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[1] Nighttime remote-sensing balloon observations conducted by the SALOMON
instrument in the arctic polar vortex in January 2006 reveal high amounts of stratospheric
NO2 in the lower stratosphere similarly to previously published profiles. NO2

concentration enhancements are also present in the vertical profiles observed by the
GOMOS instrument on board the Envisat satellite and obtained coincidently to the balloon
measurements. Such quantities are not present in in situ observations obtained by the
SPIRALE instrument in similar geophysical conditions. While OClO amounts are
acceptably reproduced by Chemistry Transport Model (CTM) calculations, NO2 simulated
values are well below the observed quantities. The examination of the slant column
densities of NO2 obtained at float altitude highlights unexpected strong enhancements
with respect to the elevation angle and displacement of the balloon. It is shown that these
fluctuations result from NO2 spatial inhomogeneities located above the balloon float
altitude. Potential vorticity maps reveal the presence of midlatitude NO2-rich air in the
upper stratosphere or lower mesosphere as a result of the perturbed dynamical situation of
the vortex. The presence of spatial inhomogeneities crossed by the lines of sight leads to
artificial high concentration values of NO2 in the vertical profile retrieved from the slant
column densities assuming spatial homogeneity. A direct implication is that the
differences previously observed between measurements of NO2 and OClO and model
results are probably mostly due to the improper inversion of NO2 in the presence of
perturbed dynamical conditions or when mesospheric NOx production events occur. The
dynamical situation will have to be systematically analyzed in future studies involving
remote-sensing observations.

Citation: Berthet, G., et al. (2007), Remote-sensing measurements in the polar vortex: Comparison to in situ observations and

implications for the simultaneous retrievals and analysis of the NO2 and OClO species, J. Geophys. Res., 112, D21310,

doi:10.1029/2007JD008699.

1. Introduction

[2] Remote-sensing measurements from spectrometers on
board various platforms (balloons, aircrafts, satellites) have
been used for decades to retrieve slant column density
(hereafter SCD) values or vertical profiles of the strato-
spheric chemical compounds. Several studies have focused
on the interactions between nitrogen and halogen species
which are of primary importance for polar ozone chemistry.
Active chlorine species are indeed involved in the ozone

destroying catalytic cycles whereas nitrogen species act in
the deactivation mechanisms of chlorine. Recent work has
particularly centered on the NO2 and OClO species from
simultaneous observations by balloon-borne UV-visible
spectrometers [Rivière et al., 2002, 2004].
[3] NO2 and OClO are chemically linked through the

following reactions. OClO is predominantly formed at
sunset in the winter polar vortex through one channel of
the reaction of ClO with BrO:

BrOþ ClO ! OClOþ Br ð1aÞ

! ClOOþ Br ð1bÞ

! BrClþ O2 ð1cÞ
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[4] The production of OClO is assumed to be reduced by
the two following reactions involving NO2:

ClOþ NO2 þM ! ClONO2 þM ð2Þ

BrOþ NO2 þM ! BrONO2 þM ð3Þ

[5] From the studies mentioned above it clearly appears
that models are not able to reproduce simultaneously the
various profiles of NO2 and OClO measured in the arctic
polar vortex. Rivière et al. [2002] have in particular reported
high observed quantities of NO2 on 23 January 2000 at
altitude levels where full denoxification (NOx = NO + NO2)
is simulated. Possible sources of NO2 have been invoked to
explain the large missing quantities of NO2 in the model
calculations. However, such quantities of NO2 lead un-
equivocally to low simulated amounts of OClO due to
reactions (2) and (3). Rivière et al. [2004] raised the
possibility of formation of isomers of ClONO2 and BrONO2

(resulting in a decrease of rate constants of reactions (2) and
(3) and an increase of the modeled amounts of OClO) to
improve the comparisons between observations and simu-
lations of OClO and NO2. Canty et al. [2005] have obtained
a finer agreement between model results and the balloon
observations of OClO than did Rivière et al. [2002] for the
observational case of 23 January 2000. Considering denoxi-
fied conditions, they have actually ignored the observed
high amounts of NO2 which are in total disagreement with
the currently known polar chemistry, an assumption based
on the very low levels of NO observed in situ by a
chemiluminescence instrument on board the ER-2 [Gao et
al., 1997]. This has been achieved by constraining their
model with measurements of active bromine and chlorine,
increasing one of the branching ratios of the ClO + BrO
reaction to a value close to the uncertainty upper limit given
by 2002 JPL kinetics [Sander et al., 2003] and taking into
account various sources of uncertainties in the model. In
particular, Canty et al. [2005] have underlined the impor-
tance of accurate knowledge of air parcel trajectories for
correct modeling of OClO.
[6] Recently, Swartz et al. [2006] have pointed out that

spatial inhomogeneities in the line-of-sight measurements
from aircraft are likely to affect the retrieval of vertical
profiles of species like ozone. Therefore a doubt remains
regarding the NO2 quantities measured in the polar vortex,
especially in the lower stratosphere where significant
amounts of NO2 have been recurrently observed by remote-
sensing balloon-borne instruments [Sen et al., 1998; Payan et
al., 1999; Wetzel et al., 2002; Rivière et al., 2002; Berthet et
al., 2003]. A balloon campaign was then conducted in Kiruna
(Sweden, 67.9�N, 22.1�E) in the Northern Hemisphere (NH)
polar vortex in theoretically denoxified conditions to inves-
tigate the NO2 quantities derived from suchmeasurements by
comparing them to in situ observations and to model calcu-
lations. The observations were made during the night allow-
ing us to get rid of species concentration variations as a
function of local timewhich generally have to be corrected for
solar occultation measurements.

2. Instruments

[7] Stratospheric profiles were measured by the
SALOMON (SALOMON is a French acronym for Spec-

troscopie d’Absorption Lunaire pour l’Observation des
Minoritaires Ozone et NOx) and SPIRALE (French acro-
nym for Spectroscopie Infrarouge d’Absorption par Lasers
Embarqués) balloon-borne instruments used routinely at all
latitudes, in particular as part of European and satellite
validation campaigns. The performance characteristics of
the SALOMON instrument and data reduction method have
been described in detail by Renard et al. [2000] and Berthet
et al. [2003]. A detailed description of the instrumental
characteristics of SPIRALE and of its operating mode is
given by Moreau et al. [2005].
[8] SALOMON performs nighttime remote-sensing

measurements of NO2 and OClO from their UV-visible
absorption bands using the well-established DOAS (Differ-
ential Optical Absorption Spectroscopy) technique [e.g.,
Platt, 1994]. Note that to our knowledge, no other instru-
ment conducts measurements in the UV-visible wavelength
range from a balloon at night. The measurement is self-
calibrated since no assumption concerning the response of
the instrument is needed. The spectrometer does not suffer
from any kind of mechanical deformations during the moon
pointing procedure. The instrument is thermally insulated
and thus not affected by external temperature variations.
Direct moon spectra are collected and recorded on board the
azimuth-elevation-controlled SALOMON gondola. The
spectra cover the 340–700 nm wavelength domain and
are sampled at 0.34 nm per pixel. At the balloon float
altitude a reference spectrum is recorded when the moon is
well above the gondola horizon. This spectrum is carefully
chosen so that it contains minimized species absorption
features. Owing to the high moon-pointing accuracy, two
specific geometries of observation can be carried out to
record the raw spectra: (1) at float altitude while the moon
sets or rises below the gondola horizon (typical occultation
configuration) or (2) during the balloon ascent and at float
altitude with the moon located above the gondola horizon
(positive elevation angles typically from 0 to 30�). The
schematic view of the geometry of observation during
balloon ascent and at float is presented in Figure 1. Dividing
the raw spectra with the reference spectrum gives the
transmission spectra highlighting the atmospheric species
absorption bands. NO2 and OClO SCDs are determined
respectively over the 420–510 and 340–420 nm spectral
ranges by least squares fits using the University of Bremen
high resolution absorption cross-sections measured at Uni-
versity of Bremen (data available at http://www.iup.physik.
uni-bremen.de/gruppen/molspec/index.html). Vertical pro-
files of the species are obtained by mathematical inversion
of the SCD profile using a least squares method based upon
the common assumptions of spherical symmetry and homo-
geneity of the stratospheric layers. Note that for an ascent
flight configuration with positive moon elevation angles,
Figure 1 represents the stratospheric layers (grey shaded
area) crossed by the lines of sight used to retrieve the
vertical profile. Concentration error bars are given by three
standard deviations in the least squares fit. SALOMON
observations were conducted on 16 January 2006 between
1645 UT and 2100 UT in the 14–34 km altitude range
inside the polar vortex during the ascent of the balloon and
at float altitude with the moon above the gondola horizon as
described in Figure 1.

D21310 BERTHET ET AL.: REMOTE-SENSING OBSERVATIONS OF NO2

2 of 14

D21310



[9] SPIRALE is dedicated to in situ observations of NO2

and various long-lived and short-lived chemical species
from about 10 to 40 km with a vertical resolution of a
few meters. It uses six tunable salt laser diodes in the mid-
infrared domain (3 mm to 10 mm) where molecular line
strengths are the greatest. The laser diodes are cooled and
the beams are injected into a multipass Heriott cell located
under the gondola and largely exposed to ambient air. The
cell (3.5 m long) is deployed during the flight when pressure
is lower than 300 hPa. The multiple reflections obtained
between the two cell mirrors give a total optical path of
430.78 m. Species concentrations are retrieved from direct
infrared absorption, by fitting experimental spectra with
spectra calculated using HITRAN 2004 database [Rothman
et al., 2005] in the micro-window 1598.4–1598.9 cm�1.
The global uncertainties for NO2 have been assessed by
taking into account the random errors and the systematic
errors, and combining them as the square root of their
quadratic sum. In brief, there are two important sources of
random errors: (1) the fluctuations of the laser background
emission signal and (2) the signal-to-noise ratio. These error
sources are the main contributions for NO2 giving a total
uncertainty of 30% at the lower altitudes (around 17 km),
reduced to 20% around 24 km, and even to 6% above 24 km.
With respect to the above errors, systematic errors on
spectroscopic data (essentially molecular line strength and
pressure broadening coefficients) are considered to be
negligible. The SPIRALE flight occurred on 20 January
2006 between 1800 UT and 1950 UT with profiles obtained
in the vortex between 17 and 27.2 km under similar time
and geophysical conditions as SALOMON for appropriate
comparisons.
[10] GOMOS (acronym for Global Ozone Monitoring by

Occultation of Stars) on board the European satellite Envisat

launched in March 2002 is a space instrument using for the
first time a stellar occultation technique to observe strato-
spheric and mesospheric species that present absorption
lines in the UV-visible and near infra red domains (248–
942 nm) [Bertaux et al., 2004; Hauchecorne et al., 2005].
The reference star spectrum is recorded at the beginning of
the occultation outside the atmosphere then occultation
spectra are recorded during the set of the star. As those of
SALOMON, the GOMOS measurements can be considered
self-calibrated. Dedicated to provide a climatology of spe-
cies involved in the ozone photochemistry, GOMOS pro-
vides in particular global NO2 observations with a vertical
sampling of about 1.5 km from about 135 km down to the
lower stratosphere. The NO2 data presented in this study
correspond to version V5.0 of the algorithms. Marchand et
al. [2004] have analyzed the self-consistency of GOMOS
NO2 data using chemical data assimilation and have found
no evidence for a bias. The validation work of Renard et al.
[2007] shows that the GOMOS individual profiles of NO2

obtained at midlatitude and high latitude compare reason-
ably well with balloon observations in the middle strato-
sphere, at least statistically, both in terms of altitudes and
concentration values. We therefore assume that GOMOS
individual profiles of NO2 can be used for specific compar-
isons with balloon observations. For such analysis the
collocation criteria between GOMOS and balloon observa-
tions are typically less than 500 km in the same physical
conditions and less than 3 hours. This was the case for the
two balloon flights studied here.

3. Model Experiment

[11] The three-dimensional simulations presented here
have been performed with the REPROBUS (Reactive

Figure 1. Schematic view of the geometry of observation for SALOMON measurements performed
during ascent (1) and at float (2). The grey-shaded area encompasses the stratospheric layers sounded by
the infinite lines of sight during ascent and corresponding to the vertical profile retrieved after
mathematical inversion of the slant column densities. Homogeneity of these layers is assumed for the
retrieval of the concentration vertical profile. Observations conducted at float provide slant column
densities varying through increase of moon elevation and horizontal displacement of the balloon.
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Processes Ruling the Ozone Budget in the Stratosphere)
Chemical Transport Model (CTM) [Lefèvre et al., 1994,
1998] which has been extensively used in previous
studies of the stratospheric chemistry especially at high
latitudes [e.g., Hoppel et al., 2002; Ricaud et al., 2005].
The model computes the evolution of 55 species through
about 160 photolytic gas-phase and heterogeneous reac-
tions with a time step of 15 min in the present study. 40
species or chemical families, typically long-lived tracers,
are transported by a semi-Lagrangian code. The kinetics
of all chemical reactions is taken from the 2002 JPL
recommendation [Sander et al., 2003], except for the
photolysis rate of Cl2O2 taken from Burkholder et al.
[1990] with a wavelength extrapolation to 450 nm fol-
lowing the work of Stimpfle et al. [2004]. The laboratory
measurements of photodissociation cross-sections of
HO2NO2 both in the UV [Knight et al., 2002] and in
the near IR [Roehl et al., 2002] have been included in the
photodissociation calculations.
[12] We make use here of an improved version of

REPROBUS including an explicit description of the
inorganic bromine (Bry) budget. The time-dependent
sources and chemistries of CH3Br and halons (H-1211,
H-1301, H-2402) are calculated, as well as the additional
contribution of bromine very short-lived species
[Salawitch et al., 2005], represented in the form of
equivalent CH2Br2 in the model. This additional bromine
contribution is set to a value of 6 pptv in REPROBUS
compared to the 4–8 pptv range suggested by Salawitch
et al. [2005]. This leads to a stratospheric inorganic
bromine burden of about 23 pptv calculated by
REPROBUS. Monthly varying H2SO4 fields leading to
the formation of liquid aerosols in the CTM are computed
from the outputs of a two-dimensional model long-term
simulation which takes into account impacts of volcanic
eruptions [Bekki et al., 1996]. The heterogeneous chem-
istry module used in the present simulation includes
reactions on binary and ternary liquid aerosols, as well
as on water-ice particles. The composition of liquid
aerosols is calculated analytically [Carslaw et al.,
1995]. The ice particles are assumed to incorporate
HNO3 in the form of nitric acid trihydrate (NAT) de-
scribed by a bimodal size distribution based on the
scheme of Davies et al. [2002].
[13] In the present study REPROBUS was integrated

from April 2002 to January 2006. The model extends
from the surface up to 0.1 hPa on 42 vertical levels
resulting in a vertical resolution of about 1 km in the
lower stratosphere. The horizontal resolution is 2� latitude
by 2� longitude. Species were initialized from the outputs
of a long-term simulation (1958–2003) of a two-dimen-
sional model previously used in a variety of atmospheric
studies [e.g., Bekki et al., 1994; Bekki and Law, 1997].
REPROBUS was driven by the European Centre for
Medium-Range Weather Forecast (ECMWF) meteorolog-
ical data (temperature, ground pressure and three-
dimensional winds). The simulation was forced using
3-hourly ECMWF meteorological data constructed from
operational analysis and forecasts instead of using com-
mon 6-hourly operational analysis. This appears to result

in a more accurate modeling of NOy species as shown by
Berthet et al. [2006] for NO2 and HNO3.

4. Results and Discussion

4.1. OClO

[14] The vertical profile of nighttime OClO concentra-
tions (Figure 2) was measured on 16 January 2006 by
SALOMON during the balloon ascent inside the vortex.
PSCs were observed above Kiruna over the previous days
with cold temperatures recorded and are indicative of the
onset of chlorine activation processes. This gives rise to the
amounts of OClO measured by SALOMON on 16 January
keeping in mind that OClO is only a qualitatively good
indicator of chlorine activation [Sessler et al., 1995].
[15] Figure 2 shows a comparison of the observed OClO

concentrations to the REPROBUS model calculations.
Model profiles were extracted during the simulation to
coincide to the varying time and locations of the balloon
measurements ranging respectively from 1645 UT to
2100 UT and from 68�N–21�E to 69�N–25�E. The set of
these calculated profiles (represented by the shaded area in
the plot) thus accounts for the time evolution of the species
and considers all the model grid points enclosing the
observation positions. Overall, OClO concentrations are
acceptably reproduced by the model using the chemical
reaction rates of the JPL compilation [Sander et al., 2003]
and the ECMWF meteorological fields taking into account
both the error bars and the dispersion of the calculated
profiles. This result can be considered to be in agreement
with the works of Rivière et al. [2002] and Canty et al.
[2005] though a model-measurement discrepancy is ob-
served for the two concentration values in the lower part
of the vertical profile (Figure 2). It is out of the scope of this
paper to perform model sensitivity tests to reduce this
discrepancy as thoroughly done by Canty et al. [2005] but
possible explanations can be found. These authors show that
nighttime OClO in the Arctic vortex depends on three major
factors: the air mass history during the last sunrise and
sunset transitions, the branching ratios of the reaction BrO +
ClO, and the amounts of BrOx (BrO + BrCl). Accurate
knowledge of these factors is therefore required for an
appropriate modeling of nighttime OClO. First, air parcel
trajectories are considered to be better simulated in the
REPROBUS CTM using 3-hourly ECMWF winds follow-
ing the results of Berthet et al. [2006] but uncertainties are
most likely to remain in the details of air parcel history.
Secondly, concerning the branching ratios of the reaction
BrO + ClO, the yield of BrCl (reaction (1c)) is associated
with a large uncertainty range in the 2002 JPL kinetics.
Canty et al. [2005] have increased the BrCl yield to a value
of 11% which is close to the upper limit of the uncertainty.
This has resulted in a decrease of the nighttime OClO
quantities calculated by an isentropic trajectory model in
agreement with the SALOMON observations of 23 January
2000 presented in their study. In our case, we have chosen
to compute the 7% value recommended by JPL since using
this upper limit value would have led to a further difference
with the SALOMON observations shown in Figure 2.
Finally, nighttime OClO amounts are very sensitive to
daytime BrOx and to BrO quantities available in twilight
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rather than to the levels of ClOx (ClO + 2 � ClOOCl). The
work of Salawitch et al. [2005] strongly suggests that the
amount of stratospheric reactive bromine is underestimated
in models. Following the results of Salawitch et al. [2005]
and as stated in section 3, the 6 pptv additional bromine
contribution we have chosen to compute in the upgraded
version of REPROBUS could be still underestimated (an
upper limit of 8 pptv is suggested by Salawitch et al.
[2005]) to correspond to the real amount of stratospheric
inorganic bromine. An underestimation of BrOx computed
in REPROBUS would result in an underestimation of the
modeled quantities of OClO as shown by the sensitivity test
done by Canty et al. [2005] at 59 hPa (about 18 km). In the
case presented in Figure 2 computing REPROBUS without
including the additional bromine contribution results in a
decrease of simulated amounts of OClO of about 8% around
20 km (but insignificant below about 18 km) demonstrating
the sensitivity of this species to levels of active bromine at
least at some altitude levels (not shown). BrO observations
suffer from significant uncertainties and no measurements
of BrCl are currently available. On the basis of these facts it
is difficult to constrain the models with very accurate levels
of BrOx necessary to simulate more confidently nighttime
OClO. Note that a better knowledge of BrO quantities
would help for a more accurate modeling of OClO through
a better determination of the BrCl yield from reaction (1c).
[16] The maximum concentration value of OClO observed

at 20 km (1.26 � 108 cm�3) corresponds to a mixing ratio of
75 pptv. From such a typical value of OClO low amounts of
NO2 are theoretically expected at these altitude levels.

4.2. NO2

[17] Figure 3 presents the NO2 concentration profile from
SALOMON observations during the balloon ascent. A NO2

enhancement is clearly visible below 20 km as already
observed in the polar vortex in previous campaigns.
GOMOS observations obtained at comparable time
(2000 UT) and location (around 400 km from SALOMON
position; 71.8�N–72.2�N; 20.2�E–21.8�E; 2000UT, time
differences of 1.5–3.0 hours) with the SALOMON profile
are presented and also reveal a secondary maximum below
20 km. The altitudes of the NO2 maximums are in rather
good agreement between the two instruments but
SALOMON provides higher concentration values between
18 and 24 km and between 26 and 28 km. Between 14 and
24 km, note the presence of an oscillation in the GOMOS
profile from positive to negative concentration values.
Another maximum is present in GOMOS observations
around 38 km. Due to the diurnal variation of NO2 the
temporal differences between GOMOS and SALOMON
may be responsible at least for parts of the deviations
between the two instruments.
[18] In Figure 3 the SALOMON observations of NO2

have been compared to a set of profiles simulated by
REPROBUS coinciding to the times and locations of the
balloon measurements during ascent. Simulated concentra-
tions are significantly below the SALOMON observed
values between 20 and 30 km. In particular, as theoretically
expected, denoxified conditions are modeled between 20
and 24 km with values very close to zero compared to
measured concentrations of 4.2–1.5 � 108 cm�3 (250–
170 pptv). Below 20 km the SALOMON profile depicts
large error bars but NO2 amounts are shown to be higher
than the simulation. The concentration values of NO2

observed by GOMOS and calculated by REPROBUS are
of the same amplitude above 31 km, in particular for the
secondary peak around 38 km.

Figure 2. Vertical profile of OClO concentrations measured on 16 January 2006 by SALOMON in the
polar night inside the vortex during the balloon ascent. The observed profile is compared to the set of
profiles simulated by REPROBUS (expressed by the shaded area in the plot) at the time and positions
enclosing the balloon observations ranging from 1645 UT to 2100 UT and from 68�N–21�E to 69�N–
25�E.
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[19] The SPIRALE instrument was launched inside the
polar vortex four days after SALOMON. The conditions of
measurements are similar to those of SALOMON in terms
of time and vortex conditions. In addition, the degree of
chlorine activation computed by REPROBUS in the lower
stratosphere is around 70% for both flights. The SPIRALE
in situ profile of NO2 was obtained between 1800 UT and
1950 UT (Figure 4) in the 17–27.2 km altitude range at
almost constant latitude-longitude position since the balloon
remained close to 67.7�N–21.6�E all along the ascent.
Comparisons with GOMOS observations (about 500 km
from SPIRALE position; 71.6�N–72.2�N; 21.3�E–22.2�E;
1940 UT, time differences up to 1.5 hours) and REPROBUS
calculations (taking into account the variation of NO2

during the measurement as in Figure 3) are also presented.
[20] In Figure 4 below 23 km SPIRALE measurements

show denoxification with NO2 concentrations close to zero
(accounting for error bars). Surprisingly, this result totally
differs from the SALOMON observations presented in
Figure 3. One can note that GOMOS observations shown
in Figure 3 reveal NO2 amounts higher than zero around 23
km and below 18 km which is inconsistent with the results
obtained by SPIRALE at these altitude levels. Unlike the
REPROBUS-SALOMON comparisons excellent agreement
is observed between the in situ profile and the model
calculations below 23 km, both data revealing denoxified
air masses as expected in the winter polar vortex conditions.
Note that in Figure 4 there is no increase in the NO2

concentrations calculated by REPROBUS between 15 and
19 km unlike the 16 January case (Figure 3). This feature
seems to be due to the proximity of the vortex edge at these

altitude levels for the 16 January case as revealed by the
N2O fields computed by REPROBUS (not shown).
[21] Above 23 km NO2 concentrations measured by

SPIRALE sharply increase with a gradient similar to the
one in the SALOMON profile. The concentration maximum
on the SPIRALE profile shows a good agreement with the
maximum observed by SALOMON both in terms of alti-
tude and amplitude taking into account the error bars (with
for example concentrations of 1.2 � 109 and 1.1 � 109

cm�3 at 27 km for SPIRALE and SALOMON respectively).
At all altitudes above 23 km a significant underestimation is
clearly visible on the profile simulated by REPROBUS
(as for the SALOMON-REPROBUS comparison), a dis-
crepancy believed to be partly related to common deficien-
cies in the calculation of total NOy already quantified for
midlatitude conditions [Berthet et al., 2006]. One could also
argue about the impact of denitrification processes in the
vortex not always satisfyingly calculated in CTMs (as can
be seen for example in the work of Ricaud et al. [2005]
from Odin/REPROBUS comparisons of HNO3) and poten-
tially reducing simulated active nitrogen through the link
with HNO3. Above 30 km the broad maximum present in
GOMOS observations is also calculated by REPROBUS
but with much higher NO2 amounts in the simulation.
[22] From the analysis described above two points appear

to be important. First, the analysis of the vertical profiles
observed by SALOMON points out another case of simul-
taneous presence of high amounts of OClO and NO2, a
feature which is not in line with chemical theory as shown
from model calculations. Secondly, when remote-sensing
observations of NO2 from balloon and satellite are ade-
quately compared to in situ data significant differences are

Figure 3. Vertical profile of NO2 from nighttime observations of SALOMON inside the polar vortex on
16 January 2006 (1645–2100 UT). The profile is compared to the GOMOS/Envisat measurements
available close to the balloon observations. The results of the REPROBUS simulation set (expressed by
the vertical shaded area in the plot) at the time and positions enclosing the balloon observations are
presented.

D21310 BERTHET ET AL.: REMOTE-SENSING OBSERVATIONS OF NO2

6 of 14

D21310



clearly apparent in the lower stratosphere. The in situ
measurements do not confirm the high amounts of NO2

observed by the remote-sensing instruments in air masses
expected to be denoxified in the winter polar vortex con-
ditions. These two points together give a hint that remote-
sensing observations may generate artificial structures at
least for altitude levels in the lower stratosphere. The role of
spatial inhomogeneities in the atmospheric layers sounded
by SALOMON and GOMOS is strongly suspected.

4.3. Hypothesis of Spatial Homogeneity

4.3.1. Dynamical Situation
[23] To investigate the hypothesis of spatial homogeneity,

let us focus on the GOMOS and REPROBUS profiles at
altitudes above the balloon measurements. NO2 amounts are
usually strongly variable with the altitude depending on the
strength of the vortex and on the involved chemical pro-
cesses. In Figure 3, the enhancement visible between 35 and
40 km in both REPROBUS and GOMOS profiles appears
to be the result of perturbed dynamical conditions. From the
Potential Vorticity (PV) map at 950 K (about 32 km)
calculated by the MIMOSA advection contour model
[Hauchecorne et al., 2002], commonly used to analyze
the dynamical conditions encountered during balloon flights
[Huret et al., 2006], it seems that some of the ascent lines of
sight of SALOMON cross a PV blob reaching the core of
the vortex at this level and corresponding to lower PV
values than the surrounding vortex air masses (Figure 5).
This is likely the signature of extra-vortex air intrusion. The
air at stratospheric levels above the balloon float altitude
probably experienced significant mixing with NO2-rich air
drawn from midlatitudes which manifests itself as the

enhancement in NO2 amounts in the 35–40 km altitude
range. The NH polar vortex is often asymmetric and
vertically distorted away from the North Pole position
resulting in the presence of air advected from midlatitudes
to latitudes close to the pole. This was also the case at the
time of SPIRALE observations for levels above SPIRALE
float altitude as revealed by the large peaks above 30 km in
GOMOS observations, in the REPROBUS model and also
by MIMOSA PV fields (Figure 6).
4.3.2. Slant Column Densities
[24] Figure 7 presents the NO2 SCDs observed by

SALOMON during the ascent of the balloon and at float
altitude. It must be noted that these SCD values are obtained
relatively to the contribution of NO2 absorption in the
reference spectrum considered however to be weak (such
contribution is visible as an offset of the whole SCD
profile). A flight configuration with positive moon elevation
angles provides measurements more sensitive to small scale
concentration variations than a typical occultation. At float
during a moon set or a moon rise below the gondola
horizon, the stratospheric part of the lines of sights reaches
several hundred of kilometers contrasting with the several
tens of kilometers for an ascent configuration. This gives the
possibility of emphasizing the local variations of the species
concentrations resulting from the dynamical disturbance.
Strong small-scale NO2 oscillations are clearly visible in the
ascent pattern of the SCDs in Figure 7. After a careful
examination, such SCD fluctuations are not found to be the
result of vertical variations or jolts in the balloon trajectory
which is rather smooth and monotonic, or simply due to the
evolution of the observation geometry (variations of optical
paths in the atmospheric layers as the balloon and moon are

Figure 4. Vertical profile of NO2 from nighttime in situ observations of SPIRALE (around 67.7�N–
21.6�E) inside the polar vortex on 20 January 2006 (1800–1950 UT). The profile is compared to the
GOMOS/Envisat measurements available close to the balloon observations. Also represented are the
REPROBUS model calculations as in Figure 2 (shaded area). The thickness of the SPIRALE curve is due
to both the high vertical resolution and the error bars.
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rising). The SCD enhancements are superimposed on the
rather monotonic SCD trend that one would expect consid-
ering the geometry of observation (increasing positive moon
elevation angles, displacement of the balloon) and the
typical spatial variation of stratospheric NO2. Then these
fluctuations, also observed at float (considering that the
balloon altitude at float only slightly varies), appear to be
the signature of the small-scale variations in the NO2

amounts in the atmospheric layers intersected by some lines
of sight as the balloon position varies. This directly reflects
the non-uniformity of the layers. In other words the hy-
pothesis of homogeneity is not achieved for the retrieval of
NO2 as a result of the dynamical effects described above.
[25] The examination of the NO2 SCD profiles obtained

by GOMOS on 16 and 20 January 2006 coincidently to
SALOMON and SPIRALE observations confirms this sit-
uation (Figure 8). The two profiles show very similar
features with some strong enhancements at and below about
35 km tangent height, with however a smoother trend above
35 km on the 20 January data. In a situation of NO2

concentration uniformity and considering the setting star
geometry of observation the GOMOS SCD profile should
vary more monotonically. The SCD enhancements around
25–27 km in Figure 8 are due to the concentration maxi-

mum of NO2 typically located at these altitude levels. The
concentration maximum located around the 35 km altitude
level (Figures 3 and 4) results from the SCD bump clearly
present at the corresponding tangent height in Figure 8 and
is believed to be the imprint of NO2-rich air intrusions along
the GOMOS lines of sight as for the SALOMON case. The
NO2 maximum at 35 km resulting from this intrusion is
apparently not crossed by the GOMOS lines of sight
corresponding to lower tangent heights. The validity of
spatial homogeneity is therefore ruled out in these two
cases of GOMOS observations. Note that unlike SALO-
MON observations, small NO2 variations cannot be empha-
sized from the observation geometry of GOMOS due to the
longer lines of sight.
[26] Note that to explain the NO2 SCD enhancements

shown in Figure 7 one could have suspected an effect of
energetic particle precipitation events similar to those re-
cently observed by satellite instruments over southern and
northern polar hemispheres [e.g., Randall et al., 2005;
Funke et al., 2005; Renard et al., 2006]. Precipitating solar
protons and electrons are able to produce large quantities of
NOx in the mesosphere with subsequent descent to the
upper stratosphere. For instance, pronounced enhancements
in the vertical column density of NO2 were observed by the

Figure 5. Potential Vorticity isocontours in pvu (1 pvu = 10�6 m2 s�1 kg�1 K) calculated by the
MIMOSA high-resolution model at 950 K (about 32 km) on 16 January 2006 at 1800 UT. The positions
where the lines of sight of SALOMON intersect this level are also shown (bold black line above
Scandinavia). GOMOS measurement positions are also shown (thick cross).
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SAOZ ground-based UV-visible spectrometer in January
2004 above Sodankyla (Finland) and were associated with
precipitating particles [Renard et al., 2006]. In this case a
concentration maximum of NO2 was detected by the
GOMOS and MIPAS instruments at an altitude of about
60 km. Depending on the coverage and horizontal reparti-
tion of these events they may corrupt the hypothesis of
homogeneity of the layers crossed by the lines of sight of a
remote-sensing instrument. In the January 2006 cases stud-
ied in this paper no mesospheric NOx productions were
detected.
[27] Figure 9 shows the SCD values of OClO measured

by SALOMON. It clearly comes out that OClO SCD pattern
presents significant variations resulting from the different
natures of air masses crossed by the lines of sight, as for
NO2. However, the general trend is different. In Figure 7
NO2 SCDs generally decrease as the moon elevation angle
rises whereas OClO SCDs decrease only between 6 and
10�. For higher elevation angles, minimum OClO SCD
peaks are close to zero. They can be explained by the
midlatitude originating air masses fully lacking in OClO
that are present above the balloon float altitude. The lines of
sight cross either these OClO-deprived air masses or OClO-
rich (and chlorine active) vortex air masses. OClO-deprived
air masses may be in chlorine active regions of the strato-
sphere yet, due to the different solar zenith angle (SZA)

dependences of the photolysis efficiencies of BrCl (the
nighttime reservoir of BrO) and OClO [Canty et al.,
2005]. Some peaks in Figure 9 can be related to the history
of the vortex air masses which can significantly impact the
OClO quantities observed at the time-position of the balloon
flight.
[28] We focus now on the SALOMON SCDs obtained at

float altitude. In this case the displacement of the balloon is
quasi-horizontal and the SCDs are not used for the retrieval
of the vertical profile. However, they can be useful to test
the consistency of the SALOMON observations toward
chemical theory in a geometry of observation corresponding
to an air mass number lower than for ascent. Figure 10
presents the fluctuations of the differential SCDs both for
NO2 and OClO observed by SALOMON around float
altitude. Differential SCDs represented in Figure 10 have
been obtained after applying a high-pass filtering procedure
allowing the removal of low frequencies (in particular the
general trend of each SCD profile). With this procedure
only the fluctuations of the NO2 and OClO SCDs become
apparent and can be adequately compared. A NO2-OClO
SCD anti-correlation is clearly apparent in Figure 10 with
opposite features sharply varying from a line of sight to
another, in close locations, while one would expect a rather
steadily varying trend between NO2 and OClO SCDs in
presence of predominantly uniform layers. A NO2-OClO

Figure 6. PV isocontours in pvu (1 pvu = 10�6 m2 s�1 kg�1 K) calculated by the MIMOSA high-
resolution model at 950 K (about 32 km) on 20 January 2006 at 1800 UT. Note the position (black cross)
of SPIRALE observations below this level. GOMOS measurement positions are also shown (thick cross).

D21310 BERTHET ET AL.: REMOTE-SENSING OBSERVATIONS OF NO2

9 of 14

D21310



anti-correlation in the SCDs is consistent with the chemical
mechanism involving these two species. This is totally in
opposition with the conclusions directly inferred from the
vertical profiles of NO2 and OClO (calculated using the

SCDs observed during ascent) suggesting simultaneous
presence of significant quantities of these two species.
4.3.3. Vertical Profiles
[29] Such variability in the SCD profiles is liable to affect

the vertical profile retrieval from the SALOMON ascent

Figure 7. NO2 SCDs measured by SALOMON for varying moon elevation angles during the balloon
ascent and at float altitude (about 33 km). Note that the SCD value at 19.5� corresponds to the spectrum
used as reference.

Figure 8. GOMOS SCD values of NO2 (cm
�2) versus line-of-sight tangent height (km) obtained on 16

January 2006 coincidently to SALOMON observations and on 20 January 2006 coincidently to
SPIRALE observations. The profiles have been sliding-averaged over 3 points.
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observations (and subsequently biasing the conclusions
inferred from the simultaneous studies of NO2 and OClO)
when using the spatial least squares inversion that assumes
spatial homogeneity. Such method is known to be sensitive
to local fluctuations. It is then worth to determine the extent
of this effect on the vertical profile retrieval and to try to
minimize it. We have performed a qualitative test consisting
in fitting the ascent NO2 SCD profile using polynomials. As
a second step the mathematical inversion of the SCD profile

fit has been carried out. The process has been reiterated until
a satisfactory minimization of the concentration values of
NO2 is achieved in the lower stratosphere part of the profile
consistent with SPIRALE in situ data and model calcula-
tions. Two fits obtained using second-order polynomials are
presented in Figure 11. One fit mainly passes through or
closely to the minimum values of the SCDs. The newly
calculated vertical profile inferred from this fit and shown in
Figure 12 clearly reveals NO2 concentration values lower

Figure 9. Same as Figure 7 but for OClO.

Figure 10. Evolution of the differential SCDs of NO2 and OClO measured by SALOMON around the
balloon float altitude. OClO SCDs have been multiplied by 10 for clarity.
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than in the initial SALOMON vertical profile and closer to
the in situ observations below 23 km. Better agreement is
also obtained with the simulated amounts of NO2 at these
altitudes and in the 26–29 km altitude range. The other
polynomial fit shown in Figure 11 exhibits a negative bias
below 13� elevation angle but interestingly results in NO2

concentration values close to zero below 23 km which better

capture the in situ observations. This straightforward test
reveals the impact of the NO2 SCD enhancements on the
retrieved vertical profile but it does not allow us to remove
accurately their contribution.
[30] The OClO case is rather different. OClO amounts

simulated above 33 km are a factor of �10 below the
maximum values at 20 km (Figure 2). No high altitude

Figure 11. NO2 SCD profile (including error range) versus moon elevation obtained during the
SALOMON balloon ascent together with two fits using second-order polynomials (dashed and dotted
lines). The fits are used to calculate concentration values minimized in the lower stratosphere as shown in
Figure 12.

Figure 12. Vertical profiles of NO2 obtained from the SCD test fits shown in Figure 8 (dashed and
dotted lines) compared to the initial SALOMON profile (full line).
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concentration enhancement is apparent in the modeled
profile since intrusions of midlatitude air above the float
altitude bring low amounts of OClO subsequently mixing to
the OClO-abundant vortex air masses, a somewhat opposite
feature to the situation for NO2. The upper part of the OClO
vertical profile corresponding to atmospheric layers closer
to the dynamically perturbed levels is however character-
ized by large error bar seen in Figure 2. Then the OClO
inhomogeneities pointed out by the differential SCDs
(Figure 10) above the balloon float altitude appear to less
impact the inversion process producing the whole vertical
profile.

5. Conclusion

[31] The observations of three kinds of instruments, two
using remote-sensing methods and one using in situ sound-
ing of stratospheric species, have been performed in the
Arctic polar vortex in similar geophysical conditions. From
the intercomparison of these data, the deficient published
measurement-model comparisons regarding the coupling of
the chemically linked NO2 and OClO species appear to be
mainly the result of an artifact in the retrieval methods
which assume spatial homogeneity. This problem mostly
affects the NO2 retrieval by recurrently generating artificial
high quantities of NO2 in the lower part of the vertical
profiles obtained from the remote-sensing instruments. In
the study presented here the homogeneity hypothesis is not
achieved in the atmospheric area sounded by the instrument
due to the perturbed dynamical conditions with presence of
NO2-rich air drawn from midlatitudes resulting in NO2

gradients and anomalous NO2 enhancements in the slant
column density profiles. More generally, this is likely to
impact occultation observations (with the light source at
negative and positive elevation angles) and limb measure-
ments from balloons or satellites, all these types of obser-
vations using inversion methods that are not robust to
inhomogeneities that can be present from the lower to the
upper stratosphere.
[32] Another high-latitude phenomenon may be believed

to potentially spoil the hypothesis of homogeneity. Particle
precipitation events have been shown to produce high
amounts of NOx at high altitudes followed by downward
transport to the upper stratosphere such as in the 2003–
2004 Arctic winter [Randall et al., 2005; Renard et al.,
2006]. If lines of sight intersect those NO2-boosted high-
altitude air masses non-uniformly distributed in the layers
sounded by the remote-sensing instrument, they are liable to
corrupt NO2 retrievals.
[33] Discussing the chemical processes involving the

NO2 and OClO species or more generally the interactions
between nitrogen and chlorine families is out of the scope of
this paper. But it is clear that analysis of these interactions or
studies of the NOy chemistry from the remote-sensing data
could be biased when lines of sight cross air masses of
different origins, which is potentially the case in the vicinity
of the polar vortex edge (one could for example think of the
HNO3 species showing strong contrast between denitrified
vortex air and extra-vortex air), depending on the occur-
rence of perturbed dynamical situations. The dynamical
conditions must then be considered carefully which was
not systematically done in some previously published

studies. In the case of strong inhomogeneities, inferences
drawn from relatively crude analysis of the NO2 and OClO
profiles observed in the future by remote-sensing instru-
ments may be misleading. In this paper we present an
analysis based on observations of slant column density
variations over a large altitude range and at float altitude.
The balloon measurements analyzed in the works of Rivière
et al. [2002] and Canty et al. [2005] were not similarly
investigated due to the limited altitude range of these
observations. The high amounts of NO2 published by
Rivière et al. [2002] are difficult to understand considering
the current knowledge of stratospheric chemistry. Following
our results these quantities are doubtful. However, the
conclusion that OClO chemistry is correctly known in
denoxified conditions seems to remain valid.
[34] Next step of this work is to investigate the validity of

the homogeneity hypothesis and possible consequences on
vertical profiles retrieved at midlatitudes in cases of tropical
air intrusions that have been shown to occur at some altitude
levels.
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