region of the atmo-
sphere, kcjo+03kno+ ()3[03,]2 is several orders of magni-
tude larger than kcy, 03kyo+ cio[C1O][03] at 550 K, de-
creasing to about five times larger at 800 K. Thus, the ra-
tio in (3) is approximately quadratically dependent on [O3],
linearly dependent on [OH] and [CH4], and less sensitive to
changes in [CIO]. Changes in other atmospheric parame-
ters, such as sulfate aerosol surface area or the abundance of
NOx (NOx = NO + NOp), only perturb the partitioning of
CIONO7 and HCI1 through their impact on the concentra-
tions of O3, Cl0, OH, or CHy.

Figure 2 plots the quantity [nighttime CIONO2]/([HCI]
+ [nighttime CIONO2]), approximately the fraction of Cl
that is in the form of nighttime CIONO2. Note that this

tween CIONO7 and HCIl, with HCI the slightly more dom-
inant reservoir, over the range of potential temperatures,
latitudes, and time considered in this paper.

On the 550 K surface, the August and September 1992
and February and March 1993 data are mirror images of
each other, as expected since they represent the same sea-
son in opposite hemispheres. These data also show an in-
terhemispheric gradient, with the fraction of Cly in night-
time CIONO? varying from ~0.5 in the winter hemisphere
to ~0.3 in the summer hemisphere. In between these two
time periods, the November 1992 data show no interhemi-
spheric gradient, with the fraction of Cly in nighttime
CIONO9 approximately ~0.4 over the entire range between
60°N and 60°S. On the 650 K surface, the ratio is between
0.4 and 0.5 in all three time periods, with virtually no gra-
dient. On the 800 K surface, the ratio is 0.3 to 0.4 in all
three time periods, also with virtually no gradient.

The solid lines in Fig. 2 are [nighttime
CIONO2]/([HCI] + [nighttime CIONO2]) from the
Goddard two-dimensional (2D) fixed transport model [e.g.,
Considine et al., 1994, and references therein]. The model
includes sulfate heterogeneous reactions using the formula-
tion of Hanson and Ravishankara [1994], and reaction rates
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and cross sections from DeMore et al. [1994]. Daytime-
averaged photolysis coefficients are obtained from a tabula-
tion of off-line calculations using the radiation code of
Anderson and Lloyd [1990]. The table values agree well
with the calculated values for all wavelengths, overhead
column O3 amounts, and solar zenith angles [R. Kawa,
private communication, 1995].

In order to make the comparison between the model and
the UARS data more meaningful, the model has been con-
strained using UARS observations. At each time step,
measurements of N2O and CH4 from CLAES (version 7),
03 (205 GHz), H20, and temperature from MLS (version
3), and aerosol surface area density derived from SAGE II
[Yue et al., 1994] are inserted into the corresponding model
fields. The remaining model constituents are subject to
model transport (using a climatological circulation) and
model chemistry, and so relax to values consistent with
both the model formulation and the observations.
Incorporating measured O3 produced the largest improve-
ment when used as a constraining field, consistent with the
quadratic dependence of the partitioning on O3 in Eq. (3).

Over virtually the entire range of altitude and time cov-
ered in this analysis, the partitioning of Cly in the 2D
model (solid line) and in the UARS measurements (dotted
line) agree within the accuracy error bars of the measure-
ments. At 550 K, however, the model tends to systemati-
cally overpredict HCl (and underpredict nighttime
CIONO?2). The discrepancy is similar in sign but of
smaller magnitude than that seen in the ER-2 data
[Salawitch et al., 1994]. On the 650 K surface, the agree-
ment between measured and predicted Cly partitioning is
excellent. On the 800 K surface, the model tends to sys-
tematically underpredict HC1 (and overpredict nighttime
CIONO2), a discrepancy which is opposite in sign to the
disagreement on the 550 K surface. A similar difference
has been previously identified in the ATMOS data near 800
K [e.g., Natarajan and Callis, 1991].

Analyses of previous in situ measurements of ClO be-
tween 20 and 30 km altitude [Dessler et al., 1993;
Avallone et al., 1993] show a pattern consistent with our
analysis. Models of these data tend to underpredict C1O
around 20 km and overpredict ClO near 30 km. This is
consistent with an underlying underprediction of CIONO2
(overprediction of HCI) by the model at 20 km and over-
prediction of CIONO? (underprediction of HCI) near 30
km, a disagreement similar to our analysis. In fact, as
pointed out by Avallone et al. [1993], their 20-km CIO
data are consistent with HCl making up about ~60% of
Cly instead of the ~80% that standard photochemical mod-
els predict. Our data suggests that HCI does indeed make
up ~60% of Cly near 20 km and at the latitude and time of
year of the Avallone et al. balloon flight (although the
1991 balloon flight experienced much lower aerosol surface
area density). This underprediction of CIONO} (over-
prediction of HCI) by the model at 20 km is also con-
sistent with the known underprediction of the OH radical
by models incorporating standard photochemistry
[Salawitch et al., 1994].

Conclusions

We have analyzed the first near-global set of correlated
measurements of HCl and CIONO? concentrations. These
data provide the most rigorous indication that, between 20

DESSLER ET AL.: UARS OBSERVATIONS OF HCL AND CLONO2

and 30 km altitude and 60°N to 60°S latitude, total inor-
ganic chlorine (Cly) is fairly evenly distributed between
CIONO2 and HCI, with HCI the slightly more dominant
reservoir. We conclude that models incorporating standard
photochemistry underpredict CIONO?} (overpredict HCI)
near 20 km and overpredict CIONO? (underpredict HCI)
near 30 km. However, the discrepancy at 550 K (~21 km),
near the ER-2 flight altitude, is not as significant as sug-
gested by in situ measurements of HCI of Webster et al.
[1994; 1993]  Our conclusions, predicated on UARS
measurements, are consistent with previous satellite obser-
vations of HCI and CIONO?, and in situ measurements of
ClO.
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