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Abstract. Five years of OSIRIS (Optical Spectrograph and 1  Introduction

InfraRed Imager System) NOand SMR (Sub-millimetre

and Millimetre Radiometer) HN® observations from the Reactive nitrogen species, known collectively asN@here
Odin satellite, combined with data from a photochemicalNOy is the sum of NO, N@, NOsz, HNOs, 2xN20s,

box model, have been used to construct a stratospheri€lONO,, BrONO, and HGNO,), play an important role in
proxy NGO, data set including the gases: NO, BJGINOs, stratospheric ozone chemistry and are intimately linked to
2xN205 and CIONQ. This Odin NG climatology is based hydrogen, chlorine, and bromine compounds. Reactive ni-
on all daytime measurements and contains monthly meatrogen species are the largest contributors to ozone destruc-
and standard deviation, expressed as mixing ratio or numtion in the middle stratosphere, primarily via catalytic cy-
ber density, as function of latitude or equivalent latitude cles involving NO and N@ (collectively known as N¢). In

(5° bins) on 17 vertical layers (altitude, pressure or poten-the lower stratosphere NGlso indirectly influences ozone
tial temperature) between 14 and 46 km. Comparisons witlthrough its influence on the partitioning of the hydrogen,
coincident NQ profiles from the Atmospheric Chemistry chlorine, and bromine families.

Experiment-Fourier Transform Spectrometer (ACE-FTS) in- The primary source of stratospheric N the oxidation
strument were used to evaluate several methods to combinef N2O; that is,

Odin observations with model data. This comparison in- 1

dicates that the most appropriate merging technique used20+0("D)—NO+NO (R1)
OSIRIS measurements of NOscaled with model NO/N®

ratios, to estimate NO. The sum ok®&,0s and CIONG where OtD) is an exited state of atomic oxygen, mainly pro-

guced from @ photolysis. The source of JD is a com-

is estimated from uncertainty-based weighted averages 0bination of natural and anthropogenic surface sources. Due
scaled observations of SMR HN@nd OSIRIS NG. Com- ) . . . pogenic ) )
mainly to its use in agriculture, M0 is increasing at a rate

parisons with ACE-FTS suggest the precision (random er- 0
ror) and accuracy (systematic error) of Odin N@rofiles of 2.6%/decadeHorster et a].2007. A much smaller, and

are about 15% and 20%, respectively. Further comparisonrsnore sporadic source, is downward transport from the meso-

between Odin and the Canadian Middle Atmosphere Moderhe.re of NO create_d by the precipitation 9f energetic parti
- cles in the polar regiondRandall et al.2005 Funke et al.
(CMAM) show agreement to within 20% and 2 ppb through- L .
. . 2005a Randall et al.2007 Sepgala et al, 2007). This source
out most of the stratosphere except in the polar vortices. Thé

o . .
combination of good temporal and spatial coverage, a rel_represents about 2% of total stratospheric,NWitt et al,

. ..~ 2000. More recentlyFunke et al(20053 have found that
atively long data record, and good accuracy and premsmq . . .
X ) - the NG transported into the stratosphere during Antarctic
make this a valuable N©Oproduct for various atmospheric . 0 .
studies and model assessments polar winter may represent up to 9% of total stratospheric
' NOy in the Southern Hemisphere. The loss of stratospheric
NOy occurs via transport into the troposphere, and through

the reaction sequence
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N+NO—N>+0 (R3) With the exception of the lower stratosphere, measure-
ments of stratospheric NOnust be done remotely. In gen-
and so is quadratic in N Photolysis of NO only occurs  eral, estimation of NQrequires a measurement of all major
above~40km. The photochemical life time of NQwith NOy species. This includes the “big five” (i.e. NO, NO
respect to ReactiorR@) ranges from decades in the lower HNOs;, 2xN,0s5 and CIONG) which collectively comprise
stratosphere to months near the stratopabieigon et al.  96-999% of NQ during daytime, according to box model cal-
1997) i.e. much longer than or comparable to typical trans- culations (Fig1). At specific altitudes or local times, one or
port time scales. Thus in the lower stratospherg,MXon-  more of these species may be neglected without compromis-
trolled primarily by transport processes. Photo-chemistrying the result; for example, stratospheric NO at night. How-
gains increasing influence on the N@bundance with in-  ever, instruments generally measure only a subset of the re-
creasing altitude. quired species and therefore only an estimate of l¢b-
During polar night and spring, NOcan be removed tained. LIMS (Limb Infrared Monitor of the Stratosphere),
from the gas phase by sequestering HN@ Polar Strato-  1978-1979 Gille and Russel1984, was the first satellite
spheric Cloud (PSC) particles, through heterogeneous chemnstrument to estimate NOby measuring HN@ and NG
istry. Sedimentation of PSC particles can lead to a per-at night. Measurements of HALOE (Halogen Occultation
manent removal of Npfrom the polar lower stratosphere, Experiment) NO and N@with CLAES (Cryogenic Limb
often referred to as denitrification. As particles evaporatearray Etalon Spectrometer) HNOand CIONG, both on
at lower altitudes, enhancements of N@ave been ob- UARS, have been merged to create a pseudg-bliatol-
served Kleinbohl et al, 2005 Dibb et al, 2006, denoted gy (Danilin et al, 1999, however perturbed by the major
re-nitrification. volcanic eruption of Mt. Pinatubo (1991). The first instru-
The trend in NO is expected to lead to an upward trend in ment to measure all five major species was ATMOS (Atmo-
NOy. However, due to insufficient observations, such a trendspheric Trace gas Molecule Spectroscopgussell et al.
has not been verified directlMcLinden et al.(200]) sug- 1988 over four deployments from the space shuttle. En-
gested that the rate of increase in \éhould be about three-  yisat/MIPAS was the first satellite instrument to measure all
quarters that of MO due to simultaneous trends in strato- major NQ, species Klengistu Tsidu et al.2005 Fischer
spheric ozone and temperature. An increase in colump-NOet al, 2008, but with complete data available only between
at >5%/decade has been reportedsdy et al, 2000, which  july 2002 and March 2004 and sporadic thereafter. In addi-
is consistent with an increase in Iy@omblned with a shiftin tion, the MIPAS NO and N@retrievals require complicated
the NG/NOy partitioning due to changes in ozone, temper- non-LTE (Local Thermodynamic Equilibrium) calculations
ature, halogens, and possibly aerosol loading over the lengt{Funke et al.20058. More recently, the ACE-FTS (Atmo-
of the time seriesKish et al, 2000 McLinden et al, 200J). spheric Chemistry Experiment-Fourier Transform Spectrom-
Many models have been used to simulate,®undances  eter) Bernath et al.2009 launched in 2004, a satellite suc-
in the stratosphere. The Models and Measurements Intelcessor to ATMOS, is able to measure all primary species.
comparison Il Brasseur and Remsber§i999 Sects. 3.3.6  Wwhile ACE-FTS has collected more than four years of data,
and 3.5.1), which compared NGrom 13 two-dimensional its sparse coverage (2 profiles per orbit) means that global
and three-dimensional models, revealed a spread in exces®verage is achieved only over several months.
of 30% when the BO source was constrained. Much of  Complementary to the MIPAS and ACE-FTS instruments
this inter-model difference was attributed to model dynamics.is the Odin satellite. Odin observes M@rofiles with the Op-
Differences between the models and the UARS (Upper At-tical Spectrograph and Infra-Red Imager System (OSIRIS)
mosphere Research Satellite) observations of (pseudg-)NOand HNG; with the Sub-millimetre and Millimetre Radiome-
were considerably larger. The latest generation of modelser (SMR) in the stratosphere, see S&cL In total, Odin
appear to be more capable of simulating global stratospherigneasures about 75% of total @t 20 km but only 25% at
NOy. For example, the ECHAM5/MESSy1 (European Cen- 40 km (see Figl). Hence, a simple addition of OSIRIS NO
tre Hamburg Model 5/Modular Earth Submodel System 1)and SMR HNQ will be of limited use. In this study we in-
chemistry-climate model with nudged meteorology revealedyestigate the construction of a “proxy” N@ata set by com-
good agreement with MIPAS (Michelson Interferometer for pining Odin measurements with a photochemical box model,
Passive Atmospheric Sounding) N@Brihl et al, 2007)  constrained with additional observations, to account for the
over a three-day period in 2002. In general, however, therenissing species. This is, to our knowledge, the first descrip-
is a lack of global, long term N{observations to evaluate tion of such a proxy NQ data set. The length of the Odin
these models. Other types of photochemical models must bgata set of more than seven years, combined with good spa-
initialized with an NQ profile or field that is generally based tjal coverage provides a valuable N@roduct, complemen-

on output from a 3-D model, a correlation with®, or both.  tary to that of MIPAS, ACE-FTS, and preceding missions.
Here too, the lack of global Ngobservations are noticeable.
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Fig. 1. NOy partitioning and total NQ (thick solid line) given by the University of California, Irvine, photochemical box model. The profiles
correspond to average concentrations for simulations given at all OSIRIS measurement locations (both a.m. and p.m.) from 2@a2 to 2006
Panel(b) gives the ratio of the big five (NO+N£S-HNO3+2xN2O5+CIONO) to the total NG expressed as mean (line) and dtandard
deviation (error bars). Panét) shows the ratio of the Odin NOspecies (NG+HNOg) to the concentration of the big five expressed as
mean (line).

Section2 gives a brief overview of the Odin instruments 06:00 for low and mid latitudes during the ascending and de-
and other data sets used in this study. This is followed by ascending nodes, respectively, but sweeps quickly over local
detailed description on the construction of the Odin proxy midnight and noon at the poles. The equator crossing time is
NOy data set (Sect3). Results are discussed in Sedt.  slowly drifting later in LST during the Odin mission. Since
which includes a comparison with the Canadian Middle At- OSIRIS is dependent on sunlight, the full latitude range is
mosphere Model (CMAM). This is followed by a summary only covered around the equinoxes and hemispheric cover-
of the major conclusions in Se@&. age is provided elsewhere.

The SMR instrument measures thermal emissions and
comprises five receivers, one millimeter receiver at 118 GHz
and four sub-millimeter receivers between 486-580 GHz
Information on the various data sets used in this study is pro_(M_urta_gh et al, 2002 Frisk et a_l, 2003. The m|II|r_net_er re-
vided below. ceiver is used for the obseryatlon o_f oxygen, whu;h is mainly

used for astronomical studies while the sub-millimeter re-
21 Odin observations ceivers are used for the retrieval of several atmospheric
species, including stratospheric ozone, HNOIO and NO.
The Odin satellite was launched in February 2001 into aHNOgz profiles are retrieved in a band centered at 544.6 GHz
600 km circular sun-synchronous near-terminator orbit withusing a maximum a posteriori (MAP) inversion technique
a 97.8 inclination and an equator crossing time of the as-(Urban et al, 2006 2007). Comparisons with measurements
cending node at 18:00 local solar time (LSWurtagh etal.  of other space-borne sensors such as MIPAS on the Envisat
2002. Odin carries two instruments: OSIRISI¢wellyn satellite and the Microwave Limb Sounder (MLS) on Aura
et al, 20049 and SMR FErisk et al, 2003. The instru- indicate a positive bias of the order of 2 ppb around the vmr
ments are co-aligned and scan the limb of the atmosphergrofile peak {23 km) and a small negative bias of roughly
over a tangent height range from 7 km to 70 km in approxi- 0.5 ppb at 35-45 kmrban et al. 2006 Santee et 312007,
mately 85s during normal stratospheric operations throughVang et al. 2007ab) as well as a possible altitude shift to-
controlled nodding of the satellite. With 14-15 orbits per wards lower altitudes of approximately 1-2 kitvgng et al.
day and 40-60limb scans on the day-side per orbit, abou20070. This work is based on the Chalmers version 2.0 of
600 day-side profiles are obtained per day. Due to Odin’sthe HNG; data, using only profiles with good quality (as-
orbit, the data from both instruments are generally limited signed quality flag: QUALITY=0 or 4).
to between 82N and 82 S. The LST is close to 18:00 and

2 Data sources
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(@) (b) (© (d) (e) The official OSIRIS NQ product, used in this study, is re-
N / A\ =] trieved using a combination of differential optical absorption
spectroscopy (DOAS)Rlatt 1994 and MAP using wave-
lengths between 435 and 451 nm. The most recently updated
version (3.0) is estimated to have random and systematic un-
certainties in the middle stratosphere of 6% and 10-20%, re-
spectively, based on intercomparions with various solar oc-
cultation instrumentsBrohede et a).20073 Haley and Bro-
hede 2007). Additionally, OSIRIS climatological N@ is

found to be consistent with the REPROBUS Chemical Trans-
it e o T o 50 Y- " o102 port Model (CTM) Lefevre et al, 1994 1998 to within 20%

VMR[ppb]  Error [ppb]  Error[%]  Response Resolution [km] throughout the stratosphere and all latitudes and seasons, ex-
ceptin the polar vortex region and in the tropical upper tropo-
sphere/lower stratospher®rohede et a).20079. This work
uses the version 3.0 of the N@ata where profiles, flagged
for possible inaccurate pointing, are excluded.

The vertical resolution of OSIRIS NOand SMR HNQ
is about 2km in the middle stratosphere and a high mea-
surement responses (.5) is usually found between 15 and
42 km for NG and between 20 and 66 km for HNObut
is profile dependent. The retrieval errors (measurement

\ i 1 & noise + smoothing error) at the profile peaks are around 15%
0481216 0 1 2 0255075 0 05 1 0 510 20 (~1ppb) for NG and 12% {1 ppb) for HNG;, but increase
VMRppb]  Error [ppb]  Error[%]  Response Resolution [km] rapidly at higher and lower altitudes for HNOsee Fig.2.
Note that both data sets are based on similar inversion meth-

Fig. 2. Average characteristics of the Odin data sets. Upper panepds’ a'lthpugh N@ profiles are retrieved in Iog-spac_:e and
is showing OSIRIS N@ characteristics and the lower SMR Hyo ~ HNOgzin linear space. SMR and OSIRIS stratospheric ozone

(a) median mixing ratio profile (black line) and an ensemble of pro- Products are found to be very consistent, providing confi-

files (gray lines),(b) median absolute retrieval error (black line) dence in the robustness and long-term stability of the funda-

and an ensemble of error profiles (gray lingg), median relative ~ mentally different measurement techniquBsohede et aJ.

retrieval error (black line) and an ensemble of error profiles (gray20078.

lines), (d) median measurement response (black line) and an en-

semble of measurement response profiles (gray lifesnedian 2.2  ACE-FTS observations

altitude resolution (spread of the averaging kernels) (black line) and

an ensemble_ of resolution profiles (gray lines). The medians arerhe Eourier Transform Spectrometer (FTS) is the primary

e 0 e ptrument onboar the Almospheric Chemisy Experiment
CE) satellite (also known as SCISAT-1). The satellite was

measurement. No information on the individual profile altitude res- . . .
olution is given in the SMR data set, but a typical estimate from launched in August 2003 into a 650 km altitude and ira

(Urban et al, 2007 is plotted (dashed line). Note that the SMR and Clination orbit ?‘nd is oper:_iting i_n solar OCFU“ation mode.
OSIRIS altitude scales are not identical. The ACE-FTS instrument is a high resolution (0.02¢m

spectrometer operating from 2.2 to 128 (Bernath et al.

2005. ACE-FTS provides mixing ratio profiles with around

4 km altitude resolution for various atmospheric compounds

OSIRIS contains two optically independent components,including the following NQ species (with typical altitude

the Optical Spectrograph (OS) and the InfraRed Imagemrange in brackets): NO (15-110km), N{13-57 km),
(IR1). The OS is a grating spectrometer that measures limbHNO3 (5-37 km), CIONQ (13-35km), and BOs (15—
scattered sunlight spectra in the spectral range from 280 nm39 km). This makes a common range for all the big five
to 800 nm at a resolution of about 1nm. The IRl is a threeNOy species (NO+N@+HNO3+2xN>0s+CIONG) of 15—
channel camera, imaging the atmospheric airglow emission85 km. According to the recent validation study Wjolff
near 1.27«m and 1.53:m in a limb-viewing tomographic et al.(2008, HNOs agrees with MIPAS and MLS to within
mode Degenstein et gl2002. The OS scattered sunlight 10% between 10 and 36 km and ClOpl@nd NOs (day-
measurements are used to provide vertical profiles of minotime) agrees with MIPAS between 16 and 27 km to 0.01 ppb
stratospheric constituents including @/on Savigny et al.  and 0.02 ppb, respectively. Furthermore, Ndgrees with a
2003 Haley and Brohede2007), NO, (Haley et al, 2004, range of various instruments to within 20% between 25 and
OCIO (Krecl et al, 2006 and aerosolBourassa et §l2007). 40km, with a possible ACE-FTS negative bias of around

Altitude [km]

Altitude [km]
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10% and NO is found to agree with HALOE to better than used here has a vertical domain from the Earth’s surface
8% between 22 and 64 krikérzenmacher et al2008. Ad- to approximately 97 km. It has 71 vertical levels (approx-

ditionally, a study of the NQ budget has been conducted imately 3km vertical resolution in the middle atmosphere)

using the ACE-FTS datalin, 2007). For this study we have and T31 spectral horizontal resolution (corresponding to
used data version 2.2 (version 2.2-update fo®b), exclud-  roughly & latitude/longitude grid spacing).

ing any ACE occultations flagged for potential retrieval prob-  The model includes interactive stratospheric chemistry
lems. ACE-FTS also measures the next most abundagt NOwith all the relevant catalytic ozone loss cycles and heteroge-

species, HONO, but only over a limited altitude range. neous reactions on sulphate aerosols and PSCs. The model
includes parameterizations for Type 1b PSCs (super-cooled
2.3 The photochemical box model ternary solutions) and Type 2 PSCs (water ice). There is

no parameterization for Type 1a PSCs (nitric acid trihydrate
Since only Odin data are used, information on the missingparticles) and sedimentation of particles is not implemented.
key NG, species (NO, KOs, and CIONQ) is supplied by a  Thus the model does not simulate permanent removal gf NO
photochemical model. In this work the University of Califor- through denitrification via the sedimentation of PSC parti-
nia, Irvine, photochemical box modétathey 1992 McLin- cles in the stratospheric winter polar vortices. In addition,
den et al. 2000 is employed to calculate the local N@ar-  a numerical problem related to the PSCs in the model was
titioning. For a particular simulation, profiles for the back- identified during the course of this work, leading to highly
ground atmosphere (pressure and temperature), ozone, longverestimated N@values in the southern polar lower strato-
lived tracers (NO, H2O, CHs), and the families (N@ Cly,  sphere during spring. Work is being undertaken to address
and By) need to be specified. All remaining species are cal-this problem, but for this study the region in question, i.e.
culated to be in a 24-h steady-state by integrating the modegouthward of 50S and below 10 hPa during September to
for 30 days (but fixed to a given Julian day). The model is January is masked out. Other regions in the model are not
run with 25 pressure-altitude levels between 10 and 58 kmaffected.
but all interpolations are done using true altitudes. Hetero- CMAM data from an ensemble of transient simula-
geneous chemistry on background stratospheric aerosols ons in which the model was forced by observed surface
prescribed by the model, but no PSCs are included. values of CQ, CHs, N,O and halogens in the past,

Pressure and temperature are obtained from the Europeaind by a scenario in the future (following the SPARC

Centre for Medium-Range Weather Forcasts (ECMWF) re-CCMVal REF2 specifications described I@yring et al,
analysis and the ozone profile is measured simultaneously bp005 are used here. Each ensemble member used a
OSIRIS Roth et al,2007). Of the remaining fields, PO and  different set of inter-annually varying sea-surface tem-
NOy are monthly-means from a three-dimensional chemicalperature realizations from a coupled atmosphere-ocean
transport model@Isen et al.2001) and C|, and By, are from  model. A basic evaluation of CMAM and comparison
tracer correlations with pD (R. Salawitch, personal commu- with observations and other models is given Hyring
nication, 2003). Note that the N(artitioning is largely in- et al. (2007. The NG, dataset used here represents the
dependent on the total NGs discussed further in Se8t1 ensemble mean field averaged over the period 1996-2005.
Surface albedo is taken from the Global Ozone Monitor-Note that CMAM employs the standard definition of NO
ing Experiment (GOME) monthly-mean clear-sky surface re-(NO+NQO,+NO3+HNO3+2x N,Os+HO,NO,+CIONO;
flectivity climatology at 416 nmKoelemeijer et al.2003. +BrONG,).
When a cloud is detected at the bottom of the limb scan,
the albedo is taken as the mean of the clear sky albedo and
0.6 since no information on cloud thickness and brightness Method
is available. Using this methodology, a simulation has been
performed for each Odin limb scan. Results from an evalua-This section describes the merging of the Odin data sets and
tion of the ability of the box model to calculate the Nf@ar-  the construction of the Odin proxy NCclimatology. The
titioning, as determined through comparisons with the JPLdata is referred to as “proxy” due to the intrinsic dependence
MKIV interferometer, are presented in Appendix Further  on the photochemical box model to account for the missing
information on this model accompanied with a sensitivity species. An overview of the method is found in RBg.
study is found in AppendiA of Brohede et al(20079.

3.1 Data merging
2.4 CMAM simulations

It is not immediately clear how best to combine the Odin
The Canadian Middle Atmosphere Model (CMAM) is a data with the model simulations. Simply adding the remain-
three-dimensional coupled chemistry-climate model (CCM)ing NOy species from the model would make the result criti-
with comprehensive physical parameterizatioBedgley cally dependent on the assumed Ntbofile in the box model
et al, 1997 de Grandpe et al, 2000. The model version and moreover would ignore any information contained in the

www.atmos-chem-phys.net/8/5731/2008/ Atmos. Chem. Phys., 8, 57842008
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NO-+BrO—NO,+Br (R9)

Odin/OSIRIS

Limb scattering

Odin/SMR

_ > While ReactiondR7-R9 may be important in the lower or
Limb emission

middle stratosphere, ReactioRd-R6 tend to dominate over

HNO NO R nearly the entire stratosphere and so to a good approxima-
3 2 | Temperature : i 2
\ Do Presspure ; tion the abundance of NO may be expressedalas3randpz
0, |Albedo |  etal,1997;
NOy.Bry.Cly (JINO2]+k1[O])
TTT oo > S NOJ=[NOp] ———, R10
| v v [NOJ=[NO2] iolOa] (R10)
ACE-FTS .| Photochemical whereJ is the photolysis rate of N§ Reaction R5), k1 is
Validation |~ ¢ model the reaction rate coefficient of ECR6) andk; is the coeffi-
cient for Eq. R4). This illustrates that with a good knowl-
Odin proxy NOy edge of NQ, Os, and temperature (required for the reac-
HNOZtNO 7+NO+ 2N505 +CIONO; tion rate coefficients), a reasonable representation of NO may

be obtained. Thus NO is taken simply as the OSIRIS;NO

scaled by the model calculated NO/d€atio (which would
Fig. 3. Sketch of the method to construct the Odin proxyyNO  of course include the hydrogen, chlorine, and bromine re-
OSIRIS NG and SMR HNQ@ are merged by using a photo- actions that impact the NQpartitioning). As stated in sec-

chemical box model to compensate for the missing species (NOtjgn 2.3, the @ concentration comes from the corresponding
CIONO, and NbOg). ACE-FTS observations are used to evaluate OSIRIS measurement

the merging theory and to estimate uncertainties. The photochemi-

cal box model is fed by local OSIRISOtemperature and pressure . . g .
from ECMWEF, albedo from the GOME monthly-mean climatology Sect.2.1) prior to the merging by shifting the profiles upward

(Koelemeijer et al.2003, NOy from a three-dimensional chemical by 1km and applying a 5600”9' order compensation function
transport model@Isen et al. 200]) and C{, and By, from tracer ~ @S found by ACE-FTS comparisons (see .

lati ith NO. .
correlations with M HNO%MR :111HNO§MR—002&H N()%MR)Z7 (1)

SMR HNG; is corrected for the systematic bias (see

where the concentration is expressed in ppb*addnotes a
. : . corrected concentration. Note that only a single correction
Odin data due to the close coupling among the,pecies. function is derived which is based on the sparse (both tem-

Thus it seems far better to rely on the model only for ratios or . . .

artitioning, as opposed to absolute abundances Addition—porally and spatially) ACE-FTS oservations and applied to
P 9, p_p L o Odin HNO; measurements at all latitudes, altitudes and sea-
ally, the NG, partitioning is almost completely independent

. ) sons. As previously mentioned in Sez2, ACE-FTS agrees
of th_e model N.Q over a wide range as explored in St very well with both MIPAS and MLS (within 10% between
and illustrated in Fig4.

10-36 km) as found bWolff et al. (2008. This justifies the
idea of correcting SMR profiles rather than ACE-FTS and
suggests that a similar adjustment to SMR-HN&@buld be

The most important of the missing N@pecies is NO which needed if USing MIPAS or MLS data in the construction of

3.1.1 Merging theory a

is very closely coupled to N&through the reaction pair; the Odin proxy N@.
The remaining key N@species, NOs and CIONQ, pos-
NO+03—NO2+02 (R4)  sess alifetime between N@nd HNG; and are linked chem-

ically to them and so both OSIRIS NGand SMR HNQ
are used with a weighting determined by their respective
uncertainties. The resultant N@rmulation is;

NOp+/v—>NO+O. (R5)

The lifetime of NG against photolysis is of the order of

100s in the middle stratosphere and so can be considered o s e o (NO™ o
to be in photochemical equilibrium at daytime conditions. NOy"=NO2+HNG3™ +NO; (W) +NOS (2)
Secondary reactions that control the partitioning ofyN® 2
clude L NG NG

N Odln: rest rest 3
NOZ+O_)NO+OZ (R6) ! 1/652MR+1/0C)28( O-SZMR Uozs ) ( )
NO+HO,—NO»+0OH (R7)

. 2 x N2Og*+CIONO3*

NO+CIO—NO,+Cl (Rg)  NOG=HNGZ™ HNOZ 4
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Fig. 4. Upper panel: Fraction of the five main NGpecies as 0z 40 snfle V;?[ppé]z w11

computed in the photochemical box model as a function of the frac-

tion of the perturbation of the total NChox model input, relative

to the standard Npat 28 km, 45N for 15 March. Lower panel:  rig 5. Scatter plot of SMR versus ACE-FTS HN@nixing ratios
Maximum difference in N@ fraction found in NO, N@, HNOg or o1 gl daylight coincident measurements 2002—2006 (grey dots).
CIONG,+2xN20s5 due to a-0.6 and 0 and 0 and +0.6 perturbation The systematic bias can be compensated for by a second order fit to

of the total input NQ. Note that the values presented correspond e gata (black line) with the corresponding equation (after applying
to the largest absolute differences found in any of thg,Necies, 5 1 km vertical shift of the SMR profiles).

altitudes and months. Local solar times of the calculations simulate
those of Odin’s orbit on the descending (a.m.) node.

3.1.2 Merging theory b

This merging theory is based on the lifetime of the missing

mod od

2 x N2Og +(d3ION05 ’ (5) NOy species with OSIRIS N@used to scale up the short-
NO3° lived NO and SMR HNQ for the longer lived CION@. As

where o is the measurement uncertainty (smoothing er_N205 possesses. an intermediate lifetime it is split equally
between the two:

ror + measurement error), “mod” denotes modeled data as
output from the photochemical box model, “OS” refers to \gean_pnOsv® . y14+NOSE -y (6)
OSIRIS and NQ. is the sum of N,0s and CIONG. It y 3 2
makes sense that measurements op 42 not used to esti-
mate HNQ and vice versa.

As previously mentioned, the University of California, ., _ HNO3"+CIONG;™+N,Og %
Irvine photochemical (stacked) box modéréther 1992 HNO3™
McLinden et al, 2000 is used here to calculate the partition-
ing. The box model is constrained by the local OSIRIS ozone o o o
(Roth et al,2007) and the ECMWF temperature and pressure Vo= NO™+NOZ*+N20g ®)
of the measurement. The scaling is done in mixing ratios, NO5*
where OSIRIS number density profiles are converted usin
local temperature and pressure information from ECMWF.

While this theory (denoted) is the most logical, addi- Merging theory c is effectively a weighted average of total

tional cgnd|dates may be enwspned and it is worth\{vh|IeNOy from both instruments using information on the specific
comparing them to the one described above. In total six ad-

o . . measurement uncertainty of the individual data sets:
ditional formulations % to g), outlined below, are assessed. y

1 NOSMR  NOPS
N QP — ( y + y) (9)

Y 1/082MR+1/U§S GszMR G(DZS

NO2 =NOg®-

rest”

g3>.1.3 Merging theory ¢
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3.2 Evaluation of the merging theories

mod

NOSMR=HNOS"® . — Y 10
y 3 HNOgod ( )

ACE-FTS solar occultation observations (see S2@) of
the big five NQ species are used to evaluate the differ-
ent merging theories. This is done by studying the sta-
tistical differences between ACE-FTS and Odin coincident
NOJ™ profiles, found within 04:00 UT and 500 km of Odin mea-
@- 11 surements from 2003-2006. Occasions where one profile
is inside the polar vortex and the other outside are dis-
This method gives greatest weight to the data with the smallcarded based on information on potential vorticity (PV)
est uncertainty which usually is OSIRIS at high altitudes andfrom ECMWEF. The coincidences are divided into three lat-

NO*=NOg® -

SMR at the HNQ peak, see Fi2. itude bands: southern latitudes {¥xlat<30° S), equa-
_ torial latitudes (30S<lat<30°N) and northern latitudes
3.1.4 Merging theory d (3° N<lat<90° N). This division limits the impact of dif-

o ) ferent atmospheric conditions on the comparisons, includ-
This is the most straight forward way to merge the two datajng cloudiness and tropopause height. In addition, the data
sets where the sum of OSIRIS N@nd SMR HNQ concen-  gre givided into four seasons: November—December—January
trations is scaled up to total NO (N-D-J), February—March (F-M), April-May—June—July—
August (A—M—-J—-J-A) and September—October (S-0). This

Odin__ SMR* OS: . 2 \ i K | K
NOy™=(HNG3™ +NO) - (12) division is logical when considering the OSIRIS latitude cov-
erage over the year, where the Northern Hemisphere is cov-
ered between April and August, the Southern Hemisphere is
NO;"d covered from November to January and full global coverage
Y =N Ot N (ot (13) is achieved only close to the equinoxes (S-O and F—M)
NO5*+HNO3 - o ;
A statistical analysis is carried out when more than 10 co-
3.1.5 Merging theory e incidences are found within a latitude/season category (pro-

files and individual altitudes). Systematic differences are
Here, OSIRIS NQ@ is used to estimate all the NGpecies  studied through the mean of the relative differences with re-
except HNQ which is taken from the SMR measurements: spectto ACE:

NoodinzHNosMR*+Noos y (14) A =E 1 Odini(z)—ACE,- (Z) 1
y 3 2 @)= ; ACE, (0 , (18)

where Odin and ACE represent the Odin and ACE measure-
2 x N2Og”+CIONO;*+NO™'+NO3™ 15 ments of NQ, respectivelyn is the number of coincidences
V= NO3™ (15) andz is the altitude. Random differences are studied using

the standard deviation of the relative differences:
This theory might be justified as the uncertainty of OSIRIS

A(Z)ZJ

is usually lower than SMR and additionally does not possess

1 L [/0din(z)—-ACE: (2)\ - 1°
x| (e ) ae] a9

a systematic bias.
3.1.6 Merging theory f The results from the different latitude/season bins indi-
cate anomalous features in F-M northern latitudes, which
Here only SMR HNQ data are used to scale to total NO  happen to coincide with the bin where most of the coinci-
dences occur and is probably related to additional uncertain-
ties in the proximity of Arctic polar vortex. Approximately
400 coincidences were found outside F-M northern latitudes
and 340 within. Outside the F-M northern latitudes, all of
3.1.7 Merging theory g the NQ, theories, excepf andg agree to ACE-FTS within
1.25ppb (or 20%) systematically and 50% jlrandomly
Finally, for completeness, only OSIRIS N@ata are usedto  gpove 20 km, see upper panel of F&. Evidently, using

mod

N
NOC"— HN OSVR y 16
y 3 H Nogod ( )

scale to total NG, both Odin data sets to estimate N@ more accurate than
o using only one of them, however it is difficult to disentan-
NQC#"=NOg Yy (17) gle the skill of the different merging theoriesto e. In the
y NO3* F-M northern latitude bin, the differences between the theo-

ries are more clear, see lower panel of F8g.From these
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Fig. 6. Comparisons of the Odin proxy NQheories (see Sed.1) and ACE-FTS observations of the total (big five) Nepecies for all

latitudes and seasons, excluding northern latitudes in February and March, (upper panel) and only northern latitudes in February and March
(lower panel). Columra) shows the mean mixing ratio profiley) the mean of the absolute individual differences (Odin-AGQE) the

mean of the relative individual differences (Odin-ACE)/ACE #&djithe 1o relative standard deviation of the individual differences.

coincidences, it is concluded that thearyor b show the = HNOs (through Eq.1), the systematic difference between

smallest systematic and random difference over the entire alACE-FTS NG, and Odin N@ is consequently expected to

titude range as compared to ACE-FTS observations. Notde small for these altitudes. (The systematic difference is

that theoryg produces largest differences in this bin, prob- not zero because the coincidences are split into different lati-

ably due to a combination of enhanced measurement uncetude/season bins while the correction function is based on all

tainties and difficulties in N@partitioning of the box model.  latitude/seasons and because the correction is purely based

on concentration with no altitude separation.) For higher al-

Less extreme outliers in theomthanb in some of the lat-  titudes, the Odin NQis consequently less dependent on this

itude/season bins (not shown) further justify choosing thisHNO3 tuning.

theory for constructing the Odin NOproduct. Relative

differences between theowy and ACE-FTS in all the lat-

itude/season bins are shown in Fi. Since HNQ is to-

tally dominating at altitudes below 20 km (Fij)) and since

SMR HNGO; measurements are corrected to match ACE-FTS

www.atmos-chem-phys.net/8/5731/2008/ Atmos. Chem. Phys., 8, 57842008
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3.3 Creating the climatology 3.4 Uncertainty estimates

The climatology comprises monthly zonal mean and e 1 It is crucial that the box model correctly describes theyNO
standard deviation (STD) of the Odin N@roxy data (theory  partitioning. This issue is examined in Appendixhrough
a) from January 2002 to December 2006. It is expressed ircomparisons with the JPL-MKIV interferometer.

number densities or volume mixing ratio as a function of lat-  Much less important is the use of a correct N@ofile in
itude or equivalent latitude (EqL) on three independent ver-the box model as to a first-order the partitioning is indepen-
tical grids as specified below: dent of the assumed NQas long as it is correct within 50%
or so. This is illustrated in Figl which shows that the effect
on NG, partitioning when the box model NQs perturbed
by scaling the entire profile by 0.6 (—60%) to +0.6 (+60%).
This perturbation represents the largestSITD in the Odin
NOy climatology (see Seet.1). Considering first an exam-

— Concentration:

— Volume mixing ratio [ppb]
— Number density [molecules crd]

— Horizontal grid (36 elements) ple at 45 N and 28 km (upper panel) on 15 March, the largest
change in partitioning is for CION©Owhich shifts by 0.05;

— Latitude [deg]: 90 S—90 N in steps of 5 NO and NQ are virtually unchanged, and changes of about
_ EqL [deg]: 90 S-90 N in steps of 5 0.03 are found for HN@and 2<N>Os. Note that this cov-
ers a factor of 4 in NQ. More relevant than how CIONO

— Vertical grid (17 elements) and 2<N2Os vary is their sum as these species are scaled to-

, . gether: their sum varies by only 0.02 over this range. The up-
— Altitude [km] : 14-46 in steps of 2 per panel shows the variation at one altitude, latitude, and day
— Pressure [hPa]: Faro-[Altitude grid]/16 and in this example the maximum shift betwee.6 and 0
and 0 and +0.6 would be 0.03 (considering NO,INBNO3,
and CIONQ+2xN20s). In the lower panel all altitudes, lat-
This makes in total 12 different datasets containingitudes, and months are considered. The maximum shift in
3 dimensional matrices of mean and STD, each withpartitioning between-0.6 and 0 and 0 and +0.6 over NO,
36x17x12 grid cells. Note that the vertical grid spacing is NO2, HNOs, and CIONQ+2xN0Os is plotted as a function
chosen to correspond to equidistant altitudes which gives a®f latitude and altitude. These represent the maximum over
exponential pressure grid (with a typical atmospheric scaledll months (calculated for day 15). Maximum shifts are gen-
height of 16 km). Conversion from number density to mix- erally found to be about 0.05 or smaller in the region of inter-
ing ratio and from altitudes to pressure or potential tempera£€st, with some larger values near the south pole at 18 km. The
ture temperature are done using ECMWF data (altitude, presvariability found in NG, shown later in Fig10, is generally
sure and temperature) which are also used as a backgroun@ss than 40% and so the lower panel in Figepresents a
atmosphere for the OSIRIS and SMR retrievals. Further-worst-case scenario, with the possible exception of the SH
more, EqLs are calculated for each vertical grid cell by us-lower stratosphere. Hence, although theyNigout is not be-
ing ECMWF PV data. Note that each profile is interpolated lieved to be entirely accurate, this is not a major source of
to the fixed vertical and horizontal grids using independentuncertainty in the Odin NQdata. Other sources of error in
pressure, temperature and PV information. Hence, the conthe photochemical box model such as an incomplete chem-
version between the different datasets must be done on a sifstry, errors in the photochemical rate data, or other model
gle profile basis and not on climatological means and STDs.inputs will add uncertainties to the Odin N@ata. However,
In order to restrict the climatology to regions where most based on the comparisons presented in AppeAdany sys-
of the information comes from the measurement and notematic errors over the altitude range of interest (15-40 km)
from the a priori, only Odin data with measurement responseappear to be minor and so it is concluded that the modeled
larger than 0.5 are used. Using a higher response thresholggrtitioning is not a large source of systematic error.
will reduce the vertical range. In addition, to obtain useful ~Measurement uncertainties (random and systematic) in the
means and STDs, the minimum number of profiles in eachOSIRIS and SMR instruments will propagate through the
grid cell is set to 15. Altogether around 200 000 profiles aremerging process (Eg& to 5) in a non-trivial way. Also
used in the climatology. The use of Gaussian statistics ignodel uncertainties will add to this in a way that is not fully
supported by the concentration distributions within the cli- understood. No attempt has been made to theoretically es-
matology bins (not shown). timate the total uncertainties of the Odin proxy N@ro-
files. Instead, results from the ACE-FTS validation study,
described in SecB.2, are used to estimate the uncertainty.

— Potential temperature [K]: 450-1650 in steps of 75

www.atmos-chem-phys.net/8/5731/2008/ Atmos. Chem. Phys., 8, 57842008
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The mean of the relative difference between Odin proxy,NO
and ACE observations is within 20% in all the latitude/season
bins (see Fig.7) which corresponds to around 1ppb ex-
cept for F-M northern latitudes below 25km where it cor-
responds to around 2 ppb (not shown). The standard de-
viation of the mean difference is within 15%d} if ig-
noring bins with very few coincidences and altitude be-
low 22km in A-M-J-J-A, see Fig7. These results indi-
cate that the precision (random) and accuracy (systematic)
of the Odin NQ proxy data is 15% and 20% respectively, if
ACE is assumed to be unbiased with zero noise and no real
atmospheric differences exist between the co-located Odin
and ACE measurements. Since noise in the ACE measure-
ment and atmospheric variability will add to the standard
deviation of the differences, the actual Odin N@recision

is probably higher than the value given above although this
is difficult to quantify.

Regarding the N climatological monthly means, the
random uncertainty is almost entirely averaged out, leaving
only the systematic uncertainty of 20%. The climatological
STD is driven by natural N@variability in conjunction with
random uncertainties in the Odin measurements and in the
photochemical box model. Thus, the climatological monthly
STDs must be considered upper limit estimates of the true
(atmospheric) STDs.

4 Results and discussion
4.1 Odin climatology

The Odin NQ climatology generally covers the sum-
mer hemisphere but gives near-global coverage around the
equinoxes (see Fi@). Furthermore, no information is avail-
able in the extreme 85N to 9C° N latitude bin due to Odin’s
orbit. This is not the case for the Southern Hemisphere where
scheduled off-plane pointing provides enough data for the
climatology. In altitude, the coverage is usually limited (due
to low measurement response) to between 22 and 42 km at
low latitudes and 20 to 40 km at high latitudes.

The monthly mean NQfields, shown in Figs8 and 9,
show a peak (in mixing ratio) at around 38 km in the tropics
and at around 30 km at mid-latitudes. Exceptions are the win-
ter/spring polar regions where low concentrations are found
throughout the stratosphere associated with descent of air
in the vortex and heterogeneous denitrification processes on
PSC particles at the lowest altitudes in the Antarctic vortex.
The extremely low concentrations in September and October
south of 60 S below 22 km corresponds to the region where

(upper panel) anddl standard deviation [%] (lower panel) of the PSCs are most frequently found (since June, July and August
Odin proxy climatology at three different altitude levels as a func- are not covered by OSIRIS). Note, however, that larger er-
tion of latitude [deg]. White regions represent periods and regionsrors are expected during polar winter/spring due to increasing

without data coverage.

Atmos. Chem. Phys., 8, 5733754 2008

partitioning errors in the presence of PSCs since they are not
represented by the photochemical box model (see B8ct
Hence artifacts in the Odin proxy N@annot be totally ruled
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Fig. 9. Odin proxy NG, monthly mean mixing ratios [ppb] as a Fig. 10. Odin proxy NG monthly I standard deviations in percgnt
function of latitude [deg] and altitude [km]. White regions represent as a function of latitude [deg] and altitude [km]. White regions
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stratosphere of the polar winter hemispheldeb@an et al,

out in these regions. Possible signs of re-nitrification are aISCQOO'/) can not be seen in the Odin N@ata because OSIRIS
found when comparing the lowest altitudes of October anddoes not make night-time measurements

November during the southern polar spring. To conclude,
the Odin proxy climatology seems consistent with the gen-4 » Comparisons with other NQlata sets
eral understanding of the NGchemistry as introduced in
Sect.1. The Odin NG climatology is compared with output from
The monthly & STD seen in Fig.10 is generally be- the CMAM model and data sets from other instruments.
tween 10 and 30%, except for winter and spring high lati- As correlative ACE-FTS measurements have been utilized
tudes above 30 km where values are well above 40%. Thipreviously in the evaluation of the merging methodologies
is probably due to occasional downward transport of meso-and for correction of SMR HN@data they are not presented
spheric NQ-rich air (see Sect4.3). Large STDs are also here since they are not an independent data source.
found in the tropical lower stratosphere, which are prob- In general, the CMAM and QOdin climatologies agree
ably related to enhanced measurement uncertainties froro within 20% or 2 ppb throughout the stratosphere, with
water vapor, clouds and aerosol combined with very low CMAM generally larger than Odin in the upper stratosphere
NOy abundances. Furthermore, the high STD (in percentland smaller in the lower stratosphere. This is shown in
inside the southern polar vortex can be understood fronFig. 11. The major exceptions to the general good agree-
the inter-annual variability of denitrification and due to the ment occur in the polar regions. As discussed in Skédta
extremely low concentrations (close to zero) occasionallynumerical problem in the model simulation leads to unphysi-
found here. The STD when viewed in ppb (not shown) arecal NG, values in a limited region southward of 58 below
significantly less pronounced in this region. 10 hPa from September to January. Hence the CMAM data
The annual cycle (Fig8) is generally weak due to the is not shown in this region (gray boxes in Fidl).
long lifetime of NG,. The only exception is found in the Above 10hPa during the Antarctic spring (September),
polar regions at low altitudes where denitrification occurs. CMAM displays lower NQ values than Odin, suggestive
The observed SMR HN®enhancement in middle/upper of too strong downward transport of air in the model. This

www.atmos-chem-phys.net/8/5731/2008/ Atmos. Chem. Phys., 8, 57842008
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Fig. 11. CMAM simulated NG mixing ratios (ensemble average) [upper left panel] and Odin proxy dlilmatology [upper right panel]

as a function of latitude [deg] and pressure [hPa] for six selected months. Difference between the Odin and CMAM climatologies in percent
[lower left panel] and absolute numbers [lower right panel]. CMAM data in the region southward 8fl&low 10 hPa during September

to January are greyed out due to a numerical problem in the model (se@ 8ect.

is consistent with slightly warmer temperatures in CMAM  The differences in excess of 20% and 2 ppb in January
in this region during spring as compared to other models andt high northern latitudes are caused by the high degree of
data assimilation product&yring et al, 2006§. Note how-  variation in this region. Considering the extensive inter-
ever that polar descent in CMAM during the winter seasonannual and decadal scale dynamical variability at the North-
(June—August), which the Odin climatology does not cover,ern Hemisphere high latitudes (see eRutchart et al.
appear quite realistidcgyring et al, 2006 Hegglin and Shep- 2000 and the relative shortness of the Odin data set, some
herd 2007). It is also well known that current CCMs, in- disagreement can be expected here. Accordingly, the dif-
cluding CMAM, display a too late spring vortex breakup in ference in this region and period is expected to be less when
the Southern Hemisphere, which could explain part of theviewed in EqLs. A comparison between the OdinNflma-
smaller NG concentrations at high southern latitudes during tology based on EqLs (not shown) and the Odin,NOma-
November (Figll). The CMAM data show very low N©  tology based on pure latitudes show significant differences
levels in the lower southern polar vortex during winter (July), only at the edge of the Arctic vortex but small differences
where NQ is almost entirely removed from the gas phase byelsewhere, including the northern most latitudes where the
sequestering HN&in PSC particles. Unfortunately the Odin Odin-CMAM disagreement is largest. This indicates that
climatology does not cover this period, but low N@alues  the CMAM differences will not completely disappear when
in this region are still seen later in the season (September). switching to EqLs in Figll. Unfortunately this cannot be
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N>O data (red dots), ATMOS observations (blue squares) and ER-
Fig. 12. Mean NG profiles for three month/latitudes of Odin 2 flight measurements (grey crosses) for two different months and
proxy (b|ack thick |ine)’ ATMOS observation (grey thick |ine), latitude bands. Note that ER-2 only giVeS low altitude data.
CMAM simulations (dashed line) and the N@sed to initialize
the photochemical box model (boxes). The error bars indicate the
1o standard deviation for the ATMOS and Odin data sets.

March, 10 S-10 N, and March 40-50S. ATMOS NG,

was computed by simply adding together the big five,NO

species, analogous to the procedure applied to ACE-FTS.
investigated further since the CMAM data provided for this Figure12 shows a comparison between the ATMOS mean
study do not contain the PV information needed to calculate,\|oy and the Odin NQ for each month/latitude mentioned
the EqLs. Note also that all data from this region and periodzpove.  Also included in the comparison are the CMAM
correspond to off-axis measurements in 2003 with expecteg,ean NQ and the NQ used to initialize the box model
increased OSIRIS measurement uncertainty, see &8ct. (Olsen et al. 2007). In each case the four NOsources

The large relative differences in the tropical lower strato- show similar behavior but with ATMOS and Odin being the
sphere (left lower panel of Fidll) are of little relevance most consistent with the exception of some differences at
since the N@ concentrations are very small in this region 40km for March, 10 S-10 N. Also, both CMAM and the
and absolute differences (right lower panel) are reasonablebox model NG tend to be smaller in the lower stratosphere,
Note that CMAM data, in addition to the five species consid- particularly for March, 40-50S, where CMAM is lower by
ered for the Odin climatology, also includes BrONMO3 ~3 ppb and the box model by up to 6 ppb than ATMOS and
and HQNO,. These gases, however, do not contribute sig-Odin.
nificantly (0—2% in total) to the N@concentrations at the Another method of evaluating the Odin Y@ to examine
Odin daytime measurements (see Aig. its correlation with NO. It is well known that a compact re-
Odin NQ, was also compared to measurements from thelationship exists betweenJd® and NG (Keim et al, 1997).

ATMOS experimentGunson et a).1996, a predecessor of A monthly-mean SMR MO climatology was generated in
the ACE-FTS. Like ACE, ATMOS is a Fourier-transform in- a fashion analogous to the Odin MQusing SMR version
terferometer that measures solar absorption at a spectral re2-1 data (considering only profiles with QUALITY FLAG=0
olution of 0.01 cnmt! between 600 and 4800 cth ATMOS and individual points with a measurement response of 0.75
flew on the space shuttle on four occasions (1985, 1992¢r larger) Urban et al. 2005gb, 200§. SMR N,O is thor-
1993, and 1994) and collected about 350 occultations. Whileoughly validated and is found to be in very good agreement
there is no temporal overlap between these two data sets, &ith various correlative data setdrpan et al.2005a 2006
comparison is still appropriate especially as ATMOS\NO Lambert et al.2007 Strong et al.2008. Figurel3shows
has become a de facto benchmark. ATMOS version 3 datéhe NbO:NO, correlation derived from Odin and ATMOS
is employed hereljon et al, 2003. The ~15year dif- data for two month/latitude bands. These expanded latitude
ference between ATMOS and Odin should only amount tobands, as compared to the profile comparison inEgwere
around 5% difference based on recent trends D Nind chosen to incorporate additional ATMOS data into in the
model studies NicLinden et al, 2001). Due to the inter- comparisons. Also plotted are;® and NQ climatologies
mittent nature of the ATMOS observations there are onlyderived from numerous NASA ER-2 high altitude research
three months/latitudes in which sufficient data exist to pro-aircraft flights Gtrahan 1999 although these data corre-
vide meaningful averages. These are November, 40N50 spond only to the lower stratosphere20 km). The overall
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in order to provide OSIRIS data. Hence, this region should
be treated with caution since it does not contain multi-year
averages and due to extreme observation angles which may
increase OSIRIS measurement errors.
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There are also several NGnter-annual differences. The
most striking feature is the high altitude maximum at the
northern polar latitudes in March and April 2004 (see the
42km level in Fig.14). This is evidence of enhanced
NOy (e.g.Sepjala et al, 2004 Randall et al.2005 Funke
et al, 2005a Orsolini et al, 2005 and HNG; (Stiller et al,
2005 following the strong subsidence of N@ich upper
atmospheric air within the particularly intense polar vortex
in the beginning of 2004Manney et al.2005. The magni-
tude of this enhancement in the Odin data should be treated
with caution since the NQis mainly in NO and not in the
measured N@or HNG; at these altitudes (see Fi. Also
of note are frequent minima at the southern polar latitudes
around September—October due to the heterogenous removal
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-30 == = =7 === of gas-phase N Lowest minimum is found in 2006 and
B BT 0 = = highest in 2002, consistent with the major Antarctic strato-
90 e N Vo N RN spheric warming that yeaR{caud et al. 2005. Further-
2002 2003 2004 vear 2005 2006 2007 more, there is possibly a signal related to the QBO (quasi
o 2 4 6 8 10 12 14 16 18 biennial oscillation) in the tropics at 32 km which seems cor-
L ———— L related (in-phase) with SMR 4D observations (not shown)

which indicate a clear QBO response. A signal ipONis
Fig. 14. Odin proxy NG, monthly mean mixing ratios [ppb] from likely to transform into a signal in Npbut an in-depth study
January 2002 to December 2006 at 22, 32 and 42 km. White regiongf this is beyond the scope of this work.
represent periods and regions without data coverage.

4.4 Outlook

relationships appear quite similar between the three data sets ) )
except at the lowest 40 values in March where some Odin AS mentioned before, the Odin proxy N@roduct may be

NOy is seen to fall off faster than ATMOS. Some of this useful in studies of the stratospheric nitrogen chemistry, as
may be due to a sampling bias in the ATMOS data as anitialization to atmospheric r_node_ls or to valid_atg model
larger fraction of this data is in the mid-latitudes. The lower OUtputs. The CMAM comparison in this study indicates a
stratosphere (320 ppiiN20]<150 ppb) correlation slopes low bias in NG Igvels in th(—_:_southern polar.upper strato-
of these NO:NQ, datasets, restricted to mid-latitudes to re- SPhere during spring. In addition, the comparison has helped
move any sampling biases, have been calculated. For MarcH? identify a significant numerical problem in the treatment
50° S—30 S the Odin, ATMOS, and ER-2 values a¥®.071,  ©f NOy in the presence of PSCs during the spring which
—0.074, and—0.065, respectively. For November, °30— could compromise the skill in predicting future atmospheric
50° N, they are—0.072,—0.073, and—0.067, respectively. States, particularly the Antarctic ozone recovely MO,

These values, consistent with each other, are also in good007% Shepherd and Rand&007).

agreement with other measuremer@ésen et al.2001). Future work will include comparisons with several CCMs
and CTMs (Chemical Transport Models) to study whether
4.3 Odin NG time series the CMAM biases are occuring also in other atmospheric

models. Improvements in the Odin/SMR HiQ@etrieval
While not a major focus of this paper, it is worthwhile ex- code related to identified spectroscopic and calibration is-
amining the Odin N@ time series and its inter-annual vari- sues should eliminate the need for a systematic correction
ability. Figure 14 shows the five-year monthly-mean time of SMR HNGO; and make the Odin Na more independent
series at altitudes of 22, 32, and 42km. Note that the lati-data source. Furthermore, SMR is making NO observations
tudinal coverage and the number of measurement days peme day a month (since October 2003) and analysis and val-
month vary from year to year. Of particular interest is that idation of this data product is ongoing. NO will be a wel-
all northern latitude measurements in January are from 2008omed addition to the proxy Odin NQlimatology at high
when Odin was pointed off the orbital plane into sunlight altitudes where the Nf£concentration is low, see Fid.
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5 Data access of latitude or equivalent latitude {bins) on 17 vertical lay-

ers (altitude, pressure or potential temperature) between 20
The NQ, climatology can be freely downloaded through and 40km. The coverage is generally limited to the sum-
the OSIRIS web-site at University of Saskatchewdttp:  mer hemisphere but gives near-global coverage around the
llosirus.usask.car directly provided by the main author equinoxes.
samuel.brohede@chalmers.se Monthly means show a maximum at around 38 km in the
tropics and at around 30 km at latitudes higher thath 8-
ceptions are the winter/spring polar regions where low con-
centrations are found throughout the stratosphere associated

Five years of OSIRIS N@and SMR HNQ data from the with descent of air in the vortex and heterogeneous processes

Odin satellite have been merged to construct a stratospherifavolving PSCs. The monthlydSTD is generally between

proxy NG, product using a photochemical box model to 10 and 30%, except for winter and spring high latitudes
compensate for the missing NGpecies. ACE-FTS ob- above 30 km where values are well above 40%. The year to

servations of the big five NDspecies (NO, N@ HNOs year variation reveals enhanced Ni@ early 2004 at 42 km,

2xN,0s and CIONG) are used to evaluate the merging following the strong subsidence of N@ich upper atmo-
method. The advantage of the Odin N@ata set is higher spheric air within the particularly intense polar vortex in the

temporal and spatial coverage compared to ACE occultatior®9iNning of 2004. The slope of the Odin®:NG, corre-
measurements. lation in the lower stratosphere (320 ppiN20]<150 ppb)

Several approaches to merge Nend HNG;, were stud- ~ Was found to be-0.07, in good agreement with ATMOS and

ied. Best agreement between the Odin/\tBoxy and ACE- ER-2 measurements. _ _ o
FTS measurements was achieved when OSIRIS i@sed The agreement with CMAM simulated fields are W|th|n_
to estimate NO and a weighted average of SMR HN@d 20% or _Zp_pb throughout most of th(_a stratosphere _except in
OSIRIS NG is used to estimate 05 and CIONG. It is the prOX|.m|.ty ofthe polar_vortex. I?art_mularly, large disagree-
clearly shown that any way to merge the two Odin data Setsment; within the Antarctic vortex |r)d|cate tool strong despent
gives a more accurate N@roduct than using data from only of airinthe upper stratospherg during the spring season |n'the
one of the Odin instruments. SMR data were corrected for gN°del- A numerical problem in CMAM, leading to unphysi-
known systematic high bias. The random and systematic un€@/ly high NG, values southward of 55 below 10 hPa from
certainties for an individual Odin Ngprofile are estimated ~S€Ptember to January, was also identified during the course

to be around 15 and 20%, respectively. of this study. .
The Odin NG climatology is based on daytime measure- The combination of temporal and spatial coverage, length

ments and contains monthly mean and standard deviatiofff data record, and accuracy and precision make Odip &8O
expressed as mixing ratio or number density as a function valuable product for process studies, model assessments, and
perhaps even trend analyses.

6 Conclusions

www.atmos-chem-phys.net/8/5731/2008/ Atmos. Chem. Phys., 8, 57842008


http://osirus.usask.ca
http://osirus.usask.ca
samuel.brohede@chalmers.se

5748 S. Brohede et al.. Odin N@limatology

Appendix A

Uncertainty in the NOy partitioning of the photochemical box model

To evaluate the ability of the photochemical box model (see SectBsobede et al(20073 and AppendiXA; Brohede et aJ.
20079 to correctly simulate the N@partitioning, comparisons are made against profiles measured by the JPL MKIV interfer-
ometer on 10 balloon flights between 1997—2005. The MKIV interferometer is a high resolution (0-H)Fourier Transform
Infra-Red (FTIR) spectrometer and is based largely on that of ATMI@8r{ 1991). It measures sunlight transmitted through
the atmosphere between 650 to 5650 ¢rand thus captures the entire mid-infrared. From these spectra, stratospheric profiles
of over 30 trace species are retrieved at a vertical resolution of 2-3 km, including all important members of thaeni\O
(Sen et al.1998 Osterman et al1999. The MKIV is chosen for this purpose as it represents an independent, high-quality
data set that has been analyzed extensively and used in numerous validation Saafies @l, 2002).

To simulate a MKIV profile, the box model is initialized with the MkIV-measured neutral density, temperature, ozone, and
NOy (calculated by summing the individual N@Gpecies) profiles. The model latitude is taken from the latitude at the location
of the MkIV 25 km tangent altitude. All other model inputs are as described in 3&tThe MkIV and model abundances
of the NQ, family members are compared in Fi§1. They are plotted on a linear scale to highlight the level of agreement at
larger mixing ratios. For most flights, the agreement is very good with the model capturing the transition frosrbEiR®
dominant in the lower stratosphere to Ni the upper stratosphere. The two exceptions to this are in the polar winter on Julian
days 337 (1999) and 350 (2002) above 25km, and to a lesser extent day 75 (2000) in polar spring. In these cases the mode
predicts too much HN@ This is likely due to the steady-state nature of the model which is unable to capture any air mass
history. During this period, on the edge of the polar night, any air mass which is exposed to an appreciable amount of sunlight,
especially in the upper stratosphere, will rapidly lose HN@the more reactive species. For each of these cases 10-day back
trajectories were computed using the HYSPLIT4 dispersion maig{er and Rolph2003 Rolph, 2003 to determine the
history of the airmasses. On day 337 (1999) air above 25 km was over the pole two days prior and was néfibr af week
prior to that, and so was exposed to continual sunlight during this period, sufficient to destroyaili@se altitudes. The
situation for day 350 (2002) is not as conclusive. During the 10-days prior to the balloon flight, airmasses above 20 km were
found to move from latitudes between 60 and B0 Day 75 (2000) reveals an airmass history which is spent northward of the
observation latitude. In this springtime case the lack of PSCs in the photochemical box model may also have an impact on an
model-measurement differences. The impact of these discrepancies should be mitigated as the Odin climatology it is basec
on an average over many profiles. Moreover, OSIRIS does not sample the winter hemisphere which should avoid the worst of
these periods.

Also plotted in Fig. Al are the NQ/NOyratios. This is an important quantity since of all the missing,’é@ecies, NO is by
far the most important and it is determined solely byANBere too there is generally good agreement with the MkIV profiles
with the obvious exception of Julian days 337 and 350 above 25 km.
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Fig. A1. Comparison of photochemical box model output (boxes) with MKIV balloon measurements (solid lines) of the big five NO
species (NO, N@, HNOg3, 2N,0s5, CIONG,) and NG/NOy ratios for 10 flights between 1997-2005. The box model is initialized with the
MkIV-measured neutral density, temperature, ozone, ang ptGfiles. All other model inputs are as described in S2&.
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