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Abstract

In this paper we report on a study conducted using the Middle Atmospheric Nitrogen
TRend Assessment (MANTRA) balloon measurements of stratospheric constituents
and temperature and the Canadian Middle Atmosphere Model (CMAM) in order to
evaluate the ability of the model to reproduce the measured fields and to thereby test
our ability to describe mid-latitude summertime stratospheric processes. The MANTRA
measurements used here are vertical profiles of ozone, temperature, N,O, CH,, HNOj,
and HClI obtained during four campaigns, involving the launch of both ozonesondes and
large balloons from Vanscoy, Saskatchewan, Canada (52° N, 107° W). The campaigns
were conducted in August and September 1998, 2000, 2002 and 2004. During late
summer at mid-latitudes, the stratosphere is close to photochemical control, provid-
ing an ideal scenario for the study reported here. From this analysis we found that:
(1) reducing the value for the vertical diffusion coefficient in CMAM to a more physi-
cally reasonable value results in the model better reproducing the measured profiles of
long-lived species; (2) the existence of compact correlations among the constituents,
as expected from independent measurements in the literature and from models, con-
firms the self-consistency of the MANTRA measurements; and (3) the 1998 ozone
measurements show a narrow layer of low ozone centered near 25 km that is consis-
tent with fossil debris from the polar vortex, suggesting that localized springtime ozone
anomalies can persist through summer, affecting ozone levels at mid-latitudes.

1 Introduction

The science of stratospheric ozone gained a new dimension when it became clear that
ozone depletion, and ultimately its recovery, is linked to climate change in a complex
way. Temperature, humidity, winds, and the presence of other chemicals in the atmo-
sphere influence ozone formation and transport, and the presence of ozone, in turn,
affects those atmospheric fields through radiative processes. Although the existence
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of such a link now seems intuitive, a detailed description of the processes and their
relative importance remains a challenge. Understanding of the processes that con-
trol the ozone budget and the proper representation of such processes in atmospheric
models are recognized in recent assessments (WMO 2006, 2005) as fundamental to
forecasting ozone recovery and to further exploring the effects of ozone on climate and
vice versa.

In contrast to the large ozone loss observed in the Antarctic spring and in the Arc-
tic during cold winters, ozone depletion at mid-latitudes has been shown to be much
smaller (3% to 6% per decade) (WMO 2006, 2005). However, it is also less well un-
derstood and more difficult to model. As first pointed out by Dobson in 1926, the ozone
total column measured at different mid-latitude locations will differ depending on the
synoptic meteorological conditions (Dobson et al., 1926). Therefore, small trends are
difficult to detect and demand statistical analysis of long-period data sets. Similarly, the
attribution of any such small trend is difficult.

Different mechanisms have been proposed to explain the observed mid-latitude
ozone trends involving chemical (Solomon et al., 1998) and dynamical (Hadjinicolaou
et al., 1997; Hood et al., 1997; Appenzeller et al., 2000) processes. So far, most of the
work in the field focuses on a single mechanism, although it is currently accepted that
a combination of mechanisms is needed to explain the observations.

While chemical processes are local, dynamical processes normally involve links
between mid and high latitudes. Processes such as changes in circulation and the
transport of ozone-depleted air from polar latitudes have been proposed to explain the
mid-latitude ozone deficit. However, the relative importance of each process remains
unclear.

Model experiments (Chipperfield and Jones, 1999; Millard et al., 2003) and mea-
surements conducted in brief campaigns (Ross et al., 2004; Durry and Hauchecorne,
2005) support the hypothesis of vortex air contributing to the mid-latitude ozone deficit
detected at summertime. Recently, Ross et al. (2004) and Durry and Hauchecorne
(2005) report on the presence of long-lived remnants of the wintertime polar vortex in
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the mid-latitude summer stratosphere in June 2000. Statistical analysis using zonally
averaged total ozone data indicates that the observed summertime ozone trend over
the Northern Hemisphere mid-latitudes can be entirely explained by the springtime
trends there, as the photochemically damped remnant of the mid-latitude springtime
trends (Fioletov and Shepherd, 2003). The importance of such results, as emphasized
by the authors, is that it implies no need to invoke anomalous summertime ozone chem-
istry to explain summertime ozone trends. While the same relation between springtime
and summertime mid-latitude trends does not hold in the Southern Hemisphere, Fio-
letov and Shepherd (2005) showed that the relation holds in both hemispheres when
applied to the entire extra-tropics, but fails for southern mid-latitudes because of the
contribution of springtime polar losses to summertime mid-latitude ozone trends, via
transport. The extent of this contribution, estimated statistically, is consistent with that
from detailed modelling studies.

In addition to the trends, transient decreases in column ozone levels over single sta-
tions at mid-latitudes have been observed during summertime and reported in several
communications (Orsolini and Nikulin, 2006; Kar et al., 2002, and references therein).
Those events have been referred to as low-ozone episodes, and although they have
been associated with a conjunction of a deep tropospheric anticyclone and the dis-
placement above the anticyclone of the mid-stratospheric pool of low-ozone column
(Orsolini and Nikulin, 2006), the mechanism remains a subject of debate.

It is clear that the required level of understanding of the processes governing the mid-
latitude ozone balance can not be achieved by models or observations alone, but rather
through a combination of both. Such a synthesis not only aids in the interpretation of
the observations, but also helps identify model deficiencies and thereby leads to the
improvement of the representation of physical processes in the models, and hence in
their predictive capabilities.

In this paper we report on co-located measurements of ozone, temperature, and
long-lived species made during four Middle Atmospheric Nitrogen TRend Assessment
(MANTRA) balloon campaigns conducted in different years and compare them with
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results from the Canadian Middle Atmosphere Model (CMAM), a coupled chemistry-
climate model. Our objectives are: (1) to test the ability of CMAM to reproduce sum-
mertime mid-latitude conditions, (2) to investigate the validity of correlations among
long-lived species as predicted by the model, and (3) to use CMAM as a support to
interpret the MANTRA measurements. The use of a chemistry-climate model, like
CMAM, for studies involving comparisons with measurements has the advantage of
allowing us to test our understanding of physical processes. MANTRA provides an
ideal scenario for such a study since the experiments were conducted in late sum-
mer when the stratospheric zonal wind changes from easterly to westerly. During the
summertime easterly period, planetary wave activity is minimal and the stratosphere
is dynamically quiescent (e.g. Wunch et al., 2005), while photochemistry is dominant.
Therefore, at turnaround, the stratosphere is close to photochemical control (Fahey et
al., 2001; Fioletov and Shepherd, 2003).

2 Measurements

MANTRA is set of balloon campaigns aimed at investigating the changing chemical
balance of the Northern Hemisphere mid-latitude stratosphere, with a particular focus
on the nitrogen budget and its role in the depletion of mid-latitude ozone. A review of
the MANTRA campaigns is provided by Strong et al. (2005). We provide here only a
brief description of the campaigns and the instruments used to acquire the data used
in this paper.

MANTRA campaigns have been conducted at Vanscoy, Saskatchewan (52°N,
107° W) during the period when the stratospheric zonal wind velocity changes its sign.
Turnaround of the stratospheric winds occurs twice each year at mid-latitudes: in the
early spring and in late summer (see Wunch et al., 2005, for more details). Under
such conditions, the stratospheric winds are at a minimum, ensuring that the payload
remains within the telemetry range (approximately 400 km) for the duration of the mis-
sion (typically 18 h). Four campaigns have been conducted so far, with a large balloon
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launch dates of 24 August 1998, 29 August 2000, 3 September 2002, and 1 September
2004. Ozonesondes were also launched throughout each campaign.

The vertical profiles of temperature and ozone partial pressure discussed here were
measured by the ozonesondes during all four campaigns, while the N,O, CH,, HNO,
and HCI mixing ratio profiles were measured by the Denver University Fourier Trans-
form Spectrometer (DU-FTS) during the 1998 campaign. For the analysis presented
here we presenrve the units in which the measurements were provided.

2.1 Denver University Fourier Transform Spectrometer (DU-FTS)

This instrument, as well as the technique employed for the retrieval of each species, is
fully described in Fogal et al. (2005) and is only briefly described here. It has strong
heritage since it took part in other balloon campaigns and has been used extensively
as a ground-based instrument at many locations including Fairbanks, Alaska and the
South Pole (for example see Murcray et al., 1980). DU-FTS is a BOMEM DA2 Michel-
son type interferometer-spectrometer with two-inch input optics. The optical path dif-
ference is 50 cm, resulting in an unapodized full-width half-maximum resolution of ap-
proximately 0.01 cm™'. The scan time was about 80 s. The measurements extend from
700-1300cm™" in one channel (with the mercury-cadmium-telluride detector) and from
2650-3250cm™" in the other channel (indium antimonide detector). A biaxial solar
tracking telescope was used to maintain the input solar beam on the interferometer
window. During the 1998 MANTRA balloon flight, spectra were acquired during the
sunset occultation.

The measured spectra were analyzed by fitting synthetic spectra generated with
the Denver University line-by-line, layer-by-layer computer code RADCO (RADiation
COde) (Blatherwick et al., 1989) to the observed spectra. Mixing ratio profiles were
generated from the sunset spectra using the “onion peeling” technique. The pressure
and temperature profiles used as input to RADCO were based on radiosonde data for
the day of the flight, and the line parameters were taken from HITRAN96 (Rothman et
al., 1998).
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2.2 The ozonesondes

During all four MANTRA campaigns, ozone profiles were obtained on a nearly daily
basis by electrochemical concentration cell (ECC) sensing devices carried on a stan-
dard balloon-borne meteorological radiosonde (Komhyr, 1969). Ozone partial pressure
is measured from the reaction of ozone with potassium iodide in an aqueous solution.
The ECC’s were prepared and the data analyzed according to the standards used in
the Canadian ozonesonde network. In addition to the ozone sensor, each instrument
package included a standard Vaisala RS-80 radiosonde so that pressure, tempera-
ture and humidity profiles could be recorded. The ozonesondes produce in situ ozone
concentration with a vertical resolution of the order of 100 m. Estimation of errors for
ozonesonde measurements is not a trivial exercise but inter-comparison campaigns
and laboratory tests indicate in general a 5% maximum error in the measurement
(Davies et al., 2000).

3 The Canadian Middle Atmosphere Model (CMAM)

CMAM is an upward extension of the Canadian Centre for Climate Modelling and Anal-
ysis General Circulation Model (CCCma GCM) up to 0.0006 hPa (roughly 100 km alti-
tude) (Beagley et al., 1997). The model incorporates middle atmosphere radiation, in-
teractive chemistry, gravity wave drag, as well as all the processes in the GCM. For the
version used in this work (referred to as version 7) prognostic variables are computed
in spectral space using T32 horizontal resolution (corresponding to about 6° latitude
and longitude) and 65 vertical levels (about 2 km resolution in the middle atmosphere
but higher resolution below 25 km).

CMAM includes a comprehensive representation of stratospheric chemistry (de
Grandpré et al., 1997) with 31 non-advected species and 16 advected species and fam-
ilies. Concentrations of the long-lived source gases are imposed in the troposphere.
Transport of species is accomplished using spectral advection. Heterogeneous reac-
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tions of CINO3, N,O5 and BrNO, take place on sulphate aerosols. In the polar regions,
heterogeneous reactions occur on stratospheric ternary solution, and water ice; no
sedimentation or nitric acid trihydrate particles formation on polar stratospheric clouds
is included. Profiles are generated for the model grid point closest to Vanscoy, and at
various solar zenith angles.

In these simulations, climatological sea-surface temperatures are imposed which,
although varying from month to month, are kept constant from year to year. Also, phe-
nomena like the quasi-biennial oscillation and solar and aerosol variability, which are
known to be significant factors affecting the inter-annual variability of the stratosphere,
are not included in the model version used here. As a consequence, the inter-annual
variability in the model as reported here is likely underestimated.

4 Results
4.1 Ozone and temperature

During the four MANTRA campaigns, a large number of ozone profiles were collected
allowing calculation of average profiles that can be used for comparisons with CMAM.
The measurements extend from 9 August to 11 September, being concentrated around
24 August, for which the largest number of profiles is available (four). Seven ozoneson-
des were launched in 1998, five in 2000, 12 in 2002, and 23 in 2004, making a total
of 47 ozone and temperature profiles available for this analysis. Figure 1 shows a
distribution of the measurements as a function of the day for all the campaigns.
Measurements and model are compared qualitatively in Fig. 2, in scatter plots us-
ing all the ozonesonde measurement and the matching model days. Different altitude
ranges are shown in different colors. A model day is calculated as the daily average of
the model profiles for ozone and temperature, for each year of the model run. Thus,
for each measurement point there are at least 20 corresponding model points (one
for each model year). The dotted line represents the 1:1 correlation. From Fig. 2 we
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see that the points are generally distributed around the 1:1 correlation line indicating a
good overall consistency between model and measurements. There is an interesting
tendency on the temperature plot shown in Fig. 2 where points corresponding to alti-
tudes above 20 km tend to be consistently located below the 1:1 correlation line. It is
important to stress here that we use only four years of measurements, which may not
be representative of climatology. Data below 10 km altitude are not used in this analysis
since the model version used here does not include full tropospheric chemistry.

The relative differences between the model and the measurements ([CMAM-
MANTRA]/MANTRA) are quantified and shown in Fig. 3 as histograms. The histograms
on the left side of Fig. 3 are constructed using the full altitude range. Relative deviations
are calculated by linear interpolation of the ozonesondes onto the CMAM altitude grid.
The statistical analyses of all the points (the number of points used is shown in each
plot) show that the general agreement between CMAM and the ozone measurements
is on the order of 3%, with a standard deviation of the relative difference between model
and measurements of 18%. For temperature, the model and the measurements agree
remarkably well, with mean difference being 0.1% and the standard deviation on the
order of 0.5%.

As for Fig. 2, the histograms are also constructed for different altitude ranges and
shown in the right side of Fig. 3. Between 10 and 20 km the model reproduces the
ozone measurements within 5%, with a standard deviation of 18%. Above 20 km, the
model ozone reproduces the measurements very well (within 0.7% on average). For
altitudes above 10 km, the model reproduces the measured temperature within 0.15%
(less than 0.5K difference). Note that this analysis is limited to 30 km, which is the
maximum altitude common to all the measurements.

The model and measurement profiles are compared as averages in Fig. 4. For this
comparison the measurements are averaged for each campaign year and compared
to the model averaged profile. Furthermore, the average profiles for each year are
further averaged to build what we call the averaged sonde profiles in Fig. 4, referred
to as AV_sondes in the figure. The model ozone and temperature fields are first daily
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averaged, as before, and further averaged for the period of 11 August to 11 September
to encompass the period for which the measurements are available. Then, the 20 re-
sulting averaged model profiles, one for each model year, are averaged again, building
what we refer to as CMAM in Fig. 4. Ozone is shown as partial pressure since this
is the standard ozone product. Differences between the measurement and model (in
percent for ozone and in Kelvin for temperature) as a function of altitude are quantified
in the right panel in Fig. 4.

As was the case for Fig. 2, Fig. 4 shows different results for different altitude ranges.
For ozone, at around 10 km the model reproduces the measurements very well. Above
10 km, differences between the model and measurements increase, reaching a max-
imum at around 15km, with the model underestimating the measurements by 20%.
The agreement again becomes very good, when the average of all the measurements
is considered, for altitudes above about 20 km. However, the differences observed here
between model and measurements are within the measurements variability, as can be
seen in Fig. 4, and we can conclude that generally CMAM reproduces the MANTRA
ozone measurements reasonably well.

One interesting feature in Fig. 4 is the measurement of a significant depletion of
about 35% of ozone at the peak altitude during the 1998 MANTRA campaign. While
such a feature would be rather common in individual profiles, its persistence throughout
the campaign is only evident for 1998. This feature is further discussed in the next
section.

The averaged temperature profile agrees with the model within 2K, except for alti-
tudes below 10km where the difference may reach 3K if we take the average of the
sondes for 1998. As for ozone, the differences between model and measurements be-
low about 20 km are within the measurement variability. The shallow layer of enhanced
static stability observed in Fig. 4 just above the tropopause, seen in both the sondes
and the model, is the “tropopause inversion layer” identified by Birner et al. (2006),
which is strongest in summer and which is a ubiquitous feature in CMAM (albeit some-
what too high and somewhat too deep). For altitudes above about 20 km, the model
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results are consistently about 2 K warmer than the measurements.
4.2 Long-lived species

During the 1998 campaign, the balloon-borne DU-FTS measured vertical profiles of
N,O, CH,4, HCI, and HNO3; during sunset. We compare here the measured profiles
with CMAM fields as shown in Fig. 5. As for ozone and temperature, CMAM fields
shown here represent a 20-year average for the period of 11 August to 11 September.
The average profile of each species is calculated by taking the daily average of the
profiles, then further averaging the resulting daily profiles for the period of 11 August
to 11 September and finally making the average of the 20 years. The error bars are
the standard deviation of the 20 daily and then monthly (11 August to 11 September)
averaged profiles and is used here as representing the model variability. The differ-
ences between measurement and model (curves labeled CMAM-V7) are quantified in
percent (CMAM-MANTRA]/MANTRA) as a function of altitude, for each species and
shown in the right panels of Fig. 5. Note that the tropospheric value of N,O in CMAM
was inadvertently set about 4% too high, so all CMAM nitrogen fields can be expected
to also be 4% too high. When that difference is accounted for the CMAM N,O profile
agrees very well with the MANTRA observations.

It is instructive to compare this version of CMAM with a previous version (referred
as CMAM — WMO in Fig. 5) which had a much higher value of the vertical diffusivity
(and slightly reduced vertical resolution), namely Kzz=1.0 m?s™" rather than the cur-
rent Kzz=0.1m?s~'. The smaller value is much more realistic, as discussed below,
whereas the larger value is so strong as to play a first-order role in vertical transport,
especially in summer when the Brewer-Dobson downwelling is so weak (Shepherd,
2007). The results shown in Fig. 5 suggest that such a change does indeed have a
first-order effect on the tracer profiles, and that once the vertical diffusion is reduced to
a sufficiently small value, the model agrees well with the measurements.

An exception is the HCI, with the model reproducing the measurements very well
at lower altitudes but overestimating the measurements by a factor of two for altitudes
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above about 20km. From the model side, the concentrations of CFC-11 and 12 are
scaled in the CMAM to take into account the production of chlorine compounds from
other sources which are necessary to maintain the background level of chlorine com-
pounds near the current level. However, the level of introduction of Cly from freons can
have a significant impact on the vertical distribution of Cly and thus affect the distribu-
tion of Cl species such as HCI which may explain some of the discrepancy obtained in
the lower stratosphere.

From the measurement side, since MANTRA produced one profile, while CMAM is
a climatology, it is instructive to look also at other available datasets. We choose to
use HALOE dataset since it is the largest dataset available and has been extensively
used in many other analyses. The HALOE climatology used here consists of a monthly
mean HALOE data set constructed by harmonic regression of HALOE (v18) profile
data representative of the entire HALOE record (repeating seasonal cycles were fit
through a 6+ year record) (http://www.sp.ph.ic.ac.uk/haloe/userguide/uguide.html). As
can be seen in Fig. 5, both MANTRA and model HCI profiles agree well with HALOE
for altitudes below 22 km. However, HALOE HCI values, although being higher than
MANTRA, are still lower than CMAM values for altitudes above 22 km. Compared to
HALOE, CMAM overestimates HCI above 20 km by about 40%. We also compared
CH, (not shown here) from HALOE with both MANTRA and CMAM and found a very
good agreement through the whole altitude range with MANTRA and CMAM values
being consistent with HALOE. Since we have only one measurement profile for HCI,
and there is no real coincidence as for time and location within HALOE measurements
(we are using climatological profiles) it is difficult to further explore the differences in the
HCI profile observed here. An analysis of satellite data that includes a suite of chlorine
species, like the measurements by the ACE-FTS instrument on board the Canadian
satellite SCISAT, could be useful but is beyond the scope of this work. Therefore,
although we do not have elements to support the hypothesis that the depletion of HCI
observed in Fig. 5 has geophysical origin, we report it here, given that we do not expect
that such feature can be explained by uncertainties in the measurements alone.
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4.3 Compact correlations

One further effort for comparing model and measurements is through correlations
among long-lived species. Correlation plots between long-lived species have been
used in the literature as a way of eliminating, in large part, dynamical effects by assum-
ing different long-lived species are advected in a similar manner. Indeed the existence
of a compact correlation between long-lived species has been supported both the-
oretically (see for example Avallone and Prather, 1997, and references therein) and
experimentally (see for example Loewenstein et al., 1993; Michelsen et al., 1998).

Recently Sankey and Shepherd (2003) have used CMAM to investigate the general
conditions under which compact correlations can be expected to form. One important
result of this analysis was to show that a correlation between long-lived species can
be characterized even from measurements with a limited sampling. Therefore, we
use correlation plots to assess internal consistency of the MANTRA measurements.
Furthermore, MANTRA measurements can be compared with other dataset through
correlations. We use the ATMOS measurements for mid-latitudes given the availability
of data for the specie of interest.

Figure 6 shows the CH,:N,O correlation plot using MANTRA and ATMOS measure-
ments and CMAM output. Below 25km (i.e., where CH,>1 ppm), the MANTRA mea-
surements indeed show a linear correlation in agreement with ATMOS measurements
and with CMAM. However, above 25 km (i.e., where CH,<1 ppm) the slope of the cor-
relation seems to change. Taken together with Fig. 5, the change in slope above about
25km suggests that the MANTRA observed air mass is somehow poor in CH, above
about 25km. As shown before in Sankey and Shepherd (2003), the linear correlation
obtained from ATMOS measurements is well reproduced by CMAM. Note that a linear
correlation should not be much affected by the change in vertical diffusivity.
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5 Discussion

The comparison between MANTRA measurements and CMAM shown here during the
late summer when the mid-latitude stratosphere is comparatively quiescent and close
to photochemical control, suggests that vertical profiles of long-lived species in the
model are much improved when the vertical diffusivity is reduced from 1.0 m?s™' to
0.1m?s™". As discussed by Shepherd (2007), the lower value is more realistic (being
consistent with the upper bound inferred from aircraft measurements of trace species)
and sufficiently small to have a negligible impact on mean tracer distributions. In that
sense, the mean tracer distributions are independent of the vertical diffusivity provided
the diffusivity is sufficiently small. On the other hand, the higher value of 1.0 m?s™
is sufficiently large to have a significant effect on the mean tracer distributions. In-
deed, Tegtmeier and Shepherd (2007) found that the summertime persistence of ozone
anomalies, which is quite realistic in CMAM with a vertical diffusivity of 0.1 m? s'1, is
rapidly lost for a diffusivity of 1.0 m?s~".

During 1998, the measured ozone profiles show a narrow layer of enhanced ozone
at about 12km. This lower-altitude enhanced ozone layer is also seen in the average
2000 campaign profile but is not evident in 2002 or 2004. However, looking at individual
profiles we see the occurrence of layers of enhanced ozone at altitudes below 15km is
rather common, with their frequency of occurrence and persistence changing from year
to year. Those layers of enhanced ozone coincide with the temperature “tropopause
inversion layer” identified by Birner et al. (2006) and shown to be stronger in summer.
Although CMAM reproduces this feature in temperature, it is not evident in ozone model
data.

While the occurrence of filament structures in the ozone profile for altitudes below
about 15km seems to be rather common and in general associated with dynamics
(Tarasick et al., 2005), the origin of layers of depleted ozone above 20 km, as observed
in the 1998 dataset used here, seems to be less clear. Kar et al. (2002) conducted
a statistical analysis of the frequency of occurrence of layered structures in the ver-
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tical profiles of ozone as retrieved by the Stratospheric Aerosol and Gas Experiment
(SAGE 1) version 6.0 measurements. Their results show a bimodal peak in the oc-
currence of such layers with two maxima: one between 12 and 15km and another
between 22 and 28 km. Their analysis suggests a maximum probability of occurrence
of structures in the ozone profile above 20 km altitude for latitudes above 45°N dur-
ing summer time. However, a caveat in their analysis is that it makes no distinction
between occurrences of enhancement or depletion layers. No identification is made
as for the source of those structures in ozone although the authors suggest the struc-
tures observed above 20 km altitude could be consistent with remanent air from the
polar vortex “frozen-in” into the mean summertime easterly flow as proposed by Hess
and Holton (1985), and Orsolini (2001), and supported by the analysis by Fairlier et
al. (1999). Recently Durry and Hauchecorne (2005) presented evidence for long-lived
polar vortex air in the mid-latitude summer stratosphere from in situ laser diode CH,
and H,O measurements at Gap, in southern France (44° N, 6° E) during June 2000.
Indeed the photochemical lifetime of ozone at altitudes from 20 to 28 km is of the order
of 100 days or more.

The observed layer of depleted ozone at around 25 km altitude during 1998 cam-
paign persists in the averaged profile, therefore lasting for at least one week. However,
such a persistent feature is not observed during the other years. This result suggests
that if mixing of air from the polar vortex can generate layers of depleted ozone above
20 km altitude that can persist throughout the summer, impacting the estimation of the
mid-latitude ozone trend, its importance varies from year to year. Indeed, Millard et
al. (2003) found that the mixing between the pole and middle latitudes varies with the
meteorological conditions. During the winter of 1997/98 temperatures dropped period-
ically below the threshold for polar stratospheric cloud formation and polar vortex was
relatively disturbed with several minor warmings. The behavior of ozone and the Arctic
vortex during winter 1997/98 is described in details by Langer et al. (1999). They found
that the vortex was well established in mid-November 1997, weakened until the end
of January 1998, when it reformed and remained strong until March. Temperatures in
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February/March 1998 were considerably higher than the same period in 1997. They
found evidence for stronger ozone depletion occurring in February 1998 compared
to February 1997, indicating that strong chlorine activation must have been present.
However, the vortex breakdown occurred near the end of March.

Finally, although the layer of depleted ozone reported here is consistent with the
hypothesis of long lived “fossil” debris from the polar vortex that can persists till later
summer, as modeled by Orsolini (2001), a more in-depth analysis using a climate-
transport model would be necessary to confirm it.

In summary, we conclude that CMAM has achieved a level of development in which
it can reproduce reasonably well not only ozone measurements but a suite of atmo-
spheric constituents and temperature, such as those reported here.
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Fig. 1. Days on which the ozonesondes were launched, for each campaign year. Also shown
is the sum of the number of ozonesondes profiles for each day, considering all four campaigns.
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Fig. 2. Scatter plots for ozone and temperature, comparing MANTRA measurements with
CMAM data for all four campaigns. CMAM data are daily averages (see text). The different col-
ors correspond to ozone and temperature values in different altitude ranges: blue for altitudes
between 10 and 20 km and green for altitudes above 20 km.
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Fig. 3. Histogram of the relative deviation between CMAM and the sonde measurements for
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all the available sonde measurements are used (from all four campaigns) while the plots on
the right side are made using selected altitude ranges (20>z>10km in blue and z>20km in
green). The model data is daily averaged, and for each model year run, the days matching
the measurements are used. The points are grouped and counted for occurrence in bins of
1% relative deviation ((CMAM — MANTRA)/MANTRA) for ozone and 0.1% for temperature. For
each histogram shown, “n” represents the number of points used.
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Fig. 4. Ozone (upper panels) and temperature (bottom panels) sonde measurements dur-
ing the four MANTRA campaigns. Also shown is CMAM climatology for August—September
covering the measurement period (see text). The differences between each yearly averaged
profile (measurement) to the model average for all campaigns (CMAM), for ozone (in per-
cent: ((CMAM-MANTRA)x100/MANTRA) and for temperature (in Kelvin: CMAM-MANTRA),

Temperature (k)

Temperature (k)

Temperature (k)

are shown on the right-hand panels, respectively.
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Fig. 5. The left panels show
the vertical profiles of N,O,
CH,, HCI, and HNO; mea-
sured with the DU-FTS dur-
ing sunset as part of the
MANTRA 1998 campaign (pink
diamonds). The blue diamonds
represents CMAM (V7) climato-
logical 20 year run output aver-
aged for August over Vanscoy,
Saskatoon. The error bar in
the model output represents
the model variability (see text).
The black lines represents the
CMAM (WMO) climatological 20
years run also for Vanscoy, Au-
gust. The green symbols in
HCI plot represent HALOE cli-
matological values for August at
MANTRA coordinates. The right
panels show the differences
in percent (100.(CMAM (V7)-
MANTRA)/MANTRA) for each
constituent.
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Fig. 6. Correlation between CH, and N,O mixing ratios as measured during the MANTRA
campaign of 1998 compared with ATMOS measurements for mid-latitudes and CMAM.
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