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[1] We report the first measurement of the isotopic partitioning between stratospheric
H'*NO; and H'>NO;. The vertical distribution of the isotope ratio of the two
isotopologues of nitric acid was derived using the vs band Q branch of H'°NO; that
was recently identified in measurements from the MIPAS experiment using newly
generated spectral line parameters for the minor isotopologue. Because of the very low
intensity of the spectral features adopted for the retrieval, we established an “ad hoc”
inversion procedure based on a regularized linear Kalman filter ap]i‘)roach. This procedure

permits the retrieval of the deviations from the natural H'>’NOy/H

“NO; isotope ratio

profile, averaged over different latitude bands and time intervals, in the altitude range from
18 to 42 km. The resulting profiles show an overall substantial depletion with height
of H'°NOs, with respect to the natural partitioning, and no significant latitude and time
dependence. The developed retrieval procedure can be readily extended to other

atmospheric trace gas isotope ratios.

Citation:

Brizzi, G., E. Arnone, M. Carlotti, B. M. Dinelli, J.-M. Flaud, E. Papandrea, A. Perrin, and M. Ridolfi (2009), Retrieval

of atmospheric H'>NO5/H'*NO; isotope ratio profile from MIPAS/ENVISAT limb-scanning measurements, .J. Geophys. Res., 114,

D16301, doi:10.1029/2008JD011504.

1. Introduction

[2] Nitric acid (HNOs) is an atmospheric trace gas playing
a key role in the chemistry of stratospheric ozone. In the
middle atmosphere it constitutes an important reservoir
molecule for both odd nitrogen (NO,) and odd hydrogen
(HO,) oxide species, directly linking the two reactive chem-
ical families. Furthermore, in the wintertime polar vortex,
HNOg; participates in the formation of Type 1 Polar Strato-
spheric Cloud (PSC I) particles which, by triggering both
heterogeneous chemistry and denitrification of the lower
stratosphere, determine the ozone hole phenomenon [World
Meteorological Organization, 2003].

[3] The acknowledged photochemistry suggests that
HNOj; is produced in the stratosphere by gas phase reaction
between hydroxyl radical and nitrogen dioxide in the pres-
ence of a collision partner (M) that carries away the dissoci-
ation energy and conserves the momentum balance,

(R1) OH + NO, + M — HNOs + M,
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and by conversion of N,Os in a heterogeneous chemistry
process with aerosol [Austin et al., 1986]. N,Os is, in turn,
produced by gas phase reactions in Polar night conditions.
The HNOj sinks are photodissociation,

(R2) HNOs + hv — OH + NO,,

and the solidification during PSC formation that leads to
removal through sedimentation (denitrification).

[4] For its atmospheric relevance, the nitric acid distribu-
tion has been extensively studied with observations collected
both in the stratosphere and in the troposphere, from the
ground [e.g., Rinsland et al., 1991; Meier et al., 2005], from
balloons [e.g., von Clarmann et al., 1993; Oelhaf et al., 1994],
aircrafts [e.g., Toon et al., 1989; Blom et al., 1995; Fischer et
al., 1997], and from space [e.g., Russell et al., 1988; Koike et
al., 2000; Griesfeller et al., 2006; Mencaraglia et al., 2006].

[5s] Different spectroscopic techniques, including mass
spectrometry and infrared (IR) absorption or emission, have
been used to obtain accurate and precise measurements of
atmospheric HNO;.

[6] In the mid-IR, HNO; exhibits a strong signature at
11.2 pum mainly due to the v5 and 2v9 bands. These bands
are located in a rather transparent atmospheric window, prac-
tically free of interfering contributions, which has been
frequently used to remotely sense this species. By sounding
this region, past and present spaceborne infrared experiments,
such as the Atmospheric Trace Molecule Spectroscopy
(ATMOS) [Gunson et al., 1996], the Michelson Interferometer
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for Passive Atmospheric Sounding (MIPAS) [Fischer et al.,
2000], the Tropospheric Emission Spectrometer (TES)
[Beer et al., 2001], and the Atmospheric Chemistry Experi-
ment (ACE) [Bernath et al., 2005], included HNO; measure-
ments within the scientific objectives of the mission.

[7] Infrared remote-sensing techniques have also the
potential to provide accurate information about the isotopic
composition of several atmospheric constituents, comple-
mentary to concentration measurements.

[8] Measurements of the geographical and altitude distri-
bution of isotopic species provide valuable insights into
the dynamical and chemical processes taking place in the
atmosphere.

[9] So far, isotopic analyses have been used to distinguish
between biogenic and anthropogenic sources, to investigate
the composition of primordial atmospheres studying mole-
cules trapped within ice cores, to identify preferential reac-
tion pathways leading to noticeable improvements in the
knowledge of trace gas global atmospheric budgets and
biogeochemical Earth cycles.

[10] In spite of the broad interest in atmospheric active
nitrogen species, to date the nitrogen isotopic composition
of HNO; in the atmosphere has not been investigated,
whereas studies have been reported on the isotopic fraction-
ation in nitrous oxides (mainly N,O) or ammonia, and the
coupling between soil and marine environments with the
overlying atmosphere [see, e.g., Park et al., 2004; Toyoda
et al., 2004; Kaiser et al., 2002, 2006; Kaye, 1987; Griffith
et al., 2000]. From these studies it is known that strato-
spheric N>O is '°N enriched relatively to tropospheric N,O,
most likely because of the preferential photolysis of isoto-
pically light N,O and to kinetic isotope effects.

[11] Since precise spectroscopic parameters of isotopically
substituted atmospheric molecules are becoming available,
further advances in the understanding of the mechanisms
leading to atmospheric isotope fractionation are possible.
H'SNO; is the second most abundant isotopologue of nitric
acid with a relative abundance o = 3.64(7) x 10~ calculated
from the isotopic abundances of 'H, N, and '°0 [Lide,
2000] (atmospheric N, is the reference standard for nitro-
gen isotopic abundance). However, to the best of our knowl-
edge, the ">N/'N isotope ratio distribution has never been
reported for HNOjs in the Earth’s atmosphere. The recent
inclusion of H'*NOjs spectral line parameters, relative to the
fundamental vs band [Perrin and Mbiaké, 2006], into the
scientific version of the MIPAS dedicated spectroscopic
database provided the possibility to identify, for the first
time, the H'>’NO; species in the Earth’s atmosphere [Brizzi
et al., 2007]. This finding suggested the exploitation of
MIPAS satellite observations to investigate the behavior of
'>N in atmospheric nitric acid. The goal of the present work
is dual: (1) establish the feasibility of ">N/'*N retrievals
from MIPAS measurements and (2) provide a first BN/MN
global evaluation, thereby filling a gap in the understanding
of nitrogen chemistry in the atmosphere.

[12] Insection 2 we recall the basic concepts of the MIPAS
experiment. The strategy designed for the H'>NO5/H'*NO;
isotope ratio retrievals is presented in section 3, while the
operational choices used in our analysis are described in
section 4. In section 5 we present and discuss results obtained
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for different time and space domains. Finally, we draw our
conclusions in section 6.

2. MIPAS Experiment

[13] MIPAS is an Earth observation instrument, developed
by the European Space Agency (ESA) and operating on
board the Environmental Satellite (ENVISAT) that was
launched on a nearly polar orbit on 1 March 2002. The
MIPAS experiment is based on a high-resolution Fourier
transform spectrometer and is designed to provide contin-
uous information on a number of atmospheric species that
are relevant to several interlinked issues over ozone chem-
istry and Global Change. MIPAS measures the emission of
the atmosphere in a wide spectral interval in the mid-IR with
the limb-scanning observation technique. Starting from July
2002 nearly continuous measurements were obtained for the
first 2 years of satellite operation. Because of problems with
the mirror drive of the interferometer, MIPAS suspended its
measurements at the end of March 2004. Operations with
reduced spectral resolution were resumed in January 2005,
and the experiment is fully operational to date. This paper
refers to the nominal observation mode measurements of
the first 2 years of MIPAS activity. In the nominal mode
(operated for 80% of the measuring time) MIPAS measured
consecutive backward looking limb scans with the lines of
sight lying approximately in the orbit plane. Each limb scan
was made of 17 observation geometries with tangent altitudes
ranging from 6 to 68 km with steps of 3 or 5 km. The spectral
resolution of the instrument was set to its maximum value
of 0.035 cm™' Full Width at Half Maximum (FWHM),
unapodized. MIPAS spectra are analyzed by the ESA’s
ground processor to provide pressure at the tangent points,
vertical distribution of temperature, and Volume Mixing
Ratio (VMR) of six atmospheric key species (H,O, O3,
CHy4, N,O, HNO;, and NO,). For an exhaustive discussion
of the MIPAS experiment, the reader is referred to Fischer et
al. [2008], and references therein. The good quality of
MIPAS products is demonstrated in a dedicated set of
validation papers; in particular, the validation of MIPAS
HNO; VMR profiles is reported by Wang et al. [2007].
While the operational data processing [Ridolfi et al., 2000;
Carli et al., 2004; Raspollini et al., 2006] carried out by ESA
covers only the above-mentioned six atmospheric species,
nonoperational science-oriented retrieval codes have proven
that MIPAS spectra can provide information on minor
atmospheric constituents, as well as on the distribution of
some of the main isotopologues of these gases [Fischer et al.,
2008]. So far, MIPAS represents one of the best suited
instruments for stratospheric isotope research from space,
and significant studies have recently reported the retrieval of
stable isotope relative abundances from its measurements. In
particular, investigations on singly substituted ozone isotopic
variants were made by Piccolo et al. [2007], while HDO
profile information was produced by Payne et al. [2004,
2007] and Steinwagner et al. [2007].

3. Retrieval Strategy
3.1. Retrieval Algorithm

[14] Because of its extremely low concentration in the
stratosphere, H'>NO; exhibits a limb emission vs Q branch
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with very weak features near 871 cm™'. Numerical simu-
lations show that the peak intensity of this branch in MIPAS
spectra is about 60% of the spectral noise. This poor signal-
to-noise ratio prevents the retrieval of H'>’NO; VMR
profiles from individual limb scans if no external constraints
are used. As an additional complication, the spectral features
of H"*NO; and H'°NOj; strongly overlap at the MIPAS
spectral resolution, therefore the inversion algorithm must
properly take into account the reciprocal interference of the
two isotopologues.

[15] In order to derive information on the H'°NOj; distri-
bution from MIPAS spectra, we developed a dedicated inver-
sion algorithm based on the Geofit Multi-Target Retrieval
(GMTR) [Carlotti et al., 2006]; only the Multi-Target capa-
bility of the GMTR algorithm but not its two-dimensional
retrieval approach was exploited in this work (the 2-D
representation is used for all atmospheric fields but
the retrieved targets for which the horizontal homogeneity is
assumed).

[16] The implemented algorithm retrieves simultaneously
the profiles of both the H'*NO; VMR (hereinafter indicated
as x) and of the quantity r linked to the H'>NOs/H'*NO;
isotope ratio as follows: at each altitude z; (i = 1, ..., n),
the element r; is defined as:

_ 1 VMRHI5N03 (Z,')
= [0 VMRH14N03 (Z,*)

1 VMRH|5N()3 (Zi)
a x(z;)

(1)

where « is the relative standard abundance of H'’NO; (a =
3.64(7) x 107%). It is worth further emphasizing that the
quantity r r%ports the deviations we observe from the natural
H'°NO3/H'"*NOj; isotope ratio profile.

[17] Inthe literature isotopic ratios are often reported using
the so-called ¢ notation. Throughout this paper we report the
results in terms of r because it is the direct output of our
retrieval tools. The value of ¢; (¢ at altitude z;), expressed in
units of per mil, can be easily obtained from r; using:

8 =1000- (r; — 1). ()

In our retrievals the two targets x and r are simultaneously
determined with an iteratively Tikhonov-regularized opti-
mal estimation approach [Rodgers, 2000; Doicu et al.,
2004] applied to the observations of individual limb scans.
For convenience we define a column vector z that contains
the components of both x and r, i.e., Z = (x1, X3, - -+, Xy,
1, Fa, - - -, 1) Let h be the index numbering the individual
limb scans to be processed. At each iteration, the retrieval
operating on the observations y(#) with noise error covari-
ance Sy updates the current estimate zy(/) according to:

2(h) = @EZ;) =zo(h) + (KTs;(;)KJrR(h))’1

- (K785 (3 () = Bz () + R(A) (za ) — 20(1)))-
(3)
In this expression, where for simplicity we omit the iteration
index, F(z(h)) is the forward model simulating the limb

radiance for atmospheric state z(/), K is its Jacobian matrix
calculated for z = zy(h), z,(h) is an a priori estimate of z
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and R(%) is a constraint matrix that includes both the error
covariance of z,(h) and a Tikhonov regularization term.
Considering that the state z includes both targets x and r,
R(%#) can be written as

st o L7L 0
R0 = ( 0 s%h)) H(0 L) @

Ta

where S, and S, (h) are the error covariance matrices of
the a priori estimates x, and r,(%), respectively, that constitute
z.(h) = (xL, rl(h))". L is the numerical first derivative
operator while the scalars v, and ~,.(k) are user supplied
parameters driving the strength of the regularization. When
convergence is reached, the error covariance matrix S,(%)
of the solution Z(%) provided by equation (3) is given by
[Rodgers, 2000]:

o= (84 S8) - (esdrmn)

This matrix quantifies the mapping onto the solution of
both the noise error of the measurements and the error
associated with the a priori estimates x, and r,(4). The off
diagonal elements of S,(%) properly account for the covari-
ances (and hence correlations) among the components of the
state vector z. In particular, covariances between individual
profile components are estimated by the off diagonal ele-
ments of S,(4) and S,(%); while cross covariances between
components of x and r are estimated by the elements of
Sx.«(h) [Dinelli et al., 2004].

[18] In order to reduce the noise error of r, we apply the
inversion approach outlined above, sequentially, to prese-
lected sets of limb scans. While the target x can vary
considerably from scan to scan, if we restrict the study to
seasonal and gross latitudinal variability, r can be assumed
constant within suitable time and latitude bins. Of course, the
size of these bins determines the trade-off between the
achieved noise error and the temporal and geographical
resolution of the study. After selecting sets of limb scans
(see section 4.2) for which we assume r constant, we
sequentially apply the retrieval to the individual limb scans
within each set. The constraints of the retrieval are set up as
follows:

[19] 1. The first constraint is for profile x. For x, we use
the profile retrieved with the GMTR algorithm from the
same limb scan. This choice is motivated by the fact that
the GMTR products are considered more accurate than the
routine ESA Level 2 products [Arnone and Carlotti, 2008;
Arnone et al., 2009]. We build S, by artificially associating
to x, a 100% error, uncorrelated. We apply only a weak
Tikhonov regularization to X (75 ~ 10 ppmv_2).

[20] 2. The second constraint is for profile r. For the
analysis of the first limb scan (% = 1) of each selected set we
use ry(1) = 1 and we build S, (2 = 1) by assigning to r,(1) a
100% error, uncorrelated. We select a weak Tikhonov
regularization for r (v(k = 1) =~ 10). For the subsequent
analyzed limb scans (h > 1) we use ry(h) = ¥(h — 1)
and S, (h) = S(h — 1) (i.e., we use as a priori estimate the
profile r obtained from the scans processed so far, with its
full error covariance calculated from equation (5)). No further
regularization is applied to r (i.e., y(h) = 0 for 2 > 1).
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[21] Note that as far as the target r is concerned, the
retrieval approach used here is equivalent to a linear (the
identity) Kalman filter [Kalman, 1960; Rodgers, 2000].

[22] The atmospheric fields: pressure, temperature, and
VMR of the species other than HNO; (i.e., H,O, O3, CHy,
N,O, and NO,) are taken from the GMTR Level 2 products
derived with the two-dimensional analysis of the correspond-
ing limb scans (MIPAS-2D data, available on the dedicated
Web site http://www.mbf.fci.unibo.it/mipas2d.html). For the
remaining atmospheric constituents we assumed the profiles
reported in the MIPAS dedicated climatological profile
database [Remedios et al., 2007].

[23] In order to better quantify the overall strength of the
constraints applied to the retrieval process we exploit the
averaging kernel (AK) matrix as a diagnostic tool. This
matrix is used to characterize the vertical resolution of the
retrieval and the degrees of freedom (DOF) of the inversion
[Rodgers, 2000]. The element Ay (k) of the AK is defined
as:

9z (h)

Apm(h) = 2

(6)

The calculation of the derivatives of the solution Z(%) with
respect to the components of x(/4) is a relatively easy task
because the real state x(/) is allowed to change from scan to
scan. This implies that the only term depending on the true
state x(/) on the right side of equation (3) is y(%). Therefore
the part of the AK relating to the only target x(%) is given by:

% (h)

Ax(h) = o

—1
_ It 7g-1
= (K Sy(h)K+R(h)> KIS LK. (7)

The calculation of the derivatives with respect to r of
equation (6) is more difficult because the true state r is
assumed to be constant within the selected set of limb scans
sequentially processed. Therefore, according to the applied
constraints (see point 2 above), in (3) also R(%) (through
S; (1)) and r,(/) depend on the true state r. These derivatives
can be calculated analytically using a few simplifying
hypotheses:

[24] 1. If we assume linearity, we consider the solution
7(h) as obtained from a single iteration of equation (3), with
Zo(h) independent from the scan /.

[25] 2. If we assume uncorrelated targets x and r within
each processed limb scan, this is justified because within
each individual inversion in equation (3) the part related to
r of matrix KTS;(L)K + R(h) is always dominated by the
term R(%) in which, according to equation (4), the corre-
lations between x and r do not appear.

[26] 3. If we assume that the error covariance Sy, does
not depend on the considered limb scan % (Sy(;,) = Sy), this
is justified because the instrument performance is expected to
be mostly constant within large time intervals (a few weeks).

[27] With these assumptions, we can make explicit the
dependence of R(%4) and of r,(%) on the observations y(m)
with m = 1,..., h in equation (3). After a few algebraic
manipulations the part of the AK related to r is:

or(h)
or

-1
Ac(h) = :(hK{s;lKrJrRr(h:l)) KIS 'K, (8)
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where the subscript denotes matrices limited to the part
referring to the elements of the target r. Note that as expected,
if K/ Sy 'K, is nonsingular, then A (%) tends to the identity
matrix for 7 — oo. At a first glance the assumptions made to
derive this expression may seem relatively rough, however
we checked the accuracy of expression (8) by comparison
with direct numerical calculation of the derivatives (6) for a
selected test case and found its accuracy to be a few percents.
This accuracy is more than satisfactory considering that
A(h) is used here only as a diagnostic tool to quantify the
deterioration of the vertical resolution of the retrieval due
to the applied constraints.

[28] Compared to the simpler methods of averaging r
profiles retrieved from individual limb scans, or retrieving
a single r profile from an average spectrum, the retrieval
approach used in this work offers the advantage of being
more rigorous and accurate. Averaging of profiles retrieved
by making heavy use of a priori information is problematic:
profiles are not fully independent from each other because
they are derived using the same a priori information. Retrieval
of a single profile from an average spectrum implies the
underlying assumption of linearity of the observed spectrum
as a function of the retrieved quantities. Considering that the
spectral features of H'>NO; addressed in this work overlap
with strong H'*NOj features, the linearity assumption would
be a crude approximation.

3.2. Self-Consistency of the Retrieval Algorithm

[20] Before the application to real data, we tested the self-
consistency of the developed retrieval system on the basis of
synthetic observations. We simulated several sets of MIPAS
limb measurements corresponding to a full orbit (72 scans),
assuming as a reference the ESA Level 2 HNOj; profiles (x)
and r = 1. In this self-consistency check we assumed as
“real” the atmospheric HNOj; distribution retrieved by the
ESA Level 2 processor, while we started the retrieval using as
initial guess the two-dimensional GMTR HNOj; retrievals.
We used this approach to make the test more realistic: we
wanted to start from the same initial guess used in the
retrievals from real data and, at the same time, we did not
want to start the retrieval already from the “true” profiles.
The sets of simulated observations differed only for the
artificial noise added to the spectra. We tested cases with
standard deviation equal to the actual MIPAS Noise Equiv-
alent Spectral Radiance (NESR) and with standard deviation
equal to NESR/10. In these test retrievals we used various
initial guesses for x and r. In all tested cases we found good
agreement between the retrieved targets and the reference
profiles assumed for the generation of the synthetic observa-
tions. Figure 1 shows an example of results for the target r: in
this test the standard deviation of the noise added to the
synthetic observations was reduced by a factor 10 with
respect to the MIPAS NESR, therefore the error bars, that
represent the mapping of the measurement noise onto the
retrieval, are much smaller than in the case of real observa-
tions. Figure 1 shows that the retrieval system is able to
recover the reference atmospheric state with precision con-
sistent with the amplitude of the adopted spectral noise. We
conclude that possible artifacts introduced in the retrieved
profiles by the inversion system have amplitude at least a
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Figure 1. Result of a test retrieval with synthetic observa-

tions affected by a measurement noise with standard
deviation equal to 1/10 of the MIPAS NESR. The inversion
algorithm is able to recover within the error margins the
profile rzzr = 1 used in the synthetic observations. The
dashed vertical line r = 2 represents the initial guess profile
assumed for the retrieval.

factor of 10 smaller than the error due to the real MIPAS
noise.

4. Operational Choices
4.1. Spectral Intervals and Spectroscopic Data

[30] Our retrieval operates the simultaneous fitting of
three different spectral intervals. The first two (876.375—
879.375 cm ' and 885.100-888.100 cm ") coincide with
those used by the ESA Level 2 processor to routinely retrieve
nitric acid VMR profiles [Raspollini et al., 2006]. The
third selected interval (870.000—871.500 cm™') contains
the Q branch spectral features of the H'’NO; fundamental v/
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band (see Brizzi et al. [2007, Figure 4] where the 870.000—
871.500 cm ™" interval is reported together with simulations
that highlight the contribution of the "N isotopologue).
While the first two spectral intervals are selected using a
dedicated algorithm [Dudhia et al., 2002] aiming at the
minimization of the total retrieval error, the third interval is
rather a compulsory choice, given the paucity of the H'>NO;
spectral features in the MIPAS bands. As pointed out by
Brizzi et al. [2007], in the observed limb emission spectrum
these features are embedded in much stronger features
belonging to the H'*NOj; isotopologue. For the simulation
of the mentioned spectral intervals our forward model uses
the MIPAS dedicated spectroscopic line database [Flaud et
al., 2003a, 2003b, 2006] complemented with H'NO; line
data as specified by Brizzi et al. [2007].

4.2. Error Budget Evaluation and Selection of Sets
of Measurements

[31] With the implemented retrieval approach, the error
of r due to measurement noise (the square roots of the
diagonal elements of S, from equation (5)) decreases as
long as additional limb scans are included in the sequential
analysis (see Figure 2). Of course the noise error reduction
achieved depends on the altitude of the considered retrieval
grid point. At the altitudes where the observations contain
only little or no information on r the achieved reduction is
negligible.

[32] The trade-off between the random error of r and the
inaccuracy introduced by the assumption of time and geo-
graphical invariance of r drives the choice of the size of the
sets of limb scans sequentially processed to derive a single r
profile. The systematic error affecting r needs also to be
considered for this choice. The random component should
not exceed the systematic component in the error budget. On
the other hand it is not wise to achieve a random error much
smaller than the systematic one at the expenses of a much
wider temporal/spatial resolution of the study. For this
reason, prior to the selection of the sets of measurements to
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Figure 2. Reduction of the noise error achieved as long as limb scans, numbered in the horizontal axis,
are included in the sequential analysis. As indicated in the plot key, different curves refer to different

altitudes of the retrieval grid points.
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Figure 3. Total error budget and error components of the r profile assuming a sequential analysis of
400 MIPAS limb scans. See text for the description of the individual components.

be sequentially processed, we evaluated the error compo-
nents, beside the measurement noise, that affect the targets of
the retrieval using a standard perturbation analysis. This
consisted of (1) generation of synthetic observations
corresponding to experimental conditions in which a given
parameter was perturbed/unperturbed with respect to a ref-
erence value and (2) calculation of the difference between
target parameters retrieved with the sequential approach
outlined in section 3.1 using perturbed and unperturbed
observations.

[33] The error sources considered in our analysis include
uncertainties in pressure (PRESS), temperature (TEMP),
not retrieved and spectrally interfering species (H,O and
OCS turn out to be the main interfering gases), spectroscopic
line database uncertainties (SPECDB), and errors on instru-
mental parameters such as the width of the instrument line
shape (SPREAD), the spectral (SHIFT) and intensity (GAIN)
calibrations [see Fischer et al., 2008]. The perturbations
applied to the atmospheric or model parameters listed above
are consistent with those commonly adopted to evaluate the
error budget of the MIPAS key products derived by the ESA
Level 2 processor, as specified by A. Dudhia (http:/www.
atm.ox.ac.uk/group/mipas).

[34] Among the considered error sources, some of them
are constant (i.e., SPECDB) or have a small variation (i.e.,
SPREAD, SHIFT, and GAIN) within the considered set of
measurements, therefore producing a systematic bias in our
results. Other error sources, such as PRESS, TEMP, and
VMR of interfering species are considered to vary randomly
from scan to scan, therefore their final contribution to the total
error on r scales inversely proportional to the square root of
the number of scans (r) included in the sequential analysis.

[35] Several values of n were tested. In Figure 3 we plot,
as a function of altitude, the total error budget and the
percentage contributions generated by each error source
when it propagates through the sequential processing of
400 MIPAS limb scans. The component labeled as
“NOISE” refers to the propagation of the measurement
noise error into the solution of the inversion and, unlike the
other components, is derived from the covariance matrix S;
of equation (5). Also reported is the total systematic error

(TOTAL SYS) calculated by summing in quadrature the
errors assumed constant in our sample (SPECDB, SHIFT,
SPREAD, and GAIN). Similarly, we calculated the total
random error (TOTAL RND) by summing in quadrature the
errors that change randomly in our sample (NOISE, TEMP,
PRESS, and VMR of interfering species). Finally, we cal-
culated the total error (TOTAL) by summing in quadrature
the TOTAL RND and TOTAL SYS errors.

[36] Figure 3 shows that » = 400 limb scans is a
reasonable size for the set of measurements to include in
a sequential analysis to derive a single r profile: under this
condition the random error is of the same order of magnitude
as the systematic one. We note also that given the MIPAS data
acquisition rate, extending the size of the sequential analysis
much beyond 400 limb scans would imply a significant
limitation of the temporal and/or spatial resolution of the
variability study, with a marginal further reduction of the
random error. As shown in Figure 3, the total error of r tends
to become large for altitudes outside the 12—42 km interval,
therefore we limited the retrieval to this altitude range.

[37] The smoothing error is not included in the error
budget because its evaluation requires the knowledge of the
covariance matrix representing the atmospheric variability
of the target profile under consideration (r) [Rodgers, 2000].
Such a covariance matrix is not available today, as no
measurements of the r profile have been performed. Instead
of providing the smoothing error we provide the AKs of the
retrieval. The AKs will permit to calculate the smoothing
error once a covariance matrix of the atmospheric variability
of r will become available. The approach of providing AKs
instead of the smoothing error is a very standard procedure
(see, e.g., the validation papers given by Hartogh and Espy
[2006—2009]).

4.3. Filtering of Measurements

[38] In order to guarantee that only good quality measure-
ments contribute to the statistics accumulated in our sequen-
tial analysis, we applied a few quality checks both to the
spectra to be processed and to the retrieved profiles.

[39] Since our forward model does not account for clouds
in the field of view (FOV) of the instrument, we applied a
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Figure 4. The r profiles retrieved from the midlatitude
equinox (MID-e) sets of MIPAS measurements (entry for
Figure 5c in Table 1). See text for details.

filter to exclude cloudy sweeps from our analysis. The cloud
filter consists of the computation of a proxy, named Cloud
Index (CI) [Spang et al., 2004], for the presence of a cloud in
the FOV. We considered a limb emission spectrum cloudy
(and we excluded it from the analysis) if C/ < 6. This
threshold is usually considered very conservative [Spang
et al., 2004] for cloud detection, thus guaranteeing the
clear sky data needed for the analysis.

[490] The results of the inversion of an individual limb
scan are then fed in the sequential analysis only if both the
following conditions are fulfilled:

[41] 1. The normalized L, weighted norm of the residuals
(or chi-square, x?) is less than 2.5. This criterion excludes
from the sequential analysis all the limb scans for which
the final x? of the inversion is an outlier of the statistical
distribution of the .

[42] 2. The HNO3; VMR at 12 km altitude is less than
0.002 ppmv (0.003 ppmv for the Polar regions). This
criterion excludes limb scans providing unphysically high
HNO; VMR values from the analysis.

5. Selection of Case Studies

[43] Aiming at the study of the '>N/'N isotope ratio
profile under different latitudinal and seasonal conditions,

Table 1. MIPAS Data Used for the Retrieval of r*
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subsets of MIPAS measurements (L1b data version 4.61)
were selected around equinoxes and solstices, for the time
period ranging from July 2002 to March 2004. Following
the assumption made in section 3, the sequential retrieval
was applied to sets of measurements collected in consecu-
tive days within predefined latitude bands. r profiles were
derived in four different latitude bands defined as: North
Pole (NP) from 60°N to 90°N, South Pole (SP) from 60°S
to 90°S, midlatitudes (MID) 60—20°S and 20—60°N, and
equatorial (EQU) from 20°N to 20°S. A test performed on
separated north and south midlatitude measurements
showed that within the uncertainties of our analysis, there
was no need to distinguish between them. The filtering
process applied to MIPAS measurements (described in
section 4.3) retained in the analysis equivalent sets of
observations starting from 15 km tangent altitude. In the case
of'the EQU latitudinal band, the lower limit was set to 18 km.
Table 1 provides details about the sets of observations
considered in the selected case studies: the time intervals
and the number of analyzed limb scans for each set of
observations are reported in the third column of Table 1. As
shown in Table 1, each of the considered case studies
includes four sets of MIPAS measurements with a com-
parable number of limb scans. The first step of the study was
to establish whether the four sets of data provide results that
are consistent among themselves. Within each case study,
the individual profiles are in good agreement within 2o
error. As a representative example, Figure 4 shows the four
profiles relative to case MID-e of Table 1. This consistency
supports the assumption of negligible variability of the
r profile within the sets of limb measurements included in
the sequential analysis. Given the reciprocal consistency of
the retrieved r profiles, for each latitude band the best
estimate of r can be calculated as the weighted average of
the estimates derived from the four sets of measurements.

6. Results

[44] Figure 5 shows the mean profiles as determined from
MIPAS observations for the selected latitude bands at equi-
noxes and solstices. Each plot reports, for the corresponding
case study, the weighted average of the r profiles retrieved
from the four sets of observations indicated in Table 1. The
isotope ratio profiles in Figure 5 show that at altitudes
roughly ranging between 15 and 25 km, the atmosphere is
generally enriched in the heavier HNOj3 isotopologue with
respect to the natural isotope ratio (r = 1). Above 25 km, a
decrease of the H'°NO; isotopologue becomes more

Code Part of Figure 5 Sets of MIPAS Measurements

EQU-e Figure 5a 20-24 Sep 2002 (358), 20—24 Sep 2003 (425), 19—-23 Mar 2003 (430), 9—13 Mar 2004 (406)
EQU-s Figure 5b 19-26 Dec 2002 (430), 19-26 Dec 2003 (430), 17—-24 Jul 2002 (430), 16—24 Jun 2003 (430)
MID-e Figure Sc 20-22 Sep 2002 (430), 2223 Sep 2003 (430), 20—22 Mar 2003 (430), 2122 Mar 2004 (430)
MID-s Figure 5d 20-22 Dec 2002 (430), 20—-22 Dec 2003 (430), 17—-18 Jul 2002 (430), 16—18 Jun 2003 (430)
NP-¢ Figure 5e 20-24 Sep 2002 (430), 20—24 Sep 2003 (305), 18—27 Mar 2003 (314), 7—18 Mar 2004 (350)
NP-s Figure 5f 20—-24 Dec 2002 (430), 20—25 Dec 2003 (406), 17—21 Jul 2002 (430), 16—21 Jun 2003 (430)
SP-e Figure 5g 20-24 Sep 2002 (350), 20—24 Sep 2003 (306), 18—27 Mar 2003 (430), 7—18 Mar 2004 (430)
SP-s Figure Sh 20-25 Dec 2002 (345), 20—30 Dec 2003 (335), 17-21 Jul 2002 (430), 16—23 Jun 2003 (398)

“First column gives the latitude band and equinox (-¢) or solstice (-s) condition of the mean profile. Second column gives the part of Figure 5 reporting
the corresponding weighted mean profile. Third column gives the time interval of measurements and number of scans sequentially processed for the

retrieval of each r profile.
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Figure 5. Mean profiles of r for equinox and solstice conditions. Latitude bands are as follows: (a and b)
equatorial (EQU), (c and d) midlatitudes (MID), (e and f) North Pole (NP), and (g and h) South Pole (SP).
Each profile is the weighted mean of four profiles retrieved from the observations indicated in Table 1.
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the standard deviation of the profiles used to calculate the average. The vertical line represents the initial

guess profile r = 1.
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Figure 6. Global average r profile obtained from equinox
and solstice profiles reported in Figure 5.

marked as altitude increases. The above described features
are common to the isotope ratio profiles obtained for all the
eight considered case studies. Actually, if the profiles of
Figure 5 are plotted on a single graph, the overlapping of
the error bars indicates that in stratospheric nitric acid,
temporal and latitudinal variations of the >N/ "N ratio are
of minor entity. It is therefore meaningful to calculate an
overall average of the r profiles shown in Figure 5. The
weighted average of these profiles is shown in Figure 6 and
reported in Table 2 also with the § notation given in
equation (2). Because of the presence of high-altitude clouds,
most of the MIPAS equatorial measurements extended down
to only 18 km, therefore the average profile was limited to
this altitude.

[45] The r profiles reported in this section are represented
on a 3 km altitude grid (that coincides with the retrieval grid)
that matches the sampling step of the MIPAS limb measure-
ments. However, the spacing between consecutive points of
the altitude grid does not represent the vertical resolution of
the profiles that as discussed by Rodgers [2000], can be
calculated as FWHM of the AKs. The AKs for the r profiles
relative to the equinoxes in 2003 are given in Figure 7, also
with the number of degrees of freedom calculated as the trace
of the AK matrix [Rodgers, 2000]. It results that 3 to 6 DOFs
were generally obtained. The lower values of the DOF at the
equator are due to the reduced vertical range at which the
retrieval was performed and to the higher number of cloud-
contaminated sweeps rejected by the cloud filtering process
in the analyzed scans. Examples of the actual vertical reso-
lution of the r profiles are provided in Figure 8. The two plots
of Figure 8 show the vertical resolution of the r profiles for
each case of Figure 7. In general, the vertical resolution of
the r profiles, in the altitude range where the final random
error is low, is close to the measurements vertical step.

7. Conclusions

[46] As a next step following the identification of
H'°NO; in MIPAS observations, we used MIPAS high-
resolution infrared limb emission spectra to measure, for the
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first time, the '>N/"N isotope ratio in stratospheric nitric
acid. For this purpose we developed a dedicated inversion
procedure based on an iteratively regularized sequential,
linear Kalman filter. This retrieval procedure is generally
applicable to cases where the target parameter of the inver-
sion has a very poor signal-to-noise ratio and therefore large
sets of observations need to be merged to infer a single
(average) estimate of the target with reasonable accuracy.

[47] We retrieved H'NO5/H'*NO; isotope ratio profiles
in the range from 18 to 42 km with a number of degrees of
freedom ranging from 3 to 6. The best accuracy of about
10% was achieved in the altitude range from 20 to 25 km,
where nitric acid is mostly concentrated. The behavior of
the isotope ratio was studied for different latitude bands and
seasons.

[48] The ""N/'*N partitioning in stratospheric nitric acid
shows a systematic deviation from the natural isotope ratio:
between 15 and 25 km the atmosphere is enriched in H'>NO;
while, above 25 km, the heavier isotopologue shows a
depletion that becomes markedly stronger with altitude. This
overall trend is common to the isotope ratio profiles obtained
for all the eight considered case studies indicating that in the
stratosphere, seasonal and latitudinal variations appear not
to affect significantly the '>N/'*N nitric acid distribution.
Because of the compatibility among all profiles, we also
provided a global average profile of H'>’NOsy/H"NO, i.e.,
an overall picture of the '"N/*"*N partitioning in stratospheric
nitric acid. Our results show that above 25 km, the "*N/'*N
isotopic fractionation in HNO;3 behaves in the opposite
direction with respect to N,O.

[49] A large number of physical and chemical mecha-
nisms, such as the escape rate of heavy and light isotopo-
logues as a function of their mass, and the different rate of
chemical reactions involving isotopically substituted species,
is known to drive the atmospheric isotopic fractionation
[Johnson et al., 2002]. Nevertheless the interpretation of
the mechanisms leading to the '>N/'*N distribution reported
is far beyond the possibilities of the present paper. No
complemental studies exist on atmospheric '*N nitric acid.
These novel measurements provide observational evidence
of atmospheric mechanisms not yet explored, and call for
laboratory experiments and chemical atmospheric models to
be used to bring forward additional knowledge of the
underlying chemical and physical processes. Only the inte-
grated use of modeling studies and observations providing
valuable information to input into global models could

Table 2. Global Average r Profile Obtained From the Equinox
and Solstice Profiles Reported in Figure 5*

Height (km) r Noise Error Standard Deviation 6 (%o)
42 0.321 0.074 0.140 —679
39 0.317 0.060 0.156 —683
36 0.318 0.046 0.131 —682
33 0.412 0.031 0.109 —588
30 0.672 0.021 0.108 —328
27 0.883 0.014 0.040 —117
24 0.951 0.011 0.048 —49
21 1.091 0.010 0.037 91
18 1.161 0.011 0.092 161

“Noise error and standard deviation are also indicated relative to r. The
data in the first four columns are the values plotted in Figure 6.
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Figure 8. Vertical resolution calculated as the full width at
half maximum of the averaging kernels of Figure 7, for
(top) March 2003 and (bottom) September 2003, for
different latitude bands.

account for the observed nitric acid isotope distribution,
possibly identifying and quantifying the active mechanisms.
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