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[1] Northern and Southern Hemispheric monthly averages of ozone (O3) and nitrous
oxide (N,O) have been suggested as a tool for evaluating atmospheric photochemical
models. An adequate data set for such an evaluation can be derived from measurements
made by satellites which, in general, have a high spatial and temporal coverage. Here, we
use measurements made by the Improved Limb Atmospheric Spectrometers (ILAS and
ILAS-II) which use the solar occultation technique and by the Odin-Sub-Millimetre
Radiometer (Odin/SMR) which passively observes thermal emissions from the Earth’s
limb. From ILAS/ILAS-IT and Odin/SMR observations, 1-year data sets of monthly
averaged O; and N,O, covering a full seasonal cycle, were derived for the latitude range
between 60—90°N and 60—-90°S, respectively, by partitioning the data into equal bins of
altitude or potential temperature. A comparison between both data sets in this latitude
region shows a good agreement and verifies that limited sampling from satellite
occultation experiments does not constitute a problem for deriving such a full seasonal
cycle of monthly averaged N,O and Os. Since Odin/SMR provides measurements
globally, a 1-year data set of monthly averaged N,O and Os; is reported here for both the
entire Northern and Southern Hemispheres from these measurements. Further, these
hemispheric data sets from Odin/SMR are separated into data sets of monthly averaged
N,O and Oj for the low latitudes, midlatitudes, and high latitudes. The resulting families
of curves help to differentiate between O; changes due to photochemistry from those

due to transport. These 1-year hemispheric data sets of monthly averaged N,O and O3 from
Odin/SMR and ILAS/ILAS-II as well as the data sets of monthly averaged N,O and O; for

the specific latitude regions from Odin/SMR provide a potentially important tool for the
evaluation of atmospheric photochemical models. An example of how such an

evaluation can be performed is given using data from two chemical transport models
(CTMs), the Chemical Lagrangian Model of the Stratosphere (CLaMS) and the Karlsruhe
Simulation Model of the Middle Atmosphere (KASIMA). We find a good agreement
between Odin/SMR and the CTMs CLaMS and KASIMA with differences generally less

than £20%.
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1. Introduction

[2] Tracer-tracer relationships between long-lived chem-
ical species such as nitrous oxide (N,O) and ozone (O3)
have been used for several decades to analyze stratospheric
data [e.g., Proffitt et al., 1990]. Because of the fact that
long-lived tracers tend to exhibit compact, robust relation-
ships in the stratosphere [Plumb and Ko, 1992], deviations
from such canonical relationships are used to identify
chemical and physical processes such as dehydration and
denitrification [e.g., Kelly et al., 1989; Fahey et al., 1990;
Rex et al., 1999] and ozone loss [e.g., Proffitt et al., 1989a,
1990; Miiller et al., 1996; Salawitch et al., 2002; Tilmes et
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al., 2004, 2006b] in the Northern and Southern Hemispheric
polar regions. Further, tracer-tracer correlations have been
used to determine lifetimes of stratospheric tracers [Volk et
al., 1997], descent and mixing [Ray et al., 2002] as well as
for determining transport and mixing processes between
different latitude regimes [Volk et al., 1996; Waugh et al.,
1997]. So far tracer-tracer relations have only been applied
to measurements. However, recently ozone-tracer relations
have been applied to model data of chemical climate models
(CCM) to analyze chemical ozone loss in the polar regions
[Lemmen et al., 2006; Tilmes et al., 2007].

[3] Proffitt et al. [2003] have suggested a somewhat
different way to use tracer-tracer correlations which helps
to separate O3 variability due to latitudinal transport from
photochemical changes. In their study, Proffitt et al. [2003]
consider seasonally averaged lower stratospheric distribu-
tions of N,O and O3 which were binned by potential
temperature or altitude. They suggest these N,O/O; distri-
butions as a valuable tool for the evaluation of atmospheric
photochemical models such as Chemical Transport Models
(CTMs) and Global Circulation Models (GCMs). The study
of Proffitt et al. [2003] was based on high-altitude aircraft
(ER-2) data obtained during several measurement cam-
paigns, and was restricted to the lower stratosphere and
the Northern Hemisphere. In two follow-up studies
[Khosrawi et al., 2004, 2006] the method by Proffitt et al.
[2003] was applied to satellite data derived from the
Improved Limb Atmospheric Spectrometers (ILAS/ILAS-
II) and extended to the upper stratosphere and to the
Southern Hemisphere. However, ILAS/ILAS-II provides
only measurements in the polar regions.

[4] Satellite data of N,O and O5 as measured by, e.g., the
Odin Sub Millimetre Radiometer (Odin/SMR) provide an
adequate global data set which can be the basis for such a
evaluation study. Here, we compare the combined ILAS/
ILAS-II data set [Khosrawi et al., 2006] with a data set
derived from Odin/SMR observations. The advantage of the
Odin/SMR observation is that measurements are provided
for the entire hemisphere and not only for the polar regions
as it is the case for ILAS/ILAS-II. Thus, using the Odin/
SMR observations we can verify our ILAS/ILAS-II 1-year
data set of monthly averaged N,O and O3 and extend it to
the entire hemisphere as well as to data sets separated into
low latitudes, midlatitudes, and high latitudes. Such data
sets of monthly averaged N,O and Oj; are provided here for
the first time and constitute a potentially important tool for
the evaluation of atmospheric photochemical models. Such
kind of tools are presently in demand since differences
between models and measurements are still quite large as
was shown in the latest model intercomparison by Eyring et
al. [2006].

2. Data
2.1. ILAS/ILAS-II

[s] The Improved Limb Atmospheric Spectrometers
ILAS and ILAS-II were developed by the Ministry of
Environment (MOE) and were operated by the Japan
Aerospace Exploration Agency (JAXA). ILAS was
launched on board the Earth Observing Satellite
(ADEOS) on 17 August 1996 and measured continuously
from 30 October 1996 to 30 June 1997 [Sasano et al.,
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1999] while ILAS-IT was launched on 14 December 2002
on board ADEOS-II and measured continuously from 2
April 2003 to 24 October 2003 [Nakajima et al., 2006a].
Both instruments used the solar occultation technique
which measures the absorption of stratospheric species
in the infrared region of solar radiation [Yokota et al.,
2002].

[6] The measurements were made in high-latitude
regions of the Northern and Southern Hemisphere cover-
ing the latitudes from 56°N to 70°N and from 63°S to
88°S (ILAS) and between 54°N to 71°N and 64°S and
88°S (ILAS-II). Measurements of vertical profiles of O3,
HNO;, NO,, N,0, CH4, H,0, CFC-11, CFC-12,
CIONO,, and N,0Os5 were made 14 times per day in each
hemisphere [Nakajima et al., 2006a, 2006b] with a
vertical resolution of 1 km. In this study, we use ILAS
Version 6.1 [Nakajima et al., 2006b] and ILAS-II Version
1.4 data [Nakajima et al., 2006a]. Validation studies of
ILAS Version 5.2 and ILAS-II Version 1.4 ozone data
[Sugita et al., 2002, 2006] show a good agreement within
+10% with correlative measurements between 11 and 64
km and between 11 and 40 km, respectively. The vali-
dation of ILAS Version 6.1 nitrous oxide data by
Kanzawa et al. [2002] shows a good agreement with
differences less than 20% between 10 and 40 km, ILAS-
II Version 1.4 nitrous oxide data show a negative bias of
10% in comparison to the Odin/SMR and balloon-borne
measurements [Ejiri et al., 2006]. Nevertheless, this bias
is not pronounced in the monthly averages of N,O and
05 derived from ILAS-II, and thus, does not seem to
have an influence on our results as has been discussed by
Khosrawi et al. [2006].

2.2. Odin/SMR

[7] The Odin satellite is operated by the Swedish Space
Cooperation in cooperation with groups from France, Can-
ada and Finland [Murtagh et al., 2002]. Odin was launched
on 20 February 2001 and carries two instruments, the
Optical Spectrograph and Infrared Imaging System (OSI-
RIS) [Llewellyn et al., 2004] and the Sub-Millimetre Radi-
ometer (SMR) [Frisk et al., 2003]. Observations of thermal
emission of trace gases originating from the Earth’s limb are
performed in a time-sharing mode with astronomical obser-
vations. In aeronomy mode, various target bands are ded-
icated to profile measurements of trace constituents relevant
to stratospheric and mesospheric chemistry and dynamics
such as O3, C10, N,O, HNOs, H,0, CO, and NO, as well as
isotopes of H,O and O; [e.g., Murtagh et al., 2002; Merino
et al., 2002]. Stratospheric mode measurements are per-
formed twice a week. A typical stratospheric mode scan
covers the altitude range from 7 to 70 km with a resolution
of ~1.5 km in terms of tangent altitude below 50 km and to
~5.5 km above. Usually, the latitude range between 82.5°S
and 82.5°N is covered by the measurements [Urban et al.,
2005a, 2005b].

[8] For the retrieval of vertical profiles from the spectral
measurements of a limb scan (aeronomy level 2 processing),
two similar data processors have been developed in Sweden
and France. Here, we use the Bordeaux V222 data opti-
mized for the retrieval of CIO, N,O and Os. A comparison
of the V222 O; data with data from the Airborne Sub-
millimetre Radiometer (ASUR) shows also a good agree-
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ment with differences of —6% to 17% between 20 and
40 km [Kuttipurath et al., 2007]. The validation of N,O by
Urban et al. [2005a] shows a relatively good agreement
with (not yet validated) N,O mixing ratios obtained from
the ESA Envisat/MIPAS level 2 off-line processor.
However, as described in the previous section a comparison
with ILAS-II N,O data show a negative bias of ILAS-II of
about 10% compared to Odin/SMR measurements at middle
and high latitudes [Urban et al., 2005a; Ejiri et al., 2006].

2.3. KASIMA

[v] The Karlsruhe Simulation Model for the Middle
Atmosphere (KASIMA) is a global circulation model in-
cluding stratospheric chemistry for the simulation of the
behavior of physical and chemical processes in the middle
atmosphere [Ruhnke et al., 1999; Reddmann et al., 2001].
The meteorological component is based on a spectral
architecture with the pressure altitude z = —H - In(p/pg) as
vertical coordinate where H = 7 km is a constant atmo-
spheric scale height, p is the pressure, and po = 1013.25 hPa
is a constant reference pressure. A horizontal resolution of
T42 (2.8° x 2.8°) has been used. In the vertical regime, 63
levels between 10 and 120 km pressure altitude and a
0.75 km spacing from 10 up to 22 km with an exponential
increase above were used. The meteorology module of the
KASIMA model consists of three versions: the diagnostic
model, the prognostic model and the nudged model which
combines the prognostic and diagnostic model [Kouker et
al., 1999]. For the simulation of the Antarctic vortex split
the nudged model version is used. In this version, the model
is nudged toward the operational ECMWF analyses of
temperature, vorticity and divergence between 18 and
48 km pressure altitude. Below 18 km the meteorology
based on ECMWF analyses without nudging, above 48 km
pressure altitude the prognostic model has been used. The
rate constants of the gas phase and heterogeneous reactions
were taken from Sander et al. [2003]. The photolysis rates
are calculated online with the Fast-J2 scheme of Bian and
Prather [2002].

2.4. CLaMS

[10] The Chemical Lagrangian Model of the Stratosphere
(CLaMS) is a chemistry transport model which simulates
the dynamics and chemistry of the atmosphere along
trajectories of multiple air parcels [McKenna et al., 2002a,
2002b; Konopka et al., 2004]. CLaMS was initially devel-
oped as a two-dimensional model on isentropic surfaces, but
further developed into a fully three-dimensional model
[Konopka et al., 2004]. The mixing of air parcels, that is
the interaction between neighboring air parcels, is intro-
duced both by combining air parcels and adding new air
parcels which is driven by the deformation of the flow
[McKenna et al., 2002a]. As the air parcels are distributed
irregularly in space, the resolution is defined by the mean
distance of neighboring air parcels. Here, we used a CLaMS
simulation for the Northern Hemisphere with a horizontal
resolution of 100 km/300 km north/south of 40°N, respec-
tively [Groof3 et al., 2005]. As vertical coordinate potential
temperature is used, divided into 30 levels between 350 and
900 K. Vertical motion is calculated as the time derivative of
potential temperature using a radiation scheme [Morcrette,
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1991]. The initialization of O; was based on the MIPAS/
ENVISAT data from 16 and 17 November 2002.

3. Method

[11] Monthly averages of N,O and O; are calculated by
partitioning the data into equal bins of either potential
temperature or altitude and averaging within these bins over
a fixed interval of N,O (20 ppbv) [Proffitt et al., 2003;
Khosrawi et al., 2004]. For this purpose the potential
temperature at the ILAS measurement altitudes was de-
duced from UK Meteorological office (UKMO) UARS
analyses [Swinbank and O’Neill, 1994]. To calculate the
monthly averages of N,O and O; the data were averaged
over potential temperature levels from 350 to 1000 K. By
then combining the ILAS and ILAS-II data, a data set
covering all seasons was obtained [Khosrawi et al., 2006].
The comparability of these data sets has been established by
Khosrawi et al. [2006] by comparing the N,O/O; distribu-
tions for the months when both instruments were operating.

[12] The resulting data set is used here for the comparison
with Odin/SMR data. The months from January to June and
November to December are covered by ILAS data and the
months from July to October by ILAS-II data. For one
entire year (2003) of Odin/SMR data the same method as
described above was applied. Since the Odin/SMR data are
provided on tangent altitudes, that is on a geometric altitude
scale, the data have been interpolated on to potential
temperature levels for the binning by potential temperature.
For this purpose, fields of, e.g., geopotential height and
temperature from the UK Meteorological office (UKMO)
meteorological analyses were used. For the comparison of
ILAS/ILAS-II data with Odin/SMR data we restricted the
calculation of the monthly averages for the Odin/SMR data
to the latitudes between 60° and 90° in each hemisphere.
This restriction simplifies the comparison between ILAS/
ILAS-II and Odin/SMR since ILAS/ILAS II only measured
in the high latitudes. However, for the 1-year data set of
Odin/SMR we calculated the monthly averages of N,O and
O; for the entire hemisphere (0° to 90°N and 0° to 90°S,
respectively). Additionally, we separated the 1-year data set
of monthly averaged N,O and O3 from Odin/SMR into low
latitudes, midlatitudes, and high latitudes.

[13] For each averaged data point of N,O and Oj the
corresponding standard deviations were calculated. Stan-
dard deviations for the ILAS/ILAS-II averages are generally
around 4-6 ppbv N,O and 0.1-0.5 ppmv Oj for the
Northern Hemisphere and around 4-6 ppbv N,O and
0.1-0.3 ppmv Oj3 for the Southern Hemisphere. For Odin/
SMR the standard deviations for the N,O averages are
similar to the ones derived for ILAS/ILAS-II (5—6 ppbv
in the Northern and Southern Hemisphere), but somewhat
higher for O3 for both hemispheres at greater potential
temperature levels around 1.5 ppmv above 500 K and
between 0.5 and 1 ppmv below. Figures S3 and S4 showing
the comparison of ILAS/ILAS-II with Odin/SMR includinlg
standard deviations are provided in the auxiliary material .
Further, in the auxiliary material, tables containing the data

! Auxiliary material data sets are available at fip:/ftp.agu.org/apend/jd/
2007jd009556.
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for the l-year data set of monthly averaged N,O and O;
derived from Odin/SMR observations are provided.

[14] Our data sets provide a full seasonal cycle of
monthly averaged N,O and O; and can be easily used as
a tool for the evaluation of atmospheric photochemical
models. That is, monthly averages of daily model output
of N,O, O3, longitude, latitude on a vertical coordinate
(potential temperature, altitude or pressure) can be easily
compared with our data sets of monthly averaged N,O and
0O;. To test, e.g., if polar ozone destruction is simulated
correctly or underestimated or overestimated by the model
the corresponding curves (potential temperature levels be-
tween 350—450 K) need to be compared with each other.
An example for such a evaluation study will be given in
section 5.3. For this purpose, we use data from two
chemical transport models (CTMs), the CLaMS and
KASIMA model. A detailed discussion of the intercompar-
ison will be provided in a separate publication (F. Khosrawi
et al.,, Evaluation of CLaMS, KASIMA and ECHAMS/
MESSyl simulations in the Northern Hemisphere lower
stratosphere using observations of Odin/SMR and ILAS/
ILAS-II, manuscript in preparation, 2008).

4. Characteristics of the N,O/O3 Distribution

4.1. Influence of Limited Sampling on the N,O/O;
Distribution

[15] Sankey and Shepherd [2003] employed the Canadian
Middle Atmosphere Model (CMAM) and plotted correla-
tions of various chemical species to investigate the con-
ditions under which compact correlations can be expected to
be formed. Their analysis also served as validation of the
model results. Sankey and Shepherd [2003] showed that
the correlations produced by the CMAM agree well with the
theory of Plumb and Ko [1992]. They raise the question
whether limited sampling from satellite occultation experi-
ments or aircraft data could lead to artificially compact
correlations. In our study we will show that ILAS/ILAS-II
and Odin/SMR measurements provides data sets with a high
sampling frequency and thus with a high spatial and
temporal resolution. Further, we do not consider the corre-
lation of N,O and Oj; itself since we use monthly averages
of N,O and O3 and consider N,O/Oj3 relations on altitude
and potential temperature levels, respectively.

[16] In a previous study Khosrawi et al. [2004] compar-
ing monthly averaged O3 and N,O derived from ILAS with
monthly averaged O3 and N,O derived from ER-2 data by
Proffitt et al. [2003] a good agreement was found though
both data sets were derived from different kinds of limited
sampling. Proffitt et al. [2003] used in situ measurements
from the ER-2 over a time period of 8 years covering the
Northern Hemisphere from the tropics to the polar regions
while the ILAS remote sensing data used by Khosrawi et al.
[2004] covered the polar regions continuously for a time
period of 8 months. A good agreement was also found
between ILAS and ILAS-II for the months where measure-
ments from both instruments were available [Khosrawi et
al., 2006]. Further, as will be shown in this study, good
agreement between ILAS/ILAS-II and Odin/SMR is found,
wherever measurements are available over the entire hemi-
sphere, demonstrating that limited sampling of the ILAS
and ILAS-II occultation instruments does not constitute a
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problem in our analyses. Furthermore, since data from
different years were used for these comparison we could
also show that differences between different years were
small in the monthly averages of O3 and N,O.

[17] The only effect which can be found in the monthly
averages of N,O and Oj resulting from limited sampling of
ILAS and ILAS-II is a smaller extension of the curves in the
N,O range (which however is dependent on season and the
air masses measured). To make this point more clearly, if
one considers the reference curves of the N,O/O;5 distribu-
tion in the tropics and midlatitudes one will find that the
families of curves connect these reference curves (at each
potential temperature level). Whether our curves reach
exactly to the reference curves in the tropics is dependent
on the fact whether tropical air is measured by ILAS or
ILAS-II. Since this is not the case for ILAS and ILAS-II,
these curves will have a lesser extension in the N,O range.

4.2. Influence of Dynamics on the O3/N,O Distribution

[18] Radiative cooling inside the polar vortex leads to
subsidence across isentropic surfaces or diabatic descent of
the vortex column air by several kilometers [e.g., Proffitt et
al., 1989b; Tuck, 1989; Murphy et al., 1989; Schoeberl and
Hartmann, 1991; Mclntyre, 1992]. Several quantitative
studies of vortex descent have been carried out in the past
and descent has been inferred both in the Arctic [e.g., Bauer
et al., 1994; Greenblatt et al., 2002; Ray et al., 2002] and
Antarctic [e.g., Russell et al., 1993a, 1993b; Kawamoto et
al., 2004]. Further, models have also been used to estimate
descent [e.g., Rosenfield et al., 1994; Strahan et al., 1999].
Measurements as well as model studies have shown that in
the polar regions air is drawn down from a large range of
altitudes (including the entire depth of the mesosphere) into
the polar stratosphere [Danielsen and Houben, 1988;
Bacmeister et al., 1995; Ray et al., 2002; Plumb et al.,
2002; Engel et al., 2006]. The most rapid descent at high
latitudes occurs at the higher altitudes of the stratosphere
during the Northern Hemispheric fall and early winter
[Rosenfield et al., 1994].

[19] Stratospheric tracers such as N,O are ideal for
studies of polar descent within the stratosphere. N,O is
chemically long lived with a lifetime of many years below
30 km at midlatitudes; it has a source in the troposphere and
a photochemical sink in the middle and upper stratosphere
[e.g., Solomon et al., 1986]. Therefore, mean N,O mixing
ratios decrease with increasing altitude in the stratosphere.
This gradual decrease of N,O with increasing altitude is due
to N,O photodissociation in the middle and upper strato-
sphere and the vertical profile at a particular location is the
result of transport and mixing of air between the source and
sink regions. In situ measurements by Strahan et al. [1999]
made by the Airborne Tunable Laser Absorption Spectrom-
eter (ATLAS) have shown that in the lower stratosphere the
zonally averaged N,O mixing ratios vary systematically
with season, latitude and altitude. They also showed that
local changes from the seasonal zonal mean profile can be
interpreted as the result of recent stratospheric transport. As
pointed out in earlier work [e.g., Miiller et al., 1996; Ray et
al., 2002; Sankey and Shepherd, 2003] descent itself will
not change tracer-tracer correlation curves. However, using
the method proposed by Proffitt et al. [2003] calculating
monthly averages of O; and N,O by partitioning the data
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Figure 1. Southern Hemispheric N,O measured by ILAS-
II versus potential temperature derived from UKMO
analyses in April (black diamonds) and September (gray
diamonds).
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into bins of potential temperature or altitude and then
averaging over a fixed interval of N,O helps to separate
dynamical and chemical processes, making the effects of
descent on the families of curves visible [Proffitt et al.,
2003; Khosrawi et al., 2004, 2006].

[20] Therefore, changes in the families of curves of O5/
N,O as they are discussed here are not only caused by
chemical ozone loss or production, but also by transport
processes. How diabatic descent influences N,O can be seen
from the resulting relationship of N,O and potential tem-
perature. In Figure 1, ILAS-II N,O versus potential tem-
perature is shown for April and September in the Southern
Hemisphere. In April the strength of the diabatic descent
begins to increase and the relationship between N,O and
potential temperature is curved. This is in contrast to
January (not shown) where descent is weak and an almost
linear relationship is found. However, in September only
very low N,O mixing ratios are observed above 500 K
(generally below 20 ppbv). The larger N,O mixing ratios
are only found below 500 K (greater than 20 ppbv). The low
N,O mixing ratios at greater altitudes are due to photo-
chemical loss of N,O and are transported downward by
diabatic descent during winter.

[21] The above relationship between N,O and potential
temperature is also reflected in the N,O/Oj3 distributions. In
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Figure 2. Northern Hemispheric N,O measured by ILAS-II versus potential temperature derived from
UKMO analyses in (top left) April and (bottom left) July. Northern Hemispheric monthly averages of
N,O and O; derived from ILAS-II measurements binned by potential temperature for (top right) April
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Figure 3. Northern Hemispheric monthly averaged N,O and O3 measured by Odin/SMR (solid lines)
and ILAS/ILAS-II (dashed lines) binned by potential temperature (ILAS, 56—70°N; ILAS-II, 54—71°N;
Odin/SMR, 60—-90°N). (a—c) January to May, ILAS versus Odin/SMR; (d and e) July to September,
ILAS-II versus Odin/SMR; and (f) November, ILAS versus Odin/SMR.

Figure 2 (left) N,O versus potential temperature is shown
for April and July in the Northern Hemisphere. The
corresponding averages of N,O and O; are shown in
Figure 2 (right). In April low values of N,O are found at
all levels above 500 K because of diabatic descent as well as
higher N>O values from outside the polar vortex resulting in
a broad distribution of N,O versus potential temperature
(Figure 2, left). In the averages this is reflected by N,O/O5
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curves which extend over a broad range of N,O mixing
ratios and which exhibit a positive correlation (increasing
N,O with increasing O3) above 500 K (Figure 2, right). In
July, when descent is weak a compact but slightly curved
relationship is found. A weak descent results in quasi-
horizontal mixing time scales to be short enough to establish
a rather uniform polar average at a given potential temper-
ature level. That is, N,O increases with potential tempera-
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ture and extends over a very narrow N,O range at each
potential temperature (Figure 2, bottom left). This is
reflected in the families of curves of N,O/O; by a flat to
negative correlation of the N,O/O5 curves at all levels and
by a confinement of the N,O/Oj; relation to a narrow range
of N,O mixing ratios at each potential temperature level
(Figure 2, bottom right).

5. Results
5.1. ILAS/ILAS-II Versus Odin/SMR

[22] For the comparison of the Odin/SMR 1-year data set
with the ILAS/ILAS-II 1-year data set the monthly averages
of N,O and O; derived from the Odin/SMR measurements
were restricted to the latitudes between 60° to 90°. The
monthly averages of N,O and Oz for the Northern and
Southern Hemisphere were calculated as described in
section 3. To present the results more concisely only every
second month is shown in Figures 3 and 4. The months
from January to May and November are covered by ILAS
and the months from July to September by ILAS-II. Despite
the spatial and temporal differences of the data sets (Odin
measures every third day the entire hemisphere while ILAS/
ILAS-II measures every day at a narrow latitude band) a
good agreement between Odin/SMR and ILAS/ILAS-II is
found in both hemispheres, demonstrating that the limited
spatial sampling from solar occultation satellites does not
constitute a problem for deriving a full seasonal cycle of
monthly averaged N,O and Os. This means that mixing
must be strong enough to homogenize the air masses in a
way so that a limited (solar occultation) sampling is
sufficient to characterize the air masses in question. This
is consistent with the results of Hegglin and Shepherd
[2007] who assess the representativeness of the Atmospheric
Chemistry Experiment (ACE) satellite measurements,
which is also a solar occultation instrument, by comparing
these data with data from the Canadian Middle Atmosphere
Model (CMAM). Solely, below 500 K larger differences are
found between Odin/SMR and ILAS/ILAS-II. However, at
these levels the Odin/SMR measurements are flawed by a
low measurement response and are thus not reliable. To
emphasize this fact we show them colored in gray
(Figures 3—12). Further, to avoid confusion and keep
Figures 3—12 more concise also the ILAS/ILAS-II curves
below 500 K are colored in gray.

5.1.1. Northern Hemisphere

[23] The monthly averages of N,O and Oz binned by
potential temperature (350 to 1000 K, A© = 50 K) derived
from Odin/SMR and ILAS/ILAS-II are shown for every
second month (January to November) in Figure 3. Above
500 K at all potential temperature levels a positive correla-
tion (increasing N,O with increasing O3) is found while at
the levels below a negative (ILAS/ILAS-II) to flat correla-
tion (Odin/SMR) is found. The positive correlation above
500 K is caused by descent which brings down air from
above the O3 maximum that is characterized by lower O3
and N,O mixing ratios [Proffitt et al., 2003; Khosrawi et al.,
2004, 2006]. An exception is May (Figure 3c) and June (not
shown) where a negative to flat correlation is found at all
potential temperature levels.

[24] From January to March (Figures 3a and 3b) photo-
chemical ozone destruction is evident at 450 + 25 K to 500 +
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25 K by a gradual change of slope with an inflection at
190 ppbv (Odin/SMR) and 150 ppbv (ILAS/ILAS-II) N,O
in January (500 + 25 K). Previous studies have reported
evidence for chlorine-catalyzed photochemical ozone de-
struction in the lower Arctic stratosphere during late winter
and early spring based on observations and model results
[e.g., Browell et al., 1990; Salawitch et al., 1990; McKenna
et al., 1990] and for the winters 1997 and 2003 based on
model results [e.g., McKenna et al., 2002b; Goutail et al.,
2005; Groof3 et al., 2005] and satellite observations [e.g.,
Pierce et al., 1997; Tilmes et al., 2003b; Urban et al., 2004;
Miiller et al., 2007]. The difference in the location of the
inflection is probably due to differences between the winters
1996/1997 and 2002/2003. However, we cannot exclude
that to some extent also instrumental or sampling differ-
ences contribute to this difference. Estimations of ozone
loss from HALOE measurements and ILAS-II [7ilmes et al.,
2004; Miiller et al., 2007] as well as from SAOZ measure-
ments and the REPROBUS model [Goutail et al., 2005]
show a reduction in total ozone column due to chemical O5
loss for the winter of 2002/2003 comparable to that for the
winter 1996/1997. However, in the winter of 2002/2003
the vortex was characterized by very low temperatures in
the early vortex and chlorine activation already in mid-
December [Tilmes et al., 2003a; Urban et al., 2004].

[25] Toward May (Figure 3c), when descent is weak, the
families of curves begin to flatten and the correlation
changes to negatively correlated in the upper levels. Even
after the breakup of the vortex, remnants of polar vortex air
(low O3 and N,0) can be found at lower levels (450—550 K)
in April and May. Somewhat more remnants of vortex air
are found in the Odin/SMR data which is again due to
differences in the ozone chemistry in the winters 1996/1997
and 2002/2003. In the dynamically active winter of 2002/
2003, the time when the vortex was exposed to sunlight
began earlier and was longer than in other winters [Groofs et
al., 2005]. By July (Figure 3d) the remnants of vortex air
have completely mixed with the midlatitude air and the low
values of O3 and N,O between 450 + 25 K and 550 £ 25 K
have disappeared. Summer O3 loss due to NO,~catalyzed O3
loss cycles is expected to occur with increasing intensity
from May on [Farman et al., 1985b; Pierce et al., 1999;
Toon et al., 1999; Crutzen and Briihl, 2001]. In the families
of curves summer O3 loss can be seen as a general decline
of O3 between May (Figure 3c) and August (not shown) at
levels above 550 K.

[26] Descent appears as a positive correlation at the
uppermost potential temperature levels in July (Figure 3d)
and continuous gradually through November down to 700 K
(Figure 3f). This feature is more pronounced in the Odin/
SMR data since Odin/SMR measurements cover a larger
part of the polar region (measurements between 60 and
90°N are shown) while ILAS measurements where made at
that time at midlatitudes (~50°N). Descent brings down air
characterized by low O; and N,O and leads to a positive
correlation in the upper potential temperature levels (above
500 K). Strong descent results in a steepening of the
positively correlated curves. Thus, the stronger the descent
the stronger the steepening [Khosrawi et al., 2004]. For a
constant value of nitrous oxide an increase in Os; with
potential temperature can be found below the O3 maximum
(=30 km) in each of the monthly families of curves. This
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Figure 4. Southern Hemispheric monthly averaged N,O and O3 measured by Odin/SMR (solid lines)
and ILAS/ILAS-II (dashed lines) binned by potential temperature (ILAS, 63—88°; ILAS-II, 64—88°S;
Odin/SMR, 60-90°S). (a—c) January to May, ILAS versus Odin/SMR; (d and e) July to September,
ILAS-II versus Odin/SMR; and (f) November to December, ILAS versus Odin/SMR.

dependence was termed “O3-O dependence” [Proffitt et al.,
1990, 1993, 2003]. Within the Arctic vortex and below 500
K this dependence cannot solely be explained by descent
from above the O3 maximum. The “03-O dependence” also
requires photochemical winter loss of O3 in the presence of
diabatic cooling [Proffitt et al., 2003].

5.1.2. Southern Hemisphere

[27] Summer ozone loss due to NO, catalyzed chemical
cycles [e.g., Crutzen, 1970; Johnston, 1975; Farman et al.,
1985b; Crutzen and Briihl, 2001] is evident from January to
March by a general decline of ozone at potential tempera-
ture levels above 550 K (Figures 4a and 4b). The summer
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ozone loss is more pronounced in the families of curves
derived from ILAS/ILAS-II than in the families of curves
derived from Odin/SMR. Clearly, the differences are caused
by the fact that Odin/SMR measures a greater amount of
midlatitude air even though differences of the summer
photochemistry in the years 1997 and 2003 cannot be
excluded. With the formation of the polar vortex in April
(not shown) and the associated diabatic descent in the polar
vortex region the curves exhibit a steep slope with a positive
correlation in the upper potential temperature levels and a
negative correlation in the lower levels. This characteristic
is found in the Odin/SMR data already in March (Figure 4b)
and in the ILAS/ILAS-II data somewhat later, namely in
April (not shown). This difference between ILAS/ILAS-II
and Odin/SMR is caused by differences in the years 1997
and 2003. The evolution of the vortex in March 1997 was
different from 2003 though the vortex in both Antarctic
winters started forming in March [7ilmes et al., 2006a]. The
vortex in March 1997 was smaller than the vortex in 2003.

[28] Evidence for chemical ozone loss in the Antarctic
during late winter and early spring has been reported since
the mid-1980s on the basis of observations. Strong chemical
ozone depletion was first documented in the Antarctic
spring by Farman et al. [1985a] on the basis of measure-
ments at the British Arctic survey station at Halley. Remote
measurements were later confirmed with in situ aircraft
observations out of Punta Arenas, Chile [e.g., Anderson et
al., 1989; Proffitt et al., 1989a, 1989b, 1989¢c, 1989d].
Many studies followed giving evidence for ozone loss in
the Antarctic during subsequent winters and ozone loss rates
were estimated to quantify ozone depletion, e.g., for the
winter 1987 by Murphy [1991]. Further studies, e.g., by
Tuck et al. [1995] showed that significant ozone loss occurs
below 500 K between June and August.

[20] The levels below 450 K remain almost unchanged
from May to July (Figures 4c and 4d). In the levels above
450 K descent is becoming less pronounced. In July at 500 +
25 K, polar ozone loss is indicated by an inflection and thus
a change of slope. In fact, Tilmes et al. [2006b] found on the
basis of ILAS-II measurements significant deviations from
the early winter reference in mid-July 2003 thus indicating
severe chemical ozone loss. In the ILAS/ILAS-II data the
inflection is found at 100 ppbv N,O and in the Odin/SMR
data the inflection is found at 170 ppbv N,O. This differ-
ence in the inflection is due to the fact that the Odin/SMR
data have a stronger influence from midlatitude air. That is,
during that period, Odin/SMR measures the entire hemi-
sphere while ILAS/ILAS-II measures over a limited range
near 70°S. Very low ozone values are observed by ILAS/
ILAS-II and Odin/SMR from September to November at
potential temperature levels between 450 and 550 K
(Figures 4e and 4f). At 500 + 25 K somewhat lower ozone
values were observed by Odin/SMR than by ILAS/ILAS-II.
In September the minimum is found at O; values around
1 ppmv between 10 and 60 ppbv N,O (ILAS/ILAS-II) and
10 to 90 ppbv N,O (Odin/SMR), respectively. This differ-
ence is also likely due to the fact that Odin/SMR measured
more midlatitude air than ILAS/ILAS-II since the Odin/
SMR measurements discussed here cover the entire latitude
range from 60°S to 90°S. The minima of Os; remain in
November (Figure 4f) and December (not shown) but with
somewhat higher O; mixing ratios than in September
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(Figure 4e). In November the families of curves exhibit
again a pronounced positive correlation at levels above
500 K. In November, these minima are more pronounced
in the ILAS/ILAS-II data which is due to the fact that ILAS/
ILAS-II mostly measures inside the polar vortex while
Odin/SMR measures also a certain amount of air from
outside the vortex (Figure 4f).

5.2. Odin/SMR N,0/0; Distributions

[30] In the following a l-year data set of monthly aver-
aged N,O and O;, thus, a full seasonal cycle, derived from
Odin/SMR for the entire Northern Hemisphere (0° to 90°)
and Southern Hemisphere (0° to —90°) will be presented.
To make the presentation more concise only every second
month is shown (Figures 5 and 6). The entire seasonal cycle
of monthly averaged N,O and O; (showing every month,
thus the entire year) as well as tables containing all averaged
data points of the N,O and O; distribution including
standard deviations are provided as auxiliary material. The
May midlatitude (ATMOS Shuttle 1985 [Proffitt et al.,
1990]), April high-latitude (ATMOS Shuttle 1993
[Michelsen et al., 1998]) and November tropics (ATMOS
Shuttle 1994 [Michelsen et al., 1998]) reference curves are
included in Figures 5 and 6 to help identifying air of tropical
and air of polar character [Proffitt et al., 2003; Khosrawi et
al., 2004]. Further, the 1-year data set of monthly averaged
N,O and O; separated into low latitudes, midlatitudes and
high latitudes is shown in Figures 7, 9, and 11 for the
Northern Hemisphere and in Figures 8, 10, and 12 for the
Southern Hemisphere.

[31] The major difference between the families of curves
covering the entire latitude range and the ones restricted to
60° to 90°N and 60° to 90°S, respectively, is that the former
extend over a larger N,O range, including also greater N,O
mixing ratios, which is mainly due to the inclusion of
tropical air (Figures 7 and 8). While polar summer (general
decline of ozone with potential temperature) and polar
winter ozone loss (change of slope from negatively to
positively correlated) are pronounced in the families of
curves, descent (positive correlation above 500 K) is less
pronounced. The characteristics of descent at high latitudes
is masked because of the inclusion of tropical air. Further,
the change of slope to negative or flat correlated at all
potential temperature levels is also not pronounced in the
families of curve when the entire latitude range is consid-
ered. As discussed in section 5.1 the levels below 500 K are
not reliable because of a too low measurement response
which is emphasized by coloring these curves in gray
(Figures 5—12).

5.2.1. Northern Hemisphere

[32] A positive correlation is found at the levels above
650 K throughout the year (Figure 5). The N,O values
which show mixing ratios greater than the November
tropics reference curve can be attributed to air of tropical
origin (Figure 7). Throughout the year, O; is produced
primarily in the tropical stratosphere where peak production
rates occur at altitudes near 30 km during equinox, and
minimum rates occur during solstice [Perliski et al., 1989].
The highest ozone values are found in March (Figure 5b)
with O; values of up =12 ppmv at N,O values between 250
and 350 ppbv. These maximum values are in agreement
with the maximum values of the O; climatology derived
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Figure 5. Northern Hemispheric monthly averaged N,O and O; measured by Odin/SMR binned by
potential temperature (Odin/SMR, 0—90°N). Additionally, the May midlatitude (ATMOS Shuttle 1985,
solid line), April high-latitude (ATMOS Shuttle 1993, dashed line), and November tropics (ATMOS
Shuttle 1994, solid curve) reference curves are shown.
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Figure 6. Southern Hemispheric monthly averaged N,O and O3 measured by Odin/SMR binned by
potential temperature (Odin/SMR, 0—90°S). Additionally, the May midlatitude (ATMOS Shuttle 1985,
solid line), April high-latitude (ATMOS Shuttle 1993, dashed line), and November tropics (ATMOS
Shuttle 1994, solid curve) reference curves are shown.
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Figure 7. Northern Hemispheric monthly averaged N,O and O3 for the low latitudes measured by Odin/
SMR binned by potential temperature (Odin/SMR, 0—30°N). Additionally, the May midlatitude (ATMOS
Shuttle 1985, solid line), April high-latitude (ATMOS Shuttle 1993, dashed line), and November tropics
(ATMOS Shuttle 1994, solid curve) reference curves are shown.

from HALOE observations [Groofi and Russell, 2005].
Ongoing winter ozone destruction is evident at 450 K and
500 K from January to March by a gradual slope change
from positive to negative with an inflection at 190 ppbv in
January (Figures 5a and 7a).

[33] After the breakup of the polar vortex in April
remnants of polar vortex air (low N,O and low Os) are still
found in April (not shown) and May (Figure 5c). That these
values can be attributed to polar air can be seen from Figure
I1b. These low values are completely removed through
mixing with midlatitude air by June (not shown). Summer
polar ozone loss is evident in July and August by a general
decline of O3 at levels above 550 K (Figures 5d and 11c). In
May, when descent is weak a flat correlation is found at all
potential temperature levels for N,O values lower than the
midlatitude reference curve. Starting in July descent is
increasing and brings down air with low N,O and O;
mixing ratios which are particularly pronounced in Novem-
ber (Figure 5f) at N,O values lower than 50 ppbv.

5.2.2. Southern Hemisphere

[34] As in the Northern Hemisphere, a positive correla-
tion is found throughout the year at all potential temperature
levels above 700 K. Summer polar ozone loss is evident
above 550 K from January to March by a general decline of
ozone (Figures 6a and 6b). From April (not shown) to July
(Figure 6d) the N,O/O; relations at potential temperature
levels above 650 K remain almost unchanged while winter
polar ozone loss becomes evident beginning in July at
potential temperature levels between 450 + 25 K and
550 + 25 K (Figures 6d and 12¢). The families of curves
change their slope from positive to negative correlated and
at 500 £ 25 K the inflection is found at 150 ppbv N,O
(July).

[35] Very low ozone values are observed from September
(Figure 6e) to December (not shown). Because of the prior
ozone destruction, the lowest ozone values are found in
October (not shown) at 500 + 25 K with O3 values around
0.5 ppmv. In November (Figure 6f) and December (not
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Figure 8. Southern Hemispheric monthly averaged N,O and O; for the low latitudes measured by
Odin/SMR binned by potential temperature (Odin/SMR, 0—30°S). Additionally, the May midlatitude
(ATMOS shuttle 1985, dashed line), April high-latitude (ATMOS Shuttle 1993, dashed line), and
November tropics (ATMOS shuttle 1994, solid curve) reference curves are shown.

shown) ozone values remain low, but start increasing
slightly after the final warming and breakup of the polar
vortex due to dilution with midlatitude air. Further, owing to
the same reason a slight ozone decrease can be found at
midlatitudes (values which are centered around the midlat-
itude reference curves).
5.2.3. Separation Into High, Middle, and Low
Latitudes

[36] The separation into low latitudes, midlatitudes, and
high latitudes shows that the tropics are not truly isolated
from midlatitudes and that these are not truly isolated from
the high latitudes [e.g., Tuck, 1989; Proffitt et al., 1989b,
2003; Tuck and Proffitt, 1997; Randel et al., 1993;
Michelsen et al., 1998]. Data taken well outside the tropics
can be of tropical character [Randel et al., 1993]. However,

in general the tropical air has N,O mixing ratios that are
greater than the midlatitude and tropic reference curve while
the midlatitude air is centered around the midlatitude
reference curve and the high-latitude air has N,O mixing
ratios that are lower than the midlatitude and high-latitude
reference curves.

[37] The separation of the data set of monthly averaged
N,O and Oj into high latitudes, midlatitudes, and low
latitudes reveals the rather different characteristics of the
03/N,O distribution of these air masses. In the tropics
(Figures 7 and 8), the O3/N,O distribution is characterized
by N,O values higher than the May midlatitude and
November tropics reference curves. A flat to positive
correlation is found at potential temperature levels above
700 K (Northern and Southern Hemisphere). The positive
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Figure 9. Northern Hemispheric monthly averaged N,O and O; for the midlatitude measured by Odin/
SMR binned by potential temperatures (Odin/SMR, 30—60°N). Additionally, the May midlatitude
(ATMOS shuttle 1985, solid line), April high-latitude (ATMOS Shuttle 1993, dashed line), and
November tropics (ATMOS Shuttle 1994, solid curve) reference curves are shown.

correlation is caused by the photochemical production of
ozone in the tropics. At levels below 550 K the air is
influenced by midlatitude air which can be identified by
N,O values lower than the values of the middle- and high-
latitude reference curves. The O3/N,O distribution in the
tropics appears to be similar in both Hemispheres, seasonal
changes are small and equal in both hemisphere. Similarly,
as we find rather different characteristics for the O3/N,O
distributions for the tropical, midlatitude, and polar regime,
Hudson et al. [2003, 2006] report distinct and clearly
separable temperature profiles (and thus tropopause
heights), ozone profiles and total ozone values for the
respective regimes.

[38] In the O3/N,O seasonal cycle for the midlatitudes
(Figures 9 and 10) the air is centered around the May

midlatitude and April high-latitude reference curves. The
03/N,0 distribution is influenced by both high- and low-
latitude air masses. In January (Figure 9a) and April
(Figure 9b) the positive correlation at levels above 500 K
is partly caused by tropical ozone production and partly by
descent of polar air masses. Polar winter ozone loss is
evident at 500 + 25 K in January by an inflection of the
curve as described in the previous section. In both hemi-
spheres a seasonal dependence is visible.

[39] The seasonal dependence of the O3/N,O distribution
and the differences between the hemispheres are most
strongly pronounced in the seasonal cycle of monthly
averaged N,O and O; for the high latitudes (Figures 11
and 12). Thus, the separation into photochemical and
dynamical processes can be most easily accomplished in

14 of 21



D18305

KHOSRAWI ET AL.: MONTHLY AVERAGED O; AND N,O

Midlatitude (SH)

Odin/SMR: January 2003 (SH)
B L L B B L B

-(@) 1S5k
r 1|e 400K
12~ ] 450 K
F Hle 500K
L Hle 550K
10— j: 600 K
L 2 Jle 650K
— L VD 11 700K
E gl —| 750K
s r / 1|+ 800K
o [, Tl 850K
- 61—/ _]o 900K
(@] - , 4lo 950K
r AR S ] 1000 K
4 o —
2 .
Ol i1 SHEPoro—o-9-006 , |
0 50 100 150 200 250 300 350
N.O (ppbv)
Odin/SMR: July 2003 (SH)
147\ L L L L L L L L L L B L L B 7]
() 1150k
r 1|e 400K
12~ ] 450 K
L Hle 500K
L Hle 550K
10— j: 600 K
L Jle 650K
— L 11 700K
E 8 | 750K
s r 1|+ 800K
o [ Tl 850K
- 61— _]o 900K
(@) L 1lo 950K
r b 1000 K
4 _
2 .
(0] I I T S e s e e e e ) v
0 50 100 150 200 250 300 350

N,O (ppbv)

D18305
Odin/SMR: April 2003 (SH)
147\ LA LA L L L L L L L IR \7 Th
:(b) ] e:’}&e':OK
400 K
121~ ] 450 K
- 1l 500K
10F IS ook
L Jle 650K
— L 11 700K
E 8 | 750K
s r 1|+ 800K
Q C ] 850 K
~ 6 ] 900 K
(@) Hlo 950K
J|e 1000K
4r -
2r .
O:HH\HH\HHHH‘H““u ]
0 50 100 150 200 250 300 350
N;O (ppbv)
Odin/SMR: October 2003 (SH)
147\ L L L L L L L L L IR \7
R0 1| 580k
12 I: ok
- 1l 500K
10F ¢ ook
L Jle 650K
— L 11 700K
E s | 750K
s F 1|+ 800K
Q C ] 850 K
~ 6 ¢ ] 900 K
(@) R Jlo 950K
r b 1000 K
4r -
21 .
O:HH\HH\HHHHmHMH'V‘ ]
0 50 100 150 200 250 300 350

N.O (ppbv)

Figure 10. Southern Hemispheric monthly averaged N,O and O; for the midlatitudes measured by
Odin/SMR binned by potential temperature (Odin/SMR, 30—60°S). Additionally, the May midlatitude
(ATMOS shuttle 1985, solid line), April high-latitude (ATMOS Shuttle 1993, dashed line), and
November tropics (ATMOS Shuttle 1994, solid curve) reference curves are shown.

the polar regions. The most obvious difference is the
signature of the Antarctic ozone hole noticeable by much
lower ozone mixing ratios below 550 K in September (not
shown) and October (Figure 12d) in the Southern Hemi-
sphere and March (not shown) and April (Figure 12b) in the
Northern Hemisphere [Khosrawi et al., 2006]. Further, an
important difference between the N,O and Oj; distributions
in the corresponding season is that diabatic descent, notice-
able as a positive O3/N,O distribution at altitudes above
25 km (500 K), is much more pronounced in the Northern
Hemisphere than in the Southern Hemisphere [e.g.,
Shepherd, 2003]. This difference is due to the fact that
descent occurs earlier in the Southern Hemisphere than in
the Northern Hemisphere and has a different balance with
isentropic mixing [Tuck and Proffitt, 1997; Tuck et al.,
2002].

5.3. An Example for the Evaluation of Models

[40] Here, we will give an example how a model evalu-
ation can be performed using the data set of monthly
averaged N,O and Oj derived from Odin/SMR. For this
purpose, using model data from KASIMA and CLaMS
monthly averages of N,O and O; were calculated as
described in section 3 from these data sets. The CLaMS
simulation used here was performed for the Arctic winter
2002/2003 [Groofs et al., 2005]. The simulation started on
17 November 2002 and was run until 23 March 2003. The
distributions of chemical species in the KASIMA simula-
tion used here were initialized on 30 March 2002, with data
from a long-term KASIMA run.

[41] To test whether the general characteristics of the
CLaMS and KASIMA model results agree with Odin/
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Figure 11. Northern Hemispheric monthly averaged N,O and Oj; for the high latitudes measured by
Odin/SMR binned by potential temperature (Odin/SMR, 60—90°N). Additionally, the May midlatitude
(ATMOS Shuttle 1985, solid line), April high-latitude (ATMOS Shuttle 1993, dashed line), and
November tropics (ATMOS Shuttle 1994, solid curve) reference curves are shown.

SMR measurements, figures analogous to Figure 3 were
created (not shown). A good agreement between KASIMA
and CLaMS with Odin/SMR was found with differences
less than +20%. For the evaluation the 500 K and 650 K
potential temperature levels were chosen (Figure 13). The
Odin/SMR data were taken as the reference (in gray
diamonds). The differences between Odin/SMR and
ILAS/ILAS-II, CLaMS and KASIMA are calculated as
follows: D = [ (Model) — g (Odin)]/p (Odin)*100 where
1 denotes the O3 mixing ratio at a given N,O mixing ratio
of the Odin/SMR measurement and model simulation,
respectively.

[42] Figure 13 shows the evaluation for the Northern
Hemisphere polar regions for February 2003. A good
agreement between CLaMS, KASIMA, and ILAS/ILAS-II

with Odin/SMR is found at 500 and 650 K. At 500 K all
curves show the characteristic slope change from negative
to positive correlated. While in the ILAS/ILAS-II and
KASIMA averages the inflection is found at 170 ppbv
N,O, this inflection in CLaMS is found at somewhat higher
N,O mixing ratios, namely at 190 ppbv. While the absolute
values of the O3 averages of CLaMS and ILAS/ILAS-II
agree quite well with Odin/SMR, the O; averages of
KASIMA show somewhat higher values indicating that in
the KASIMA simulation polar ozone loss possibly is
slightly underestimated in February 2003.

[43] At 650 K all curves show the characteristic positive
correlation which is caused by descent. CLaMS as well as
KASIMA show a somewhat stronger positive correlation
than is found in the Odin/SMR averages for N,O mixing
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Figure 12. Southern Hemispheric monthly averaged N,O and Oj for the high latitudes measured by
Odin/SMR binned by potential temperature (Odin/SMR, 60—90°S). Additionally, the May midlatitude
(ATMOS Shuttle 1985, solid line), April high-latitude (ATMOS Shuttle 1993, dashed line), and
November tropics (ATMOS Shuttle 1994, solid curve) reference curves are shown.

ratios greater than 150 ppbv. This stronger correlation could
indicate that descent is slightly overestimated by the models
or that mixing between midlatitude air and vortex air might
be underestimated. The ILAS/ILAS-II averages are lower
than Odin/SMR, CLaMS and KASIMA, which might be
caused by differences in transport and chemistry between
the winters 1996/1997 and 2002/2003. The ILAS/ILAS-II
averages in February were derived from ILAS data
measurements made in 1997.

[44] Both the CLaMS and KASIMA simulations used
here show a good agreement with Odin/SMR. The differ-
ences between CLaMS, KASIMA and ILAS/ILAS-II, re-
spectively, and Odin/SMR are generally less than +20%. An
extended evaluation study using CLaMS and KASIMA data

will be presented in a separate study (Khosrawi et al.,
manuscript in preparation, 2008).

6. Conclusions

[45] The method by Proffitt et al. [2003] helps to
reduce Oj variability caused by transport processes by
using averages of N,O and Os;. Thereby, chemical and
dynamical processes can be separated. Monthly averages
of N,O and O; were derived from ILAS/ILAS-II and
Odin/SMR observations. Using the relationship between
N,O and potential temperature derived from ILAS/ILAS-
IT measurements we showed how the N,O/O; distribution
is influenced by diabatic descent. When descent is weak
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Figure 13. (top) Comparison of the monthly averages of N,O and O; derived from CLaMS, KASIMA

and ILAS/ILAS-II (colored curves) with Odin/SMR (gray) at 500 K and 650 K. The gray shaded area
marks the range of Odin/SMR standard deviations of the averages. (bottom) Differences of the O3
averages of CLaMS, KASIMA, and ILAS/ILAS-II from Odin/SMR.

an almost linear relationship is found between N,O and
potential temperature while when descent is strong a
curved relationship is found. This relationship is reflected
in the N,O/O5 distributions as follows. When descent is
strong the N,O/O3 curves extend over a broader range of
N,O values and exhibit a positive correlation at potential
temperature levels above 500 K. When descent is weak
the N,O/O; distribution is flat to negatively correlated at
all potential temperature levels and a confinement of the
N,O/O; distribution to a smaller range of N,O mixing
ratios is found.

[46] The agreement of the ILAS/ILAS-II data set of
monthly averaged N,O and Oz which we have derived in
a previous study [Khosrawi et al., 2006] with the Odin/
SMR data set of monthly averaged N,O and O; helps to

verify our ILAS/ILAS-II data set and demonstrates that,
at least in this case, limited sampling from satellite
occultation instruments does not constitute a problem
for our method. Further, a 1-year data set of monthly
averaged N,O and O; for the entire hemisphere was
derived from Odin/SMR measurements as well as 1-year
data sets of monthly averaged N,O and O; for the low
latitudes, midlatitudes and high latitudes. The 1-year data
set of monthly averaged N,O and O; derived from Odin/
SMR shows that diabatic descent is to a certain extent
masked by tropical ozone production when the entire
hemisphere is considered. Thus, the separation into pho-
tochemical and dynamical processes can be most easily
performed when only the polar regions are considered.
However, our 1-year data sets of monthly averaged N,O
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and O; for the two hemispheres allow us to investigate
the seasonal cycle of N,O/O; on a global scale. More-
over, the separation of the data sets of monthly averaged
N,O and Oj into high, middle and low latitudes allows
us to investigate the seasonal cycle of the N,O/O;
distribution in each hemisphere and latitude region.
Thereby, we found that the seasonal dependence and
differences in the hemispheres are most pronounced in
the polar regions. In contrast, the tropical regions change
little from season to season, and between hemispheres.
These data sets of monthly averaged N,O and O; provide
a potentially important tool for the evaluation of atmo-
spheric photochemical models like CTMs and GCMs. An
example how such an evaluation study can be performed
was given by using model results of two CTMs, namely
the CLaMS and KASIMA model. A good agreement
between Odin/SMR and the CTMs CLaMS and KASIMA
is found with differences generally less than +20%. An
extended evaluation study using CLaMS and KASIMA,
as well as other models, will be presented in a separate
study (Khosrawi et al., manuscript in preparation, 2008).
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