N

N

Arctic polar vortex during THESEO and THESEQO 2000
E. Riviere, Michel Pirre, Gwenaél Berthet, Jean-Baptiste Renard, F G
Taupin, Nathalie Huret, Michel Chartier, B Knudsen, F' Lefevre

» To cite this version:

E. Riviere, Michel Pirre, Gwenaél Berthet, Jean-Baptiste Renard, F G Taupin, et al.. Arctic polar
vortex during THESEO and THESEO 2000. Journal of Geophysical Research: Atmospheres, 2002,
107 (D5), pp.54. 10.1029/2002JD002087 . insu-02879024

HAL Id: insu-02879024
https://insu.hal.science/insu-02879024

Submitted on 23 Jun 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-02879024
https://hal.archives-ouvertes.fr

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108. NO. D5, 8311, doi:10.1029/2002JD002087, 2003

On the interaction between nitrogen and halogen species
in the Arctic polar vortex during THESEO and THESEO 2000

E. D. Riviére, M. Pirre, G. Berthet, J.-B. Renard, F. G. Taupin, N. Huret, and M. Chartier

Laboratoire de Physique et Chimie de I’Environnement/CNRS, Université d’Orléans, Orléans, France

B. Knudsen

Danish Meteorological Institute, Copenhagen, Denmark

F. Lefevre

Service d’Aéronomie, Institut Pierre-Simon Laplace, Paris, France

Received 14 January 2002; revised 18 June 2002; accepted 18 June 2002; published 22 November 2002.

[1] Large disagreements between measured and simulated NO, have been observed
several times in the Arctic polar vortex. Here we report on the comparison of two sets of
nighttime balloonborne measurements of the couple (OCIO, NO,) with Lagrangian model
outputs in order to study the interactions between halogen and nitrogen species. Those
measurements were characterized by the simultaneous presence of significant amounts of
both species. Large disagreements are observed between modeled and measured NO,.
Very surprisingly, good agreement can be achieved for OCIO in spite of the supposed
strong coupling between these two species. The only simultaneous agreement between
model and measurements for both species occurs in the case of denoxified conditions, i.e.,
when there is no interaction between halogen and nitrogen compounds. Furthermore,
agreement for OCIO cannot be obtained if a source for NO, is assumed to fit the
measurements of this specie. This result shows that some uncertainties still exist in the

interaction between nitrogen and halogen species.
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1. Introduction

[2] Inorganic chlorine species (Cly) play a key role in
polar vortex stratospheric chemistry. Active species (ClOy)
are involved in catalytic cycles that destroy ozone while
others, like HCI, CIONO, and HOCI, act as potential
sources (reservoirs) for these active species. Nitrogen
NOx (NO + NO,) also play an important role in the ozone
recovery mechanism, in deactivating chlorine in particular
at the end of winter. However, if the main mechanisms
such as activation, deactivation and denitrification seem
well identified, problems appear in the quantification of
each process. For example, ozone depletion and chlorine
activation are usually underestimated by chemistry trans-
port models (CTM) if recommended rate coefficients are
used [i.e., Solomon et al., 2000; van den Broek et al.,
2000]. Moreover, a few studies conducted in the polar
vortex have reported significantly higher measured NO,

Copyright 2002 by the American Geophysical Union.
0148-0227/02/2002JD002087

SOL

concentrations than model simulations [Lary et al., 1997;
Payan et al., 1999a; Wetzel et al., 1997]. At low altitude in
particular, the model simulations lead to a full denoxifica-
tion of the whole polar vortex while some residual NO,
concentrations are still measured. In the model, such a full
denoxification is necessary to maintain chlorine activation
at a sufficient level to deplete ozone. Constraining the
models with the measured NO, would lead to a significant
chlorine deactivation and therefore to a reduction of the
simulated ozone depletion increasing the disagreement
with measured ozone loss. As a consequence, the simulta-
neous observation of both residual NO, concentration and
chlorine activation must mean that something is not under-
stood in the interaction between halogen and nitrogen
species. The aim of this paper is to demonstrate such
misunderstanding by using simultaneous nighttime profile
measurements of OCIO and NO, by balloonborne UV-
visible spectrometers and simulations using a Lagrangian
model.

[3] The use of simultaneous measurements of NO, and
OCIO is a powerful technique to achieve this goal if we
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consider the OCIO chemistry. OCIO is generally assumed to
form at sunset by one of the three branches of the reaction
between bromine and chlorine oxides:

(Rla) BrO+ClIO — Br+Cl+0;

(R1b) — BrCl 4+ 0,

(Rlc) — OCIO + Br

[4] In very unusual warm conditions the reaction Cl1O +
CIO has been reported to be a potential source of OCIO
[Pierson et al., 1999].

(R2) ClO+CIO — OCIO +Cl

[5] According to our present knowledge, the production
rate of OCIO in both cases is reduced by the following
reactions in competition with R1c and R2:

(R3) ClO 4+ NO, + M — CIONO, +M

(R4) BrO + NO; + M — BrONO, + M
OCIO is therefore sensitive to the actual NO, concentration.

[6] The only significant path for OCIO destruction is the
rapid photolysis for solar zenith angles (hereafter sza), lower
than 92°. As a consequence, the OCIO concentration is
almost constant during nighttime. In case of chlorine
activation, it has been shown that this nighttime concen-
tration is not dependent on the CIO concentration but is
almost proportional to the before sunset BrO concentration
[Sessler et al., 1995; Schiller and Wahner, 1996].

[71 Measurements of OCIO in the atmosphere were
reported for the first time by Solomon et al. [1988]. Later,
several other ground-based twilight measurements of OCIO
were published [Schiller et al., 1990; Kreher et al., 1996; Gil
et al., 1996] as well as a more recent study [Sanders et al.,
1999]. There are very few profile measurements of OCIO in
the stratosphere. The DOAS instrument (profile presented
by Payan et al. [1999b]) and the SAOZ spectrometer
[Pommereau and Pigquard, 1994a] at twilight, and AMON
[Renard et al., 1997] and SALOMON at night are the only
instruments known to us to make such measurements.

[8] Many profile measurements of NO, in the stratosphere
are reported in the literature but most of them are performed
at twilight using the solar occultation technique [Payan et
al., 1999a; Pommereau and Piquard, 1994b]. To our knowl-
edge, the only nighttime profile measurements of NO, in the
stratosphere have been performed by the balloonborne
AMON [Renard et al., 1996], SALOMON [Renard et al.,
2000], MIPAS [Wetzel et al., 1997] spectrometers, and by
the CLAES [Roche et al., 1993] satellite instrument.

[¢] Up to now simultaneous measurements of OCIO and
NO, at night have only been made by the AMON and
SALOMON balloonborne instruments. In this paper, we use
measurements made by AMON during the THESEO cam-
paign in February 1999 and by SALOMON in January 2000
during the THESEO 2000 campaign. These instruments
operate by stellar or lunar occultation. The primary meas-
urements are therefore the slant columns of the species
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along the line of sight. The inversion of the vertical profiles
assumes horizontal homogeneities of the atmospheric layers
over a few hundred kilometer. Both cases have been chosen
because this hypothesis is valid at the best. Indeed, measure-
ments are made during the night while species concentra-
tions are not varying as a function of local time. This
prevents the inhomogeneities observed in the case of
measurements made at twilight. Moreover, in the two cases,
all the points of the lines of sight, for star or Moon zenith
angles above 90°, are well inside the vortex, at least for
altitudes below 30 km. All the profiles are interpreted with
the Lagrangian model MiPLaSMO (Microphysical and
Photochemical Lagrangian Stratospheric Model of Ozone)
[Riviere et al., 2000].

2. Instrumentation and Model Description
2.1. Instrumentation

2.1.1. AMON

[10] AMON (French acronym for Absorption par Minori-
taires Ozone et NO,) is a balloonborne UV-visible spec-
trometer. It is dedicated to nighttime measurements of
stratospheric O3, NO,, NO3, OCIO and aerosol extinction.
The spectrometer covers continuously the UV-visible spec-
tral domain from 350 to 700 nm. A full description of the
instrument, its accuracy, and of the data reduction for NO,
and OCIO is given by Renard et al. [1996, 1997, 1998].
Observations are performed using the stellar occultation
method, which consists in analyzing the modifications of
the spectrum of a setting star caused by absorbing atmos-
pheric compounds. A reference spectrum is obtained when
the light source (i.e., the star) is above the balloon horizon
and the balloon is at its highest altitude (float). The trans-
mission spectra are obtained by dividing the observed
spectra by the reference spectrum. The slant column den-
sities are retrieved using a least squares fit between the
observed transmission spectra and the spectra calculated
using the well-known cross sections of the absorbing
species. The aerosol contribution in the extinction is the
residual in the transmission spectra, after removing the
contribution of Rayleigh scattering and of molecular
absorption. The vertical profiles of the species and of the
aerosol extinction are obtained after inversion using least
squares fit method.

2.1.2. SALOMON

[11]] SALOMON (French acronym for Spectrométrie
d’Absorption Lunaire pour L’Observation des Minoritaires
Ozone et NOy) is a spectrometer which operates continu-
ously in the UV-visible spectral domain.

[12] SALOMON is devoted to the measurement of the
same species as AMON, but uses the Moon as a light
source. Considering that the moonlight flux is greater than
the star flux, SALOMON can detect absorption features of
10~* which is ten times better than that of AMON. How-
ever, the vertical resolution is reduced compared to that of
AMON because of the large apparent diameter of the Moon
(0.5°) which leads to a resolution of 1 to 2 km. For further
details, see Renard et al. [2000].

2.2. MiPLaSMO

[13] MiPLaSMO has been developed at LPCE (Labora-
toire de Physique et Chimie de I’Environnement) to study
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in detail the stratospheric ozone chemistry in polar regions.
It is composed of a microphysical spectral polar strato-
spheric cloud (PSC) model first developed at the Danish
Meteorological Institute [Larsen et al., 1997], a photo-
chemical model involving 125 reactions and which
describes the evolution of 42 species. Simulations are
performed along isentropic trajectories calculated off line
by a routine developed by Knudsen et al. [2001]. This
model allows the time evolution of all the species, PSCs
and aerosol size distributions, and chemical rate coeffi-
cients to be followed along air parcel trajectories. A more
detailed description of the model is given by Riviere et al.
[2000].

[14] Below we present the improvements that have been
carried out since the above-mentioned study:

[15] Chemical rate constants and cross sections have been
updated according to Sander et al. [2000].

[16] Heterogeneous reactions involving bromine species
have been included. These reactions are:

(R5) BrONO, + HCI — BrCl + HNO;
(R6) BrONO, + H,0 — HOBr + HNO;
(R7) HOBr + HBr — Br, + H,0
(R8) HOBr + HCI — BrCl + H,0
(R9) CIONO, + HBr — BrCl + HNO;

[17] Finally the calculations of the photolysis coefficients
has been improved by including the TUV (Tropospheric
Ultraviolet-Visible) radiation model developed by Madro-
nich and Flocke [1999] at NCAR. This allows calculation of
actinic fluxes taking into account realistic O, and ozone
column densities and reflectivities along the trajectories.
Here column densities are computed using satellite ozone
measurements. Before a simulation is performed, we check
for any satellite measurement along the trajectory that
would correspond both in time and location to the one of
the air parcel within a reasonable distance. This distance
may vary as a function of location of both air parcel and
measurements within the vortex. Ozone and O, columns are
updated along the trajectory each time the air parcel
coincides with a satellite measurement location. The reflec-
tivity data used in the model are also taken from satellite
measurements.

3. Case of 23 January 2000
3.1. Measurement Context

[18] The SALOMON flight of January 2000 occurred at
Kiruna (67.9°N/22.1°E), Sweden, as part of the THESEO
2000 campaign. The measurement time was around 1700
UT and spectra were collected during moonrise. The altitude
float was 26.5 + 1.2 km. Four points of measurements could
be retrieved between 13.8 and 18.2 km (124 to 59 hPa,
respectively). The balloon and the optical path during the
measurements were well inside the polar vortex as shown in
Figure 1. Low temperatures prevailing during this period led
to a high chlorine activation and to a substantial denoxifi-
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Figure 1.
UT at 433 K (18.2 km). PV contours are drawn. PV values
increase from dark to white colors. Also shown are the
intersection points of a few lines of sights from the
SALOMON gondola, located at 26 km, with the 433 K
level. Crosses indicate the entry point while triangles
indicate the exit points.

Arctic polar vortex on 23 January 2000 at 18

cation of the whole vortex, as indicated by 3-D simulations
with the REPROBUS CTM.

3.2. Comparison Between Model and Measurements

3.2.1. Initialization of MiPLaSMO

[19] Ten day backtrajectories are used for the simulations.
The endpoint of each trajectory corresponds to the tangent
point of the optical path, which is the most representative
point of a considered atmospheric layer along the optical
path. The chemical species initial values are taken from the
REPROBUS chemical transport model [Lefévre et al., 1998]
at the beginning of each trajectory. Measurements of the
University of Wyoming Optical Particle Counter (UW-
OPC) [Deshler et al., 1993] on 19 January 2000 available
on the NILU database, are used for aerosol initialization in
the model. Ozone and O, columns used for the simulations
are taken for the POAM3 measurements of 17, 19, 20, and
23 January 2000. Reflectivity data used were measured by
the TOMS instrument onboard the Earth Probe spacecraft,
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Figure 2. Measured and simulated profiles of OCIO (left panel) and NO, (right panel) on 23 January
2000, over Kiruna. Measurements by SALOMON are shown with triangles. MiPLaSMO simulations are

shown in gray dotted line and stars.

given once per day. Thus reflectivity data are updated
everyday along the trajectory.
3.2.2. Results

[20] Figure 2 shows the SALOMON measurements of
OCIO and NO, and the corresponding simulations by
MiPLaSMO. The NO, measurements are characterized by
significantly nonzero mixing ratios around 100—150 pptv.

[21] Concerning the OCIO profile, a linear increase in
measured OCIO mixing ratio from 9 to 39 pptv is observed
as a function of altitude. This behavior is well reproduced
by the model and furthermore, even if slightly overesti-
mated for the three higher levels (90, 73, and 59 hPa), the
OCIO mixing ratios computed are in rather good agreement
with the measurements at each level considered. A detailed
analysis of the model results confirms that in that case, BrO
+ CIO (Rl1c) is the only significant way of forming OCIO.
The OCIO production via the CIO + CIO (R2) reaction only
represents 0.2 pptv in the low temperature conditions (193 —
200 K) that prevailed here. In particular conditions, this last
reaction has been shown to be significant by Pierson et al.
[1999] where a 225 K temperature was observed during the
formation of OCIO. As the constant rate for reaction R2 is
faster in warm stratospheric temperature conditions, the R2
impact on OCIO formation can have been significant for the
Pierson et al. [1999] study. Our conditions are very differ-
ent because temperatures are much lower when OCIO forms
and reaction Rlc is then predominant.

[22] In agreement with 3-D simulations, NO, mixing
ratios computed by MiPLaSMO are very low (lower than
1 pptv) at each level. To explain this behavior, the sza
evolution during the 10 day backtrajectory at the 412 K
level (73 hPa at the end of the trajectory) is plotted in Figure
3. It shows that during the 10 days prior to the measure-
ments, the sun is always below the horizon (sza > 90°).
Furthermore, due to the low temperatures prevailing in
January in the vortex, chlorine was activated since the
beginning of the simulations leading to a full denoxifica-
tion. The weak solar fluxes encountered along the trajectory
reduce dramatically the possibility of NO, formation from
HNO; photodissociation and oxidation by OH.

4. Case of 12 February 1999
4.1. Measurement Context

[23] The AMON flight of 12 February 1999 occurred at
Kiruna around 0000 UT during the THESEO campaign.

Measurements were performed within the polar vortex
during the setting of the star Alnilam (e Orionis). This star
is the source of an important flux in the UV domain, which
allows measurements of OCIO. The float altitude was 29
km and profiles were retrieved from 19 to 29 km. Similarly
to the January 2000 case, both the balloon location and the
optical paths were well inside the vortex. Temperatures
were most of the time above the temperature of saturation
nitric acid with respect to NAT, Tyar, leading only to a
small chlorine activation.

4.2. Comparison Between Model and Measurements

4.2.1. Initialization of MiPLaSMO
4.2.1.1. Temperature Correction in the Trajectories
[24] 16 day backtrajectories were computed using
ECMWF analyses. The end point of the trajectories was
chosen at the location of the measurement (tangent point) at
24 hPa. The location of the other levels of measurements is
less than 100 km away from this point, which should be a
negligible difference in the light of the potentially large
errors that may occur in trajectory calculations [Knudsen et
al., 2001]. This trajectory end is within the vortex at each
level of the profile. During the winter, discrepancies were
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Figure 3. Solar zenith angle (sza) evolution at the 412 K
level during the 10 day backtrajectory arriving at Kiruna on
23 January 2000. A dotted line at 90° is added to separate
nighttime (sza > 90) from daytime (sza < 90). Time 0 h
corresponds to the time and location of the measurement.
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Figure 4. Temperature profile at the measurement location
on 12 February 1999. Comparison between temperature
from the AMON PTU sonde (solid line and triangles) and
from ECMWF analysis (dotted line).

observed between the ECMWF temperatures and the meas-
urements [McNally et al., 1999]. Figure 4 shows the
temperatures measured by AMON (Tanon) and the temper-
atures at the end of the trajectory computed from ECMWF
analyses (Tgcmwr). ECMWE temperatures are too warm in
the lowest levels and are too cold in the highest levels.
Reasonable agreement is found from 60 to 30 hPa where
differences do not exceed 2 K, but above 30 hPa, differ-
ences are more than 3 K, reaching 5 K at 12 hPa. Thus
corrections in temperature are needed. In order to use
trajectories thermodynamically compatible with the AMON
measurements, we have prescribed a AT = Tapvon —
Trcmwr shift of the temperature all along the trajectory
for each level.
4.2.1.2. Chemical Species

[25] We have used measurements of CIONO,, HNOs,
NO,, HO,NO, and N,Os, from the MIPAS-B instrument
[Wetzel et al., 1997] performed from Kiruna on 27 January
1999 at 0558 UT, which give a good indication of total NO,
and the partitioning within this family. Fortunately, the
location of the measurements is within a reasonable distance
of the starting point of the 16 day backtrajectory in the
lowest level (60 hPa). For higher levels, the location of the
MIPAS measurements does not correspond to the starting
points of the backtrajectories but both are located in air
parcels with comparable potential vorticity. Total amount of
other main families (Br,, Cly, HO,, etc...) were initialized
using REPROBUS chemical transport model outputs on 12
February 1999 over Kiruna. Bry, was initialized as BrCl and
Cly was initialized as CIONO, and HCI using the relation
Cly (REPROBUS) = CIONO, (MIPAS) + HCL. This choice
is justified by the fact that the trajectories used are 16 days
long, and computed results are not very dependent on the
initial partitioning within each family.
4.2.1.3. Aerosols

[26] The aerosol extinction retrieved in this flight
of AMON allows an estimation of the surface densities
of aerosols (Berthet et al., Optical and physical properties of
stratospheric aerosols from balloon measurements in the
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visible and the near-infrared domain, 1, Analysis of extinc-
tion spectra from the AMON and SALOMON instruments,
submitted to Applied Optics, 2002, hereinafter referred to
as Berthet et al., submitted manuscript, 2002). For this
flight, the signal/noise ratio in the extinction limited the
aerosol surface retrieval to 3 pressure levels (60, 32 and 19
hPa). For other levels, aerosol surface densities were
interpolated between 60 hPa and 19 hPa and extrapolated
above 19 hPa using typical surfaces at that level from other
AMON and SALOMON flights aerosols (Berthet et al.,
submitted manuscript, 2002). Then aecrosol surfaces at the
beginning of the trajectories were chosen in order to
correspond to the aerosol surfaces from AMON at the
end of the trajectory.

4.2.1.4. O3 and O, Columns and Reflectivity

[27] Ozone and O, columns used for the simulations are
taken from the POAM3 measurements of 31 January 2000
and 11 February 2000. Reflectivity data are taken from
TOMS/Earth Probe measurements.

4.2.2. Results

[28] AMON measurements of OCIO (left panel) and NO,
(right panel) and corresponding MiPLaSMO outputs are
shown in Figure 5. Two sets of simulations are reported in
this plot: the “medium aerosol” case is obtained with the
mean surface densities estimated by AMON. The “small
aerosol” case uses the smallest surface densities allowed by
the AMON aerosol retrieval uncertainties. Differences
between the two surface densities can reach a maximum
of 50%. The log scale has been chosen for the NO, panel in
order to identify differences between measurements and
simulations in the lower part of the profile.

[20] Considering the measurements themselves, the NO,
profile is characterized by a complete denoxification up to
45 hPa (37 hPa if we account for uncertainties in the
measurement that reach 0 pptv for this level) and mixing
ratios that reach about 4 ppbv at 10 hPa. The denoxification
is well reproduced by MiPLaSMO in the lowermost strato-
sphere. At higher levels, the calculated NO, increases with
altitude as observed by AMON, but is considerably under-
estimated. The discrepancy decreases, in relative, with
altitude. Aerosol surface densities have little influence in
reducing the discrepancies.

[30] The OCIO profile shows mixing ratio around 65 pptv
between 57 and 33 hPa, a slight decrease up to 20 hPa, a
peak at 15 hPa and a strong decrease above to 25 pptv. At
the lowest levels (i.e., from 60 to 37 hPa), the model results
are in relatively good agreement with the measurements
considering the error bars. In that altitude region both NO,
and OCIO seem to be well reproduced by the model.
Overall a relatively good agreement is obtained in the case
of the smallest aerosol size distribution, even if the model
slightly overestimates the OCIO formation from 32 to 19
hPa. In the case of the “medium aerosol” distribution, the
model significantly overestimates the AMON profile
between the same range of pressure: at 19 hPa, a maximum
of 89 pptv is reported by MiPLaSMO while the measure-
ment is about 55 pptv.

[31] NO, shows about a 25% increase between 30 and 19
hPa when the “small aerosol” distribution is used: the
chlorine activation is less important, and less NO, is
consumed to deactivate chlorine. At the same time, the
computed OCIO shows about a 25% decrease: the enhanced
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Figure 5. Measured and simulated profiles of OCIO (left panel) and NO, (right panel) on 12 February
1999, 0000 UT, over Kiruna. Measurements by AMON are shown by the black line and triangles.
MiPLaSMO simulations are shown by the gray dotted line and asterisks in the case of the smaller aerosol
size allowed by AMON extinction and by the thin black line and asterisks in the case of medium size
aerosols (see text for details). NO, values lower than 1 pptv have been set to 0.5 pptv to be visible on the

log-scale plot.

NO, implies more interaction with BrO, limiting the avail-
ability of bromine oxide for OCIO formation.

[32] As on 23 January 2000, there is a substantial under-
estimation of the computed NO,. Interestingly, this dis-
agreement contrasts with the relatively good agreement
obtained between the measured and computed OCIO, which
is yet a specie very sensitive to the absolute amount of NO».

5. Investigation on the Disagreement Observed

[33] The large disagreement observed between the meas-
ured and computed NO, has already been observed in the
polar vortex [Lary et al., 1997; Payan et al., 1999a; Wetzel
et al., 1997; Payan et al., 1999b]. Several hypotheses are
investigated in this section.

5.1. Bias in the Inversion Method of the Measurement

[34] The primary measurements of SALOMON and
AMON are slant column densities, so one could expect that,
OCIO and NO, are actually present in the same slant columns
but not at the same altitude. For example, in the particular
case of 23 January 2000, this means that the retrieved non-
zero values of the NO, mixing ratio in the range of 13—18 km
could actually be a signature of the large mixing ratio
simulated above this altitude range as shown in Figure 6a.

[35] This assumption is not possible if, as expected in the
retrieval, the layers are horizontally homogeneous. In that
case indeed the slant column densities must decrease
slightly as the Moon elevation decreases because, the path
length of the line of sights in each layer then decreases. As
shown in Figure 6b, the slant column densities are actually
increasing. Assuming the horizontal homogeneity hypoth-
eses would mean, therefore, that NO, mixing ratios have
nonzero values in the range of 13—18 km.

[36] As shown in Figure 6a, this horizontal homogeneity
is in fact not strictly true but full 3-D calculations of the
slant columns using outputs of the 3-D CTM Reprobus
show (Figure 6b) that the simulated slant column densities

nevertheless slightly decrease as Moon elevation decreases
despite the horizontal inhomogeneity. Consequently the
increasing measured slant columns densities as Moon ele-
vation decreases prove definitely that NO, mixing ratio
have nonzero values in the range of 13—18 km.

[37] The same 3-D calculations have been made for the
OCIO column densities. Figure 7a shows that the OCIO
mixing ratio is also not strictly horizontally homogeneous.
Figure 7b shows that the simulated slant column densities
are slightly above the measured ones. This is consistent with
the slightly larger OCIO mixing ratio computed with
MiPLaSMO (Figure 2). Slant column densities computed
assuming zero values for the OCIO mixing ratio below 18
km are also shown in Figure 7b. The very small computed
values compared with the measurements show that rela-
tively large OCIO mixing ratio are actually present below
this altitude. It is therefore possible to conclude that nonzero
values of OCIO and NO, mixing ratio are simultaneously
measured in the range of 13—18 km.

5.2. Reaction Rate Uncertainties on the NO, Budget

[38] Before involving a possible missing source of NO, in
our present knowledge of the chemistry, the influence of
reaction rate uncertainty on the discrepancies previously
observed has to be checked. Reactions which could be of
prime importance in the NO, budget are:

(R3) Cl0 + NO, + M — CIONO2 +M
(R10) HNO; + hv — NO, + OH
(R11) HNO; + OH — NO, + H,0
(R12a) N;05 + M — NO, +NO; + M
(R12b) NO; +NO3 + M — N,Os + M
(R13) NO, + OH+M — HNO; + M
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Figure 6. (a) NO, vertical profiles computed by the 3-D
CTM Reprobus at locations 67 N, 24 E (full line), 70 N, 35
E (dotted line) and 71 N, 38 E (dashed line) on 23 January
2000 at 1700 UT. The balloon altitude is approximately 27
km. The location 67 N, 24 E is the mean of the locations of
the entry point of the line of sights for Moon elevation
between —3° and —3.7° at 25 km. The location 70 N, 35 E
is the mean of the location of the exit points at level
between 25 and 35 km for Moon elevation —3°. The
location 71 N, 38 E is the mean of the locations of the exit
points at levels between 25 and 35 km for Moon elevation
—3.7°. The three profiles show that the horizontal
homogeneity hypothesis is not strictly true along the lines
of sights. (b) Measured slant columns densities as a function
of Moon elevation (triangle with error bars and full line) and
computed slant column densities using Reprobus simula-
tions and a 3-D geometry (crosses and dashed line).

(R14) CIONO, + hv — NO; + Cl
(RIS) NO; + 03 — NO3 + 0O,
(R16) N,Os + hv — NO, + NO;3
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[39] A sensitivity study has been performed using the
most favorable rate constants for high NO, mixing ratios for
reactions R3 and R10 to R16 within the uncertainties of the
reaction rate given by Sander et al. [2000] or DeMore et al.
[1997]. In the case of photolysis reactions (R10, R14 and
R16), the uncertainties in the cross sections have been
simulated by increasing the photodissociation rates by a
factor of two all along the trajectory. The results are plotted
in Figure 8 in the case of the smallest aerosol surface
distribution.

[40] It appears that no significant change is observed for
NO, except at 12 hPa where the increased HNOj; photol-
ysis (R10) becomes important for this trajectory. The
relative improvement, at about 30% between both simu-
lations is, however almost not dependent on the altitude.
The change in the rate constants also involves a significant
decrease in OCIO compared to the case discussed in
section 4.2.3 (also shown in Figure 8). This feature is
casily understood by considering reaction R4. The small
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if OCIO concentration is arbitrarily fixed to zero below 18
km (diamond and dashed line).
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Figure 8. As for Figure 5, except here, MiPLaSMO simulations correspond to the case of the most
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JPL 2000 chemistry previously shown in Figure 5 (labeled “MiPLaSMO JPL 2000’) are also shown by
the black dotted line. See section 5.2 for details. The domain between the two simulated profiles is shaded

gray.

increase of NO, consumes BrO which cannot react with
CIO to form OCIO. As the concentration of BrO is smaller
than the one of CIO, bromine oxide is determining the
amount of OCIO production.

[41] In Figure 8, the OCIO measurements are included in
the gray domain delimited by the simulated case favorable
to a higher NO, amount, and the simulated case presented in
section 4. This implies that the measured profile of OCIO
can be reproduced by MiPLaSMO considering the produc-
tion of OCIO by Rl1c, and accounting for uncertainties in the
NO, chemical rates. Such an agreement in OCIO modeling
is nevertheless paradoxical, considering the large depend-
ence of OCIO to NO, and the simultaneous underestimation
in the computed nitrogen dioxide.

[42] It appears that the published uncertainties in reaction
rates are not sufficient to explain quantitatively the discrep-
ancies observed between our model calculations and our
measurements of nitrogen dioxide. We next consider a
missing source of NO, in the stratospheric chemistry.

5.3. Renoxification From HNOj: A Possible
Source of NO,

[43] Simulations have been carried out with an additional
source of NO, from HNOj;, the major reservoir for NOy
species. This source is simulated using the reaction
(R17a) HNOj; + reactant — NO, + products
as of Lary et al. [1997], where a source of NO, from a
heterogeneous reaction of HNO; on soot appears to be a
possible explanation of the AMON measurements of 1995
in the polar vortex. Recent laboratory works have shown
that soot may not be active in the stratosphere [e.g.,
Saathoff et al., 2001]. Nevertheless, the possibility that
soots become active due to aging and changes in their
nature has not been explored yet. Preliminary studies
suggest that aged soots might be more hydrophilic, and
therefore more reactive (J. C. Petit, Laboratoire de

Combustion et des Systémes Réactifs/CNRS, Orléans,
France, personal communication, 2000). However, we do
not speculate here on the possible nature of the source of
NO,. Our aim is to check the impact of an unknown
source of NO, on the halogen chemistry via the response
of the couple [OCIO, NO,]. Note that the balanced
reaction
(R17b) HNO; — NO, + OH
is not suitable for the simultanecous agreement of NO, and
OCIO since, as we have tested, enhanced OH radicals
transform a large amount of active bromine into HOBr,
and thus decrease the OCIO production.
5.3.1. 12 February 1999

[44] The constant rate chosen for reaction R17a is set to
9.7%10~® 57! for all pressure levels. This value has the
same order of magnitude as the constant deduced from +y
and soot surface area given by Lary et al. [1997]. How-
ever, it is a slower rate in the present case in order to
obtain simulation results comparable with the measure-
ments. Results are presented in Figure 9, using the lowest
aerosol size distributions allowed by AMON measure-
ments. Major improvements are obtained for NO,: the
simulations agree well with the measurements between 60
and 19 hPa and are only slightly underestimated above.
However, the model OCIO profile collapses at almost
every level compared to the case presented in Figure 6,
with minimum values six times lower than the measure-
ments. As in section 5.2, the enhanced amount of NO,
makes reaction R4 more efficient. BrO is destroyed faster
and limits the OCIO production.
5.3.2. 23 January 2000

[45] Similar simulations were performed for the 23
January 2000 case study. A constant rate twice as fast as
in the case of February 1999 is needed for reaction R17a
to give a calculated NO, value in reasonable agreement
with the measurements (Figure 10). In the case of a
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Figure 9. As for Figure 5, except here, MiPLaSMO simulations correspond to the case where a reaction
HNO; — NO, was added to simulate an unknown source of NO,. Corresponding simulations of OCIO

are shown in the left panel.

heterogeneous source of NO,, this increase in the rate
constant could be justified by a larger surface area of
particles at low altitude. However, as in the case of 12
February 1999, the corresponding computed OCIO con-
centration is grossly underestimated, with values below 2.5
pptv, except at 412 K (73 hPa) where 27.3 pptv of OCIO
are obtained. The computed NO, is indeed very small at
this level (7.4 pptv).

[46] Clearly, the discrepancies between model and meas-
urements cannot be explained by considering only a “miss-
ing” source of NO, from HNO3, since it would also imply
an unrealistically low amount of OCIO in the model.
Sensitivity tests have also shown that this source reduces
too much chlorine activation and ozone depletion as a
comparison with simulations without R17a.

[47] However, the uncertainties in OCIO production have
not been taken into account in the above-mentioned simu-
lations. As in section 5.2, simulations were made using the
most favorable constant rates to OCIO production and

adding the NO, source in the model. Reactions to be taken
into account are

(Rlc) BrO + CIO — OCIO + Br
(R18a) BrONO, + hv — NO, + BrO
(R18b) BrONO, + hv — NO; + Br
(R19) BrCl + hv — Br + Cl
(R20) HOBr + hv — Br + OH

[48] Once again, in the case of photodissociation reactions
(R18, R19 and R20), the uncertainties have been simulated
by increasing the photodissociation rates by a factor of two
all along the trajectory. For the 560 K level (33 hPa)
simulation case of 12 February 1999, the final mixing ratio
of NO; is 26 pptv, which is in agreement with the measure-
ments, and OCIO mixing ratio is 29 pptv while 65 pptv were
measured. Thus both species cannot be reproduced simulta-
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Figure 10. As for Figure 2, except here, MiPLaSMO simulations correspond to the case where a
reaction HNO; — NO, was added to simulate an unknown source of NO,. Corresponding simulations of

OCIO are shown in the left panel.
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neously even if the published uncertainties in OCIO pro-
duction are taken into account. Sensitivity tests have also
been performed concerning the total inorganic bromine.
They show that even an unrealistic loading of 35 pptv of
Br, (instead of 20 pptv in the base case) would lead to a
underestimated mixing ratio of 19.2 pptv of OCIO when the
source of NO, is included in the calculations.

6. Discussion

[49] Our results show that it is impossible to reach a
simultaneous agreement between our model and measure-
ments of NO, and OCIO, given our present knowledge of
the interaction between nitrogen and halogen species. It is
generally accepted that OCIO is formed by the reaction of
CIO with BrO. Its mixing ratio at night is nevertheless
mainly dependent on the BrO mixing ratio at sunset. In the
model, this BrO mixing ratio is largely reduced in the
presence of even small amounts of NO,. Our measurements
and our modeling results show that the efficiency of NO, in
depleting BrO could be not so large. This means that the
rate constant for this reaction could be lower than assumed.
Alternatively, the BrONO, lifetime might be shorter than
expected. After Orlando and Tyndall [1996], the thermal
decomposition of BrONO, is negligible at stratospheric
temperatures. The only way around this would therefore
be a less stable isomer, formed by the reaction of BrO and
NO, at low temperature, as it has been found for the
reaction OH + NO, [Hippler et al., 2001]. With this
speculative hypothesis, and if the equilibrium constant
between this isomer and BrO is sufficiently in favor of
BrO, calculations show that it is possible to reach a
simultaneous agreement between measured and simulated
BrO and NO, for the case of February 1999 but not for the
case of January 2000, when a source for NO, is assumed. In
both cases ClO is decreased by a large amount due to
reaction R3. In the first case the mixing ratio of ClO is still
sufficiently high to form OCIO, but not in the second case.
This means that ClO also is probably too much depleted in
the model by its reaction with NO,.

7. Conclusion and Future Aims

[so] This paper focuses on the interaction between nitro-
gen and halogen species in the polar vortex. We have used
simultaneous nighttime measurements of OCIO and NO,
that have been compared to model simulations. It has been
shown that the model is able to reproduce OCIO rather well
in the lower part of the profiles (below 21 km). The
production of OCIO by the CIO + CIO reaction does not
seem to have a significant impact in this part of the cold
polar stratosphere.

[51] NO, is underestimated by the model at all levels
except when a complete denoxification was observed, on 12
February 1999, below 37 hPa, accounting for uncertainties
in the measurements. The uncertainties in reaction rates
cannot explain this discrepancy between the model and the
measurements, which appears to be in line with results
obtained in previous studies [Lary et al., 1997; Wetzel et al.,
1997].

[52] A possible missing source of NO, and its influence
on halogen species has been tested. An additional source of
NO, from HNOj; could lead to a reasonable agreement with
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the observed NO,, but its negative impact on OCIO, rules
out this simple hypothesis. This source would also reduce
the ozone destruction in the model.

[53] Our results show that something is not understood in
the interaction between nitrogen and halogen species. To
better understand this problem, new simultaneous measure-
ments of nitrogen and halogen species, or the re-analysis of
previous measurements are needed to document this issue.
Laboratory measurements of the products of the reactions
BrO + NO, and CIO + NO, at low temperature would also
be of prime importance. In addition, the measurement of
BrONO, in the stratosphere would be particularly helpful
for understanding the bromine chemistry.
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