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Abstract. The Canadian Centre for Climate Modelling and meant that such models have had to undergo a substantial
Analysis third generation atmospheric general circulationredesign to make them highly parallelized.
model (AGCM3) is described. The discussion summarizes Even at modest spatial resolution, the combined com-
the details of the complete physics package emphasizing thputational expense of model enhancements associated with
changes made relative to the second generation version afurrent AGCM development efforts (e.g. middle-atmosphere
the model. AGCM3 is the underlying model for applica- modelling, chemical climate modelling, carbon-cycle mod-
tions which include the IPCC fourth assessment, couplecklling, clouds and aerosols etc.) greatly outstrip available
atmosphere-ocean seasonal forecasting, the first generati@qomputational resources. To configure an AGCM suitable
of the CCCma earth system model (CanESM1), and middlefor the variety of experiments required for climate change
atmosphere chemistry-climate modelling (CCM). Here we studies one must not only be judicious in the choice of reso-
shall focus on issues related to an upwardly extended vertution but also in the choice and sophistication of the physical
sion of AGCM3, the Canadian Middle-Atmosphere Model parameterizations included.
(CMAM). The CCM version of CMAM participated in the  One of the final steps in the AGCM development involves
2006 WMO/UNEP Scientific Assessment of Ozone Deple-a tuning of the model under present-day forcings (e.g. ocean
tion and issues concerning its climate such as the impact oéea-surface temperatures, sea ice characteristics, atmospheric
gravity-wave drag, the modelling of a spontaneous QBO, andrace constituents etc.). While the term “tuning” has come
the seasonality of the breakdown of the Southern Hemispherg have a fairly negative connotation, here we mean simply
polar vortex are discussed here. an adjustment of the “free” parameters associated with each
physical parameterization package. Such free parameters, as
well as their physical bounds, arise naturally in the deriva-
1 Introduction tion of well-posed parameterizations and generally involve
the solution of a closure problem. An essential component
The development and documentation of an atmospheric gerPf this final step is balancing the bottom- and top-of-the-
eral circulation model (AGCM) has become increasingly atmosphere energy budgets, in preparation for coupling to
complicated. The move toward “Earth-system” models hasan ocean GCM. The model configuration that results is then
dramatically increased the number and variety of physicalmade static (or frozef)
processes modelled within the atmosphere as well as their While the development path outlined above seems com-
connectivity to other components of the climate system (e.gplex, it is somewhat idealized. In reality, AGCMs typically
the land surface and ocean). On the technical side, the desitgndergo a process of continual development which only ac-
for increased resolution as well as the need for multi- cen-celerates with the number and variety of its applications.
tennial ensembles of multiple climate-change scenarios hahis is because each application provides valuable infor-
mation about the properties of the model which serves to
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improve its formulation and focus future model development2.1 Model numerics
efforts. The desire to include model improvements as they
arise means that a definitive description or documentation of-ollowing AGCM2, AGCM3 employs a spectral dynam-
the AGCM used for any particular project is often difficult to ical core with a hybrid sigma-pressure coordinate in the
obtain. vertical which is discretized by rectangular finite elements
The focus of this paper is the Canadian Centre for Cli-(Laprise and Girard, 1990). Slight differences in the defini-
mate Modelling and Analysis (CCCma) third-generation at-tion of pressure on these coordinate surfaces exists between
mospheric climate model AGCM3 (McFarlane et al., 2005). AGCM2 and AGCM3. These are described in M05. Stan-
AGCM3 is not a “new” model. It was first made static more dard horizontal resolutions of AGCM3 are defined by trian-
than five years ago. Since this time AGCM3 has been usedular truncation at total wavenumbers of M=47 (T47) and
for a variety of applications addressing issues related to cliM=63 (T63). Typically, 31 vertical levels are employed with
mate change (Intergovernmental Panel on Climate Changt@yer thicknesses that increase monotonically from approxi-
Fourth Assessment), middle-atmosphere and chemical climately 100 m at the surface to approximately 3km at 1 hPa.
mate modelling (WMO/UNEP, 2007; Eyring et al., 2006, Nonlinear advection terms are evaluated in physical space
2007), seasonal forecasting, and its output and a number din a Gaussian grid of sufficient size (i@M+1)/2 lati-
its physical parameterizations are used in the Canadian Rdudes) to prevent the aliasing of quadratic nonlinearities (e.g.
gional Climate model (Plummer et al., 2006). Orszag, 1970). This grid is often referred to as the “nonlin-
The purpose of this paper is twofold. First, it serves to ear” or “quadratic” grid. The usual practise is to evaluate
document the properties of AGCM3 and its associated physphysical tendencies (e.g. radiation, deep convection) on the
ical parameterizations. The second purpose of this papefuadratic grid (i.e. “single transform” method). This was em-
is to document the formulation of AGCM3 used for mid- ployed previously by AGCM2. In AGCM3 a second spectral
dle atmosphere and chemical climate modelling studies (e.gransform is introduced to allow the evaluation of physical
WMO/UNEP 2007; Eyring et al., 2006, 2007). It is in this tendencies on a smaller Gaussian grid. This “double trans-
configuration that AGCM3 will continue to be used for a form” approach uses the “linear” Gaussian grid which con-
number of upcoming chemical climate applications. The up-tains (2M+1)/2 latitudes. Employing the double transform
ward extension of AGCM3 is often referred to as the Cana-allows the physical tendencies to be applied as a correction
dian Middle Atmosphere Model (CMAM). Here we will fo- step to the advection in the time-stepping algorithm.
cus on the “dynamical” version of CMAM (i.e. no chem-  The linear grid is the smallest Gaussian grid that allows an
istry), which we will refer to as DYN-MAM. The goal will  exact (to machine precision) spectral transform to and from
be to document the configuration of AGCM3 that defines physical space. Relative to the quadratic grid, the linear grid
CMAM and several of the sensitivities that are important to has more than a factor of 2 reduction in the total number
its CCM configuration. of grid points. Since the calculation of physical tendencies
The outline of the paper is as follows. In Sect. 2 we will represents the largest cost of the AGCM, a significant saving
document the basic properties of static AGCM3 with partic- is realized by employing the double transform approach.
ular attention to the physical parameterizations. In Sect. 3we The issue of single vs double transforms has been the
discuss the configuration of AGCM3 that supports its use asource of some confusion in characterizing the spatial resolu-
a middle-atmosphere model suitable for climate studies. Irtion of spectral models. For example, the precipitation fields
Sect. 4, we present some properties and sensitivities of th&om the T31 operational version of AGCM2 and those from
DYN-MAM climate that are important for its use as a base the T47 version of AGCM3 appear on the same&@8 Gaus-
for CCM modelling. Finally, in Sect. 5 we conclude with a sian grid (representing the quadratic grid for AGCM2 and the
brief summary. linear grid for AGCM3). The precipitation field associated
with the T47 model, however, contains more spatial informa-
] ] ) tion because it was derived from input fields of temperature
2 AGCMS tropospheric configuration and specific humidity of higher spatial resolution. Further,

. . . whichever grid is employed, the physical tendencies derived
In this section we document a number of the properties Ofare truncated back to the spectral resolution employed before
static AGCMS3 which heretofore have not been available in p ploy

. . . updating the prognostic fields. Therefore, the true resolution
the literature. A more detailed technical summary may beof the model is specified by the spectral truncation. not b
found in the report by McFarlane et. al. (2005, hereafter re- P y P ' Y

ferred to as M05). Where possible, the properties of AGCM3theTﬁgcle;n£r|Z|y?: trc;g;gtl;z;i p())r;)glcgl ﬁznﬂe?ﬁliz CM3 has
will be related to those of its predecessor, AGCM2 (McFar- P b pography

lane et al., 1992). A detailed discussion and documentatio been modified relative to the simple spectral truncation used

of the AGCM3 control climate can be found in MO5 and ref- tor AG.CMZ' SpeC‘Fa' truncation results n significant Gibbs
erences therein. oscillations at locations where sharp gradients occur (e.g. the

Andes and Himalayas). Such oscillations lead to artifacts
in the application of sub-grid-scale parameterizations which
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must be evaluated on the physical grid. To mitigate these efwhereH («) is the Heaviside function and = s /g, — 1.
fects a procedure has been developed (Holzer, 1996) to pro- In GCM3 a value ofp=1 is employed. As noted by
duce an “optimal” spectral representation of the topographyBoer (1995) the use qf, typical of the mean tropospheric
that substantially reduces Gibbs oscillations. This procedurespecific humidity substantially alleviates the tendency to de-
smooths the topography employing a cost function that develop negative values associated with spectral advection.
pends on both the height of the topography and its gradientsHence it alleviates most of the undesirable effects that ac-
company the ad hoc conservative hole filling procedures that
2.2 Tracer advection and hybridization were used in AGCM2 with specific humidity being advected

. . ._spectrally.
In AGCM3 an option to advect moisture and other prognostic One of the more useful properties of spectral models is

jcracer quantities using a semi-Lagrangi.an trgatment has t?eet‘ﬂeir ability to perform advection in a conservative manner.
included. The scheme employs a cubic spline |nterpolat|on|n general, use of the hybrid variablein place ofg for

to obtain the concentration at the upstream departure pOingpectral advection means thais no longer identically con-

anc_j mcl;des rorrigtgl)%ns Lc\)ff[ monotonicity and Mass CoNSErgaryed. Much of this conservation can be recovered by “fine
vation (Priestley, )- After extensive experimentation ity ing» the value ofy,. Exact conservation is enforced on

was fo.und that Sem|-Lagrang|an advegtpn led to excessw%ny remaining imbalance following the procedure outlined
numerical diffusion of the tracers. This is due to the fact .
that the CFL constraint on the time step of the spectral dy- Jus:[ after advection, givenand the constant,, one can

namical core requires Courant numbers less than 1 while thaetermineq on the physics grid from Eq. (4). The total mass
semi-Lagrangian scheme is most accurate for Courant numg, ¢ is given by the volume integral e

bers exceeding 1.
Following the procedure first discussed by Boer (1995) ,, _ / f/p 4V ®)
and more recently by Merryfield et al. (2003), a “hybrid” Tar

moisture variable is used in AGCM3 to mitigate artifacts . o~ conservation, this must be equabg— the total

such as negativ_e values of specifi_c humidi'Fy associated with, o just prior to the advection step. Exact conservation is
spectral advection. As described in Merryfield et al. (2003), ,¢orced by adjusting the field smoothly over the range

important beqeflts of .the hybrid proced_ure mclqde Shapeqmqung after each advective time step. The neiield
preservation irrespective of the advection algorithm em-

. . that employs this correction is written
ployed. This approach has now been generalized and made ploy

available for application to any tracer field and it is useful to _ {q +C(g — qiow)(Go — q), qlow < g < 4o
review the methodology. dnew =14, otherwise

In the hybridization procedure a transformed version of a
variable, say specific humidity, is employed for the purpose
of advection in the GCM. A general form of the transfor-

(6)

Globally integrating Eg. (6) and equating thisAf, defines
the necessary value @f to enforce conservation:

mation employed in AGCM3 may be motivated as follows: = M,— M 7

consider the identity: - [ [ [ p@—qow)(go—q)dV’ )

q= do 75 (1) In AGCMS hybridization is applied to specific humidity and
[exp(p In(go/q))1*? standard spectral advection is employed for all remaining

whereg, andp are constants. Performing a Taylor series ex-prognostic fields. In the hybridization of specific humidity,
pansion of the denominator and retaining terms to first ordereference values @f,=0.01 kg/kg,p=1, andgjow=¢,/10 are
in g,/q results in the expression for the right-hand side of used for the default configuration. A simple example high-
Eq. Q): lighting the utility of the hybrid procedure is provided in the
9o Appendix.

)

T 2oy
[1+ pIn(L)1t/r 2.3 Land surface scheme

The expression Eq2] is the transformation upon which the
hybrid procedure is based in AGCM3. Specifically, the hy-
brid transform is defined as:

AGCMS3 employs a more sophisticated treatment of energy
and moisture fluxes at the land surface compared to AGCM2.
These quantities are now calculated within the Canadian
q, 9> 4o 3) Land Surface Scheme (CLASS) module. CLASS was first
introduced in the late 1980s and has subsequently undergone
a number of maodifications (Verseghy, 1991, 1993, 2000).

s = 9o
Tpin(y7r 4 = do:

or equivalently The version of CLASS currently used in the GCM is referred
1—(go/$)* to as version 2.7. A brief outline of its structure is provided
g =sH(a)+ 1 - H(a)goexp —— |, 4) below.
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CLASS allows up to four subareas for each land-surfaceshort-wave radiation extinction coefficient, the canopy gap
grid cell: bare soil, vegetation-covered soil, snow-coveredfraction, the roughness lengths for heat and momentum, and
soil, and soil covered by both vegetation and snow. At eachthe annual cycle of leaf area index are determined separately
time step the following fields are supplied as input from the for coniferous trees, deciduous trees, crops, and grass, and
AGCM to CLASS: incoming short-wave and long-wave ra- are then averaged over the grid cell to define the bulk canopy
diation, the ambient air temperature and humidity, the windcharacteristics. The canopy temperature, and the liquid and
speed, and the precipitation rate. Energy and moisture budfrozen intercepted water, are carried as prognostic variables.
gets for each subarea are calculated independently and suFhe interception capacity is calculated as a function of leaf
face fluxes are averaged over the grid cell prior to output toarea index. Stomatal resistance to transpiration is parame-
the AGCM. As described in the next subsection, turbulentterized as a function of incoming short-wave radiation, air
fluxes at the land surface are evaluated following Abdella andvapour pressure deficit, canopy temperature and soil mois-
McFarlane (1996). ture, using functional relationships similar to those presented

The soil profile is divided into three horizontal layers, of by Stewart (1988).
thicknesses 0.10, 0.25 and 3.75 m. The texture of each layer,
and the overall depth to bedrock, are derived from the globaR.4 Surface-flux formulation
data set assembled by Webb et al. (1993). The hydraulic
properties of the soil layers are obtained from the soil textureT he surface flux formulation used in AGCM3 is as described
using relationships developed by Cosby et al. (1984). Thedy Abdella and McFarlane (1996). This formulation is based
layer temperatures and liquid and frozen moisture content©n the Monin and Obukhov (1954) theory and employs the
are carried as prognostic variables, and are stepped forwarlilix profile relations of Beljaars and Holtslag (1991). An effi-
in time using the fluxes calculated at the top and bottom ofcient procedure for evaluating the surface fluxes as functions
each layer. Energy fluxes are obtained from the solution ofof stability is derived by representing the ratio of the depth of
the surface energy balance, expressed as a function of thide surface layer to the Monin-Obukhov length, a fundamen-
surface temperature and solved by iteration. The soil albeddal quantity in Monin-Obukhov theory, in terms of the bulk
and thermal properties vary with texture and moisture con-Richardson number for the surface layer. Further details may
tent. Moisture fluxes are determined using classic Darcy thebe found in Abdella and McFarlane (1996) and MO05.
ory in the case of drainage and capillary rise, and after the
method of Mein and Larson (1973) in the case of infiltration. 2.5 Turbulent transfer in the free atmosphere
If the surface infiltration capacity is exceeded, water is al-
lowed to pond on the surface up to a maximum depth whichThe turbulent transfer of scalar quantities in the boundary
varies by land cover. Continental ice sheets are modelled ifayer involve both local down-gradient transfer processes
the same way as bare soil, using the thermal properties of icend non-local counter-gradient transfer processes. In a con-
instead of soil minerals. vectively active cloud-free boundary layer non-local trans-

Snow is modelled as a fourth, variable-depth soil layerfers bring about and maintain a well mixed state in which
with its own prognostic temperature. Density and albedoguasi-conserved scalar variables are vertically homogeneous
vary exponentially with time, from fresh-snow values to through most of the boundary layer.
specified background values, according to relationships de- In AGCM3 the treatment of non-local PBL processes on
rived from field data. Melting occurs if either the surface any scalary is based on the assumption that such processes
temperature or the snow pack layer temperature is projectedre well modelled by a temporal relaxation toward a ver-
to rise above €C. In this case, the excess energy is used totically homogeneous reference statg. This formulation
melt part of the snow pack and the temperature is set backpplies to potential temperature, specific humidity, and any
to 0°C. Meltwater percolates into the pack and refreezes unadvected scalar tracer fields included in the model. The ref-
til the whole layer reaches°@, at which point any further erence state is derived by assuming that the vertical flux of
melt is allowed to reach the soil surface. Snowmelt decreaseg vanishes at the top of the mixing region. The top of the
the thickness of the pack until a limiting depth of 0.10 m is mixing region is defined as the lowest level where the ambi-
reached,; after this, the snow pack is assumed to become dignt and reference values of virtual potential temperature are
continuous, and a fractional snow cover is calculated by setequal. Further details may be found in MOS. It is important
ting the depth back to 0.10 m and employing conservation ofto point out that the present approach does not account for
mass. clouds in the convectively active PBL. In the CCCma fourth

Vegetation types present over each grid cell are obtainegeneration AGCM this approach is extended to cloudy situa-
from the global data set compiled by Wilson and Henderson+ions by combination with a statistical cloud scheme.

Sellers (1985). Vegetation height, maximum and minimum The local down-gradient turbulent transfer of momentum,
leaf area index, visible and near-IR albedos, canopy masdeat, and any additional tracers is accounted for in terms of
and rooting depth are specified for each vegetation type foldiffusivities which depend on the vertical wind shear and
lowing Verseghy (1991). Derived properties such as thethe local gradient Richardson number. This is similar to the
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formulation used for AGCM2. Diffusivities have large val- bluff-body dynamics is employed to model this blocking ef-
ues within the PBL and decrease rapidly above to specifiedect. Anisotropy is introduced into the formulation by diag-
background values. AGCMS3 uses background diffusivitiesnosing 2-D ridge-like structure in the unresolved topography
of 0.01 n? s~ for momentum and 0.001%s* for all other  in each grid cell. The depth of the blocking layer depends
prognostic variables. Further details may be found in M05. on whether the flow is oriented along (shallow), or normal
to (deep), ridge-like structure. Therefore, in addition to re-
2.6 Orographic drag tarding the flow, the SM blocking formulation causes a re-

_ direction of the low-level flow so that it is more aligned with
AGCM3 uses the Scinocca and McFarlane (2000; hereridge-like structure in the unresolved topography.

after SM) scheme for the parameterization of drag associ-
ated with unresolved mesoscale orography. In addition ta2.7 Moist convection
gravity-wave drag (GWD) associated with freely propagat-
ing waves, the SM scheme parameterizes drag for dynamicky AGCM3 the penetrative mass flux scheme of Zhang and
associated with low-level “blocking”. This replaces the Mc- McFarlane (1995; hereafter ZM) is used to model the precip-
Farlane (1987) scheme which treated only GWD. Relativeitation and latent heat release associated with deep cumulus
to McFarlane (1987), SM demonstrate that this new schemeonvection. This replaces the moist convective adjustment
provides a quantitative reduction in the wind and mean-seascheme (Daley et al., 1976) employed previously in AGCM2.
level pressure biases in AGCM3. The ZM scheme is based on a bulk representation for an
For the parameterization of drag associated with freelyensemble of cumulus clouds comprised of entraining up-
propagating waves the SM scheme is designed to includérafts and evaporatively driven downdrafts. The novelty of
anisotropic effects. For example, the total amount of mo-the ZM parameterization arises from several key simplifying
mentum transported vertically by the waves depends on th@ssumptions. One of the most important of these is that all
wind direction relative to the orientation of the unresolved to- sub-ensembles have the same initial cloud-base updraft mass
pography in each AGCM grid cell. This is accomplished by flux. The ZM approach results in an economical scheme that
characterizing the sub-grid topography by a variable numbegefficiently captures the salient features of the more general
of identical ellipses and using the linear theory derived byproblem (Arakawa and Schubert 1974, Lord et al., 1982;
Phillips (1984) to determine pressure drag associated witiMoorthi and Suarez, 1992).
the 3-D wave field. Another simplifying assumption of the ZM scheme is
The azimuthal distribution of momentum within the wave that all ensembles of evaporatively driven downdrafts initiate
field is also modelled by the SM scheme. This is accom-with the same downdraft mass flux. An important constraint
plished by employing two sinusoidal waves to transport theis that the net mass flux at cloud base (updraft plus down-
total momentum vertically. The two waves represent the nedraft) be non-negative. The manner in which this condition is
momentum directed to the left and right of the current wind satisfied in AGCM3 is described in Appendix C of Scinocca
direction. In this way the magnitude and orientation of the and McFarlane (2004). As discussed in Scinocca and Mc-
waves’ momentum flux continuously vary producing a real- Farlane (2004), the “weight” parameter which helps de-
istic representation of anisotropy in the parameterized wavdermine the amount of rainwater evaporated into the down-
field. drafts, turns out to be an important tuning parameter for the
The deposition of momentum from the waves to the meanmean climate and the variability of tropical precipitation. In
flow closely follows McFarlane (1987). Based on stabil- AGCM3 a standard value gf=1 is used.
ity arguments, the nondimensional amplitude of each wave The assumption that all sub-ensembles have identical
Fr=N A/U is restricted to a maximum value Bfit, where  cloud-base mass flux, allows the ZM scheme to derive its
A is the peak vertical displacement amplitude of the wave,closure based on an individual member of the ensemble. The
and U and N are the grid mean values of wind and buoyancy¢losure uses a notional budget equation for convective avail-
frequency respectively. Following McFarlane (1987) a valueable potential energy (CAPE). This may be written symboli-
of Freit=+/(0.5) is used in AGCM3. If a local measure of cally as:
the wave amplitude excee@si; then momentum is trans-

ferred from the wave to the mean flow. SM also include a— = —M, F + G, 8
parameterization of downslope windstorm effects which sig- ot
nificantly enhance the drag in the troposphere. whereA represents CAPHK; represents the large-scale pro-

The parameterization of low-level drag activates when theduction of CAPE by resolved dynamics, ar@d/;, F repre-
nondimensional height of the subgrid topographyh(/ U) sents the sub-grid depletion of CAPE by parameterized deep
exceedsrit, wheren is the peak height of the subgridscale convection. Following ZMM,, represents the cloud-base up-
obsticle. In this instance empirical evidend@l4ffson and  draft mass flux, while” represents the rate at which cumulus
Bougault, 1996) indicates that the flow is blocked to a depthclouds consume CAPE per unit cloud-base updraft mass flux.
Nh/U — Freit. In the SM scheme form drag associated with The quantityF' is central to the parameterization problem.
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At any time its value will depend upon the current profiles gases presented, the difference in upward flux at the top of
of temperature and specific humidity as well as the assumethe atmosphere between the AGCM2 and AGCM3 could be
properties of typical of updrafts and downdrafts in deep con-several Wnm2. A comparison of AGCM3 infrared radiation

vective towers (see ZM and M05). with line-by-line calculations and observations is shown in
ZM employ the diagnostic closure condition: Evans et al. (2004).
For the treatment of solar radiation in AGCMS3, a four
My = i (9) band spectral transmission scheme is used for solar radia-
F tion rather than the two-band scheme used in AGCM2. The

wherez, is an adjustment time scale. Physically, this clo- band structures are: 1. 0.25-0/69, 2. 0.69-1.1m, 3.
sure assumes that CAPE is consumed at an exponential rafe19-2.3§:m and 4. 2.38-4.Am. O, water vapour, CQ)
(1/7,) by cumulus convection. A value af=2400s is used and @ are considered for gaseous transmission. All gaseous
and there is no triggering mechanism implemented — at alfransmission data are updated with 6 terméagproxima-
times positive CAPE results in the onset of deep convectiontion. Typically, the solar portion of the radiation is calculated
Modification of the ZM scheme to include a prognostic clo- €vVery hour while the infrared portion is calculated every six

sure has been discussed by Scinocca and McFarlane (2004)0Urs. o _
It is found that for clear sky radiation the difference be-

2.8 Radiation tween the previous two-band scheme and the present four-
band scheme is small. However the extension to a four-band
The basic treatment of radiation in AGCM3 is similar to scheme permits a more accurate treatment of cloud-radiation
GCM2 in that solar radiation is treated following Fouquart and aerosol-radiation interactions. Since the solar energy
and Bonnel (1980) and terrestrial radiation following Mor- distribution is highly inhomogeneous, the two-band scheme
crette (1989). However a number of improvements havecould not resolve the solar energy distribution adequately and
been introduced in AGCM3. The clear sky infrared radia- this leads to an overestimation of the cloud induced solar
tion is similar to that in GCM2 with 6 bands covering a spec- heating rate. In AGCM2, constant values for single scat-
tral range from 0 to 3000 cm, but with more complicated  tering albedo and asymmetry factor are used for both liquid
sub-band structure in order to obtain more accurate gaseousater cloud and ice water cloud. In AGCM3, the updated
transmission. The band spectral ranges are 1. 0-358 cm multi-band structure enable using the four band Slingo pa-
and 1450-1880cmt, 2. 500-800cm?, 3. 800-970cm?,  rameterization (Slingo, 1989) for liquid water optical prop-
and 1110-1250cnt, 4. 970-1110cmt, 5. 350-500cm?, erties (details below).
6. 1250-1450cm! and 1880-2820cnt. Water vapour,
CO,, CHy, N2O, O3, CFC-11, and CFC-12 are considered in 2.9  Clouds
gaseous transmission. )

The most significant change involves the treatment of theln, both AGCMZ_ and AGCM3 the CIO_Ud COVG_E_'S deter-
water vapour continuum. In GCM2, the Roberts (1976) pa-m'r?Ed diagnostically based on a relative humidity excg&ss,
rameterization for water vapour continuum was used. [ndefinéd as:

AGCMS3 this has been replaced by the newer scheme of, _ Max(H — H,, 0) (10)
Zhong and Haigh (1995), which is based on version 2.2 of 1-H, ’

Clough et al. (1989), often referred to as CDK2.2. Unlike the \yhereH is relative humidity andd, is a “threshold” value of
Roberts parameterization, which is mostly restricted in theg |, AGCM?2, the cloud cover was taken to depend linearly
window region, in the parameterization of Zhong and Haigh g, p (i.e. C=R) and H, was a specified function of height
the water vapour continuum contributes throughout the COMY|ocal sigma value).

plete infrared bands for both the self-broadened part and for- |, AGCM3 the cloud cover is made to vary smoothly be-
eign self-broadened part. Zhong and Haigh (1995) clearlyyyeen a linear and quadratic dependenceRobased on a
show that their parameterization has considerable influencggngitional stability parameter determined by the gradient of

on the infrared cooling rate. After implementing the new potential temperature relative to its value on a local moist
water vapour continuum parameterization, it was found thatydiabat:

the lower tropospheric cooling rate was typically reduced by (R + A)

about 0.5K/day in the tropics, which is consistent with the C = R .

calculation results of Zhong and Haigh (1995). A+4)
The transmission data for other trace gases has been up- In Eg. (11) A is the conditional stability parameter

dated with a parameterization based onéagproximation Max(T" — T';. 0) 12

(e.g. Baker, 1975). Itis found that the important contribution A = [—Y] ,

of N>O in band 3 was absent in AGCM2. This could cause L

a few Wn1 2 increase in upward flux at the top of the atmo- whereT is the gradient of potential temperature andis

sphere and larger cooling in the lower troposphere. For allthe value ofl” in a local moist adiabat. From EdLJ) it can

(11)

(12)
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be seen that the quanti€y varies smoothly between a linear 3 AGCM3 middle-atmosphere configuration

dependence for conditionally stable conditions<(>1) to a

quadratic dependence for conditionally unstable conditiondn this section we discuss the extension of AGCM3 into the

(A=0). With C=C the dependence af replaces the more Middle atmosphere. This is commonly referred to as the

artificial height dependence @f, in AGCM2. Canadian Middle-Atmosphere Model (CMAM). The discus-
In AGCM3 the threshold relative humidit§f, is no longer ~ sion will focus on the “dynamical” CMAM, or DYN-MAM

taken to be a function of height. For ice clouds values of(i.e. the upward extension of AGCM3 in the absence of

H£:0.825 andH£:0.75 are respectively used for resolu- chemistry). The earliest configuration of DYN-MAM was

tions of T47 and T63. Also, for ice clouds, the cloud path discussed by Beagley et al. (1997). Various incremental ver-

is scaled down by an expansion fac®eFC, where sions of DYN-MAM have been employed to investigate a va-
riety of applications including non-orographic gravity-wave
_ (1+~A) ) (13) drag parameterization (e.g. Medvedev and Klaassen, 1995;
1+CA) McLandress, 1997; Manzini and McFarlane, 1998; Scinocca,

2002, 2003; Mclandress and Scinocca, 2005), diurnal tides
(e.g. McLandress and Ward, 1995; McLandress, 1997; Jons-
son et al., 2002), and stratospheric mixing regimes (Koshyk
etal., 1999).

DYN-MAM also serves as a base model for chemistry
climate modelling. Various incremental versions of the
chemistry-climate version of CMAM, referred to here as

This results in a weaker dependenceCobn H in stably
stratified conditions.

For water clouds, AGCM3 use§=C. Empirical tun-
ing simulations with AGCM3 revealed improvement if the
threshold relative humidityH!, was made to be a weak

[

function of the conditional stability factok. The form used

is . .

" CCM-MAM, have been employed for deriving ozone cli-

oY H,* + H,? A (14) matologies (deGrandgret al., 2000), data assimilation
o 1+A 7 (Polavarapu et al., 2005), and investigating climate-change

issues related to ozone (Austin et al., 2003). The version
: of CMAM documented here pertains to the most recent ap-

angl(0'35' (?[.'87? respeci_nvely for_ Tff antf] T63(‘j_ tive t f plications of CCM-MAM for climate change studies as part
oud optical properties required for Ine radialive ranster ¢ o copmyal project and 2006 WMO Ozone Assessment

calculations are based on the diagnostic formulation used ”EWMO/UNEP 2007; Eyring et al., 2006, 2007; de Grandpri
AGCM2. In this approach, the cloud liquid water content t al., 2000). ,This \;ersion of CC,M-MA’I\/I will 1also be used

IS assu_med to b_e proportional to the adla_batlc_water conteq?or fully coupled atmosphere-ocean climate change studies
of an air parcel lifted through a small vertical displacement.

. . . : as part of the Canadian SPARC initiative.
The specific details of this approach may be found in MO5. The primary purpose of this section is to discuss the par-

ticular configuration of DYN-MAM which forms the base
2.10 Aerosol . . .
model for current and future chemical climate modelling ef-

A background distribution of aerosol loading is specified forts. An important goal of this effort is to obtain a cli-
in AGCM3 for the purpose of radiative transfer calcula- matology of winds and temperatures that is suitable for this
tions. The distributions of aerosols are distinguished asVork. For example, sufficiently cold temperatures at the win-
continental and maritime. For continental, the specifiedter poles in the lower stratosphere are required to allow the
aerosol types are dust-like, water-soluble (mostly), and sootformation of polar stratosphere clouds (PSCs) which allow
The column amount is 57.71 mgth for dust-like aerosol, the heterogeneous chemical reactions that drive polar ozone
2.55mg nT2 for water-soluble aerosol, and 0.2 mg#nfor ~ l0SS.

soot aerosol. For maritime, the specified aerosols are Another important issue involves the timing of the break-
oceanic (mostly sea salt) and water-soluble. The IoadingjOW” of the wintertime southern-hemisphere stratospheric
is 18.82mgm? for oceanic and 0.263mgmi for water-  Polar vortex. As shown in Eyring et al. (2006), relative
soluble. The aerosol optical properties are calculated basetp UKMO reanalysis data, most CCMs display a system-
on Shettle and Fenn (1979). All background aerosols are asdtic bias in which the breakdown of the SH polar vortex

sumed to be homogeneously distribution within the boundaryiS delayed by as much as one month in some models. In
layer. CCM-MAM this breakdown is delayed by approximately

two weeks. Here we shall consider the origins of this bias in
the DYN-MAM. Finally, we consider the ability of CMAM
to support a spontaneous quasi-biennial oscillation (QBO).

where H)'*>H,’?. In AGCM3 (H,’*, H,?) is (0.95, 0.89)
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3.1 DYN-MAM Physics form of the scheme (Scinocca, 2002) may be found in
Scinocca (2003). Both orographic and non-orographic

As the lid of th del i ised into the stratosph d?ravity-wave drag have an important impact on the clima-
S e 1id ot the model IS raised Into the stratospnere ana ological winds and temperatures of the middle atmosphere

mesqsphere, assump_nons regarding local thermodynamlgnd this will be discussed in more detail in the next section.
eqwhbpum (LTE) begin to break down &.m(.j the accuracy Finally, the use of CMAM as a base for chemical cli-
of t.rtl)eém_‘rarsed SRZ) é:omp.c&?erét of tr&e radlﬁt]lon schemc; ‘?'e,' mate modelling means that the spectral treatment of tracer
scribed in Secl. 2.c rapidly degrages. € approach Nl qyection is a potential concern. While AGCM3 supports

Fg”y ;:olloweg n _Cr?/IAMtW;':lsltgg:e;nlgloy_ ahmoreda(':atl:uratﬁ tan optional Semi-Lagrangian advection scheme for tracers,
scheme (Fomichev et al., » romichev-and Blanchely ;o\ as found to be too diffusive for the reasons outlined

1995) in the stratosphere and mesosphere with a region 9h sect 2.2. The strategy adopted here is to employ stan-

transition between the two schemes occurring over the rang8arg spectral advection for all chemical tracers and attempt

3017 hPr;. Motrﬁ r?cent'lg(, add|t|_ona}l |r|np()jrovements tg the 10 mitigate the associated artifacts, which are describe below.
lation above this transition region include a new.ts CO, Spectral advection has increasingly fallen from favour as

parameterization (Fomichev et al., 1998), near-infrareq CO an algorithm for tracer advection. However, it is important to

Is:olar_ T\eatlnzgo\(/)v;h Igon-_L:]'E efftectls 'gggged (Otglbalov ar:g recognize that when the flow and tracer fields are adequately
omichev, ; romichev €t al., ), water vapor resolved, spectral advection conserves the mean of the tracer

co:])hng, noln—unlkt] efftl_c:ler!cyt;‘]or;ofr@eangg n thg m(;SO— dand provides an accurate representation of all higher-order
sphere, solar @heating in the Schumann-Runge bands an moments of its distribution. The problems arise when power

continuum, the effe<_:t of sphericityt and chemi_cal heating (indevelops at the truncation scale of the model causing the
the CCM-MAM version). The details of these improvements flow and tracer fields to become poorly resolved. In this

are outlined in Fom_|cheV etal. (2004). ) . instance, spectral advection produces significant Gibbs os-

The role of gravity-wave drag (GWD) in the middle at- jjjations which lead to localized pockets of negative tracer
mosphere is now well appreciated. Such waves generallyoncentration requiring ad hoc hole-filling algorithms to pre-
originate in the troposphere, where the winds are predomizerye monotonicity. One approach to deal with this problem
nantly Westerly, and propagate vertically into the middle at-is the application of hybrid tracers described in Sect. 2.2.
mosphere. As they propagate vertically these waves amplifyyile the hybrid approach can significantly reduce Gibbs
due to the decrease in ambient density ultimately leading tQygillations and provide improved shape preservation of the
instability in the wave field. Such instability results in the 5cer field, transform parameters for each tracer are unique
breakdown and dissipation of the waves producing a torquéng must be determined iteratively. Due to the many trac-
on the flow which always acts to “drag” the winds towards g required by the chemistry package the hybridization ap-
the phase speed of the dissipating waves. proach becomes less appealing.

In mid-latitude summer conditions, upwardly propagating  For the purpose of chemical climate modelling we have
waves move from a basic state comprised of Westerlies iladopted a more straightforward approach in which basic
the troposphere to one of Easterlies in the stratosphere. Cospectral advection is employed for tracers and effort is in-
sequently, zero phase speed waves (e.g. orographic waveggsted to ensure that adequate resolution of the flow and
are generally filtered from the stratosphere by critical layertracer fields is maintained throughout the simulation. To
interactions near the elevation where the zonal winds vangchieve this goal one must address the basic question of how,
ish. The requirement of GWD further aloft (e.g. to induce for a given horizontal diffusion and spatial resolution, the
the summertime mesopause wind reversal) necessitates tiew obtains power at the truncation scale causing it to be-
parameterization of gravity waves with non-zero horizontal come under resolved. One might imagine that such power is
phase speeds often referred to as non-orographic waves. Thfoduced by resolved dynamical motions such as the down-
tropospheric sources of non-ororgraphic gravity waves arescale cascade associated with chaotic advection of the tracer
dynamical in nature and many are the subject of physical pafield. However, if this were the case then it would sim-
rameterizations themselves (e.g. deep cumulus convection)ply point to the fact that the resolution was insufficient for

The CMAM model has been at the forefront of non- the given strength of horizontal diffusion employed or, con-
orographic gravity-wave drag parameterization. In its earli-versely, that the strength of horizontal diffusion was insuffi-
est development CMAM optionally employed the schemescient for the given horizontal resolution.
of Hines (1997) and Medvedev and Klaassen (1995). In fact, the dominant source of power at the truncation
More recently the CMAM has employed the scheme of scale of the GCM is the physics package whose tendencies
Scinocca (2003) which is an exact hydrostatic, non-rotatingforce these scales directly. Because of threshold physical
version of the Warner and Mcintyre (1996) parameteriza-processes, these tendencies can be spatially discontinuous re-
tion. CMAM wind and temperature climatologies result- sulting in the direct production of structure at the truncation
ing from the use of the Scinocca (2003) scheme as well ascale of the model. For a GCM employing a spectral dy-
comparisons with Hines (1997) and the full non-hydrostaticnamical core, such structure is rapidly converted into Gibbs
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oscillations which, in addition to producing spurious phys- 100.0
ical tendencies, can themselves induce a positive feedbacl
cycle perpetuating the Gibbs oscillations.

The approach taken here is to mitigate the impact of Gibbs
oscillations and the tendency of threshold physical processes :
to produce truncation scale structure. This is achieved by 80.0 | : .
employing what we will refer to as a “physics filter” follow- 3 : .
ing the work of Landers and Hoskins (1997, hereafter LH97). L
From a series of idealized examples LH97 argued that such
problems could be greatly alleviated by first spatially filter- =
ing the copies of the prognostic fields used as input to the ~
physics package. In this way Gibbs oscillations, and any as- \E 98 level
sociated spurious physical tendencies, would be suppressec .g B /; 7
Secondly, LH97 argued that the tendencies produced by the g - QBOexp ,
physics package should also be spatially filtered prior to up- © 40.0 | Y
dating the prognostic fields of the model. This would smooth @ L 7
out any discontinuities produced by threshold processes in
the physics. Collectively, these two filtering processes are re-
ferred to as the “physics filter” and they form a negative feed-
back cycle that strongly suppresses the production of power 200 F
at the truncation scale of the model. r

60.0 F 7 )
4
‘i

31 level

F e e o oo -y

Following Lander and Hoskins (1997), the physics filter - AGCM3
employs the Hoskins filter (Hoskins, 1980; Sardeshmukh and L 9
Hoskins, 1984) to perform the spatial smoothing. This has 0.0 . L L
the form: 0.0 1.0 2.0 3.0 4.0

nn+1) \? ) o
Sn = eXp—(—no(no n 1)> ; (15) vertical grid increment (km)

wheren is the total_wavenumbelz,, ISa tran_sﬂpn wavenum- Fig. 1. Model vertical resolution as a function of height for AGCM3
ber, and &S,<1 is the real factor multiplying the com- (31 |evels, solid line), CMAM (71 levels, dotted line), and a high
plex spectral coefficients of the field to be filtered. Here we resolution stratospheric QBO experiment (98 levels, dashed line).
take p=2 and deriven, such thatS,=0.1 at the truncation A 7 km scale-height is assumed in the conversion from pressure to
wavenumbern=N. This results in values of,=38 and 51  height. The highest levels in AGCM3 approach a resolution of 8 km
for spectral resolutions of T47 and T63 respectively. and are not displayed on this figure.

The physics filter is not typically run in DYN-MAM. It
is applied primarily during CCM-MAM integrations. When

it is employed, the physics filter is taken to act on all prog- decreases to vertical increments of approximately 2.5km.
nostic spectral fields entering the physics package. The maiggarlier versions of the CMAM (e.g. Beagley et al., 1997)
impact of the physics filter is a significant reduction in the employed a similar model lid elevation but only 50 vertical

amount of mass correction associated with hole filling. Thejevels resulting in degraded resolution everywhere in the ver-
main prognostic variables show a relatively weaker sensitivjca].

ity to the presence of the filter. Unless otherwise stated the discussion and analysis will

focus on present-day climate simulations of five years dura-
3.2 DYN-MAM configuration tion. These simulations employ repeated annual cycle forc-
ings of ozone, sea ice, and sea-surface temperature. Such

CMAM typically employs horizontal resolutions of T47 and simulations will be referred to simply as “present-day” cli-
T63 (T31 for chemical-climate modelling of long climate- Mate runs.

change simulations). The model lid is located atl®* hPa In tropospheric mode AGCM3 employs the SUNYA ozone
(approximately 100 km). In this configuration 71 vertical lev- data set (Wang et al., 1995) for present-day climate experi-
els are employed. Figurg illustrates the vertical resolu- ments. These data are imported into the model as a series
tion as a function of height in both AGCM (solid line) and of 12 monthly mean, zonal mean, fields and are interpolated
CMAM (dotted line). Identical resolution is used in the two down to the time step of the model. The SUNYA data set
models from the surface up to roughly 5 km elevation. Aboveonly reaches to 1 hPa and so DYN-MAM uses the middle at-
this level CMAM employs higher resolution which smoothly mosphere data set of Kita and Sumi (1986). While this older
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data set extends up to 100km, it is important to note thatderived in S03. The three simulations are defined by differ-
the vertical resolution is coarser than the SUNYA data and itent settings of the SMO0O ororgraphic scheme. The first sim-
pertains to an earlier, “pre-ozone-hole” period. ulation (panels c and d) corresponds to the default settings of
Boundary conditions for sea-surface temperature (SSTSMO00 employed for tropospheric modelling in AGCMS3 (this
and sea ice concentration (SIC) in both tropospheric AGCM3simulation will be labelled SMOO'ROP). This configuration
and CMAM are derived from the AMIPII boundary condi- of SMOO is identical to that represented in panels (e) and (f)
tion data set spanning the 17 year period 1979-1996 (Tayloof Fig. 2. The simulation itself is essentially equivalent to
et al., 2001). Present-day simulations employ a repeated arthat reported by S03 (see Fig. 8e and f of S03).
nual cycle of monthly mean fields of the SST and SIC aver- A comparison of the winds from the SMOIROP simula-
aged over this 17-year period linearly interpolated down totion with the SPARC climatology (panels a and b of F2y.

the time-step of the model. reveals significant improvement. The winds in the jet cores
have roughly the correct location and magnitude. The sum-
3.3 Impact of orographic drag mertime mesopause wind reversal is now present and also

reasonably represented. Further analysis and discussion of
Scinocca and McFarlane (2000, hereafter SM00) have identhe DYN-MAM response to this configuration of the model
tified the tropospheric impact of moving from the previous may be found in S03 and Scinocca (2002).
McFarlane (1987, hereafter M87) gravity wave-drag (GWD)  The SMOQTROP simulation was the starting point for the
scheme to the new scheme discussed in Sect. 2.6. In th@HM-MAM configuration of the model recently employed
analysis, parameters for the new scheme were determined [fgr the 2006 WMO/UNEP Scientific Assessment of Ozone
attempting to obtain minimal biases for both zonal wind and Depletion. While the general pattern of the winds seems rea-
mean sea-level pressure. SMOO demonstrate a global RM&onable in this configuration, there occur temperature biases
bias reduction of roughly 20-25% for both of these quanti-in the model that are unacceptable for polar ozone studies.
ties in moving to the new scheme. This is highlighted in panels (a) and (b) of Figwhere the

The stratospheric impact of moving to the new GWD zonal-mean temperature bias relative to the SPARC clima-
scheme is considered here. This is investigated initially bytology is presented as a function of latitude and height up to
two 5-year present-day climate runs of DYN-MAM — one 2 hPa. In the SH wintertime polar stratosphere (panel b) there
employing the M87 scheme, the other employing the SM0Ooccurs a significant warm bias extending from roughly 200 to
scheme. To simplify the comparison, all non-orographic 7 hPa. Such climatological temperatures are in excess of the
GWD has been turned off in these runs. threshold values necessary for the formation of polar strato-

In Fig. 2 we present the zonal mean, seasonal mean DJIspheric clouds (PSCs) and so problematic for modelling the
and JJA zonal winds for the SPARC Reference Climatologyheterogeneous chemical reactions that drive polar ozone loss.
(SPARC 2002) and from the M87 and SMOO simulations. To correct for this temperature bias modifications were
Comparing the middle atmospheric response to each of thessmade to the SM00 scheme. These modifications followed
schemes we see that some of the largest differences are Ifrom several unpublished studies where experiments had
cated in the core of the wintertime jet in the southern hemi-been undertaken for the similar purpose of alleviating the
sphere (SH). The use of M87 results in zonal winds that aravarm bias in the SH wintertime polar stratosphere (Stuart
approximately 40 ms! stronger in the wintertime SH meso- Webster and Byron Boville, 2003, personal communication).
spheric jet core than when SMOO is used (panel d vs f).The modifications are comprised of two changes. The first
In fact, the SM0OO zonal winds in this location are close to is a reduction of the total amount of momentum launched by
the observed SPARC reference climatology (panel b) andhe scheme. Typically, this involves altering the value of a ba-
the CIRA winds (Fleming et al., 1990). The magnitude of sic scaling parameter in the orographic scheme. In the SM00
the winds in northern hemisphere (NH) winter also roughly scheme this parameter is the integrated radial dependence of
match observations in both runs (panels c and e). the pressure drag (v) (i.e. Eq. 6.6 of Phillips, 1984).

Obvious problems with these two simulations occur inthe The second modification is less conventional and it in-
summertime mesosphere. The peak Easterly winds in the jetolves an adjustment to the criterion employed to determine
core are in excess of 40 msof the observations. Absent the onset of wave breaking. In the SM0O and M87 schemes a
in both of these runs is the summertime mesopause windritical inverse Froude numbeér .i; is employed as a thresh-
reversal near 85km elevation (ox%0~3hPa). These two old value on the local inverse Froude numBenf the wave
biases are well known and associated with the absence dfeld (i.e. the wave’s non-dimensional amplitude at any ele-
non-orographic GWD in these runs. vation). Locally, whenFr>Frqi momentum is transferred

In Fig. 3 we present the zonal-mean zonal wind from from the wave field to the flow in the manner outlined in
three additional runs in which the non-orographic scheme ofM87. Both the SMO0 and M87 schemes employ a value
Scinocca (2003, hereafter S03) is introduced into the modelFr ¢iy=(0.5)%/2.

The parameter settings employed for the non-orographic
scheme in all the runs are identical and equivalent to those
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Fig. 2. Zonal-mean seasonal-mean zonal winds for the SPARC reference climatology @anels), and from DYN-MAM simulations

employing only the orographic gravity-wave drag parameterization of McFarlane (1987) (pandt¥), and Scinocca and McFarlane (2000)
(panelse andf).

For the 2006 WMO ozone assessment then we employ While it was necessary to accept these biases for the pur-
Freit=0.375 and reducé&;(v) from a value of 1 down to pose of modelling polar ozone, it is not clear whether the
0.65. We shall refer to this configuration as SMOMO. adjustment tdr¢it was required. The reduction &f i; to
The zonal-mean temperature anomaly for the SMORIO a value of 0.375 is very low and arguably unphysical. In
configuration is presented in panels (c) and (d) of Biglt a third experiment, SMQBIOD, it is demonstrated that the
is clear that these two changes to the SM00 scheme almosiame targeted response may be obtained by an adjustment
exclusively target the polar warm bias leaving the remainderof G (v)=0.25 alone. We shall refer to this configuration as
of the model response unaltered. However, from the zonalSMO0.MOD. The zonal-mean zonal wind and temperature
mean zonal-wind field for the SMO@WMO configuration  are respectively presented for the SMIDD simulation in
(Fig. 3) we can see that this adjustment has come at the expanels (e) and (f) of Figs3 and4. The SMOQWMO and
pense of an enhancement of the SH wintertime mesospheriSMO0.MOD runs bear a striking similarity to one another
jet (panel d), which exceeds the observed jet by 30'ms indicating that a similar model response may be obtained by
Further, there is an increase in the mean sea-level pressuen adjustment t@; (v) alone. Because of the reduced mo-
bias in the SMOONMO configuration which is consistent mentum flux in SMOOMOD relative to SMOQWMO, how-
with the trade-off between wind and mean sea-level pressurever, the tropospheric mean sea-level pressure bias is slightly
biases discussed in SMOO. larger in magnitude.
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Fig. 3. Zonal-mean seasonal-mean zonal winds for three simulations employing the Scinocca (2003, S03) non-orographic gravity wave
parameterization in addition to the Scinocca and McFarlane (2000) orographic scheme. Each of the three simulations employs different pa-
rameter settings for the orographic scheme: (pamafsdb) SMOO.TROP employs the settings described in Scinocca and McFarlane (2000)
(G(v)=1.0 andFrc,it:(O.S)l/ 2) (see text), (panelsandd) SMOO.WMO employs the settings for the CMAM contribution to the 2006 WMO

o0zone assessmer (1)=0.65 andFr «;;=0.375), and (panele andf SMOO.MOD employs the setting& (v)=0.25 andFr it=(0.5)%/2.

The close similarity of SMOOVMO and SMOQMOD indicates that the adjustmentfogyj; is not required.

In alleviating the lower stratospheric temperature biases3.4 Seasonal cycle of SH polar vortex
near 50hPa we have focused on adjustments to the orographic

rather than non-orographic GWD. This is because the windgpemica climate model simulations of the recent past pre-
and temperatures in this region are more sensitive to the 0rOse nted in Eyring et al. (2006: hereafter E06) identified a com-
graphic drag in AGCM3. This may in part be due to the deci- p,,y piag in the timing of the breakdown of the SH winter-
sion to launch the non-orographic waves from 100 hPa (S03§ie polar vortex (i.e. EO6, Fig. 2). Relative to three reanal-
in DYN-MAM. Model's that launch their non-orographic yqiq gata sets, the breakdown was delayed by a period that
gravity waves from the surface, or in the troposphere, maynqed from several days to more than a month. This was re-
find that these waves have more influence on the winds an?’erred to as a “cold pole” problem in the models. Given that
temperatures near 50hPa. the models generally produced a realistic amount of plane-
tary wave flux from the troposphere to stratosphere, as de-
duced by comparisons of eddy heat flux near the tropopause
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Fig. 4. As in Fig. 3 but displaying the zonal-mean temperature bias relative to the SPARC reference climatology.

with reanalysis data, it was thought that this bias was associ- To investigate this potential explanation, we consider the
ated with a weakness in the representation of the stratosphetaming of the breakdown of the SH wintertime polar vortex
itself. One possibility is that the initial state of the polar vor- for various configurations of CMAM. In Figs we present
tex leading into Spring is too strong (cold) in the models andthe time evolution of the zero line of the zonal-mean wind at
therefore more difficult to break down. In this section we 60° S based on the climatological mean annual cycle calcu-
briefly consider this explanation for the late breakdown of lated from daily data. The observed evolution is represented
the polar vortex in the CMAM. in Fig. 5 by UKMO reanalysis data (Swinbank and O’Neill,
An excessively strong SH wintertime polar vortex in 1994) (black). The evolution of the CCM-MAM (REF1)
CMAM seems like a plausible explanation for its late break- contribution to EQ6 for pre-ozone hole (1971-1975) and peak
down given the tuning exercise of the DYN-MAM described 0zone-hole conditions (1990-1999) is represented by the red
in the previous section, which resulted in the configura-and blue curves, respectively. The blue curve corresponds
tion SMOQWMO. As already noted, the colder tempera- directly to the CMAM result presented in E06 (Fig. 2).
tures in SMOQWMO produced a SH polar vortex of exces-  Comparing the blue and red curves in Figt is clear that
sive strength at all elevations (Figd). The configuration the spring ozone loss has resulted in a delay in the breakdown
of SMOO.TROP arrived at by Scinocca (2003) had a more of the polar vortex by a few weeks. Such a delay is consis-
representative SH wintertime polar vortex (Fatp). tent with the expected radiative response to springtime ozone
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3.5 Modelling of a spontaneous QBO

UKMO (94-01)
CMAM_REF1 (71-75)
CMAM_REF1 (90-99)

The studies of Takahashi (1996, 1999) and Horinouchi and
Yoden (1998) have established the importance of resolved
gravity waves in the driving of a spontaneous QBO in climate
models. These studies demonstrate that the role of resolved
waves is determined by two factors — sufficiently high verti-
cal resolution in the lower stratosphere (roughly 0.5 km), and
a parameterization of deep convection with enough temporal
variability to force a significant spectrum of resolved gravity
waves.
30 \\\ Since climate models employ a variety of deep convec-
tive parameterizations, there occur large inter-model differ-
100 |- | | ences in the amounts of resolved gravity waves in the tropics
November December January (Horinouchi et al., 2003). This means that a spontaneous
QBO in any two models can result from significantly dif-
ferent combinations of resolved and parameterized gravity

Fig. 5. Time evolution of the zero line of the zonal-mean wind at waves. A detailed study of the the properties of resolved

60° S based on the climatological mean annual cycle. The observeé{va\/es in AGCM3, and their relationship to tropical convec-

evolution as represented by UKMO reanalysis data (Swinbank andion; €an be found in Scinocca and McFarlane (2004).
O'Neill, 1994) is shown in black. Since the background of resolved gravity waves is es-

sentially a property of each GCM, the main quantity avail-
able to tune a spontaneous QBO is the parameterized non-
loss (Shindell and Schmidt, 2004). However, as noted earlierprographic gravity waves in the tropics. This tuning usu-
the breakdown is now delayed by a few weeks relative to theally takes the form of an enhancement of the momentum flux
observations. In the absence of springtime ozone loss, thiaunched in the tropics relative to the extratropics. Such an
zero-wind line of the CCMMAM (red) and the DYN-MAM enhancement is often justified (e.g. McLandress 2000) by the
base model SMQ®VMO (green) should descend earlier than greater convective activity in the tropics. Here we consider
the observed zero-wind line. They both actually closely fol- the modelling of a spontaneous QBO in the CMAM based on
low the timing of the observed break down. This all seemsthese ideas.
consistent with the notion that the excessive strength of the In Fig. 6 we present time-height evolution of zonal-mean
wintertime polar vortex in the SMQWMO configuration is  zonal wind at the equator for two sets of 5y present-day sim-
the reason for its longevity into Spring. If this were the rea- ulations based on the SMO&MO configuration of DYN-
son it would also follow that the SMQUROP configuration ~ MAM. The left column employs the usual 71-level CMAM
(yellow) should show a significantly earlier breakdown than version, while the right column employs a 98-level version
the observations given its weaker (warm) wintertime polarwith 0.5 km resolution in the lower stratosphere (see Ejg.
vortex. This, however, is not the case. While the breakdownFrom top to bottom, these simulations employ a launch flux
of the polar vortex in SMOO'ROP is slightly earlier than of parameterized non-orographic gravity waves that is every-
SMOO.WMO, it also closely matches observations. where uniform (panels a and b), enhanced at tropical lati-
From Fig.4b it is clear that SMOOTROP did not have tudes by a factor of two (panels ¢ and d), and by a factor of
a wintertime cold-pole problem. In fact, the SMOBROP 4 (panels e and f). The enhancement is specified as zonally-
configuration possessed a significant warm bias atS68t  symmetric and time invariant. Its latitudinal dependence is
elevations above 100hPa. The results of FHgare even taken to be that of the normalized annual-mean zonal-mean
more surprising given that the prescribed ozone field used fotonvective precipitation in the tropics. (Similar results are
SMOO.TROP and SMOONMO was the older data set of Kita  obtained with an idealized Gaussian profile with a latitudinal
and Sumi (1986), which does not include Springtime ozonehalf-width of 15.)
loss. This would all seem to indicate that the delay in the The SMOQWMO configuration (panel a) displays a slight
springtime breakdown of the SH polar vortex in the CMAM downward propagation of easterlies extending from the semi-
does not stem from an excessively strong (cold) wintertimeannual oscillation (SAQ) at 1 hPa down to roughly 20 hPa —
polar vortex leading into spring. The late springtime break-approaching an annual period at that level. Enhancing the
down bias seems effectively independent of the strength of/ertical resolution (panel b) appears to allow all easterlies
the wintertime polar vortex. from the SAO to descend down to 20 hPa resulting in per-
petual easterlies near 10 hPa. Neither of these simulations
display a tendency towards producing a spontaneous QBO.
Enhancing the tropical non-orographic gravity-wave flux by

Pressure (hPa)

Month
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Fig. 6. Time-height evolution of zonal-mean zonal wind at the equator for two sets of 5y present-day simulations based on tA&VEMOO
configuration of DYN-MAM. Simulations employing the standard 71-level version of CMAM are on the left while simulations employing

a 98-level version of the model with enhanced vertical resolution in the stratosphere are on the right. From top to bottom, the flux of non-
orographic gravity waves is constant at all latitudes (paaalsdb), increased in the tropics by a factor of 2 (pareésdd), and by a factor

of 4 (panelse andf).

a factor of two and then a factor of four (panels ¢ and e) incase of high stratospheric resolution (panel d and f). There
the standard 71-level version of the model causes the produ@ccurs a decrease from an infinite period down to approxi-
tion of descending shear zones of alternating westerlies anchately 2y. This behaviour is not recovered, however, at low
easterlies. The period, however appears locked to the annuatratospheric resolution. In decreasing the launch flux from
cycle. Repeating the tropical enhancement at higher verticadtx to 2x (panel e and c) there is no influence on the period of
resolution results in dramatically different behaviour. At an the oscillation. It seems to affect only the depth over which
enhancement of twice the flux, the westerlies descend anthe shear layers descend. The inability of the launch flux to
are locked near 50 hPa implying an infinite period for the os-affect the period when low stratospheric vertical resolution
cillation. is employed was identified earlier by McLandress (2000). A
Simple models of the QBO (Baldwin, 2001) suggest more detailed anlysis of sensitivy of the observed QBO to
that an increase/decrease in momentum flux should deparameterized and resolved waves is provided by Giorgetta
creaselincrease the period of the QBO. This behaviour it al. (2006).
revealed when the flux is increased from # 4x for the
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mesosphere. This version of the model is referred to as the
Canadian Middle-Atmosphere Model (CMAM) and we have
focused the discussion primarily on the dynamical version
DYN-MAM.

Here we have considered the impact of the new (Scinocca
and McFarlane, 2000) and old (McFarlane, 1987) orographic
gravity-wave drag schemes on the middle atmosphere. It
was found that significantly more momentum flux reaches
the wintertime stratosphere and mesosphere with the new
scheme. The strength of the wintertime mesospheric jet is
no longer over-estimated with the new scheme and there is
generally a closer correspondence with observations.

The ability of the CMAM to produce a spontaneous QBO
was also investigated. Sensitivity experiments were under-
taken in which the vertical resolution in the region 100—
10 hPa was increased to 0.5km from the standard CMAM
value of 1-2km. The higher resolution allowed resolved
waves to more fully participate in the driving of any modelled
QBO (Takahashi, 1996, 1999; Horinouchi and Yoden, 1998).
Following the approach of others, the remaining tuning came
02 05 01 02 05 10 20 & 10 in the form of an enhancement of the launch momentum flux

®RRn Mixing Ratio (x 107%°) . . . . .
of parameterized nonorographic gravity waves in the tropics.

. . o Two sets of simulations were undertaken for several strengths
Fig. 7. June average ratio of radon-222 concentration in the IowestOf tropical flux enhancement — one with the increased verti-
model layer (approximately 100 m thick) is displayed for spectral P

advection of the mixing ratio (pane) and spectral advection of the cal resolution and the othe_r with standarq vertical re;olution.
hybridized mixing ratio (panes). It was found that only the increased vertical resolution con-
figuration produced a reasonable looking QBO whose period
displayed the expected sensitivity to the gravity-wave source

The QBO simulation displayed in Figf has been ex- flux. The period of QBO-like features in simulations with
tended and its impact on the variability of the stratosphericthe standard CMAM resolution were locked to annual cycle
polar vortex is currently being analyzed. At this time, no fur- and did not display the expected sensitivity to the source flux.
ther work has been invested to fine-tune the QBO in CMAM. The properties of the CMAM QBO and its impact on extra-
Obvious tests would include progressive|y degrading the Ver.thpiC&' variability is currently under investigation and will
tical resolution in the lower stratosphere to determine thebe published in a separate study.
minimum resolution that will support a QBO. Another would ~ The source of the systematic bias identified in Eyring et
be to adjust the launch height to improve its structure and finedl. (2006), in which the modelled breakdown of the SH win-
tune the tropical enhancement of momentum flux to improvetertime polar vortex occurs too late in Spring, was investi-
its period, which is too long at 35 months. These and othergated in the dynamical version of CMAM. Here we consid-

Sensitivity tests will be conducted in the near future. ered the pOSSIbI“ty that the initial state of the polar vortex
leading into Spring is too strong (cold) in the models and

therefore more difficult to break down. This seemed plau-
4 Summary sible given that the SH wintertime polar vortex in CMAM

was tuned to be strong (cold) to ensure the formation of po-
In this paper we have documented the basic properties of th&ar stratospheric clouds for modelling polar ozone. However,
Canadian Centre for Climate Modelling and Analysis (CC- such sensitivity to the initial state of the polar vortex was
Cma) third-generation atmospheric climate model AGCM3. not found in CMAM. Simulations with a weak (warm) win-
A more in depth description of the model physics may tertime polar vortex and with a specified ozone that did not
be found in McFarlane et al. (2005) along with a detailed include an ozone hole, did not produce the expected early
comparison of the model response relative to the secondbreakdown relative to present observations. In CMAM at
generation model AGCM2. least, the delayed breakdown is relatively insensitive to the

AGCM3 continues to be used as the underlying model forstrength of the polar vortex leading into Spring.

middle-atmosphere dynamical- and chemical-climate mod- While AGCM3 is continuing to be used for middle at-
elling, seasonal forecasting, and CCCma'’s first generatioomosphere modelling, it will soon be supplanted by a new
Earth system model CanESM1. Here we have focused offiourth-generation version of the CCCma climate model. Im-
the upward extension of AGCM3 into the stratosphere andprovements include a new correlated-K-distribution radiation
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