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First global distributions of nitric acid in the troposphere and the
stratosphere derived from infrared satellite measurements
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[1] Global distributions of nitric acid (HNOj3) partial columns in the troposphere and the
stratosphere are shown for the first time. HNOj3 vertical profiles are retrieved from a set of
high-resolution infrared spectra, measured by the nadir-viewing Interferometric Monitor
for Greenhouse Gases (IMG) instrument onboard the ADEOS satellite. Ten successive
days of IMG operation in April 1997 are analyzed, yielding quasi-global distributions. We
show that the IMG measurements contain between 0.7 and 1.8 independent pieces of
information on the HNOj; vertical distribution; the extent of which depends on the
observed scene. In the tropics and the midlatitudes, tropospheric and stratospheric
columns can be separated, whereas, in the colder polar regions, the total column is

the most relevant quantity. A detailed error budget reveals that the accuracy on the profile
measurements ranges from 5—15% in the stratosphere to about 20—-30% in the middle
troposphere, and as much as 60% in the lowermost troposphere where the measurements
are less sensitive. The global distributions of tropospheric and stratospheric partial
columns are presented and discussed. In the stratosphere we measure higher columns at
both poles than in the intertropical belt, as expected for the period in April analyzed here.
In the troposphere, the zonal distributions show elevated values nearby NO, source
regions, such as central Europe, the Eastern coast of the United States, and the North-West
of India. Typical profiles with mixing ratios up to 2 ppbv in the boundary layer and 1 ppbv
in the free troposphere are identified. These novel results indicate a possible role of
HNOs; in the long-range transport of active nitrogen and open promising perspectives for

future space missions dedicated to atmospheric chemistry.

Citation: Wespes, C., D. Hurtmans, H. Herbin, B. Barret, S. Turquety, J. Hadji-Lazaro, C. Clerbaux, and P.-F. Coheur (2007), First
global distributions of nitric acid in the troposphere and the stratosphere derived from infrared satellite measurements, J. Geophys.

Res., 112, D13311, doi:10.1029/2006JD008202.

1. Introduction

[2] Nitrogen oxides play a central role in many aspects
pertaining to atmospheric chemistry [e.g., Finlayson-Pitts
and Pitts, 2000; Jacob, 1999]. In the troposphere, nitrogen
oxides (NO, = NO + NO,) are involved in the production of
ozone and impact on the general oxidizing capacity of the
atmosphere, through reactions with carbon monoxide (CO)
and organic compounds. Mainly released as NO during
combustion (industry, traffic, or biomass burning), light-
ning, and soil emission and rapidly converted to NO,, the
NO, are further oxidized in the troposphere to other reactive
nitrogen species, including short-lived species (NO3;, HNO,)
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and a series of longer-lived species (HNO3;, CH;COOONO,,
HO,NO,, N,Os). In the stratosphere, NO, are generated
primarily from the dissociation of nitrous oxide (N,O) and
are responsible for the major catalytic odd-oxygen loss
processes. In both layers, the principal loss mechanism of
NO, is oxidation to nitric acid (HNO3) and further deposi-
tion in the liquid or the solid phase.

[3] A foremost concern for the chemistry of nitrogen
oxides lies in the potential of the longer lived NO,, (NO,, =
NO, + oxidation products) to act as reservoirs for the NO,
in the troposphere, possibly affecting air quality and pollu-
tion on regional and global scales through the long-range
transport of air pollution [Kasibhatla et al., 1993; Moxim et
al., 1996; Hudman et al., 2004]. Ground-based and inten-
sive airborne measurement campaigns have provided strong
evidence that peroxyacetyl nitrate (CH;COOONO,, abbre-
viated as PAN), with a lifetime of several weeks in the upper
troposphere, is a major reservoir of NO, [Singh et al., 1986;
Moxim et al., 1996; Emmons et al., 2000, and references
therein; Zellweger et al., 2003; Parrish et al., 2004]. 1t is
present in the outflow of urban or biomass burning plumes,
with mixing ratios reaching a few parts per billion by
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volume near the surface [Hauglustaine et al., 1998;
Emmons et al., 2000; Bey et al., 2001; Staudt et al., 2003].
HNOj; is similarly observed at higher concentrations in the
troposphere and is also longer lived (several weeks to a
month in the upper troposphere), making it a candidate for
the transport of air pollution, possibly regenerating NO,.
[Chatfield, 1994; Lary et al., 1997; Hauglustaine et al.,
1998]. However, because of its high solubility in water, it is
scavenged by rain and its role as an effective reservoir for
NO, remains controversial. Furthermore, chemistry and
transport models frequently fail to reproduce the observa-
tions [Hauglustaine et al., 1998; Thakur et al., 1999; Staudt
et al., 2003]. The scientific community therefore underlines
the lack of global observations of HNOj, required for a
detailed partitioning of the NO,, in the troposphere [Emmons
et al., 1997, Emmons et al., 2000; Li et al., 2004].

[4] HNO; measurements in the troposphere are difficult
to perform and relatively sparse. At ground level, the
measurements generally rely on gas sampling but the
intercomparison between different techniques lead to poor
agreement [Fehsenfeld et al., 1998; Hering et al., 1988].
Airborne measurement campaigns have provided the most
extensive sets of data, highlighting the vertical distribution
of HNOj; on local and regional scales [Emmons et al., 2000,
and references therein; Miyazaki et al., 2003; Hudman et al.,
2004]. However, satellite measurements of HNOj3 covering
the whole troposphere have not been reported yet. In the
stratosphere, HNO; vertical distributions can be inferred
from the analyses of data collected by limb-sounders,
operating either in the infrared [[rie et al., 2006; Lopez-
Puertas et al., 2005; Stiller et al., 2005; Tsidu et al., 2005]
or microwave [Santee et al., 1999; Santee et al., 2004;
Urban et al., 2005] spectral regions. Their analyses have
shed light on a series of key processes, particularly in
relation to the chemistry in the polar regions [e.g., Santee
et al., 2004]. Ground-based Fourier Transform Infrared
(FTIR) solar absorption measurements, which sound the
entire atmospheric column, enable the retrieval of HNOj3
vertical profiles, but with strong correlations between the
troposphere and the stratosphere [e.g., Vigouroux et al.,
2007; Wood et al., 2004].

[5] The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) [Fischer and Oelhaf, 1996] and the
Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) [Bernath et al., 2005; Martin et
al., 2006] instruments have measured HNOj; in the upper
troposphere and in the stratosphere with a high vertical
sensitivity. However, simultaneous measurements of nitric
acid global distributions in the whole troposphere and the
stratosphere have not been reported.

[6] In this work, we explore for the first time the potential
of satellite measurements in the infrared spectral region
using a nadir-pointing device for the simultaneous measure-
ment of HNO; abundances in the stratosphere and in the
entire troposphere. For this purpose, our analysis uses a set
of high spectral resolution measurements provided by the
Interferometric Monitor of Greenhouse Gases (IMG) instru-
ment, which flew onboard the ADEOS platform. Using
10 successive days of IMG operation in April 1997, we aim,
in particular, to derive global tropospheric concentrations
with an accuracy allowing the study of regional- and global-
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scale processes, related, for instance, to the NO,, partitioning
during the long-range transport of pollution.

[7] In the next section, the IMG measurements, the
retrieval method, and parameters are briefly described. In
section 3, the HNOj profiles are presented and character-
ized. The spatial distributions are discussed separately for
the stratospheric and tropospheric columns on the global
scale. Conclusions and perspective for future applications
are drawn in section 4.

2. Measurements and Methods
2.1. Measurements

[8] The Interferometric Monitor for Greenhouse Gases
(IMG) mission took place on the ADEOS sun-synchronous,
ground track repeat polar-orbiting platform during
10 months between August 1996 and June 1997 [Kobayashi
et al., 1999]. The IMG instrument was a high-resolution
nadir-viewing Fourier transform spectrometer, with 10-cm
optical path difference (OPD). It measured the thermal
infrared emission from the Earth atmosphere between 650
and 3000 cm ™", in three separate bands, each corresponding
to a 8 x 8-km footprint on the ground. The IMG measure-
ments were taken by a series of six, separated by 86 km
each, followed by reference blackbody calibration measure-
ments. The distance between two batches of measurements
was 297 km. Routine operations alternated 4 days of
measurements with 10 days halt in order to reduce the data
flow. The only exception is the period between the 1st and
the 10th of April 1997 for which 10 consecutive days of
measurements have been made.

[9] In this study, we focus on this time period, described
in several other publications [Clerbaux et al., 2001, 2003;
Turquety et al., 2002, 2004; Barret et al., 2005]. The
analyses are performed on cloud-free scenes, using a filter
that relies on the brightness temperature difference between
a series of absorption-free channels around 11 and 12 pm. A
value of 5 K on the absolute difference of brightness
temperatures is taken as the rejection criterion. Noisy
spectra were also filtered out with a final filtering based
on the root mean square value of the spectral residuals after
retrieval.

2.2. Retrieval Method

[10] For the retrievals, we rely on the same method and
instrumental parameters as in the study by Coheur et al.
[2005], which reports on retrievals and validations of ozone
vertical profiles at 9.7 um, also in IMG band 3. The
theoretical elements relevant for the present study are
briefly recalled hereafter.

[11] We use the “Atmosphit™ software (the software is
available at http://home.tiscali.be/dhurtma/atmosphit.html),
a detailed line-by-line radiative transfer model [e.g., Barret
et al., 2005; Coheur et al., 2005], containing ray tracing for
various geometries and a retrieval scheme based on the
optimal estimation method (OEM) [Rodgers, 2000].
According to the latter, an approximation X of the true state
x (in our case, the HNO; vertical profile) can be retrieved
from remote-sensing observations using a combination
of, on one hand, the measurement vector y (the IMG
radiances) and the measured signal error variance-covariance
matrix S, and, on the other hand, a priori information
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Figure 1. Top: IMG radiance spectrum in the atmospheric
window (Pacific Ocean, 4 April 1997). Middle and bottom:
Principal contributions from H,O and CO, (middle) and
HNO; and CFC-12 (bottom) to the observation. The dashed
lines indicate the limits of the window selected for the
retrievals.

composed of a profile x, and of its associated variance-
covariance matrix S,,.

[12] For anonlinear problem, the measurement vector can
be written as

y=F(x,b) +e (1)

where F is the forward radiative transfer function, b
represents model parameters affecting the measurement,
and e is the measurement noise. The retrieved state x is
found by iteration as follows:

X1 =x, +(KIS'K; + S, ) T'KIS [y — F(x,) + Ki(%: — x,)]
(2)

with K being the Jacobian matrix, of elements K = Jy/Ox.
As in the work of Barret et al. [2005] and Coheur et al.
[2005], S. is chosen to be diagonal with identical diagonal
elements o2 (S. = 021), where o is a constraint representing
the noise equivalent spectral radiance. The retrieved state is
obtained after convergence, when the absolute difference
between every element of F modeled at two successive
iteration steps, |F(x; + 1) — F(X;)|, is less than a fraction
(20%) of o-..

[13] The OEM provides an efficient way for characteriz-
ing the retrieved state in terms of vertical sensitivity and
error sources. For this purpose, however, the linear approx-
imation needs to be assumed. In this case, the retrieved state
is given by [Rodgers, 2000]

X=x,+A(x—x,)+G(e +Ky(b— b)) (3)
[14] Equation (3) introduces the averaging kernel matrix

A = 0x/0x and the gain matrix G =0x/Jy. The rows of A
give the sensitivity of the retrieved profile to the true state. It
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means that, at a given level, the peak of the function gives
the altitude of maximum sensitivity, whereas its full width at
half maximum is an estimate of the vertical resolution of the
retrieval. The trace of A, known as the degrees of freedom
for signal (DOFS), indicates the number of independent
values of concentrations that can be retrieved independently
on the vertical.

[15] The global error can be computed by considering the
difference between the retrieved and the true profiles as
follows:

i—x=(A—I)(x—x,) + Ge + GK, (b — b) 4)

[16] The total error variance-covariance matrix S, can
then be regarded as the sum of three error terms, related,
respectively, to the smoothing of the true profile by the
averaging kernel, the measurement noise, and the uncer-
tainties on the model parameters as follows:

Stotal - Ssmoothing + Smcas + Smod.param. (5)
With
Ssmoothing = (A - I)Sﬂ (A - [)T (6)
Smeas. = GSEGT (7)
Smodparam, = GK;S; (GKb)T (8)

In equation (7), S. is the matrix defined above, which is
used as constrain on the measurement, and, in equation (8),
S, is a matrix accounting for uncertainties on the model
parameters (for example, the temperature and the humidity
profiles). In our case, both are taken diagonal.

2.3. Data Analysis

[17] For the retrievals, a wide spectral window within
IMG band 3 is selected: It extends from 860 to 930 cm ™
and encompasses the v5 and 21y absorption bands of HNO;
(Figure 1). Although these bands are not the most intense
absorption features of HNOj3 in the thermal infrared, the
choice is justified by the absence of strong overlapping
absorption features in this spectral region. A priori infor-
mation (x, and S,) was built using a set of monthly (March
to June) and latitudinally averaged HNOj; profiles from the
MIPAS instrument (available at http://www.atm.ox.ac.uk/
group/mipas/month/) extending from the upper troposphere
to 40 km in altitude. The latter were connected to the ground
using reference profiles, representative of either remote
regions or polluted regions [Hauglustaine et al., 1998].
As shown in Figure 2, the resulting a priori profile is about
1 ppbv near the surface and reaches a maximum of 6.5 ppbv
in the stratosphere with, in both altitude regions, significant
variability allowed. A value o, = 4.5 x 10°® W/(cm? sr
ecm ™), close to the expected value of the radiometric noise,
is taken as further constrain on the retrievals.

[18] The HNOj; profiles are retrieved on nine levels,
chosen in the middle of layers extending from the ground
to 40 km (0-2, 2-5, 5-10, 10-15, 15-20, 20-25, 25—
30, 30-35, and 35-40 km). Surface temperature, water

3 0of 10



D13311

40

30

20+

Altitude (km)

0 ' 2 , 4 ' 6 ' 8 ' 10
VMR (ppbv)

Figure 2. Global HNO; a priori profile (black line) and
variability (grey lines, square root of the diagonal elements
of the variance-covariance matrix) used for the retrievals.
The retrieval levels are indicated by black dots.
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vapor profile, and CFC-12 total column are adjusted
simultaneously.

3. Results and Discussion
3.1. Retrievals and Characterizations

[19] The spectral window chosen for this study lies close
to the maximum of the Earth’s outgoing radiance, providing
measurements with a high signal-to-noise ratio (SNR). An
important result which follows is that, despite the weakness
of its absorption features, HNOs can be successfully re-
trieved at all latitudes. This is illustrated in Figure 3, which
gives the result of the spectral fits at three locations
representative of tropical, midlatitude, and polar regions.
In the tropics and the midlatitudes, the water vapor lines are
strong and interfere with HNO; (Figures 3a and 3b),
whereas in the cold polar region the amount of water vapor
is low and the nitric acid absorption features are easily
identified (Figure 3c). In all cases, however, the spectral
adjustment is remarkable, with the root mean square (RMS)
value of the residual spectra (observed-calculated), being of
the same order of magnitude as in the instrument radio-
metric noise (4.5 x 10~* W/em? sr cm ™).

[20] For the three examples of Figure 3, we calculate
DOFS value ranging from 1.7 (tropical region) to 1.2 (polar

(a) (b) (c)
. .
1.20x10 \\ 5.0x10° - 6.75x10°
RN
\\
1.15%10” - DP .
\ HNO, | 8.5x10° 6.50x10° -
i 1.10x10
£
o
= 8.0x10" - 6.25x10° -
w 5 )
- 1.05x10°
£
3]
-5
g 1.00x10” - 7.5x10° 6.00x10° -
8 9.50x10° -
g 7.0x10" - 5.75x10° -
T ]
@ 9.00x10°
£
2.00x107 4’ 2.0x107 4 2.00x107 4
000] " & o.o_"m_' 000] " !
-2.00x107 +— ————— -2.0x107 +————————————1 -2.00x107 +— ST S
860 880 900 920 940 860 880 900 920 940 860 880 900 920 940

Wavenumber (cm™)

Figure 3. Example of spectral fits for three typical scenes corresponding to (a) tropical, (b) midlatitude,
and (c) polar scenes. The light grey and black lines represent the observed and fitted spectra, respectively.
The dark grey line is the adjusted HNOj3 contribution and is shifted on the vertical scale for clarification.
The residuals (observed-fitted spectra), with associated RMS equal to 3.3 x 10%, 2.6 x 10~*, and
2.5 x 107® W/em? sr cm™', respectively, are also shown and compared to the S. value selected
(4.5 x 1078 W/(cm? sr ecm™ ")) for the retrievals (dashed horizontal lines).
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Figure 4. Averaging kernels, in partial column units, for the same three cases as in Figure 3. The
averaging kernels for the nine retrieved layers are shown, along those for the 0—10 km (grey) and 10—
40 km (black) columns, most representative of the vertical information contained in the measurements.

region). As explained in earlier studies [Barret et al., 2005;
Coheur et al., 2005], these differences in the vertical
sensitivity are correlated to the surface temperature. The
high temperature scenes provide measurements with a
higher signal-to-noise ratio, which contain more informa-
tion on the target species. The averaging kernels corres-
ponding to the three cases, plotted in Figure 4, demonstrate
that the measurements provide information on the HNO;
vertical distribution from the surface up to ~40 km, with a
maximum sensitivity in the middle troposphere at about 7 km
and in the lower stratosphere between 18 and 30 km. As a
result, for the measurements with a DOFS larger than 1, two
contributions can partly be separated into a tropospheric
(0—10 km) and a stratospheric (10—40 km) column. On the
contrary, in the colder polar region where the DOFS is close
to one, only the total column is relevant.

[21] A typical error budget is provided in Figure 5. The
total error is particularly large near the surface, where it
reaches 90% and only provides a modest improvement in
comparison with the a priori variability (110% at 1 km). The
total error on the profile rapidly drops with altitude to less
than 40%. The gain with respect to the prior uncertainty is
then remarkable; it is a factor of three in the lower and upper
troposphere and even reaches a factor of seven in the middle
troposphere and in the lower stratosphere, where the sensi-
tivity is highest. As could be anticipated from the limited
vertical sensitivity of the measurements, the calculated total
error on the retrieved profile is strongly dominated by the
smoothing error which represents the measurement sensi-
tivity to the vertical structure of HNOj3. The other signifi-

cant contributions to the total error include the measurement
error and, to a lesser extent, external errors introduced by
uncertainties on the humidity and the temperature profile.
The latter never exceed 5%. Other possible sources of
errors, such as those caused by uncertainties on the surface
parameters (surface temperature and emissivity) and CFC-
12 interferences were found to be less than 1%. In terms of
columnar amounts, we calculated the total error to be of the
order of 25% for the 0 to 40 km column, which is to be
compared to an a priori uncertainty of 64%. The error on the
10—40 km column is 10% and improves greatly the prior
uncertainty of 65%. Finally, the error on the tropospheric
column is about 60%. Despite being relatively large, this
value still improves the prior uncertainty (90%) and is also,
interestingly, below the accuracy of current atmospheric
models [Hauglustaine et al., 1998; Thakur et al., 1999;
Staudt et al., 2003]. In spite on the limited accuracy and
vertical resolution, the HNOj; retrievals thus provide signif-
icant new information for the improvement of current model
simulations.

3.2. Global Distributions

[22] The global distribution of the DOFS for the 10 days
of IMG operation analyzed here is shown in Figure 6. Taken
globally, the DOFS ranges from 0.7 (cold polar regions) up
to 1.8 (hot tropical regions). Within the intertropical belt, a
contrast between land and sea surfaces is also observed,
with the higher DOFS being measured above the somewhat
hotter sea surface. The DOFS is larger than one for most
cases. This means that IMG can provide, to some extent,
independent tropospheric and stratospheric partial columns

50f 10
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Figure 5. Error profile. The curves are the square root of
the diagonal elements of the a priori and posterior error
covariance matrices [equations (5) to (8)]. For computing
the errors due the temperature and relative humidity
profiles, uncertainties of 1 K and 10% were assumed,
respectively. The errors due to surface properties (surface
temperature and emissivity) and to the uncertainties on the
retrieved CFC-12 total columns are negligible and therefore
not shown.

of HNOs. A value of 1.2 for the DOFS is selected as a
threshold for this purpose; it is chosen on one hand to
exclude the measurements with very strong correlations
between the troposphere and the stratosphere while ensur-
ing, on the other hand, that sufficient data are kept for the
distribution analyses. The results are presented in Figure 7.

[23] In the stratosphere (Figure 7a), the distribution shows
the general patterns expected for the month of April
analyzed here. This includes notably enhanced concentra-
tions poleward of 30° in the northern hemisphere and of
about 45° in the southern hemisphere, and low abundances
within the intertropical belt, where HNO; is subject to photo-
lysis due to increased insolation. The measured partial columns
range from about 1.2 x 10" to 3.5 x 10'® molecules cm >
and are in reasonable agreement, considering the different
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time periods and the likely differences in the reference
spectroscopy, with those measured by ground-based FTIR
measurements. For instance, Rinsland et al. [2003] and
Vigouroux et al. [2007] reported values between 7 x 10'°
and 2.3 x 10'® molecules cm™? in middle and polar
latitudes, for a stratospheric and a partial column from 14
to 27 km, respectively. Our results, which show profiles
with a stratospheric maximum at 24 km of about 12 ppbv at
the South Pole and about 17 ppbv at the North Pole, are also
consistent with the range of values (between 10 and 14 ppbv)
retrieved from other satellites, at similar time periods
[Santee et al., 1998, 1999; de Zafra and Smyshlyaev, 2001].

[24] The global distributions of HNOj in the troposphere
(0—10 km partial column), displayed in Figure 7b, is the
most innovative result of this study. Indeed, if one neglects
the higher-latitude regions, where the elevated concentra-
tions are likely due to an ineffective separation of tropo-
spheric and stratospheric columns, Figure 7b reveals a series
of interesting pattern in terms of NO, emission and trans-
port. The most remarkable one is the enhanced HNOj;
concentrations measured in the Northern Hemisphere, near
the East coast of the United States, central Europe as well as
several spots in Asia, which are dominant NO, source
regions [Richter et al., 2006]. Three typical examples of
HNO; vertical profiles measured in these areas are shown in
Figure 8. Compared to the a priori, two are characterized by
lower values in the stratosphere and higher values in the
troposphere, suggesting that the two partial columns are
well decorrelated. Mixing ratios of HNO3 up to about 2 ppbv
are measured in the lower troposphere, in agreement with the
results reported by Hauglustaine et al. [1998] where the
mixing ratios reach 1—4 ppbv. The values for the profile on
the east coast of the USA also matches local data, obtained
from the ground or airplanes, which give HNO;3; mixing
ratio in the range of 1-2 ppbv [Horowitz et al, 1998;
Emmons et al., 2000] and even higher [Neuman et al.,
2006]. The results for this region support the conclusions of
Horowitz et al. [1998], who showed that more than half
of the NO, emitted from the north of the USA is exported
to the free troposphere as HNO;. On the contrary, the pro-
file for northern China shows somewhat larger values
than those reported by Bey ef al. [2001] from the analyses

Now R o

Degrees of freedom for signal

Figure 6. Global distribution of the DOFS. Data are averaged on a 15° x 12° grid.
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Figure 7. Global distribution of HNOj5 in the stratosphere (10—40 km, top panel) and the troposphere

(0—10 km, bottom panel), in 10" molecules cm 2

considered. Data are averaged on a 15° x 12° grid.

of the PEM-West B aircraft observations in February—
March 1994 (HNO; not higher than 500 pptv).

[25] An interesting feature in Figure 7b lies in the
observation of elevated HNO;3 columns off the coasts of
China, as reported by Parrish et al. [2004] and Hudman et
al. [2004] in their analysis of the transpacific transport of
Asian pollution during the PEACE-B and the ITCT 2K2
aircraft campaigns in April—May 2002, as well as above the
Atlantic Ocean at northern latitudes. These enhanced HNO3
abundances in remote areas suggest that the species is
transported far from the NO, source region.

[26] Finally, Figure 7b does not show HNO; enhance-
ments within the intertropical belt and especially above the
continents (central Africa, southern America, and Asia),
although these are regions frequently affected by biomass
burning and lightning, both sources of NO, [Crutzen and
Andreae, 1990; Martin et al., 2006]. This is likely due to the
weak biomass burning activity in April 1997, combined by
the fact that HNO; can be very effectively removed from the

. Only profiles with a DOFS larger than 1.2 are

atmosphere because of the steamy conditions in the tropics
and the presence of the fire smoke [Takegawa et al., 2003].
The absence of HNO; from lightning is probably to be
explained by the fact that most of the sources are above
10 km, which is the upper limit considered here for the
tropospheric column [Martin et al., 2006].

4. Conclusions and Perspectives

[27] Using the high-spectral resolution infrared measure-
ments of the IMG nadir sounder for 10 successive days in
April 1997, we have measured quasi-global distributions of
nitric acid in the troposphere and the stratosphere. The
results were obtained by retrieving HNO;3 volume mixing
ratios on nine levels from the ground up to 40 km in
altitude, using a retrieval algorithm that relies on the optimal
estimation method. For the retrievals, we have selected a
portion of the IMG spectra between 860 and 930 cm ™',
which includes the v5 and 2v9 absorption bands of HNOj.
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Figure 8. Examples of profiles, with the calculated errors bars, showing high volume mixing ratio of
HNOj; in the troposphere. The panels from left to right correspond, respectively, to measurements (a) in
the north Atlantic Ocean off the coast of the USA (36.5° North and 72.5° West), (b) the north-west of
India (24.9° North and 70.4° East), and (c) the northeast of China (49.4° North and 133.1° East). The a

priori profile is shown in grey dashed line.

A detailed characterization of the retrieved HNOj; profiles
has shown that the measurements contain, except for the
coldest regions of the globe, between 1.2 and 1.8 indepen-
dent pieces of information on the vertical HNO; profile,
with a sensitivity extending from the ground to about 40 km
in altitudes. On the basis of the analysis of the averaging
kernels, we have been able to separate two columns, mainly
representative of the troposphere (ground—10 km) and the
stratosphere (10—40 km). The limited vertical sensitivity of
the measurements, especially in the troposphere, causes the
total error on the retrieved columns to be dominated by the
smoothing error; it ranges from 5% on the 10—40 km to
60% on the ground—10 km but provide, in all cases,
improvement with respect to the prior uncertainties. The
distribution of HNOj in the stratosphere shows the expected
general patterns for the month of April, and the measured
column values were shown to be in good agreement with
ground-based data. The first tropospheric HNO; distribution
has been presented and discussed. Its analysis reveals
regions with enhanced HNO; concentrations, up to a few
parts per billion by volume in the boundary layer, matching
local ground-based or airborne measurements. The regions
with elevated HNOj; in the troposphere have been found in
the Northern Hemisphere close to the NO, source regions
and extending toward remote areas. This is consistent with
field campaign and model analyses. It suggests that HNO;
is effectively transported and possibly acts as a reservoir of
NO.,. A detailed validation of the data has not been possible

due to the lack of correlative observations during the time
period considered.

[28] These results open very promising perspectives for
the scientific output to be expected from future satellite
missions dedicated to the identification and the study of
both stratospheric and tropospheric chemical processes. It
also adds to the potential of thermal infrared tropospheric
sounders to contribute to an in-depth analysis of tropo-
spheric chemistry, air quality, and the transport of air
pollution, which was earlier considered to be mainly res-
tricted to the measurements of ozone and carbon monoxide.
Among the future instruments that will enable the measure-
ment of global distributions of HNO; is the Infrared
Atmospheric Sounding Interferometer (IASI), which will
be part of the three successive MetOp platforms [Clerbaux
et al., 2003; Turquety et al., 2004]. The coarser resolution
(0.5 cm™ ') of IASI with respect to IMG may, however, not
allow the direct retrieval of tropospheric columns. Never-
theless, it is anticipated that the analysis of HNO; total
columns to be provided by IASI, in conjunction with the
NO, data products of GOME-2, present onboard the same
platform, will improve our understanding of the chemistry
and the transport of reactive nitrogen in the troposphere.
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