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Abstract. CMAM30 is a 30-year data set extending from

1979 to 2010 that is generated using a version of the Cana-

dian Middle Atmosphere Model (CMAM) in which the

winds and temperatures are relaxed to the Interim Reanal-

ysis product from the European Centre for Medium-Range

Weather Forecasts (ERA-Interim). The data set has dynam-

ical fields that are very close to the reanalysis below 1 hPa

and chemical tracers that are self-consistent with respect to

the model winds and temperature. The chemical tracers are

expected to be close to actual observations. The data set is

here compared to two satellite records – the Atmospheric

Chemistry Experiment Fourier transform spectrometer and

the Odin Optical Spectrograph and Infrared Imaging System

– for the purpose of validating the temperature, ozone, water

vapour and methane fields. Data from the Aura microwave

limb sounder are also used for validation of the chemical

processing in the polar vortex. It is found that the CMAM30

temperature is warmer by up to 5 K in the stratosphere, with

a low bias in the mesosphere of ∼ 5–15 K. Ozone is rea-

sonable (±15 %), except near the tropopause globally and in

the Southern Hemisphere winter polar vortex. Water vapour

is consistently low by 10–20 %, with corresponding high

methane of 10–20 %, except in the Southern Hemisphere po-

lar vortex. Discrepancies in this region are shown to stem

from the treatment of polar stratospheric cloud formation in

the model.

1 Introduction

Reanalysis data sets such as those used in this study

(the European Centre for Medium-Range Weather Forecasts

(ECMWF) Reanalysis Interim product, or ERA-Interim) are

the result of high-resolution models that assimilate past mea-

surements to produce a consistent product that is a reliable

representation of the atmospheric state over a given time

period. However, while dynamical fields, water vapour (or

specific humidity) and ozone are provided by the reanal-

ysis, other species are not. In addition, while the reanaly-

sis models employ sophisticated physical schemes for some

processes (such as land–surface interaction and convection),

they have very basic chemistry schemes (e.g. Dee et al.,

2011) and generally do not include physical processes that

are necessary for an accurate representation of the strato-

sphere and mesosphere, such as gravity wave momentum de-

position. Chemistry–climate models (CCMs) with full inter-

active chemistry are capable of modelling many of these at-

mospheric processes but cannot be compared directly to ob-

servations since they are not expected to capture the true day-

to-day variability of the atmosphere. The CMAM30 data set,

based on the Canadian Middle Atmosphere Model (CMAM),

bridges this gap by using a fully interactive CCM but with

the dynamical fields “nudged” (relaxed) to ERA-Interim val-

ues. By construction, the CMAM30 data set should capture

the correct daily, seasonal and interannual variability of the

winds and temperatures below 1 hPa, while providing trace

gas information that is consistent with those fields. In addi-

tion, data sets such as CMAM30 that use specified dynamics
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can be used to isolate deficiencies in physical parameteriza-

tions in the underlying model (e.g. Brakebusch et al., 2013).

There are several limitations to this approach. First, the

model has a relatively coarse spatial resolution and should

therefore not be expected to reproduce small-scale structures.

Even structures on the finest model scales will be heavily

damped by the model diffusion. For example, structures re-

lated to cross-tropopause transport such as tropopause folds

and mixing, even by planetary-scale waves, would be dif-

ficult to reproduce exactly. Other differences between the

CMAM30 data set and observations may arise because while

the large-scale dynamical fields are constrained to be close

to ERA-Interim winds and temperatures, the chemical fields

evolve according to the model chemistry, and small-scale dy-

namics and the physical parameterizations that mimic the

subscale behaviour can affect even the large-scale dynami-

cal fields. Several recent papers have validated several as-

pects of CMAM30 but in a limited context. McLandress

et al. (2013) compared CMAM30 polar cap mesospheric

temperatures and midlatitude mean zonal winds to data from

the microwave limb sounder instrument on-board the Aura

satellite for the extended northern winters of 2005/06 and

2008/09 and found good agreement. Hegglin et al. (2014)

and Shepherd et al. (2014) used CMAM30 water vapour and

ozone in order to make better sense of the long-term obser-

vational records of these species. However, the comparisons

of CMAM30 data to observations made in these papers are

limited in their extent. It is therefore necessary to provide

a more complete validation of the chemical and dynamical

fields from the CMAM30 data set.

To accomplish this task, data from the Atmospheric Chem-

istry Experiment Fourier transform spectrometer (ACE-FTS)

instrument on-board the ACE satellite, the Optical Spectro-

graph and Infrared Imaging System (OSIRIS) on-board the

Odin satellite, and the microwave limb sounder instrument

on-board the Aura satellite (Aura-MLS) are used. In this pa-

per, the focus is on temperature, ozone, water vapour and

methane. Here, we will compare coincident profiles from the

satellites and the CMAM30 data set to establish the reliabil-

ity of the model over the satellite period by looking at the

median biases and median deviation about the biases. Es-

sentially, the CMAM30 data is subsampled in approximately

the same way that the satellite instruments “see” the atmo-

sphere, avoiding errors due to differences between using the

full model grid and the subsampling of the atmosphere by the

satellite instruments (see Toohey and von Clarmann, 2013,

for more details). Special attention will be given to regions

and time periods where the model bias is greater, to examine

possible causes for the discrepancies. In addition, the polar

vortex chemical processing will be compared for two win-

ters – a typical Southern Hemisphere (SH) winter and a cold

Northern Hemisphere (NH) winter – to investigate the treat-

ment of polar stratospheric clouds and their effect on ozone

in the model.

The paper is structured as follows: Sect. 2 briefly describes

the model and the specification of the model dynamics, and

Sect. 3 describes the observational data used. Section 4 de-

scribes the results, outlining the method used for the pro-

file comparisons, with particular focus on the polar regions.

A separate paper focusing on the tropical region and the

Brewer–Dobson circulation is forthcoming. Section 5 sum-

marizes the results.

2 Model

The CMAM is a comprehensive chemistry–climate model

with T47 spectral resolution (3.75◦× 3.75◦) and 71 vertical

levels up to 0.01 hPa (∼ 98 km altitude). The CMAM30 data

set uses the ERA-Interim products to nudge the temperature

and winds (through vorticity and divergence) on large spa-

tial scales (< T21) with a Newtonian relaxation timescale of

24 h. ERA-Interim data are available up to 1 hPa, although

the atmospheric model used in the reanalysis had a model lid

at 0.1 hPa (Dee et al., 2011). The nudging of CMAM is ap-

plied at full strength up to 1 hPa, as no significant artefacts

were found by abruptly stopping the application of nudging

at this level. However, the ERA-Interim data set does con-

tain a number of significant discontinuities in temperature

on levels at and above 5 hPa associated with changes in the

assimilated satellite temperature sounders, as these are the

only source of temperature data at these altitudes (Dee and

Uppala, 2009). To avoid introducing spurious trends into the

CMAM simulation, the global-average temperatures in the

ERA-Interim data for levels at 5 hPa and above were modi-

fied before being used in the nudging following the method

described in McLandress et al. (2014). As the CMAM is

known to have good representation of the upper stratosphere

and lower mesosphere (e.g. Fomichev et al., 2007) and be-

cause the general behaviour of the mesosphere is slaved to

the stratosphere (Nezlin et al., 2009), the day-to-day evo-

lution of the region above 1 hPa is not expected to deviate

greatly from reality. The CMAM30 is sampled every 6 h with

data interpolated to a set of 63 constant pressure surfaces,

chosen to be close to the underlying model levels above

100 hPa. For more details on the CMAM see Scinocca et al.

(2008), and on the CMAM30 data set, see McLandress et al.

(2014) and Shepherd et al. (2014).

Of particular importance to the work presented here is the

treatment of polar stratospheric clouds (PSCs) in the model.

PSCs form when the thermodynamic and chemical condi-

tions in the atmosphere are appropriate (generally when the

temperature dips below 196 K for Type 1 PSCs, which are

composed of nitric acid, sulfuric acid and water, and below

188 K for Type 2 PSCs, which are solid water (Peter, 1997)).

PSCs are important for ozone depletion in the polar vortex

during spring for two reasons: firstly, heterogeneous reac-

tions take place on PSC surfaces converting chlorine reser-

voirs to reactive chlorine, and secondly, the sedimentation of
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the large ice particles containing HNO3 produces denitrifi-

cation of the lower-stratosphere polar vortex, preventing the

replenishment of the chlorine reservoir ClONO2.

In the CMAM, the abundance of stratospheric ternary so-

lution PSCs, often referred to as Type 1b, is calculated fol-

lowing Carslaw et al. (1995). Water ice particles, Type 2

PSCs, are based on a condition requiring a 40 % supersatu-

ration with respect to the frost point (Considine et al., 2000).

Solid nitric acid trihydrate (NAT) PSC particles are not ac-

counted for in the CMAM PSC scheme. The equilibrium-

based calculation of PSCs sequesters HNO3 and water in the

aerosol phase, although the model does not account for sed-

imentation of the solid particles regardless of how long they

persist. Therefore, denitrification or dehydration of the polar

vortex over the winter season does not occur, with HNO3 and

water vapour returning to the gas phase based on thermody-

namic equilibrium.

3 Observations

The primary observational data used here are from the ACE-

FTS and OSIRIS instruments. Since OSIRIS measurements

include only ozone and temperature relevant to this study,

and since ACE-FTS measurements are spatially sparse with

gaps in certain months due to the nature of its polar orbit

and solar occultation viewing geometry, Aura-MLS measure-

ments, which are spatially denser than ACE-FTS and provide

more constituents than OSIRIS, are used when necessary.

3.1 OSIRIS data

The Odin satellite was launched in February 2001 and has a

sun-synchronous orbit with an ascending node of∼ 18:00 lo-

cal time. The OSIRIS instrument operates between 280

and 810 nm, observing Rayleigh- and Mie-scattered sun-

light and airglow emissions in the Earth’s limb (Llewellyn

et al., 2004). OSIRIS measures a vertical radiance pro-

file by scanning a single line of sight from the upper tro-

posphere (∼ 7 km) to the mid- to upper mesosphere (65–

90 km). OSIRIS has an instantaneous 1 km vertical field

of view, and this, along with the scanning, results in re-

trieved profiles that have a vertical resolution of approxi-

mately 1.5 km. During each orbit, 30–60 vertical scans are

made, with a focus on the NH during March to September

and on the SH during October to February. Near-global cov-

erage (82◦ S to 82◦ N) is achieved in October and February

due to the change in orbital geometry.

The OSIRIS data used here are ozone volume mixing ra-

tios included in the OSIRIS level 2 v5.07 data set from Jan-

uary 2002 to December 2010 (Degenstein et al., 2009). Val-

idation of v5.07 with SAGE (Stratospheric Aerosol and Gas

Experiment) II for 2001 to 2005 can be found in Adams et al.

(2013), with agreement generally within 5 % below 50 km,

and with multiple data sets in Adams et al. (2014). Note that

the temperatures provided with the OSIRIS level 2 data are

not actually retrieved values but are taken from ECMWF op-

erational analyses. A comparison with these temperatures is

therefore not included here. Instead, OSIRIS temperatures

derived from the O2 A-band emission spectra near 762 nm

(see Sheese et al., 2010, 2012, for details) are used. Tem-

perature data are available between 45 and 110 km, but tem-

peratures between 80 and 86 km are deemed unreliable, due

to uncertainties in O2 absorption in the A-band. The tem-

perature data also exhibit a cold bias of 10–15 K near 85 km

(Sheese et al., 2011) (the upper boundary of the Rayleigh-

scatter-derived temperatures) and a cold bias of 5–15 K near

48 km due to multiple scattering effects not taken into ac-

count in the retrieval. However, between 55 and 80 km, these

temperatures are valid and are typically within 4–5 K of other

satellite data (Sheese et al., 2012).

3.2 ACE-FTS data

The ACE-FTS is a high spectral resolution (0.02 cm−1) so-

lar occultation instrument, operating in the spectral range

of 750–4400 cm−1, that derives vertical profiles of temper-

ature and concentrations of a number of species related to

ozone chemistry (Bernath et al., 2005; Boone et al., 2005),

including ozone, water vapour, and methane. Since the ACE

mission was designed primarily to observe the Earth’s atmo-

sphere at high latitudes, the orbit does not measure at all lat-

itudes in all months. Instead, the orbit allows for measure-

ments at high latitudes for much of the year, crossing the

terminator during February, April, August and October. For

each day, up to 15 sunrise and 15 sunset profiles are avail-

able, with a vertical resolution of 3–4 km throughout the up-

per troposphere to the lower thermosphere. The satellite was

launched in August 2003 and has been providing measure-

ments since February 2004. Profiles up to December 2010

are used here.

In this study, the 1 km vertical gridded data from ACE-

FTS level 2 v3.5 are used (Boone et al., 2013). Version 2.2

temperature, ozone and methane were validated by Sica et al.

(2008), Dupuy et al. (2009), and de Maziére et al. (2008), re-

spectively, and water vapour has been compared to other in-

struments using a climatological approach by Hegglin et al.

(2013). Comparisons between v2.2 and v3.0/3.5 trace gas

data sets are described by Waymark et al. (2013), with some

small changes from v3.0 and v3.5. In addition to the mea-

surements, corresponding derived meteorological products

(DMPs) calculated from the GEOS5 (Goddard Earth Observ-

ing System model, version 5) data assimilation system are

also available for each ACE-FTS occultation (see Manney

et al., 2007). The scaled potential vorticity (sPV) is used to

determine whether an ACE-FTS profile is inside or outside

the polar vortex (see Manney et al., 2007, for a discussion

of sPV). For the evaluation of the chemical processing of the

polar vortex, HCl (Mahieu et al., 2008), ClONO2 and HNO3
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(Wolff et al., 2008) are also used to diagnose the representa-

tion of PSCs in the CMAM.

3.3 Aura-MLS data

For the evaluation of the chemical processing of the win-

ter polar vortex, Aura-MLS data are included. Like OSIRIS,

the Aura microwave limb sounder scans the Earth’s atmo-

sphere in the limb from the surface to 90 km, providing near-

global coverage from 82◦ N to 82◦ S, daily. It measures ther-

mal emissions at submillimetre and millimetre wavelengths.

The Aura satellite was launched in July 2004, but only data

from January to April 2005 and July to December 2006 are

used here. Version 3.3/3.4 of the data set has been used in

this study. The validation of the species used in this study for

version 2.2 of the Aura-MLS data set can be found in Froide-

vaux et al. (2008a) for HCl, Santee et al. (2008a) for ClO,

Lambert et al. (2007) for H2O, Froidevaux et al. (2008b)

for O3, Santee et al. (2007) for HNO3, and Schwartz et al.

(2008) for temperature; see also Livesey et al. (2013). The

Aura-MLS observations also provide corresponding DMPs

calculated from MERRA (Modern-Era Retrospective analy-

sis for Research and Applications) for sPV to determine the

position of the polar vortex (see Manney et al., 2007).

4 Results

A coincident profile approach to comparisons between the

CMAM30 data set and observational data is taken here. In

order to make use of as many profiles as possible, the model

data are interpolated to the time and tangent-height location

of each profile measurement for both instruments (tangent

heights for ACE-FTS and OSIRIS are 30 and 25 km, respec-

tively). Since the measurements are actually taken through a

slant column of the atmosphere rather than at a single geolo-

cation, this approach introduces some error into the analysis.

The slant path error may be an issue for ACE-FTS measure-

ments when smaller scales are present, at higher altitudes

(i.e. far from the tangent height), and for high beta angles.

Beta angles for ACE-FTS are typically less than 50◦ from the

zenith, with 13 % of measurements taken at beta angles be-

tween 50◦ and 65◦. These profiles are taken at lower latitudes

and when the satellite orbit crosses the equator. For calculat-

ing differences, all observational data are interpolated onto

the CMAM30 pressure levels except for the OSIRIS temper-

atures derived from the O2 A-band. Because only polar vor-

tex averages are compared, there is no need for interpolation

of the CMAM30 data to the location of each profile.

For a spatial picture (latitude by height cross section), the

results are binned by latitude (5◦) and zonally and monthly

averaged. For time series, the results are binned by 30◦ lat-

itude and zonally averaged. For each species and tempera-

ture profile, the median model bias (CMAM30 - satellite),

and the relative difference from the satellite ((CMAM30-

satellite)/satellite) is calculated, and then the mean absolute

deviation (MAD) is calculated for each bin. The median is

used instead of the mean since it is not adversely affected

by extreme outliers in the satellite data that are not removed

using the data quality flags. In most cases here, there is no

discernible difference between the mean and median values

for bias. The MAD, defined as

MAD(xi)=Median|xi −Median(x)|, (1)

is used here as a measure of variability instead of the standard

deviation since it is robust against statistical problems related

to small sample size (e.g. Rousseeuw and Croux, 1993). |(·)|

is the absolute value of (·).

Section 4.1 details the overall median bias of the

CMAM30 data set and the MAD contours for both the spa-

tial and time series results. In Sect. 4.2, we focus on the

late winter and spring southern polar vortex in the strato-

sphere, where the CMAM30 shows particularly large dis-

agreement with respect to both the ACE-FTS and OSIRIS

measurements, and use a polar vortex average over the win-

ter and spring to examine the dehydration of the vortex and

ozone destruction. Aura-MLS observations are included here

in order to further examine chemical processing in the lower-

stratosphere polar vortex. In Sect. 4.3, we focus on an NH

winter with a stratospheric sudden warming (SSW) to deter-

mine the reliability of the CMAM30 data set during a dy-

namically active time period, and we also use polar vortex

averaging during a winter with no SSW to examine the effect

of the PSC treatment during NH winters.

4.1 Coincident profile comparisons

Results are shown in Figs. 1 and 2 for OSIRIS temperature

(derived from the O2 A-band) and ozone, respectively, for

January, April, July and October from January 2002 through

October 2010. Figures 3 to 6 show results for ACE-FTS tem-

perature, ozone, water vapour, and methane for the same

months for February 2004 to 2010. These months are chosen

to be representative of the seasons but are short enough time

periods to prevent obscuring differences between the model

and the observations. Note that the colour scheme is chosen

to show high bias in CMAM30 as yellows and reds and low

bias as blues.

Comparisons with the retrieved OSIRIS temperatures of

Sheese et al. (2010) show a low bias in the model of ∼ 10 K,

below 85 km (see Fig. 1). Note that the OSIRIS tempera-

tures are shown as a function of altitude and only above

55 km, above the region of nudging for the model. CMAM30

temperatures are compared using geopotential height as the

altitude. Above 85 km, the CMAM30 temperatures show a

high bias of up to 20 K during summer months (NH July

and SH January), although Sheese et al. (2011) point out

that above 85 km the retrieved temperatures from OSIRIS

themselves indicate a low bias of 10–15 K in comparison to

data from SABER on TIMED (Sounding of the Atmosphere

Atmos. Chem. Phys., 15, 12465–12485, 2015 www.atmos-chem-phys.net/15/12465/2015/
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Figure 1. Absolute temperature differences for CMAM30 vs. OSIRIS profiles, derived from the O2 A-band. Shown are averages over the

entire time period for January (a), April (b), July (c) and October (d). The median temperature difference is shown by the colour scale and

the contours indicate the MAD with contour intervals of 2 K. Reds indicate where CMAM30 has a warm bias compared with observations,

and blues indicate where CMAM30 has a cold bias.

using Broadband Emission Radiometry on Thermosphere

Ionosphere Mesosphere Energetics Dynamics) and SOFIE

on AIM (Solar Occultation For Ice Experiment on Aeron-

omy of Ice in the Mesosphere), indicating that the CMAM30

high bias in the upper altitude region is closer to 5–10 K com-

pared to those satellites. This large discrepancy is not seen

in the ACE-FTS temperature comparisons (see Fig. 3). Note

that the largest biases are near 85 km, where OSIRIS temper-

atures are known to be problematic.

Comparisons with ACE-FTS show that overall, much of

the stratosphere in CMAM30 is slightly warm on average

throughout the year, while the mesosphere (above 1 hPa) is

cooler than the measurements (see Fig. 3). Above 1 hPa,

CMAM30 exhibits a cold bias of up to 12–15 K compared

to ACE-FTS, associated with high variability where median

temperatures deviate more than±10 K. (Note that high MAD

may indicate high variability, small sample size, or both.)

The CMAM30 temperature comparison agrees with the re-

sults from OSIRIS (see above) if the cold bias in OSIRIS

temperatures above 85 km is taken into account. Of partic-

ular note is the cold bias in SH winter (July) and autumn

(April) in the lower mesosphere and the warm bias in the

upper mesosphere, which is most apparent in July. This ver-

tical dipole structure, which can also be seen in SH sum-

mer, is the result of insufficient gravity wave drag in the

model stratosphere and lower mesosphere. Below 1 hPa, the

winds are constrained by the ERA-Interim winds, but above

this level the winds take on the climatological structure of

the free-running model, which is characterized by too strong

a SH winter westerly jet; a manifestation of the so-called

“cold pole problem” common to most CCMs (SPARC CCM-

Val, 2010). The warm bias in the SH upper mesosphere in

CMAM30 is due to too strong non-orographic gravity wave

drag in the upper mesosphere that results from filtering by the

too strong lower-mesospheric westerlies. An example of this

phenomenon, but for the case of NH winter, is seen in Fig. 5

of McLandress et al. (2013) in their simulation of the CMAM

in which the orographic gravity wave drag was turned off.

Comparisons with ozone (Figs. 2 and 4) show that most

of the CMAM30 stratosphere is within ±10 % of the mea-

surements. Agreement in the lowermost extratropical strato-

sphere, particularly in the SH, and the tropical lower strato-

sphere is not particularly good, with large, mostly positive

biases in the CMAM30. In this region, the ozone mixing

ratio is relatively small and so even absolute differences of

only 0.1 ppmv may lead to large relative differences. In addi-

tion, it is a region of high variability due to isentropic trans-

port of tropical tropospheric air poleward and extratropical

www.atmos-chem-phys.net/15/12465/2015/ Atmos. Chem. Phys., 15, 12465–12485, 2015
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Figure 2. Same as Fig. 1 but for CMAM30 vs. OSIRIS relative differences for ozone profiles. MAD contour levels are 5 %. Reds indicate

where CMAM30 ozone is too high compared to OSIRIS, and blues indicate where CMAM30 ozone is low. Note that the vertical axis here

is pressure.

lower-stratospheric air equatorward and a region of sharp

vertical gradients that are not well resolved by the model

that may cause the tropopause in the model to be too low

in altitude. Note that the ozone is almost uniformly higher in

CMAM30 compared to OSIRIS by more than 50 % near and

below 100 hPa. Of particular interest is the springtime (Oc-

tober) SH polar lower stratosphere, where CMAM30 shows

considerable disagreement with OSIRIS (Fig. 2d). Note that

compared to ACE-FTS, CMAM30 shows a low bias in the

upper troposphere and/or lower stratosphere in the tropics

(see Fig. 4) in October, in contrast to the OSIRIS data, and a

larger, more negative bias in April. Above 10 hPa, CMAM30

shows a low bias in ozone compared to both satellite data

sets, related to the decrease in altitude of the ozone profile;

CMAM30 profiles generally decrease too rapidly above the

ozone maximum. At 0.1 hPa, the diurnal cycle of ozone be-

comes important in the comparisons, and while ACE-FTS

ozone profiles extend to this altitude, they have not been val-

idated above 70 km (Dupuy et al., 2009).

Comparisons with ACE-FTS water vapour (see Fig. 5)

show that CMAM30 has an overall low bias of approxi-

mately 10–20 % throughout the stratosphere. The low bias

is a well-known deficiency of the CMAM model (SPARC

CCMVal, 2010), but it is interesting to see that it persists

even with specified dynamics. Figure 5 indicates that the low

bias is more pronounced just above the tropical tropopause,

and therefore may be due to too much dehydration of the

air entering the stratosphere through the tropical tropopause

layer. Aside from this persistent low bias, the behaviour of

water vapour throughout the stratosphere is otherwise rea-

sonable, i.e. there is little variability in the difference between

CMAM30 and ACE-FTS. Most of the variability occurs in

the vicinity of the tropopause, except in the wintertime (July)

southern polar vortex, where the bias in CMAM30 water

vapour becomes close to 0 and even positive. This feature

is explored below.

Figure 6 shows that, over much of the stratosphere,

methane has a high bias in the CMAM30 compared to the

ACE-FTS bias of 10–20 %. The fact that water vapour is con-

sistently low and methane consistently high may indicate that

there is not enough production of water vapour through the

oxidation of methane, consistent with a fast Brewer–Dobson

circulation. Note that although there are regions of large dis-

crepancy between CMAM30 methane and ACE-FTS mea-

surements at high latitudes that appear to propagate down-

ward over the course of a few months, these discrepancies

are likely a problem of vertical resolution in the model. The

methane profiles exhibit a kink between 10 and 1 hPa in both

the model and the ACE-FTS observations. Such a kink is

also seen in both the HALOE (HALogen Occultation Ex-

Atmos. Chem. Phys., 15, 12465–12485, 2015 www.atmos-chem-phys.net/15/12465/2015/
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Figure 3. Same as for Fig. 1 but for CMAM30 vs. ACE-FTS absolute temperature differences for 2004 to 2010 for January (a), April (b),

July, (c) and October (d). Note that the vertical axis here is pressure.

periment) and MIPAS (Michelson Interferometer for Passive

Atmospheric Sounding) data sets (de Maziére et al., 2008)

and descends over a period of a few months. While the model

can simulate this feature, the CMAM30 methane does not de-

crease as rapidly as the ACE-FTS observations over the nar-

row vertical range. Because of the small values of methane

at these altitudes, a discrepancy of only 0.1 ppmv in methane

can translate into a relative error of well over 100 %. The

high MAD values around the regions of higher discrepancy

are likely due to the variability and the descent of the kink.

Above and below this region, however, CMAM30 does a

good job of representing methane, aside from a background

bias (i.e. the variability of the bias is low).

Figures 7 to 10 show the time series comparisons for the

NH and SH polar regions (60 to 90◦ N and 60 to 90◦ S, re-

spectively). The time series plots show that the differences in

the zonally averaged plots are repeated year after year. Most

notable in the ozone profile differences for both OSIRIS and

ACE-FTS is the overabundance of ozone in the model in the

winter or spring in the SH lower stratosphere (Figs. 8a and

9b). In this region, the ozone amounts are low, and in the

late winter or spring, as the Sun rises, the ozone hole devel-

ops, leading to even lower ozone concentrations. It is clear

that the CMAM30 data set does not simulate enough ozone

destruction during this period, also evidenced by the com-

parison of October total-column ozone over the South Pole

in Shepherd et al. (2014). In addition, comparisons with the

ACE-FTS profiles of water vapour show that in the same re-

gion and time period (Fig. 9c), there is an overabundance

of water vapour in CMAM30 (up to 50 %), indicating that

the dehydration of the polar vortex due to PSC formation is

weak, which is unsurprising given the lack of PSC sedimen-

tation. Results from the NH (Fig. 10c) do not show the same

discrepancy in water vapour, perhaps to be expected since

Arctic stratospheric temperatures are typically too warm to

allow for Type 2 PSC particle formation and dehydration of

the Arctic vortex and show only a notable high bias in ozone

during three winters: 2004/2005, 2006/2007, and 2007/2008

(Figs. 8b and 10b). The descent of the high bias in methane

(see above) can clearly be seen in Figures 9d and 10d, pri-

marily during the summer and fall for each hemisphere.

4.2 Southern polar winter and/or spring

The southern polar vortex is typically strong and chemi-

cally isolated (WMO , World Meteorological Organization).

Results from Sect. 4.1 show that the polar vortex in the

lower stratosphere in CMAM30 is too wet and there is too

much ozone. There are two possible explanations for this be-
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Figure 4. Same as for Fig. 2 but for CMAM30 vs. ACE-FTS relative differences for ozone profiles for 2004 to 2010.

Figure 5. Same as for Fig. 2 but for CMAM30 vs. ACE-FTS relative differences for water vapour profiles for 2004 to 2010.
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Figure 6. Same as for Fig. 2 but for CMAM30 vs. ACE-FTS relative differences for methane profiles for 2004 to 2010.

haviour: either chemical destruction of ozone during winter

and spring is too low and dehydration of the polar vortex

(e.g. due to PSC formation) is too low or the polar vortex is

too isolated with too little horizontal mixing out of the lower-

stratospheric vortex and too much diabatic descent within the

vortex. The latter problem would allow an increase in ozone

due to ozone-rich air descending from the mesosphere in-

side the polar vortex. It may also account for an increase

in water vapour in the lower-stratospheric vortex, although

this is harder to account for given the overall dry bias in

the CMAM30 data. In addition, CMAM30 methane would

further indicate that the polar vortex isolation is not the an-

swer to this puzzle, since there is no corresponding increase

in methane. The comparison of the methane vertical pro-

files from CMAM30 with ACE-FTS observations shows, in

fact, some combination of too little descent within the vortex

and too much mixing of midlatitude air into the vortex. The

growth in CMAM30 biases in ozone relative to the growth

in methane biases between 30 July and 25 September (see

Figs. 11 and 12 below) suggests that an underestimation of

ozone chemical destruction accounts for a significant part of

the CMAM30 ozone biases at the end of September.

Individual profiles comparing CMAM30 to OSIRIS and

ACE-FTS are shown in Figs. 11 and 12, for selected dates

during the winter or spring of 2006, chosen as a typical year

(i.e. the results for 2006 from Sect. 4.1 are similar for this

year compared to other years). OSIRIS does not measure

during polar night, so only measurements in late August and

beyond are available. Also, because of the orbit of the ACE

satellite, ACE-FTS measurements do not reach the pole until

late winter and are outside or on the edge of the polar vor-

tex during mid-winter. Near 50 hPa, a maximum high bias in

water vapour is reached during August and early September

when ACE-FTS measures near the pole and diminishes in

October and November (Fig. 9c). The high bias in CMAM30

ozone persists throughout the late winter or spring (Fig. 9b).

Figures 11 and 12 also show the CMAM30 tempera-

ture, ozone, water vapour and methane on the 500 K isen-

tropic surface from the CMAM30 data. Grey shaded re-

gions indicate selected scaled potential vorticity (sPV) val-

ues associated with the polar vortex such that no shading

(greater than −1× 10−4 s−1) is outside the polar vortex and

greys are inside the surf zone and inside the polar vortex

(>−1×10−4 s−1 is white,−1 to−1.2×10−4 s−1
×10−4 s−1

is light grey, −1.2 to −1.4× 10−4 s−1 is medium grey, −1.6

to −1.8× 10−4 s−1 is darker grey, and <−1.8× 10−4 s−1

is darkest grey, which is considered to be deep inside the

vortex). Temperatures that are less than 188 and 196 K are

denoted by white contours for each isentropic map, and the

locations of the tangent height of the satellite observations

are also indicated (white crosses for ACE-FTS and white Xs

for OSIRIS).

Throughout the winter, the polar vortex is stable and for

the most part zonally symmetric except for a small wave
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Figure 7. Time series comparison of coincident profiles between CMAM30 temperatures and OSIRIS temperatures derived from the O2

A-band for 90◦ S to 60◦ S (a) and 60◦ N to 90◦ N (b). Colours indicate the median bias of CMAM30 data. Contours indicate the MAD with

contour intervals of 2 K.

number 1 signature. The gradients of the chemical species

follow the potential vorticity pattern closely throughout the

winter. This pattern extends from ∼ 400 K up to ∼ 2500 K,

above which the diurnal cycle of ozone becomes impor-

tant (not shown). As the season progresses and the wave 1

pattern becomes more pronounced, ACE-FTS can sample

both inside and outside the vortex on 1 day (see Fig. 12).

There is considerable agreement between the ACE-FTS and

CMAM30 profiles in terms of the shape even though the

CMAM30 water vapour (methane) profiles show a low (high)

bias, except in the lowest part of the stratosphere.

As the season progresses, the discrepancy in the lower-

stratosphere water vapour disappears (see Fig. 9c). The

model sequesters water vapour, in the presence of sufficiently

low temperatures, into PSCs, but they do not sediment out;

rather they remain as PSCs until the temperature warms suf-

ficiently for them to that they become water vapour again. By

the end of September, only very small regions of the vortex

are at temperatures cold enough to support water-ice PSCs,

so the water has been returned to the gas phase. Separate

plots of solid H2O (not shown) on the 500 K surface show an

increase over the winter months and decrease during spring,

in accordance with the area of temperatures below the 196

and 188 K thresholds.

Figure 13 shows daily polar vortex averages over the win-

ter on the 500 K isentropic surface to diagnose the chemi-

cal destruction of ozone. Both ACE-FTS (O3, H2O, HNO3,

ClONO2 and HCl) and Aura-MLS data (O3, H2O, HNO3,

ClO and HCl) are compared to CMAM30 data. For both

satellites, the sPV values from the derived meteorologi-

cal products from GEOS5 (ACE-FTS) and MERRA (Aura-

MLS) are used to determine if profile measurements are in-

side or outside the polar vortex. The polar vortex is defined as

sPV <−1.2×10−4 s−1 for the SH and sPV > 1.2×10−4 s−1

for the NH, although the results are similar for values of sPV

between −1.2 and −2× 10−4 s−1 (and 1.2 and 2× 10−4 s−1

for the NH). For the SH, 2006 was chosen as a typical year,

and for the NH, 2005 was chosen since it was a year with

no SSWs during the winter, producing a cold and persistent

polar vortex (see below). Note in Fig. 10 that the ozone dis-

crepancies are greatest in the 2004/2005 NH winter–spring

season. Errors in Fig. 13 are calculated as follows. For ACE-

FTS data, cumulative errors based on the reported errors,

which are a statistical deviation calculated from the retrieval

process, are shown. For Aura-MLS data, the reported errors,
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Figure 8. Same as for Fig. 7 but for time series of relative differences between CMAM30 and OSIRIS ozone. Colours indicate the median

bias, and contours indicate the MAD with a contour interval of 5 %.

which indicate the precision of the instrument are used for

two error calculations: the square root of the sum of the

squared errors, which can be interpreted as the precision of

the averaged measurements, and cumulative errors as calcu-

lated for ACE-FTS. The root mean square errors for Aura-

MLS are shown by the darker error bars, and the cumulative

errors are indicated by the corresponding lighter shade for

each species. The cumulative errors are calculated assuming

that each measurement is consistently high or low to provide

a maximal window within which the CMAM30 data should

fall. The smaller window for the ACE-FTS measurements

represents a smaller window of opportunity to evaluate the

CMAM30 data due to the smaller number of measurements

and does not imply greater accuracy of the instrument com-

pared to Aura-MLS.

The top panels of Fig. 13 show the area of the polar vor-

tex (as measured by the satellite instruments) on the 500 K

isentropic surface (blue), the area of the polar vortex where

T < 196 K (green), and the area of the polar vortex where

T < 188 K (pink) for the SH winter (2006) and the NH win-

ter (2005). For the purpose of assigning area to each satellite

profile, a footprint of 500 km is assumed for ACE-FTS and a

footprint of 220 km is assumed for Aura-MLS. Note that this

is necessary since neither satellite measures the entire po-

lar vortex but rather subsamples the vortex. Any area-based

averaging must take this subsampling into account. The foot-

print areas are based on technical documents available from

the Aura-MLS website (Livesey et al., 2013) and the ACE-

FTS website.

The middle panels of Fig. 13 show the evolution of wa-

ter vapour (solid and gas phase) and HNO3 (solid and gas

phase) over the winter or spring in both hemispheres. Solid

phase is shown only for CMAM30 data since the satellites

do not retrieve solid HNO3 or water vapour. At the begin-

ning of the winter (1 July), CMAM30 water vapour (purple

solid line) is low compared to Aura-MLS (purple crosses)

and ACE-FTS (purple triangles). However, as the season pro-

gresses, CMAM30 water vapour amounts agree well with

Aura-MLS, likely indicating that not enough water vapour

in the CMAM30 is sequestered as solid. Note that although

the H2O amounts appear to agree, CMAM30 should have a

ubiquitous low bias to be consistent with earlier results. Al-

though the H2O agrees in this region, it is because there is

not enough water vapour at the beginning of the season, and

not enough is sequestered as PSC aerosol. CMAM30 is also

higher than ACE-FTS. Note that ACE-FTS measures near

60◦ S at the beginning of the winter, and by August the orbit

progresses such that the measurements are closer to the pole

(or vortex core) where temperatures are colder. This sam-

pling pattern of the polar vortex is likely the reason that ACE-

FTS has very high values of HNO3 (blue triangles) at the be-

ginning of the winter compared to Aura-MLS (blue crosses)
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Figure 9. Time series of absolute differences for temperature (a) of coincident profiles between CMAM30 and ACE-FTS for 90 to 60◦ S

and for relative differences for ozone (b), water vapour (c) and methane (d). Colours indicate the median bias of CMAM30 data. Contours

indicate the MAD with a contour interval of 2 K for temperature and 5 % for tracers.

and measures almost no gas phase HNO3 by the end of Au-

gust and the beginning of September. The fact that ACE-FTS

samples only certain latitudes on certain dates must be taken

into account when comparing the data. The effect of the ACE

orbit on the vortex averaging results is discussed in Santee

et al. (2008b). CMAM30 has gas phase HNO3 (blue solid

line) that is too high compared to Aura-MLS for the entire

season in the SH. The formation of PSC aerosol (pink) and
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Figure 10. Same as for Fig. 9 but for 60 to 90◦ N.

solid-phase HNO3 (green) in the CMAM30 data agrees well

with the timing of the temperature thresholds seen in the top

panels of Fig. 13.

The bottom panels in Fig. 13 show the concentrations of

ozone, the chlorine reservoirs HCl and ClONO2, and ac-

tive chlorine ClO (HOCl and Cl2 were also examined but

are not shown since the results are similar). At the begin-

ning of the SH winter, CMAM30 ozone (purple solid line)

agrees well with that from both Aura-MLS (purple crosses)

and ACE-FTS (purple triangles), but while the satellite ob-

servations quickly show a drop in ozone concentration that

persists as the winter and spring progress, CMAM30 does
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Figure 11. Left panels show the CMAM30 temperature, ozone, water vapour and methane on the 500 K isentropic surface for 30 July 2006.

Coloured contours are the constituent and/or temperature values. Scaled potential vorticity is shaded in grey (no shading less than −1×

10−4 s−1; light shading at −1 and −1.2× 10−4 s−1; darker shading −1.6 and −1.8× 10−4 s−1). The white contours indicate where the

temperature is below 196 and 188 K. Right panels show coincident profiles for CMAM30 (dark blue) and ACE-FTS measurements (light

blue) for temperature, ozone, water vapour and methane. Differences between CMAM30 and ACE-FTS are shown to the right of each panel.

Locations of each profile are marked on the isentropic plots for ACE-FTS profiles (white crosses). Note there are no OSIRIS data available

for this date.

not. The lack of substantial change in CMAM30 ozone dur-

ing July and August can be explained by the lack of the active

chlorine ClO (green), which is produced by heterogeneous

chemistry on PSCs surfaces. CMAM30 produces only half of

the ClO concentration compared to Aura-MLS. Correspond-

ingly, CMAM30 also shows too much HCl (blue) for the win-

ter before September compared to both Aura-MLS and ACE-

FTS, although a “bite” out of the HCl can be seen as HCl is

converted to more reactive chlorine species on PSC surfaces.

Note the rapid decline in HCl around 31 July when ClONO2

and ClO begin to increase and the rapid increase in HCl dur-

ing the first week of October. ClONO2 in the CMAM30 data

is also high compared to ACE-FTS from mid-August to late

September. During this time period, ACE-FTS measures al-

most no ClONO2, while CMAM30 shows a persistent in-

crease in concentration, indicating that the chlorine reservoir

recovers too quickly. By the end of September, ACE-FTS

and CMAM30 amounts agree well, however, since the orbit

of ACE takes the measurement latitudes rapidly through the

“collar region” of the vortex (mid- to high latitudes) during

this part of the year (see Santee et al., 2008b), the agreement

may be coincidental. Note during this period, ozone as ob-

served by ACE-FTS also increases rapidly, unlike the Aura-

MLS and CMAM30 ozone.

4.3 Northern polar winter and/or spring

Northern Hemisphere winters experience SSWs in some

years, some of which are dynamically very strong and greatly

disturb the vortex. In such cases, large wave number 1 and 2

disturbances are seen before the SSW. After the SSW, de-

pending on the winter, the vortex can be very warm and

weak, with an almost isothermal stratosphere. During win-

ters with no SSW, the polar vortex is less dynamically active,

more isolated and colder, although it rarely becomes as cold

as the southern polar vortex (see Andrews et al., 1987).

Figure 13 (right column) shows the evolution of the polar

vortex for NH winter or spring for a winter with no SSWs

(2005). This is the only winter during the ACE-FTS and

Aura-MLS satellite observational periods overlapping with

the CMAM30 data set that does not have an SSW during win-

ter. The polar vortex area (blue) is slightly reduced compared

to the SH winter, but the regions of T < 188 K (pink) and

T < 196 K (green) are greatly reduced (top right panel). The

model shows a small amount of solid-phase HNO3 (green),

and a corresponding dip in the gas phase HNO3 (blue), at

the end of January (middle right panel of Fig. 13), but the

amount of solid water vapour in the model in the vortex-

averaged view is several orders of magnitude too small to be
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Figure 12. Same as Fig. 11 but for 25 September 2006. OSIRIS measurements are grey, with CMAM30 coincident profiles in red and

differences with respect to OSIRIS in red. Locations of each profile are marked on the isentropic plots for ACE-FTS profiles (white crosses)

and for OSIRIS (white Xs).

noted. Note that there is no difference in the model results if

the 450 K isentropic surface is used for the vortex-averaged

view. The gas phase HNO3 for the NH polar vortex agrees

reasonably well over the whole winter season, although it is

slightly high compared to Aura-MLS measurements during

January and February, except during the aforementioned in-

crease in solid-phase HNO3. However, gas phase HNO3 in

the model is low in the spring compared to both Aura-MLS

and ACE-FTS. Gas phase water vapour in the CMAM30 is

low by ∼ 20 % over the entire time period, consistent with

the results shown in Fig. 5.

The right bottom panel of Fig. 13 shows that throughout

most of the late winter or early spring, CMAM30 has too

much ozone (purple) compared to ACE-FTS and Aura-MLS,

but the bias is greatly reduced compared to the SH winter or

spring. The seasonal variation in HCl (blue) from Aura-MLS

and ACE-FTS agrees well over the season, but both data sets

disagree with CMAM30, which shows no variation in HCl

over the season. As in the SH, however, CMAM30 shows

much less ClO (green) than Aura-MLS, and this discrep-

ancy can account for the lack of seasonal variation in HCl in

the model. CMAM30 ClONO2 (pink) compares reasonably

well with ACE-FTS in January, but while the ACE-FTS data

set shows no evidence of ClONO2 in March and April, the

CMAM30 data set consistently shows approximately 1 ppbv.

However, overall, despite the disagreement between the ac-

tive chlorine and the chlorine reservoir HCl, by April, ozone

in the CMAM30 agrees well with the satellite data, indicat-

ing that the treatment of PSCs in the model in the NH may

not be as critical as in the SH, even during cold Arctic win-

ters. These results are supported by the monthly zonal mean

differences of ozone (Figs. 2, 4, 8, 10), showing that the high

bias in ozone during January and February over high north-

ern latitudes is not as high or as long-lasting as during the SH

winter or spring season over high southern latitudes.

Since the CMAM30 nudges spatial scales up to wave num-

ber 21, it should be expected to faithfully reproduce SSWs

and the large-scale dynamical variability of the stratosphere.

Agreement should be expected to decrease somewhat in the

mesosphere, where there is no nudging and smaller spa-

tial scales dominate. Unsurprisingly, an examination of the

dynamical fields during SSW events (start date and type –

split vs. displacement) in the CMAM30 data set shows ex-

act agreement with the ERA-Interim data set; however, the

chemical tracers may deviate from observations.

Figure 14 shows coincident profile comparisons for

25 January 2006, just after an SSW that occurred on 21 Jan-

uary 2006. On this date, the polar vortex is highly distorted,

but the coldest temperatures are still in the vicinity of the

vortex, and isolines for all three tracers track the vortex edge

very well. Note that the coldest temperatures outlined by the

white contours are just outside the vortex edge. Temperature

and ozone profiles agree remarkably well both inside and

outside the vortex, although CMAM30 does not quite cap-

ture the ozone maximum (∼ 8 ppmv at∼ 1 hPa). The profiles

also agree well for both water vapour and methane, despite
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Figure 13. Polar vortex diagnostics for SH winter 2006 (left column) and NH winter 2005 (right column) on the 500 K isentropic surface.

Top panels show the area of polar vortex defined as sPV > 1.2× 10−4 s−1 (blue) for the NH and sPV <−1.2× 10−4 s−1 for the SH, area

where temperature is below 196 K (green) and below 188 K (pink). The middle panels show polar vortex averaged H2O (purple), HNO3

(blue), solid H2O or PSC aerosol (pink) and solid HNO3 (green). Bottom panels show polar-vortex-averaged ozone (purple), HCl (blue),

ClO (green, Aura-MLS and CMAM30 only) and ClONO2 (pink, ACE-FTS and CMAM30 only). CMAM30 is shown as solid lines, ACE-

FTS as triangles with error bars (cumulative errors), and Aura-MLS as dots with error bars (root mean square errors in dark colours and

cumulative errors in corresponding lighter colours). Solid water vapour (PSC aerosol, CMAM30 only) amounts are scaled by a factor of 10.

Note that HNO3 and ClO amounts for the middle and bottom panels, respectively, are denoted on the rightmost axes for both left and right

columns.

the consistent low bias in CMAM30 water vapour of 20 %

and a high bias of 10–40 % in methane. The increase with

height in the relative differences for methane is a result of

the decrease in concentration.

5 Discussion and conclusions

The Canadian Middle Atmosphere Model, a chemistry–

climate model, has been nudged by ERA-Interim winds and

temperatures to produce a data set that should reproduce the

atmospheric state for the time period between 1979 and 2010.

Here, the CMAM30 data set has been shown to have a good

representation of the stratosphere for temperature, ozone,

water vapour and methane for the 2004–2010 period, with

a few exceptions.

The water vapour has an overall low bias in the CMAM30

relative to ACE-FTS (between 10 and 20 %). This bias

is widespread and shows little variability. Additionally,

methane shows an overall high bias of ∼ 20 % in the strato-

sphere, again with little variability over the region. These

discrepancies (high methane, low water vapour) may be ex-

plained by a Brewer–Dobson circulation in the model that

is too fast, which could produce an over-dehydration of air

entering the stratosphere through the tropical tropopause and

would not allow enough time for methane to be converted

into water vapour as air parcels circulate. The injection of air

parcels into the stratosphere and the Brewer–Dobson circu-

lation will be explored in an accompanying paper that exam-

ines the agreement of the CMAM30 data set in the tropical

regions, the tropical upwelling in the model, and the residual

circulation.

Methane shows more disagreement in the mesosphere (up

to 100 %). However, in this region, methane concentrations

are extremely low and even small absolute differences pro-

duce large relative differences. Also, above ∼ 40 km ACE-

FTS shows more disagreement with other satellite instru-
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Figure 14. Same as for Fig. 11 but for 25 January 2006 in the NH. sPV values are 1, 1.2, 1.4, 2, 3.25× 10−4 s−1. The locations of the

ACE-FTS profiles are marked on the maps by black crosses. No OSIRIS data are available for this date.

ments (de Maziére et al., 2008). There is also more variabil-

ity at these altitudes, which is likely due to the abrupt change

in the methane profile, which descends over a season (see

Figs. 9d and 10d).

The SH polar winter or spring is less dynamically active

than many other regions of the stratosphere. The CMAM30

data set shows a high bias in water vapour in the lower strato-

sphere, indicating a lack of polar vortex dehydration, and

high ozone. Further analysis and comparisons with Aura-

MLS show that these discrepancies are due to the treatment

of polar stratospheric clouds (PSCs) in the model. While the

model sequesters solid HNO3 and H2O in the aerosol phase

when the thermodynamic and chemical conditions are ap-

propriate (typically when temperatures reach 196 and 188 K,

respectively), there is no sedimentation of PSC particles re-

gardless of how long they persist. Thus the model does not

allow for dehydration or denitrification of the springtime

lower stratosphere. In addition, the model does not seem

to sequester enough water vapour in PSCs in the winter

lower-stratospheric vortex because CMAM30 water vapour

in this region can be ∼ 20–30 % too high despite the perva-

sive ∼ 10–20 % low bias in this field.

It should be noted that the version of the CMAM used to

produce the CMAM30 data set treats the advection of in-

organic chlorine species by combining them into one of two

advected tracers: HCl and ClOx . While HCl is treated explic-

itly, the advected ClOx family must be partitioned into the

individual chemical species before chemistry is calculated,

which is accomplished by using the relative concentrations

at each model grid point from the previous time step. This

treatment effectively locks the ClONO2 concentration to the

model grid and does not allow for regeneration of ClONO2

as air masses are advected from dark to sunlit portions of

the polar vortex (Jaeglé et al., 1997). During polar night, the

dominant reaction for chlorine activation is through the re-

action of HCl with ClONO2, producing Cl2 and HNO3. In

CMAM, as the winter progresses this pathway to chlorine

activation shuts down once the ClONO2 is depleted (where

there is complete darkness), since ClONO2 is typically less

abundant than HCl, leaving too much HCl and too little reac-

tive chlorine. The comparisons presented here have partially

motivated further model development. For instance, in a later

version of the CMAM, ClONO2 is advected as a separate

species, allowing for regeneration of ClONO2 within the sun-

lit portions of the polar vortex and allowing more conversion

of HCl to reactive chlorine. These results are similar to those

of Wohltmann et al. (2013), who found a consistent overes-

timation of HCl in the presence of PSCs regardless of which

PSC processes were used, although their work focused on an

NH winter with a major SSW. Similar results, again for the

Arctic winter, were also found in Brakebusch et al. (2013),

in which the Whole Atmosphere Community Climate Model

was nudged to a meteorological analysis. The ClONO2 was

found to be underestimated in early winter, leading to a high

bias in ozone. However, the situation in Brakebusch et al.

(2013) changes in late winter with an overestimate of HNO3

leading to high ClONO2.
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In the NH polar winter or spring, which is warmer and

more dynamically active, the CMAM30 profiles agree well

with both ACE-FTS and OSIRIS profiles, except for the uni-

form low bias of 10–20 % in water vapour and the high bias

of methane. The large-scale dynamical variability is well

captured by the CMAM30 data set. In addition, the treatment

of PSCs in the model is not as important for the NH winter

or spring as for the SH. Even during a cold year without an

SSW, water vapour shows very little change from the consis-

tent low bias and ozone shows only a temporary high bias.

Note, however, that Jimenez et al. (2006) show that during

the 2004/05 NH winter season there is only a single occur-

rence of short-lived dehydration in the winter vortex, indi-

cating that the conditions during this winter may not reflect a

typical year without an SSW. Overall, CMAM30 has a good,

self-consistent representation of the stratosphere for ozone,

temperature, water vapour and methane, when the overall bi-

ases in water vapour and methane are taken into account.

However, treatment of PSCs in the SH polar vortex is not

sufficient to accurately simulate the dehydration and ozone

destruction during the SH late winter or spring.
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