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Abstract. Simulations of CO, NO and CH, from a coupled  smaller negative bias in the upper stratosphere. The nega-
chemistry-climate model (CMAM) are compared with satel- tive bias may be due to that the gravity drag is not fully re-
lite measurements from Odin Sub-Millimeter Radiometer solved in the model. The simulated polar CO evolution in
(Odin/SMR), Atmospheric Chemistry Experiment Fourier the Arctic and Antarctic agrees with the ACE and MLS ob-
Transform Spectrometer (ACE-FTS), and Aura Microwave servations. CO measurements from 2006 show evidence of
Limb Sounder (Aura/MLS). Pressure-latitude cross-sectioneenhanced descent of air from the mesosphere into the strato-
and seasonal time series demonstrate that CMAM reproducesphere in the Arctic after strong stratospheric sudden warm-
the observed global CO,J0, and CH distributions quite  ings (SSWs). CMAM also shows strong descent of air af-
well. Generally, excellent agreement with measurementger SSWs. In the tropics, CMAM captures the annual os-
is found between CO simulations and observations in thecillation in the lower stratosphere and the semiannual oscil-
stratosphere and mesosphere. Differences between the sifations at the stratopause and mesopause seen in Aura/MLS
ulations and the ACE-FTS observations are generally withinCO and NO observations and in Odin/SMR,® observa-
30%, and the differences between CMAM results and SMRtions. The Odin/SMR and Aura/MLSJD observations also
and MLS observations are slightly larger. These differenceshow a quasi-biennial oscillation (QBO) in the upper strato-
are comparable with the difference between the instrumentsphere, whereas, the CMAM does not have QBO included.
in the upper stratosphere and mesosphere. Comparisons @his study confirms that CMAM is able to simulate middle
N20O show that CMAM results are usually within 15% of the atmospheric transport processes reasonably well.
measurements in the lower and middle stratosphere, and the
observations are close to each other. However, the standard
version of CMAM has a low MO bias in the upper strato-
sphere. The CMAM CH distribution also reproduces the

observations in the lower stratosphere, but has a similar bu+he Canadian Middle Atmosphere Model (CMAM) is a cou-

pled Chemistry-Climate Model (CCM) and incorporates a
comprehensive representation of middle atmospheric radi-
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cesses for tropospheric general circulation models (GCMs)

1 Introduction
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(Beagley et al., 1997; de Grandpet al., 2000; Fomichev 70km due to photolysis, principally by Lyman+adiation.

et al., 2004). The model has been extensively used to inDue to the different sources of origin for the different species
vestigate middle atmospheric climate change (e.g., Jonssoand their different local lifetimes in the middle atmosphere
et al., 2004; Fomichev et al., 2007), conduct data assimitheir spatial distributions are distinctly different. As®
lation (Polavarapu et al., 2005), and assess changes to ttend CH;, are transported from the surface their volume mix-
global ozone layer (WMO, 2003, 2007; Eyring et al., 2006, ing ratios (VMRSs) decrease with height. For CO, which pri-
2007; Shepherd and Jonsson, 2008). A previous model agnarily is produced locally within the middle atmosphere, the
sessment showed that the model ozone climatology agree¢MR generally increases with height. As a result, these three
well with observations (de Grandpet al., 2000). This was species allow us to test different dynamical aspects of the
also confirmed in a more recent assessment (Eyring et almodel.

2006) where a limited set of temperature, ozong)(@ater The SMR on board the Odin satellite performs limb ob-
vapour (BO), methane (Ck) and hydrogen chloride (HCI) servations of trace gases in the spectral range 486-581 GHz
measurements and age of air estimates were compared witMurtagh et al., 2002). CO is retrieved from the 576.6 GHz
simulations from over a dozen CCMs. This comparison,band between~18-100 km with an altitude resolution of
which focused on model inter-comparisons rather than on exabout 3km. The retrieval methodology for CO is described
tensive comparisons with measurements, also suggested thiay Dupuy et al. (2004). BD is retrieved from a line at
CMAM is representative of the better-performing models. In 502.3 GHz in the altitude range 13-50 km with a vertical res-
this paper, we perform a much more extensive and challengelution of 1.5-2km (Urban et al., 2005, 2006). ACE-FTS
ing comparison of CMAM with measurements. In particu- is a Fourier Transform Spectrometer on the Canadian At-
lar, CMAM results for carbon monoxide (CO), nitrous oxide mospheric Chemistry Experiment (ACE) satellite SCISAT-1
(N20) and CH, are compared with observations from three (Bernath et al., 2005). It currently measures temperature,
satellite instruments: Atmospheric Chemistry Experimentpressure and more than thirty species involved in ozone-
Fourier Transform Spectrometer (ACE-FTS) (Bernath et al.,related chemistry as well as isotopologues of some of the
2005), Odin Sub-Millimeter Radiometer (Odin/SMR, herein molecules. ACE-FTS observes solar occultations in the spec-
SMR) (Murtagh et al., 2002), and Aura Microwave Limb tral range 750—-4400 ¢t (2.3—13.3:m) with a high spec-
Sounder (Aura/MLS, herein MLS) (Waters et al., 2006). tral resolution of 0.02cm!. The vertical resolution is-3—

CO, O and CH have local chemical lifetimes in the 4km. The retrieval approach for temperature, pressure, and
middle atmosphere that are equivalent to or longer than therolume mixing ratios is described by Boone et al. (2005).
typical advection and mixing timescales, and thus they actinformation on the CO retrievals can also be found in Cler-
as tracers for middle atmospheric transport processes (e.ghaux et al. (2005). We also compare the model simulations
Brasseur and Solomon, 2005). CO in the middle atmosphergith measurements from the MLS (Waters et al., 2006) on
is mainly produced by oxidation of CGHn the stratosphere the Aura satellite. The MLS CO data are retrieved from
and by photolysis of C®in the mesosphere and thermo- the measurements of the 240 GHz radiometer with a verti-
sphere, and is mainly destroyed through the reaction withcal resolution of about 2.5 km in the stratosphere and meso-
hydroxyl radicals (OH). The local chemical lifetime of CO is sphere and about 4km in the upper troposphere and lower
about six months in the lower stratosphere and three weekstratosphere (Pumphrey et al., 2007; Livesey et al., 2008).
in the upper stratosphere. It increases to about two month¥he NbO measurements are derived from the 640 GHz re-
in the lower mesosphere. In the upper mesosphere the locatievals with a vertical resolution of about 4-5km between
lifetime can be over one year and becomes even longer i100-1 hPa (Lambert et al., 2007).
the thermosphere. In addition, there is virtually no chemi- The three different instruments provide datasets with dif-
cal loss during polar night because of the absence of OH irferent properties: ACE-FTS observations provide precise
regions without sunlight. pD is emitted at the surface of measurements but its spatial coverage is limited, especially
the Earth and its local chemical lifetime varies from years inat low latitudes. MLS measurements provide a good global
the lower stratosphere to weeks in the upper stratosphere armbverage and the SMR observations not only have a global
mesosphere. PO is primarily destroyed by photolysis; how- coverage but also a longer time record. Recent comparisons
ever, the oxidation of BO through the reaction with excited between the three instruments show that the measurements
oxygen atoms (GD)) is the main source of stratospheric ni- of CO, N;O and CH, are reliable (Barret et al., 2006; Cler-
trogen oxides (N@=NO+NQ,). CHj, is also emitted at the baux et al., 2008; De Magie et al., 2008; Lambert et al.,
Earth’s surface and is destroyed through reactions with OH2007; Livesey et al., 2008; Pumphrey et al., 2007; Strong
and O¢D) producing CO and b in the middle atmosphere. et al., 2008). The difference between ACE-FTS and SMR
It also reacts with atomic chlorine to produce HCI. £ths ~ CO measurements is less than 25% between 25-68 km, and
a local chemical lifetime ranging from over 100 years in the ACE-FTS CO is about 50% lower than the CO from SMR
lower stratosphere to months in the middle stratosphere. Itbelow 22 km. Compared with MLS, the ACE-FTS CO is sig-
lifetime increases to a few years at the stratopause, but deaificantly lower in the troposphere, up to 50% higher in the
creases again above that, ranging from weeks to days abovewer stratosphere, and about 25% lower in the mesosphere.
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MLS CO is noisier than CO from ACE-FTS and SMR (Cler- detailed surface emissions are notincluded in the model. Ad-
baux et al., 2008; Pumphrey et al., 2007). The MLZON ditional details are given in de Grandypet al. (2000). Details
measurements are close to the ACE-FTS and SMR datagf the particular simulation used for the comparisons herein
generally within 5-10% between 100-1 hPa (Strong et al.are given in Eyring et al. (2006). Surface concentrations of
2008). The agreement between ACE-FTS and SMI®N greenhouse gases gOCH4 and NO are based on obser-
measurements is also excellent below 40 km where the difvations and scenarios from the Intergovernmental Panel on
ference is generally less than 10% on average. At 40 kmClimate Change (IPCC) (2001) and surface concentrations
the relative agreement becomes worse because of the smalf ozone depleting substances are in accordance with WMO
N2O mixing ratios there, but the absolute difference is small,(2003). No treatments of solar variability or volcanic activity
about of 2-3 ppbv (Lambert et al., 2007; Strong et al., 2008).are included and the quasi-biennial oscillation in the tropical
De Mazkre et al. (2008) show that the ACE-FTS £hlso  stratospheric zonal wind is neither internally generated nor
has a generally good agreement with other observations bugxternally driven. Model results for the period of 2004-2007
has a 5—-20% positive bias between 10 and 55 km comparedre used in this study.
to measurements from the Halogen Occultation Experiment For comparison, the ACE-FTS, SMR and MLS retrievals
(HALOE) on board the Upper Atmosphere Research Satelare first binned into latitudinal bands centered on the CMAM
lite (UARS). grid and interpolated to the CMAM pressure levels. Monthly
An earlier inter-comparison of CO showed good agree-zonal averages are calculated from the binned datasets. In or-
ment between ACE-FTS and SMR at various latitudes andder to reduce the noise in the SMR and MLS CO retrievals,
seasons, and good agreement between these measuremempgvever, running averages in 10 degree-wide latitude bands,
and CMAM simulations at low latitudes as well as poor centered at the CMAM latitude grid points are used (Fig. 1).
agreement between the measurements and model results ffor ACE-FTS, version 2.2 retrievals for the period February
the polar winter stratosphere (Jin et al., 2005). The poor2004 to August 2007 are used. Validation studies, including
agreement was related to the abnormal meteorological conthe works introduced in Sect. 1, can be found in the special
ditions for the Arctic winter 2004 (Manney et al., 2005) and issue on “Validation results for the Atmospheric Chemistry
the large background vertical diffusion coefficient used in theExperiment” in Atmospheric Chemistry and Physics (2008).
model at that time. That coefficient has now been reducedrhe observational geometry of the ACE-FTS instrument is
and the model’s performance has generally improved, particsuch that up to 15 sunrise and 15 sunset observations are col-
ularly in the lower and middle stratosphere. Hence a new andected along two latitude circles per day. One of the circles
more detailed study is motivated. is in the Northern Hemisphere and the other is in the South-
In Sect. 2, the CMAM simulation and the processing of ern Hemisphere. The observed latitudes vary with time so
the various datasets are described. The comparisons of C@hat over several months global coverage is achieved. We
N,O, and CH are presented in Sects. 3, 4 and 5, respectivelynote that this distribution of occultations means that the tem-
The time evolution of the measurements and the model reporal coverage for some latitude bins and months is limited.
sults in the polar regions are analyzed in Sect. 6. The enAs a result, only the CMAM zonal means sampled at the
hanced Arctic upper stratosphere and lower mesosphere dé@earest latitudes to the ACE-FTS locations on the simulation
scent associated with stratospheric sudden warmings in 2006lay are applied in calculating the relative differences ACE-
which has been highlighted in recent studies (Randall et al. FTS/CMAM in Sects. 3, 4, and 5.
2006; Manney et al., 2008a, b), is also discussed in this sec- SMR and MLS both provide measurements with near-
tion. To our knowledge this is the first time that the complete global coverage, between 825 and 82.5N. The obser-
annual evolution of CO in the stratosphere and mesosphere ivation time for SMR was divided between aeronomy and as-
the Arctic and Antarctic is shown. In Sect. 7, the annual andtronomy, but the astronomical observations ceased in April
inter-annual oscillations in the measurements and the mode?007 and the SMR is now used solely for aeronomical obser-
simulation in the tropics are compared. Section 8 provides ations. For SMR, the results from the latest CO retrievals,
summary of this study. version-225, between October 2003 and August 2006, and
the version 2.1 MO between July 2001 and February 2007
are used. In contrast to, CO measurements are con-
2 CMAM simulation and measurement ducted only on about 1-2 days per month (see Table 1),
which likely introduces biases in the derived monthly aver-
This study uses the standard version of CMAM which has aages compared to mean atmospheric conditions. However,
spectral horizontal resolution of T31 with an associated hori-we estimate that this error is small considering the long locall
zontal grid of 6432 points (5.8x5.8°). There are 71 verti- chemical lifetime of CO in the atmosphere, as noted above,
cal levels and the upper boundary is at~*hPa (95 km except at the middle and polar latitudes where fast meridional
geometric altitude). The standard version of the model in-and vertical transport affects the CO distribution in winter.
cludes comprehensive stratospheric gas phase and heteroge+or MLS, we use the version 2.2 retrievals between Au-
neous chemistry, but tropospheric chemistry is limited andgust 2004 and April 2008. Information on the processing and
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Table 1. Availability of SMR v225 CO data given by date ranges for each month and year.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2003 8-9 13-14;30 1;
19-20
2004 10-11;29-30 15-16 5-6; 27-28 16-17 21-22 27-28 13-14; 1-2; 29-30
22-23 19-20; 18-19
25-26
2005 23-24
2006 13-18; 1-2 31
21-22;
24-25;
27-28;
30-31

validation of this new version of the data can be found in astrong CO meridional gradient in the winter polar region and
special section on Aura Validation in Journal of Geophysicalassociated downward transport have been reported in obser-
Research, Vol. 112(D24), 2007. vations by ISAMS (Allen et al., 2000), SMR (Dupuy et al.,
2004) and MLS (Pumpbhrey et al., 2007). The ISAMS obser-
vations showed a similar descent rate in the Antarctic up-
3 CO comparisons per stratosphere and lower mesosphere from late April to
late July (Fig. 1 in Allen et al., 2000). In the upper strato-
Figure 1 shows monthly and zonal mean CO latitude-sphere and lower mesosphere, the ACE-FTS shows an oppo-
pressure cross-sections of the model simulation and the obsjte meridional gradient to the gradient in the CMAM sim-
servations above 400 hPa for April and July. Since the SMRyjjation and the SMR and MLS observations betweeh$0
observations currently are available only for limited time pe- and 90 S in April. This difference is because the ACE-FTS

riods (particularly during 2004, see Table 1), we use datasample locations move towards the sub-polar region during
from April 2004 and July 2004 for the SMR monthly av- this period of fast descent (see Fig. 9 in Sect. 6).

erages in April and July, respectively. However, all other . .
monthly means for observations and the model simulation 1he observed enhancement of CO in the middie and upper

are multi-year averages. As will be shown in the paper, theStratosphere between 10hPa and 1 hPg2(km and 50 km)

CMAM can reproduce the measurements in the stratospherl! the tropics is due to Ckoxidation in rising air in this re-
and mesosphere quite well. gion (Allen et al., 1999) and is clearly captured by the model.

The model simulation and the observations show IargeThe enhancement displays a seasonal variation in the model

and comparable CO mixing ratios in the mesosphere. Thee,imulation between 5 hPa and 1 hR@@ km and 50 km), be-

CO mixing ratio generally increases frow0.1 ppmv in the N9 notably weaker in solstice seasons (i.e., in July) than in

lower mesosphere to about 10-50 ppmv in the upper meso@quinox seasons (i.e., in April). This is due to the Semian-

sphere. This strong increase with altitude is caused by infual Oscillation (SAO), which will be discussed in Sect. 7.

creasing photolysis of COwith altitude, and the relatively Bne(;ly, the CO vfacr:|at|on dl's cau%ed_ by ?_Icomblna_tpn d(?]ff.Up'
constant or increasing local chemical lifetime for the loss re-\vard transport o blan |ts. oxi a.tlon. owever, it IS diifi-
action with OH. In July, there is also a strong meridional cult to see the seasonal variation in the measurements due to

gradient from the northern polar region to the southern polalIhe discontinuous record of the ACE-FTS tropical retrievals

region in the mesosphere, reflecting the meridional circula-2Nd due o the noise in the SMR and MLS data.

tion from the summer hemisphere to the winter hemisphere The CMAM produces very small CO mixing ratios (less
in the mesosphere, with ascent over the summer pole and dehan 15 ppbv) around 5hPa in the Antarctic middle strato-
scent over the winter pole (Andrews et al., 1987). sphere in April, and in the lower tropical stratosphere (around
A downward extension of the high mesospheric CO val-50 hPa, 20 km) in April and in July. These small CO val-
ues into the upper stratosphere at the southern high latitudeses are also observed by the satellite instruments although
in July is evident both in the CMAM results and in the ACE- SMR and MLS are somewhat noisier than ACE-FTS. The
FTS, SMR and MLS observations. The 0.1 ppmv contour inpolar minimum is due to the combination of chemical loss
CMAM, SMR, and MLS data descends from about 0.5hPaby OH and reduced meridional transport from lower lati-
(~53km) in April to about 7 hPa~35km) in July, which  tudes. The minimum in the tropical lower stratosphere rep-
corresponds to a descent rate of about 6 km per month. Aesents the transition region between two mechanisms for

Atmos. Chem. Phys., 9, 3233252 2009 www.atmos-chem-phys.net/9/3233/2009/



J. J. Jin et al.: Comparison of CMAM with SMR, ACE-FTS, and MLS 3237

CO in April and July
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Fig. 1. Monthly zonal mean latitude-pressure cross-sections of CO from CMAM (January 2004—December 2007), ACE-FTS (February
2004—August 2008), SMR (April 2004 and July 2004), and MLS (August 2004—April 2008). 10-degree latitude running average is used in
SMR and MLS zonal means shown in here.

CO production: fossil fuel and biomass burning in the tro- due to the slow vertical diffusion in the lower mesosphere
posphere and chemical production from £id the strato-  (see Sects. 4 and 5). Between 10 hPa and 1 hPa, CMAM is
sphere. In addition, MLS has a significant negative bias in theclose to ACE-FTS and SMR at the middle and lower lati-
lower stratosphere (around 30 hPa) (Pumphrey et al., 2007Yudes. However, the CMAM values are larger than the ACE-
which will be shown more clearly in Fig. 2. FTS and SMR observations at 748 in September by a

Figure 2 shows the ratios of the observations to the CMAMfaCtor of two, which is due to a stronger Antarctic vortex

simulation for monthly mean profiles at 748 in Septem- in the model than in the real atmosphere for the years stud-
ber, 41.8S in January, 2:8S in April, 36.6 N in July and ied. Between 100hPa and 10 hPa, the CMAM results are

74.8 N in October. The relative differences between the ob-CIOSe o the ACE-FTS measurements and_the difference is
. . . o : . usually less than 30%. We note that the ratios MLS/CMAM
servations and the simulation vary significantly in the verti- L
X - are extremely small at around 30 hPa, which is due to the
cal, but the ratios ACE-FTS/CMAM are mostly within 0.7— ~. = = . . .
. S . significant negative bias of MLS in the lower stratosphere
1.3 in the stratosphere and mesosphere, which is consi Pumphrey et al., 2007)
tent with the good agreement shown in the pressure-latitud phrey v '
cross-sections (Fig. 1). The ratios SMR/CMAM are close In the upper troposphere (above 300 hPa), CMAM values
to the ratios ACE-FTS/CMAM at lower and middle latitudes are similar to ACE-FTS values in the southern polar region,
but are smaller than the latter at high latitudes. Althoughbut are much smaller than those from ACE-FTS values at
the ratios MLS/CMAM are noisy, they generally follow the other latitudes, particularly in the Northern Hemisphere. The
ratios ACE-FTS/ICMAM and SMR/CMAM. We note that ratios ACE-FTS/CMAM are less than two at low and mid-
CMAM has a positive bias by a factor of two between 0.5 hPadle latitudes and up to about three in the northern polar re-
and 0.02 hPa (about 53 km-75km) in the tropics, which isgion. The ratios MLS/CMAM can be as large as three to four
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Fig. 2. Ratios for monthly mean CO at various latitudes. Blue dashed line, SMR/CMAM; green solid line, MLS/CMAM,; red dotted line,
ACE-FTS/(CMAM at the ACE-FTS latitudes). The grey vertical straight lines indicate ratios 0.7, 1.0 and 1.3. The CO VMRs are shown in
Fig. 1.

at about 200 hPa. However, we note that CMAM does notexhibits “mixing barriers” (seen as closely spaced contours,
include detailed tropospheric surface emissions, nor does ivhich indicate strong horizontal gradients, in July) (Plumb,
include a chemical source from non-methane hydrocarbons2002) and similar features are observed by SMR, MLS and
the only tropospheric CO source is from gékidation. Fur-  ACE-FTS.

thermore, the CMAM CO surface boundary condition used The CMAM simulation shows two maxima above 5 hPa in
for this simulation is set to a constant value of 50 ppbv, April. These two peaks are located at middle latitudes pro-
which is far from the real surface values varying from a min- ducing a trough in the tropics. ACE-FTS, SMR and MLS
imum 35-45ppbv in the southern summer to a maximumsimilarly show two peaks in the sub-tropics above 5hPa and
200-210 ppbv in the northern winter (Brasseur and Solomonthe double-peak feature is also present iy@teasurements
2005). The large negative biases in CMAM suggest detailedsee Fig. 5 and Sect. 5). This feature results from the down-
biomass burning emission should be included in order to betward movement associated with the westerly shear of the dy-
ter simulate the tropospheric CO. namical SAO at the equator and upward movement in the
subtropics (Gray and Pyle, 1986). The double-peak feature
also shows a quasi-biennial oscillation. That is, it occurs
about every other year in the measurements (Randel et al.,

Figure 3 shows the monthly zonal mean Iatitude-pressuré’-ggs)- In October, the multi-year averaged observations do
cross-sections of 0 from CMAM, ACE-FTS, SMR, and MOt show such a double-peak feature (not shown). However,

MLS for April and July. The distribution of B from the this feature is seen in_every other Octqber_ but it is weaker
model is quite similar to the observations in the stratospherdN@n the feature in April and they occur in different calendar
below 1 hPa{50 km). The values range from over 300 ppbv Y€&'S:

in the lower stratosphere to less than 1ppbv in the upper Comparison of the observations from each instrument in-
stratosphere. An enhancement is evident in the tropics irflicates that their distributions are quite similar. However,
both the model results and measurements for all seasonSMR and MLS measurements have positive biases relative
reflecting persistent upwelling. In addition, the values of to ACE-FTS above about 10 hPag5km) at high latitudes
the simulation and the observations are similar except thath the fall season (in the Antarctic in April and in the Arctic
MLS is slightly smaller in the lower tropical stratosphere. in October). In addition, MLS VMRs rarely exceed 300 ppbv
In April, both the simulation and observations display small in the tropical lower stratosphere (below 50 hPa), showing a
N>O VMRs in the Antarctic upper stratosphere, which can negative bias compared with ACE-FTS and SMR (Lambert
be attributed to descent in the upper stratosphere from sunet al., 2007).

mer to fall (e.g., Randel et al., 1998; Juckes, 2007). In the The ratios of observations to model results (Fig. 4) show
winter hemisphere sub-tropics and sub-polar regions CMAMvarying levels of agreement. There is excellent agreement

4 N0 comparisons
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Fig. 3. Monthly zonal mean latitude-pressure cross-sectionso@ fom CMAM (January 2004-December 2007), ACE-FTS (February
2004—-August 2008), SMR (July 2001—February 2007), and MLS (August 2004—April 2008).

between the model results and the observations in the lowes CH4 comparisons

and middle stratosphere. In the tropics, the ratios are within

0.85~1.15 below about 5hPa~-@8km) in April. At high In this section modeled and measured Gifofiles are com-
latitudes, the same degree of agreement is only achieved &ared. Unlike CO and pD, CHs is not measured by
lower altitudes, below 30 hPa-@5km) in the Antarctic in  the SMR or MLS instruments and our comparison is only
September and below 15 hPa (30 km) in the Arctic in Octo-With ACE-FTS. The monthly zonal mean cross-sections for
ber. Above these altitudes, the ratios deviate from unity and®pril and July are shown in Fig. 5, while the ratios ACE-
increase greatly. The maxima of the ratios vary from 3 to 10FTS/CMAM are shown in Fig. 6.

at various latitudes throughout the seasons, indicating that It can be seen from Fig. 5 that the CMAM GHf quite
CMAM results are significantly smaller than the measure-close to the ACE-FTS observations in the stratosphere (be-
ments, certainly outside the error of the observations. A testow ~1hPa). Both the model results and the observations
of eddy diffusion for tracers associated with non-orographicshow the tropical peak attributable to the continuous tropi-
gravity wave drag (GWD) in CMAM suggests that an in- cal upwelling (e.g., Plumb, 2002; Shepherd, 2007) and small
crease in the vertical diffusion for chemical tracers, usingVMRs in the Antarctic upper stratosphere in April due to
the GWD scheme, would improve the agreement with thethe descent in the upper stratosphere from summer to fall
measurements in the middle and upper stratosphere. HowtRandel et al., 1998; Juckes, 2007). For CMAM the VMRs
ever, other tests show, when the vertical diffusion in thesedecrease in the lower stratosphere from April to July due to
schemes is turned off, that different GWD schemes have Sigthe descent within the winter polar vortex. Figure 5 shows
nificantly different and strong impact on the vertical distri- that the simulated values are close to the observations be-
bution of chemical species at the stratopause. That suggest@w about 1 hPa. Above 1 hPa, however, CMAM is generally
the vertical advection induced by GWD is important for the Smaller except at southern high latitudes in January.

vertical transport.
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Fig. 5. Monthly zonal mean latitude-pressure cross-sections qf ftdin CMAM (January 2004—December 2007) and ACE-FTS (February
2004—August 2008).

Figure 6 shows that the ratios ACE-FTS/CMAM gener-  This low bias suggests that the vertical transport from the
ally are within 0.85-1.15 below 1 hPa, except at high lati- stratosphere to the mesosphere in the model is slower than
tudes where such agreement is only present up to 20 hPa iim the real atmosphere. This is confirmed by the similarities
the Southern Hemisphere and up to 10 hPa in the Northeribetween Clj and N O biases in CMAM. Figure 6 shows the
Hemisphere. Previous comparisons oft CMAM £itith ratios ACE-FTS NO observations to the CMAM O simu-
HALOE observations (Russell et al., 1993) also showed dation at the ACE-FTS latitudes. Although the ratios faiON
good agreement below 1hPa (Zhang, 2002; Eyring et al.are in general significantly larger than the ratios for,CH
2006). Above this level, although the absolute difference be-their departures from the value 1.0 occur at similar altitudes.
tween the simulated and observed VMR profiles is generallySince the chemical destruction processes of,@Hd NO
less than 0.2 ppmyv, the ratios ACE-FTS/CMAM are signif- are different, this pattern strongly suggests that the negative
icantly greater than unity. The maxima of the ratios rangebiases are due to insufficient vertical transport in the upper
from 2—7, revealing a low bias in the CMAM simulation. stratosphere.
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The difference between the ratios fo®and CH above 6 Polar descent
~10hPa can perhaps be attributed to the treatment of verti-

cal diffusion (Kz) in the standard CMAM model. In the ap- Measurements of long lived species such as COs,GHO
pendix, for a species whose profile is determined by chemzng H,0 indicate that polar mesospheric air can be trans-
ical loss and transport, we show that its scale height is deported downward into the stratosphere with a limited degree
termined by a ratio connecting the chemical lifetime and theggt dilution (e.g., Schoeberl et al., 1995; Manney et al., 1995,
vertical diffusion. The scale height for a shorter-lived speciespopga: Allen et al., 2000: Juckes, 2007) and this is also seen
is smaller than a relatively longer-lived species, and thus thgp, transport calculations (e.g., Manney et al., 1994; Plumb
mixing ratios of a short-lived species decrease more quicklyet al., 2002). This phenomenon is related to the rapid and
than the relatively longer-lived species. In other words, if deep descent inside the polar vortex from late fall to early
the diffusion is smaller in a model than in the atmosphere,spring. Enhanced descent has also been observed recently in
the model results would have a larger negative bias for ahe upper stratosphere in the Arctic in early year 2004 and
relatively shorter-lived species than a relatively longer-lived 2006 in the wake of prolonged major sudden stratospheric
species which is the case fop® versus CH. We note that warmings (SSWs) (Manney et al., 2005, 2008b; Siskind et
in the CMAM version used in this study, the only vertical 3. 2007). This enhanced descent creates a window for rel-
diffusion in the stratosphere and lower mesosphere is dU%tiver confined transport of nitrogen oxides (Ndrom the

to wind shear and due to a background eddy diffusion, butmesopause region in the polar night (e.g., Rinsland et al.,
not due to the eddy diffusion generated by GWD. The local2005; Hauchecore et al., 2007; Semeniuk et al., 2008).
chemical lifetimes of MO and CH are about a few weeks In this section, we compare time-altitude slices of the polar

and a few months, respectively, in the upper stratospheredescent in stratosphere and mesosphere from CMAM with

gheref:ore,rt]he simlljlat%dj?i&as a relqtively Igrgef: nega:ve recent CO measurements from MLS and ACE-FTS. At the
las than the simulated GH An ongoing study shows that same time, a full picture of observed annual evolution of CO

the behavior of HO and CH can be improved by introduc- in the polar stratosphere and mesosphere is provided. Mea-

ing the diffusion associated with the GWD in the stra’tospheresurements in the Arctic during periods July 2004—June 2005,

and Iovyerrnesosphere_z. AS. me_zntioned in Sect. 4, however, heng July 2005-June 2006 and averaged observations in the
advection instead of diffusion induced by GWD might be the Antarctic during the period January 2005-December 2007
primary factor for their negative biases. are used

Panel (a) in Figs. 7 and 8 shows the MLS CO measure-
ments near the North Pole (78-82 N) during periods
of July 2004—June 2005 and July 2005—-June 2006, respec-
tively. Because the model results are from a climatological
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a, MLS CO in the Arctic (7ON—82N) for Jul 2004 — Jul 2005 ¢, CMAM in the Arctic (7ON—82N) for model period Jul 2006 — Jul 2007
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Fig. 7. Evolution of CO zonal averages from MLS (pamg@land ACE-FTS (pandb) measurements for the period July 2004—June 2005.
Because exact reproduction of the observations in the same calendar year is not expected in a climatological simulation, CMAM results and
CMAM results near the ACE-FTS latitudes in the Arctic for the model period July 2006—June 2007 when minor SSWs occurred in the model
are shown in pandt) and pane(d), respectively. The averaged latitudes of ACE-FTS are also shown in panel (b).

simulation, exact reproduction of the observations in eachseen in the stratosphere during the winter season (Novem-
calendar year is not expected. So we choose the CMAM simber 2004—March 2005) (see Fig. 7 panels a and b). Air
ulation in two model periods of July 2006—June 2007 andcontaining 0.1 ppmv CO, located in the lower mesosphere at
July 2004—June 2005 when minor and strong Arctic SSWsaround 0.1 hPa~<60 km) in late September 2004, descended
occur, respectively, as seen in the CO evolution (see panel o 20 hPa {28 km) in some locations by mid-March 2005,
in Figs. 7 and 8), temperature and wind (now shown). In ad-reflecting rapid downward transport in the polar region: of
dition, the daily zonal mean of ACE-FTS CO observations course there is no CO production and its loss is extremely
north of 50 N for the periods of July 2004—-June 2005 and slow during the polar night. In mid-March 2005, the strato-
July 2005—-June 2006 are shown in panel (b) in Figs. 7 andpheric vortex broke up and the high CO mixing ratio air
8, respectively. The CMAM zonal means near the ACE-FTSwas quickly diluted with low CO mixing ratio air from mid-
latitudes for the model periods of July 2006—June 2007 andatitudes. The Arctic stratosphere CO evolution during the
July 2004—June 2005 are shown in panel (d) in Figs. 7 and 8winters of 2004/2005 and 2005/2006 is also shown by Man-
respectively. ney et al. (2007, 2008a). In the winter mesosphere, where
The winter of 2004/2005 was identified as one of the the lifetime of CO is very long, the CO concentration stabi-
coldest winters ever observed in the Arctic stratosphere and|Zz€d above around 0.1 hP&g0km) after the rapid increase
there was a strong stratospheric polar vortex before its early! September—October, and the CO enriched air was not di-

breakup in March 2005 (Manney et al., 2006, 2008a). As uted until April/May 2005. The rapid increase in fall and
a result, significantly increased CO mixing ratios can pedecrease in spring are related to the onset of descent and
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a, MLS CO in the Arctic (7ON—82N) for Jul 2005 — Jul 2006 ¢, CMAM in the Arctic (7ON—82N) for model period Jul 2004 — Jul 2005
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Fig. 8. Evolution of CO zonal averages. They are the same as Fig. 7, but the observation period of MLS and ACE-FTS is July 2005—-June
2006 and the model period is July 2004—June 2005 when strong SSWs occurred.

ascent, respectively, resulting from the mesospheric pole-toNorth Pole around 1 March. This difference can be attributed
pole meridional circulation (Plumb, 2002; Shepherd, 2007).to the strong vortex in the selected model period and the early
The flatness of the CO isopleths in the winter mesospherdreakup of the Arctic stratospheric vortex in March 2005
indicates that an equilibrium between vertical transport andalthough it was very strong in January and February 2005
horizontal mixing is established quickly and maintained. (Manney et al., 2007, 2008a).

The CMAM simulation shown in panel (c) in Fig. 7 hasa  Panel (a) in Fig. 8 shows the Arctic CO evolution observed
very similar morphology to the MLS measurements. Thereby MLS in 2005/2006 winter when a strong and long-lasting
is similar descent of CO rich air from mesosphere into theSSW occurred in early January 2006 (Manney et al., 2008b).
lower stratosphere from fall to spring and CO decrease inAs a result, the high CO air was rapidly diluted in mid-
later spring. However, there is a significant reduction of January below 0.1 hPa-60 km). However, the mesospheric
CO in the middle and upper stratosphere after mid-Januaryair above was not disturbed until late January 2006. Previ-
which is due to a SSW and the associated mixing with mid-ous studies have shown that the stratopause broke down in
latitude low CO mixing ratio air. This is more clearly seen late January, then reformed at about 0.01 hPa5km) and
in measurements and simulations with strong SSWs as disa cold upper stratospheric vortex formed below it (Siskind
cussed below. The CMAM results also follow ACE-FTS et al.,, 2007; Manney et al., 2008b). After that, the air
measurements (see panels b and d) very well over the Arcisolated in this recovered vortex started to descend above
tic regions throughout the year. Around 1 March, how- 0.5hPa, and the downward tongue, which is a distinct feature
ever, CMAM is larger than ACE-FTS above 10 hPa. In fact, from the 2004/2005 winter, is seen in the upper stratosphere
CMAM is also larger than the MLS above 10 hPa near theand lower mesosphere (above 2 hPa) in the spring. The CO

www.atmos-chem-phys.net/9/3233/2009/ Atmos. Chem. Phys., 9, 32833-2009



3244 J. J. Jin et al.: Comparison of CMAM with SMR, ACE-FTS, and MLS

concentration is even larger than that before the SSW. Thigonsistent with previous studies (Shepherd, 2000; Eyring et
CO downward tongue is also observed by ACE-FTS (seeal., 2006).
panel b, also shown by Randall et al., 2006). An inter-hemispheric comparison shows a similar meso-
Panel (c) in Fig. 8 shows CMAM Arctic simulations with spheric CO morphology above about 0.1 hR&Q km) in the
a major SSW in January and two minor SSWs in Novem-Antarctic to that in the Arctic in the absence of a major SSW.
ber and March. The major SSW that happened to develofHowever, there is a prolonged stratospheric CO enhancement
in one of the four model years is not as strong as seen irin the Antarctic in spring, because the stratospheric vortex in
the observations so that CO is not diluted to pre-vortex backthe Antarctic is generally stronger and longer lasting than in
ground values (compare with panels a and b). Although thehe Arctic.
mesospheric CO is immediately disturbed by the SSW in the
simulation and the CO mixing ratio after the SSW is not
larger than that before the SSW as the case in the observd Comparisons of tropical oscillations
tions, the descent of air with large CO from the mesosphere
into the stratosphere after the SSW agrees with the observan the tropics, convection and land-sea surface contrasts drive
tions of downward transport following a strong SSW in mid- strong wave activity that propagates into the middle atmo-
winter. Moreover, the evolution of the model temperature sphere (e.g., Baldwin et al., 2001, and references therein).
(not shown) does exhibit features similar to previous obser-This wave activity can leave its signature on the distribution
vations (Manney et al., 2008b): The temperature decrease8f minor species. For example, the water vapour and CO
by over 20K in the upper stratosphere and lower mesospheréape recorders” (e.g., Mote et al., 1996; Randel et al., 2001,
after the SSW. We also note that there is a CO disturbance ichoeberl et al., 2006) in the upper troposphere and lower
the upper stratosphere in November and March in the modestratosphere (UT/LS), the quasi-biennial oscillation (QBO)
results. CMAM zonal means near the ACE-FTS latitudes areand the semi-annual oscillation (SAO) in ozone and water
shown in panel (d). Although the CMAM model results at vapour in the stratosphere and mesosphere (e.g., Ray et al.,
the northern high latitudes show the CO enhancement aftet994; Garcia et al., 1997; Dunkerton, 2001, Tian et al., 2006;
the major SSW (panel c), CMAM results sampled near theHuang et al., 2008). Schoeberl et al. (2006) suggested that
ACE-FTS locations do not display this feature, which sug-the CO tape recorder signal (or annual oscillation) in the
gests that the restored upper-level vortex is too small andower stratosphere is partly due to seasonal changes of sur-
short-lived. However, we note that the difference does notface sources such as biomass burning. Thus the behavior
necessarily point to a deficiency in the model since the simu-of this signal is superimposed on the dynamical signature.
lated SSW is modeled in a climate model and is not expecteddther studies have shown that the signal is driven by the trop-
to match exactly the strong SSW during the 2006 winter.ical upwelling due to annual temperature oscillation (Randel
Obviously, further investigation of the characteristics of the et al., 2007) and by the Brewer-Dobson circulation (Schoe-
model’s SSW behavior is needed. berl et al., 2008) in the lower stratosphere. The SAO and
Figure 9 shows the multi-year averaged CO in the Antarc-QBO in the chemical tracers are also determined by the wind
tic from MLS (panel a), ACE-FTS (panel c) and CMAM and temperature oscillations associated with the middle at-
(panels b and d). They all demonstrate very similar annuamospheric circulation (e.g., Gray and Pyle, 1986; Ray et al.,
CO evolutions throughout the domain. However, CMAM 1994; Baldwin et al., 2001).
mixing ratios are larger than MLS values in the mesosphere In this section, we qualitatively compare the signals in the
from April to October. The modeled air with 1 ppmv CO CMAM simulation with those in the satellite observations.
at high southern latitudes is found at lower altitudes (aboutWe note that ACE-FTS observations are not used in this sec-
2hPa) than in the MLS measurements (about 0.5hPa) iion. Because the prime objectives for SCISAT-1 were fo-
July. Furthermore, the CO tongue, which reflects the residuatused on polar regions the orbit design yielded limited cov-
stratospheric vortex at high latitudes in late spring, did noterage of the tropics, although careful use of them has pro-
vanish until late November in the model results (panel b),duced valuable information on seasonal convective outflow
while it disappeared at the beginning of November in theat the tropical tropopause (Folkins et al., 2006) and the trop-
MLS measurements. The CO distributions of ACE-FTS andical tape recorder of HCN (Pumphrey et al., 2008).
CMAM are generally very similar throughout the year. The  First, the CMAM results show a morphology similar to
CO tongue shown by MLS and CMAM in panels (a) and the observed CO annual oscillation in the lower stratosphere.
(c) does not extend into the lower stratosphere in ACE-FTSFigure 10 shows the multi-year averages of CO anomalies,
and CMAM-sampled-ACE latitudes because of the absencevhich are the observed or simulated daily zonal means mi-
of ACE-FTS observations at high latitudes in October. How- nus annual zonal means, in the tropics. In panel (a), MLS CO
ever, CMAM does show a maximum at 20 hPa—10 hPa inobservations demonstrate a seasonal variation below 50 hPa
November while it is not evident in ACE-FTS measurements.(20 km), which was identified as a tape recorder-like (annual
All these differences suggest that CMAM has a later break-oscillation) signal linked to the seasonal change of biomass
up of the Antarctic polar vortex than the real atmosphere,burning by Schoeberl et al. (2006). In panel (b), the seasonal
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a, MLS CO in the Antarctica (70S—82S) for Jan 2005 — Dec 2007 ¢, CMAM in the Antarctica (70S—82S) for model period Jan 2004 — Dec 2007
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Fig. 9. Evolution of CO multi-year zonal averages from MLS (paaghnd ACE-FTS (pandb) measurements, CMAM results (parcy)
and CMAM results at the ACE-FTS latitudes in the Antarctic (pat)el

variation of CMAM CO is evident between 100-50 hPa (16— lies occur above~0.01 hPa {£85km) in April-May and
20km). The +1ppbv positive anomaly andl ppbv neg-  October—November in both CMAM and MLS, suggesting
ative anomaly start from December and July, respectivelypresence of a significant SAO signal at the mesopause. The
The maximum and the minimum values of the anomalies areone occurring in the first half of the calendar year stays at
about +3 ppbv and-3 ppbv, respectively. As noted above the mesopause and decreases quickly to a negative anomaly
there are no biomass burning sources in the simulation, therén June. However, the one in the second half of the calendar
fore the oscillation reveals a purely dynamical signal. Itsyear descends during the subsequent months and reaches the
amplitude is thus expected to be smaller than in the obserstratopause (about 1 hPa) in February—March when it merges
vations. As a result, the upper tropospheric (below 150 hPavith one of the positive anomalies at the stratopause. At
CO enhancement is not seen in the model. Aside from theséhe stratopause, CMAM exhibits another positive anomaly
differences, the oscillation in the model shows a similar tem-in September—October. Descent of the positive and negative
poral evolution of the upward motion in the lower strato- anomalies originating at the stratopause in the first half of the
sphere. Since the upper tropospheric variation is not signif-calendar year (and subsequent months too) can be seen above
icant, the model variation suggests that diabatic upwellingabout 10 hPa (35km). However, the anomalies originating
and the Brewer-Dobson circulation, which are also inden-at the stratopause in the second half of the year stay above
tified as factors for the annual oscillation (Schoeberl et al.,~3 hPa (40 km). The MLS CO measurements exhibit similar
2008), are reasonably well characterized in the model. semi-annual oscillations in the middle and upper stratosphere

Figure 10 shows another feature common in the observa(Panels a). There is also a clear downward propagation of the
tions and mode': the SAO Of tracer Concentrations at theﬂrst pair Of anomalies Wh|le |t iS not eVident fOI’ the Second
mesopause and stratopause. Two large CO positive anom&2lr-
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a. MLS CO mean anomaly between 10S—10N (ppbv)

b. CMAM CO mean anomaly between 10S—10N (ppbv)
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Fig. 10. Multi-year average of the tropical CO anomalies of MLS (pameAugust 2004—April 2008) and CMAM (panbk| January 2004—
December 2007). The anomalies are the daily zonal means minus annual zonal means. The MLS panel is smoothed with 10-day running
average.

The SAO in the CO field is in phase with the oscillations ing of the Atmosphere using Broadband Emission Radiome-

of model temperature (not shown) and observed temperaturgy) Og field above 0.01 hPa~80 km) (Huang et al., 2008).
at the mesopause, consistent with expectations from previoughis is not surprising since{also increases with height due
studies (Garcia et al., 1997): the positive anomaly of CO isto the local chemical production in the tropical mesosphere.
associated with the warm anomaly in the temperature fieldHowever, the CO field shows a strong annual oscillation be-
The positive anomaly is also associated with the observedween 0.5-0.05 hPa (50-70 km), while the SABER(f(eld
westerly wind shear (Hirota, 1978; Garcia et al., 1997).shows the SAO. The reason for this difference is not clear at
When considering that CO increases with height in the mesothe moment.
sphere, we may conclude that the positive anomaly of .C.O 'S The SMR and MLS NO measurements also show an SAO
driven by the descent associated with a secondary meridional. .

. . : - Signature at the stratopause (panels a and b, Fig. 11). We
circulation during the westerly phase of the oscillation (An-

drews etal., 1987). In addition, the SAO in MLS and CMAM gn?e?ritetwhtewiaﬂ tﬁzﬂ Shtﬂ%zsﬂc&llatll_o; ;2:\5:;‘?::; rgh?ﬁgs ea
CO fields is in phase with the SAO in the SABER (Sound- 9

smaller amplitude except for the spatially larger anomaly at
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2hPa in September. Both measurements and model resul& Summary

show that the first cycle in the calendar year is stronger than

the second. The SAO is also evident in the CMAM £H In order to further evaluate the chemistry climate model
field (not shown), and the maximum amplitude of the,CH CMAM, model results for CO, MO and CH have been
anomalies exceeds 100 ppbv at the stratopause. In additiogompared with the recent measurements from the satellite
the SAOs in CMAM stratospheric 20 and CH fields are  instruments SMR, ACE-FTS, and Aura/MLS. The compar-
locked in phase, which is not surprising sinceONand CH, ison shows a good agreement between the model results and
are similar long-lived tracers in the stratosphere and both ar@bservations. However, CMAM has a negative bias #ON
emitted from the Earth’s surface. and CH;, in the upper stratosphere, which might be due to the

The similarity of the SAO signal in the both observed slow advection related to the GWD scheme in the model.
and simulated BO fields suggests that the model is cap- CMAM reproduces the main characteristics of the CO
turing important dynamical features. The temperature SAQdistribution and temporal evolution very well. The differ-
at the stratopause in CMAM (not shown) is also in good ences between the model and the ACE-FTS measurements
agreement with that in the SABER observations reported byare generally less than 30% in the middle atmosphere and
Huang et al. (2008). Comparisons of the zonal wind SAO atthe agreement between the model results and the SMR and
the stratopause in CMAM (Medvedev and Klaassen, 2001)MLS measurements are slightly worse. However, the dif-
and observations (Hirota, 1978; Garcia et al., 1997) indi-ferences between the model results and measurements are
cate that the positive anomalies in these tracers are associatedmparable with the difference between the instruments (see
with easterly wind shear and negative temperature anomalieglso Pumphrey et al., 2007). We note CMAM has a posi-
while the negative anomalies in the tracers are associatetive bias in the Antarctic middle stratosphere in spring due to
with westerly wind shear and positive temperature anomathe stronger Antarctic vortex in the model than in the real at-
lies. This is also consistent with the understanding of themosphere. In the lower stratosphere and upper troposphere,
SAQO in long-lived tracers (e.g., Gray and Pyle, 1986; Ray etCMAM CO values are smaller than the measurements be-
al., 1994). cause of the absence of a realistic implementation of impor-

The anomalies in the CO field are also in phase with thetant tropospheric processes in the model. However, differ-
anomalies of MO and CH at the stratopause. When consid- ences between measurements are also large, suggesting that
ering that CO is produced from GHn the stratosphere, we improvements in the measurements and/or retrieved values
can attribute the SAO of CO to the oscillations of £H in this region are needed.

In addition, the SMR MO field shows a quasi-biennial os- CMAM also reproduces the seasonal CO variation at high
cillation in the upper stratosphere. The SMRNanomalies, latitudes very well. All the measurements and the model re-
which are daily zonal mean minus a multi-year (July 2001—sults show the strong meridional increase towards the win-
February 2007) zonal mean, are shown in Fig. 11, panel (d)ter polar regions, which is due to the meridional transport
It can be seen that the large positive anomalies propagatin the mesosphere and descent into the stratospheric polar
downward in the upper stratosphere and the temporal intervortex. The complete annual evolution of CO in the Arc-
val between the propagation is about two years. Compartic and Antarctic is also presented in this study. Both the
ing with the QBO of the zonal wind given in Schoeberl et observations and simulation show that mesospheric air can
al. (2008) in the middle stratosphere, it is found that the QBOdescend into stratosphere as low as 20 hPa in both the Arctic
is in its westerly phase (the wind is westerly at 40 hPa) dur-and Antarctic. However, in the Antarctic the large CO con-
ing the years 2002, 2004 and 2006 when the first positivecentrations in the lower stratosphere in November indicate
N2O anomaly in the calendar year occurs at relative highetthat the CMAM polar vortex is too persistent. In addition,
altitudes, while the QBO is in its easterly phase during thethe ACE and MLS CO measurements demonstrate strong de-
years 2003 and 2005 when the first positive anomaly in thescent in the recovery phase of the upper stratospheric Arctic
calendar years occurs at relative lower altitudes. The MLSpolar vortex following the SSW in the 2006 winter. CMAM
N>O field also shows a quasi-biennial oscillation in the up- also shows this rapid descent in the upper stratospheric polar
per stratosphere. In addition, the variation is very similarvortex in the wake of a SSW. However, CMAM sampled at
to that in the SMR MO field during the overlap period Au- the ACE-FTS latitudes does not show this feature. We note
gust 2004-January 2007. Details about the phase and amplihat the comparison here is between a climatological simu-
tude of the MLS NO SAO and QBO can be found in Schoe- lation and observations in a particular year and thus the dif-
berl et al. (2008). The CMAM KO anomalies over a 4-year ference does not necessary mean there is a deficiency in the
mean are shown in Fig. 11, panel (f). Since the version of themodel although further investigation of the model’s behavior
model used in this study does not have the dynamical QBQduring and after SSWs is needed.
included, it is not surprising to see that the chemical species CMAM simulates the lower and middle stratospherigN
in the model results fail to show the quasi-biennial oscillationand CH, very well. The CMAM results are generally
in the upper stratosphere. within 15% of the NO and CH measurements. In gen-

eral, the “mixing barriers” which are evident in the CMAM
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monthly mean cross-sections are quite realistic. The modeler «; is given by

measurement comparison has, however, highlighted the need

for improvement of the vertical sub-grid scale diffusion in ,, _ _ 1 . 1 L

CMAM. In the upper stratosphere, CMAMJ® and CH, 2H gy (2H.)? Kz

are significantly smaller than these measurements. A test 5

(not shown) suggests that these negative biases canbere-_ 1 . 1 [ n 4H7, Li (A5)
duced by introducing a vertical diffusion coefficient related 2Hgy  2Hgy Kz

to gravity wave drag. Howeyer, our other stud.y shows th_atThe role of the chemical lifetime is made more explicit if
GWD schemes have strong impact on the vertical advectionye ook at limiting cases when the second term under the
in the upper stratosphere. Further studies on the impact of thgquare root is both>1 and<1 which will occur for short-

GWD schemes on the distribution of the species are neededeq and long-lived species (short and long-lived in the con-
CMAM captures the tropical annual oscillation in the up- text of a givenk 7), respectively. For the first case (“short-
per troposphere and lower stratosphere. The absence §fed” species) which forkz~1m?st, H,,~7km then
biomass and fossil fuel burning emissions in the model 5im'L,->>10—7 s~1 or a local chemical time constagt3 months.
ulation allows for a clear signature of the annual variation of |, this case, neglecting the first term on the right hand side

tropical upwelling in the CO. The CO transport indicates that o obtaine; =+/L; 7Kz m~L or the scale height of the minor
CMAM has a reasonable upward motion in the tropical |°W9rspecies mixing ratio

stratosphere. Although the QBO shown by the SMR and
MLS N,O observations in the upper stratosphere is not re-Hi = 1/ai = VKz/Li m (AB)
produced by the model, the SAOs in CMAM generally show o [ong-lived species expanding the term under the square

good agreement with the observations at the stratopause ang,; sign and choosing the positive root we obtain
mesopause.

K
Hi =1/ ~ + HMZL -m (A7)
Appendix A In each case the scale height is affected by the chemical life-

t|me, Tchem:]./L[ .

Scale height for species _ _
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