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[1] Downwelling of air in the high latitude winter middle atmosphere causes perturbations
in chemical composition. Species with sources in the mesosphere and lower thermosphere,
such as nitric oxide and carbon monoxide, can be locally enhanced in the polar region. We
investigate the origin of the downwelling air and the timescale for transport using the
Whole Atmosphere Community Climate Model (WACCM). Analysis of the middle
atmosphere transformed Eulerian mean (TEM) circulation, also called the residual
circulation, is presented. This circulation gives the net air motion in the meridional and
vertical directions due to the combined effects of the zonally averaged winds and the wave
transport. The summer to winter circulation in the upper mesosphere during the solstice
seasons includes strong upward motion at the summer pole and downward motion at the
winter pole. During most winters, the air that is transported down by the circulation
originates from low to middle latitudes in the upper mesosphere, 85–95 km; the timescale
for this transport is 2–3 months. Trace species transport by molecular and eddy diffusion
can bring high concentrations of thermospheric molecules into the winter mesosphere,
where they are then brought to lower altitudes by the circulation. The magnitudes of the
net tendencies due to advection by the TEM circulation and diffusion are similar. A case
study of an active NH winter shows that the origin of the downwelling air in the TEM
circulation is similar to that during average winters although the downwelling velocity is
stronger by about a factor of two.
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1. Introduction

[2] Rapid downward transport of air into the middle
atmosphere can cause significant perturbations to the chem-
ical composition. Randall et al. [2006, 2009] demonstrated
that downward transport of mesospheric or thermospheric
NO into the stratosphere at the Northern Hemisphere
(NH) winter pole led to a substantial enhancement in the
destruction of stratospheric ozone. The degree of ozone
destruction varied interannually depending on the dynamical
variability and vortex stability in the middle atmosphere.
The signature of downward transport during the NH winter
of 2004 could also be seen in NO2 [López‐Puertas et al.,
2005; Hauchecorne et al., 2007]. In the Southern Hemi-
sphere (SH), the dynamical variations from year to year are
appreciably smaller but the downward transport of NO can
still be quite variable because the NO production varies. The
evidence presented by Randall et al. [2007] indicates that
the downward transport of NO in the SH depends primarily

on the NO production by energetic particles in the meso-
sphere and lower thermosphere.
[3] Several studies have shown interannual variations in

the downward transport into the NH winter middle atmo-
sphere of other trace species that are more abundant in the
thermosphere. Smith et al. [2009, 2010a] found strong
variations in O around 85 km at the NH winter pole during
the January‐March period. Largest values were observed for
2004, 2006, and 2009, during the periods following the
sudden stratospheric warmings of those years. Penetration of
CO into the winter polar vortex was also seen in the 2004
winter [Jin et al., 2005; Funke et al., 2009]. Damiani et al.
[2010] found OH perturbations in the northern high latitudes
during the same periods; their analysis of simultaneous
variations of OH and CO indicated that transport was
responsible for the perturbations.
[4] An important process for the transport of trace species

is the large‐scale net motion of air. An example would be
the displacement of air parcels from the thermosphere to
the mesosphere or stratosphere. In order to be effective as
transport, the timescale for the displacement must be short
compared to the timescale for the air parcel to mix with the
surrounding atmosphere or for the tracer to be created or
destroyed by photochemical processes. The transformed
Eulerian mean (TEM) circulation, introduced by Andrews
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and McIntyre [1976] closely approximates the net air parcel
displacements in the latitude‐pressure plane. The net mass
motion associated with this circulation is an Eulerian rep-
resentation of the zonally averaged Lagrangian motion due
to the mean and perturbation winds. The TEM concept is
valuable in diagnosing the net transport of trace species in
the middle atmosphere.
[5] While the TEM circulation describes the bulk motion

of large scale air masses, diffusive processes can change the
concentrations of trace species within an air parcel. Eddy
diffusion represents turbulent diffusion generated by wave
breaking and is sometimes formulated to include transport
of trace species by eddy flux divergence of organized
gravity wave motion as well. The coefficient of diffusion is
the same for all species although the actual diffusion rate
depends on the vertical gradient of the species mixing ratio.
Molecular diffusion is an important process for redistribut-
ing trace species at high altitudes as a result of the increased
path lengths at low densities. Molecular diffusion acts to
diffuse any trace species with a significant vertical gradient
in mixing ratio and to impose a net vertical drift based on
molecular mass. By these processes, chemical compounds
that are generated in the thermosphere can be diffused into air
parcels whose trajectories do not cross above the mesopause.
[6] This paper uses multiyear simulations from the Whole

Atmosphere Community Climate Model (WACCM) to deter-
mine the transport processes in the mesosphere lower ther-
mosphere (MLT) region. The separate contributions from
these processes to the distributions of several trace species
are presented. The species that we focus on are CO2, CO, O,
and NO. The results show the mean circulation, its impact
on the mean distributions, and the role of eddy and molec-
ular diffusion. Trajectories of the air parcel advection by the
TEM circulation show the typical path of air that descends
over the winter poles. One case study follows the circulation
and evolution of trace species during a dynamically active
NH winter. The discussion explains how the total number of
molecules limits the impact that large‐scale transport of
thermospheric air can have on the middle atmosphere.

2. WACCM: Whole Atmosphere Community
Climate Model

[7] The Whole Atmosphere Community Climate Model,
WACCM, is a high‐top model based on the NCAR Com-
munity Climate System Model. WACCM is an optional var-
iation of the Community Atmosphere Model (CAM) that has
been designed to investigate the interactions of chemistry,
radiation, and dynamics and their impact on the Earth’s
climate system. The atmospheric component of WACCM
extends from the Earth’s surface to 5.96 × 10−6 hPa.
[8] The current study uses WACCM version 3.5, which

uses the physics suite from CAM3.5 [Gent et al., 2009].
Garcia et al. [2007] give a detailed description of an earlier
version of WACCM. Marsh et al. [2007] describe the ener-
getics and solar forcing. Updates are described in Richter
et al. [2010]. The present integrations have a horizontal
resolution of 2.5° in longitude and 1.9° in latitude. There are
66 vertical levels; vertical resolution is about 1.25 km in the
lower stratosphere, decreases to 1.75 km in the upper
stratosphere, and 3.5 km above 65 km. The time step is
30 minutes.

[9] Four WACCM integrations beginning in 1953 and
extending through 2006 were carried out as part of a suite of
simulations made in support of the Chemistry Climate
Model Validation (CCMVal) program [Eyring et al., 2006].
In all of these integrations, model values for sea surface
temperatures, anthropogenic and natural surface gas emis-
sions, volcanic aerosols, solar flux, geomagnetic activity,
and momentum forcing for the parameterized QBO were
specified from observations. With slight differences in the
initial conditions, the four different realizations produce
different weather patterns. Since WACCM is a free‐running
model, weather in the model diverges from the observations
for a particular day. Monthly and annual mean values do
not necessarily correspond to the equivalent years in the
atmosphere.

3. Analysis

[10] WACCM output data are available monthly; the files
represent the average over every time step during the month.
Unless otherwise noted, these monthly mean fields are used
here. A limited number of dynamical fields are available as
daily averages and are used where higher time resolution is
required. These output products do not allow the separation
of daytime and nighttime data for trace chemical species that
have different concentrations during day and night. How-
ever, the species we consider have long lifetimes over the
part of the domain of interest. Therefore the averaging of
day and night data does not adversely affect the analysis.
[11] The continuity equation for the mixing ratio m of a

tracer is given by
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t is time, l is longitude, � is latitude, z is the vertical
coordinate (see below), and u, v, and w are the vector
components of the wind. P is the photochemical production
rate and L is the photochemical loss rate. XK and XD are the
chemical tendencies due to eddy and molecular diffusion,
respectively. Eddy diffusion is a parameterization of pro-
cesses that mix air parcels in the vertical but that are not
resolved by the model (e.g. gravity wave flux divergence,
turbulent mixing). It is given by
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The eddy diffusion coefficient Kzz is a product of the gravity
wave parameterization in the model. See Garcia et al. [2007]
and Richter et al. [2010] for a description of the gravity
wave parameterization in WACCM.
[12] The vertical coordinate used in the analysis, z, is the

log‐pressure altitude, defined by z = −H0log(p/ps) where H0

is a constant approximate scale height of 7 km and ps is the
mean surface pressure. z is an isobaric coordinate and, in
general, differs from the geometric altitude. For comparison
with observations, the figures and discussion in this paper
indicate the annual global average geometric height for a
given WACCM pressure level.
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[13] For molecular diffusion, WACCM uses the parame-
terization of Banks and Kockarts [1973], which treats the
diffusion of a minor trace species through a background
atmosphere composed of the dominant species (N2, O2, O).
This is a valid approximation throughout the range of alti-
tudes spanned by WACCM. XD is given by

XD ¼
1
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where H is the scale height of the background atmosphere,
H = (kT)/(Mg), k is Boltzmann’s constant, g is the acceler-
ation of gravity, and M is the mean molecular mass of the
atmosphere in atomic mass units. Likewise, Hm is the scale
height of m, given by Hm = (kT)/(Mmg). It is evident from
equation (4) that molecular diffusion includes a diffusive
term that depends on the mixing ratio gradient and is anal-
ogous to the eddy diffusion. It also includes a contribution
from the relative mass. Equation (4) can be written as
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wD is the “diffusive separation velocity”. The sense of wD is
such that molecules that are heavier than the background
atmosphere (i.e., those with molecular mass greater than
28.97 atomic mass units) are displaced downward while
those that are lighter are displaced upward.
[14] The magnitudes of both the diffusive and advective

molecular diffusion tendencies depend on the coefficient Dm

[Banks and Kockarts, 1973]. Dm in units of m2 s−1 is given
in equation (7) for M and Mm in atomic mass units, T in K
and n in m−3.
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Dm increases with temperature, an effect that is enhanced
because of the dependence of the background number
density n on T. Also note that the magnitude of Dm is largest
for species with low mass.
[15] To write equation (1) in the TEM system, we separate

all the model‐resolved fields into zonally averaged and
perturbation components (m = � + m′). The equation for the
zonal mean budget of � is
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[16] The TEM meridional and vertical winds, v* and w*,
are defined as [Andrews and McIntyre, 1976]
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The definitions for v* and v* are substituted into equation (8),
which then becomes
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The term F denotes the TEM divergences of wave fluxes,
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The wave flux divergence terms (equation (12)) represent
the effective transport of trace species when the gradient or
chemical lifetime varies over the path length of resolved
wave structures. This can be important for planetary waves
in the stratosphere [Garcia and Solomon, 1983] and lower
mesosphere [Siskind et al., 1997] but is negligible in the
upper mesosphere where vertical eddy transport is due to
small scale gravity waves. The small scale gravity waves are
not simulated explicitly in WACCM. Instead, eddy transport
by gravity waves is parameterized by the term XK. F also
can be important for vertical transport of atomic oxygen by
the diurnal tide near the equator, but this is outside of the
region of interest for this paper. Therefore, in what follows,
we ignore F in equation (11).
[17] In this paper we examine the mean and interannual

variability of the transport and diffusion terms: v*, w*, XD,
and XK and their impacts on four trace species in the upper
mesosphere. The emphasis is on the downward transport
into the high latitude mesosphere of chemical species pro-
duced in the MLT during winter.

4. Climatological Circulation and Transport

[18] Simulation of the stratospheric climate and compo-
sition by WACCM has been compared with observations
and with other models by Eyring et al. [2010] and World
Meteorological Organization [2010]. The model performs
well in the stratosphere, where there are numerous obser-
vations available for validation. Due to much less available
data above 50 km, there has not been a thorough evaluation of
the model simulations of the mesosphere. Selected compar-
isons of temperature and zonal winds [Garcia et al., 2007;
Richter et al., 2010] indicate that the model climatology
compares well with available global satellite observations.
[19] There were significant changes in the composition of

the atmosphere over the period used in this study (1960–
2005). Most important are the increase in CO2 and in
halogen species that accelerate the destruction of ozone. As
shown by Smith et al. [2010b], the model predicts large
trends in the mesospheric circulation at high southern lati-
tudes during the summer months. Trends in winter (both
hemispheres) were smaller and were not consistent among
the four model realizations analyzed here. The small and
inconsistent trends in the winter mesospheric circulation are
not considered further in this paper.
[20] The climatological circulation and trace species dis-

tributions include data from all months between January
1960 and December 2006 of the four realizations. The cli-
matology for each calendar month therefore includes
monthly averages from 188 model years.
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4.1. TEM Velocities

[21] Figure 1 shows a vector representation of the
WACCM climatological TEM velocity for the solstice
months of June and December in the MLT region. The
pattern shows two circulation cells: upward in summer and

downward in winter below about 90 km (geometric altitude)
and upward in winter and downward in summer above
the same altitude. The strongest vertical velocity is the
upwelling in the summer high latitudes that is responsible
for the cold summer mesopause. To illustrate the displace-
ments associated with the velocity vectors, note that
meridional velocity of 1 m/s corresponds to 2.57 degrees of
latitude per day and vertical velocity of 0.01 m/s corre-
sponds to 1.16 km/day. For the solstice periods, the mean
velocities in the MLT can be as large as 10 degrees of lat-
itude and 5 km in the vertical per day.
[22] Both the winter and summer circulation are stronger

in the SH although the differences are much more pro-
nounced in winter. Smith et al. [2010b] discuss the hemi-
spheric differences in the TEM circulations during the late
spring and early summer. The hemispheric differences
during both seasons result from differences in the gravity
wave forcing of the circulation in WACCM (Figure 2).
Stratospheric winds filter upward propagating gravity waves
and therefore can have a strong impact on the driving of the
MLT circulation, which is due in large part to breaking
or dissipating gravity waves. The stronger jet in the SH
stratosphere leads to a greater disparity between eastward
and westward gravity wave fluxes and ultimately to stronger
circulation driving than in the NH. Siskind et al. [2003]
reported a stronger gravity wave driven circulation in July
than in January in simulations using a two‐dimensional
model, consistent with the WACCM results for those
months (not shown). Note that the weak NH gravity wave
forcing climatology also includes the effects of sudden
stratospheric warmings, which occur in about 60% of
winters in these simulations. Even though the NH gravity
wave drag appears to be weak in the December average
in WACCM, the simulated mean winds are realistic [Richter
et al., 2010].
[23] The TEM velocity can also be written in terms of a

stream function c*, defined by
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Figure 1. Vectors showing the WACCM climatological
TEM flow for June and December averaged over 1960–
2006 for four model realizations. The scale at the lower right
shows the maximum v* and w* in m/s. For reference, the
right axis on all figures gives the climatological global mean
geometric altitude from WACCM.

Figure 2. WACCM climatological gravity wave drag for June and December averaged over 1960–2005
for four model realizations. Units are m/s/day.
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The stream function for the mean June and December TEM
is calculated by integrating equation (14) (Figure 3). The
circulation is more vigorous where the stream function lines
are closer together. To the extent that these mean stream-
lines represent the conditions for an extended period, they
may be used to visualize the net trajectories of air parcels.
The only way to move conserved trace species across the
streamlines is by eddy or molecular diffusion. In addition,
trace species can be changed along the streamlines by

photochemistry (the term P − L� − L′�′ in equation (11)).
[24] From Figures 1 and 3 it is evident that the altitude of

the transition from the lower (poleward and downward)
circulation cell to the upper (poleward and upward) cell is
somewhat different in June and December. In the December
mean, the transition occurs around 0.001 hPa. In the June
mean, the transition occurs around 0.0005 hPa, higher by
∼3 km. This is primarily due to the differences in gravity
wave driving of the circulation associated with hemispheric
differences in the filtering of gravity waves by stratospheric
zonal winds.
[25] Lieberman et al. [2000] derived the TEM circulation

as a residual to balance the diabatic heating determined from
temperatures measured by the High Resolution Doppler
Imager (HRDI) on the Upper Atmosphere Research Satel-
lite. They also compared the calculated meridional TEM
winds (v*) with the meridional winds (v) measured by HRDI
and with mean solstice winds measured by several radar
techniques at a range of latitudes. No consistent agreement
between the calculated v* and the measured winds was
found. The altitude where the HRDI v* reached its maxi-
mum magnitude was near or above 100 km for both solstice
seasons, much higher than in the WACCM simulations

(Figure 1). In the summer hemisphere, the circulation
computed by Lieberman et al. [2000] changed from upward
to downward around 95 km, in good agreement with the
WACCM results. However, in the winter, they calculated
downward motion from HRDI through the entire domain of
the analysis (60–105 km) whereas the WACCM simulations
indicate a turnaround at about 95 km.
[26] Due to the difficulty of determining the global

circulation in the MLT region, we expect that a definitive
validation cannot be made by comparing the WACCM sim-
ulated winds with observational analyses. A more fruitful
path for determining the strength and structure of the mean
circulation is likely to be found by comparing the distribu-
tions of advected tracers. The strong seasonal and latitudinal
variations in the WACCM simulations of some tracers,
shown and discussed in section 4.3, provide a robust signal
for validation.

4.2. Eddy and Molecular Diffusion

[27] The eddy diffusion coefficient in WACCM is a
product of the gravity wave drag parameterization. See
Garcia et al. [2007] and Richter et al. [2010] for descrip-
tions of the parameterization. The gravity wave sources
used in the model are not specified uniformly. Instead, the
sources are tied to convection (predominantly in the tropics)
and the presence of fronts (predominantly in middle and
high latitudes). The diffusion coefficient is proportional to
the gravity wave drag and inversely proportional to the
effective Prandtl number (Pr). Pr is used for the diffusion of
heat as well as for trace species so it can also affect the
energy balance [Huang and Smith, 1991]. Pr is set to 4 in the
results presented here. This value was chosen to give a good
match between the WACCM simulations and the measured
profiles of CO2 [López Puertas et al., 2000; Beagley et al.,
2010].
[28] As shown in equation (5), the effect of molecular

diffusion on a trace species can be expressed as the sum of
two different contributions. One part has the form of dif-
fusion (i.e., the tendency is proportional to the second
derivative of the species mixing ratio). The other contribu-
tion has the form of advection (i.e., the tendency depends on
a “velocity” and the vertical gradient of the species mixing
ratio). Both the diffusion coefficients and the effective drift
velocity are different for each chemical species.
[29] The tendencies of trace species due to both molecular

and eddy diffusion depend on the vertical gradient of the
species (equation (11)) and on the diffusion coefficients.
Figure 4 compares the diffusive part of molecular diffusion
(Figure 4b) with the eddy diffusion coefficient (Figure 4a)
for December. The eddy diffusion varies strongly with lat-
itude as a result of the distribution of gravity wave sources
and the filtering of gravity waves by middle atmosphere
winds. Note that there is a peak in the eddy diffusion
coefficient for the NH even though the gravity wave drag
(Figure 2) is small. The parameterized effects from dissi-
pating eastward and westward waves cancel to reduce the
magnitude of the drag but sum to give a peak in the diffu-
sion coefficient.
[30] The molecular diffusion coefficient for a particular

species varies only with temperature and density and is
therefore fairly uniform in latitude and steady in time. The
rate is higher for species with lower atomic weight (see

Figure 3. Contours of the WACCM climatological TEM
mass stream function for June and December averaged over
1960–2005 for four model realizations. Contour interval is
0.05. The dot and dot‐dash contours are for −0.001 and
0.001, respectively. Units are m2/s.
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equation (7)). The other part of molecular diffusion, the
vertical drift of a species relative to the background atmo-
sphere, can be either positive or negative. The sign depends
on the molecular mass of the species relative to the molec-
ular mass of the background atmosphere. In WACCM,
the molecular mass of the atmosphere is kept constant at
28.97 atomic mass units. Figure 4 shows the effective ver-
tical drift velocity for O (16 amu) and CO2 (44 amu). The
magnitudes of wD are smaller by about a factor of 10 for CO
and NO (not shown), whose molecular masses (∼28 and
∼30, respectively) are very close to the mass of the back-
ground atmosphere. The net impacts of molecular and eddy
diffusion on tracer tendencies are compared to the impacts
of advection by the TEM circulation in section 4.3.

4.3. Trace Species Distributions and Transport
Tendencies

[31] We can reconstruct the transport terms in equation
(11) for the trace species in the middle atmosphere from

WACCM. Using CO, CO2, NO, and O as examples, we
determine the contributions to the zonal mean budget in the
upper mesosphere. CO2 is destroyed by photolysis and
chemical loss in the thermosphere. Its mixing ratio has a
negative vertical gradient due primarily to this loss. The
vertical gradient of mixing ratio is also affected by molec-
ular diffusion [LópezPuertas et al., 2000] and by the posi-
tive trend in emissions from the Earth’s surface. CO is
produced by the destruction of CO2; its vertical gradient is
positive in the MLT region. CO can also be produced by the
oxidation of CH4; this source is important in the stratosphere
and lower mesosphere but does not have much of an impact
on the CO concentration in the MLT [Minschwaner et al.,
2010]. The CO concentrations in the thermosphere are
likely underestimated in these model simulations due to a
neglect of CO2 photolysis at extreme ultraviolet (EUV)
wavelengths and of the reaction of CO2 with the O+ ion.
These additional sources of CO (to be included in future
model runs) affect the thermospheric CO concentration but

Figure 4. Latitude × pressure cross‐sections of WACCM climatological values for diffusion during
December: (a) eddy diffusion coefficient (Kzz) (b) molecular diffusion coefficient for CO2 (DCO2);
(c) effective molecular drift velocitywD for CO2 (d) molecular diffusion coefficient for O (DO); (e) effective
molecular drift velocity wD for O. Units are m2/s for Figures 4a, 4b, and 4d; units are m/s for Figures 4c
and 4e.
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have little impact below the mesopause. O is abundant and
long‐lived in the thermosphere. Due to sharp changes in the
production rate and the photochemical lifetime, the O
mixing ratio has a very strong positive gradient in the upper
mesosphere. NO is produced in the auroral zones and also as
a byproduct of ionizing EUV radiation. Marsh et al. [2007]
show the horizontal and vertical distributions of the NO
production in the MLT simulated by WACCM.
[32] Figure 5 shows the average distributions of these four

species in December and June. The distributions reflect the
mean circulation shown in Figure 1. CO and CO2 have long
lifetimes in the MLT and behave like tracers on a seasonal
timescale. Upwelling in the summer mesosphere is associ-
ated with high concentrations of CO2 and low concentra-
tions of CO. Downwelling in the winter has the opposite
effect. The mixing ratios of CO and CO2 also respond to the
oppositely directed vertical velocities in the polar regions
above 90–95 km. As a result of the converging vertical
winds above the summer mesopause, the vertical gradients
of CO and CO2 are strongest there.

[33] Most of the carbon in the MLT is tied up in either
CO2 or CO; the balance changes due to photochemical
reactions. It is evident from Figure 5 that the sum of these
two species is not constant. There are two reasons for this.
1) Molecular diffusive drift has a strong impact on redis-
tributing CO2 and a lesser impact on CO so this process
keeps the molecules out of balance. 2) Due to multiyear
transport times, there are gradients in both molecules that
result from the strong trend in CO2 emissions at the Earth’s
surface.
[34] In the upper mesosphere (70–95 km), the distribution

of NO has a pattern that is similar to that of CO; the patterns
diverge below 70 km due to different chemical sources. This
distribution indicates that downwelling of NO‐rich air near
the winter pole and upwelling of NO poor air near the
summer pole impacts the global distribution [Marsh and
Roble, 2002]. Above 95 km, the NO distribution differs
from that of CO. NO still has a positive gradient in the
vertical direction but the NO distribution in the thermo-
sphere does not show any indication that transport by the

Figure 5. WACCM climatological mixing ratios of CO, CO2, O, and NO during December and June.
Units are ppmv for CO and CO2, plotted with linear contour intervals. Units are mixing ratio for O and
NO, plotted with logarithmic contour intervals.
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circulation cell above the mesopause (rising motion near the
winter pole) is controlling the distribution. The NO maxi-
mum at the winter pole in the altitude range 95–110 km
shows the impact of production in the auroral zones and loss
triggered by NO photolysis [Marsh, 2011]. For the altitude
range shown in Figure 5, the distribution of NOx is almost
identical to that of NO.
[35] Where its lifetime is long, above about 85 km, the

distribution of O also responds to transport by the mean
circulation. Like CO and CO2, it has strongest vertical
gradients at the summer pole at the altitude where the
upwelling and downwelling cells meet. Below 80 km, the
lifetime of O is short and its distribution is strongly affected
by photochemistry. The extremely low values near the
winter pole indicate a low concentration of O during the
continuous darkness of polar night.
[36] The troposphere and stratospheric sources and

mesosphere photochemical loss give an overall negative
gradient with altitude for water above about 60–70 km.
Therefore, upwelling at a particular latitude in the MLT
region will increase the water concentration while down-
welling will decrease it. The chemical loss rate is slow so
transport on a seasonal timescale affects the water distri-
bution. Transport causes the maximum water at high lati-
tudes to occur during the season with upwelling motion.
[37] Seasonal distributions of H2O in polar latitudes from

Odin satellite measurements were compared with WACCM
simulations by Lossow et al. [2009]. The patterns are quite
similar. In both cases, there is a summer maximum in water
near 70–80 km, due to summer upwelling, and there is a
winter maximum above 100 km, due to winter upwelling.
One way to evaluate the model performance in the two
hemispheres is to compare the altitude at which the seasonal

maximum in water changes from summer to winter. In the
SH, both the Odin observations and WACCM simulations
have this transition at about 92 km; i.e., below 92 km,
the annual maximum in water occurs during summer and
above 92 km the annual maximum occurs during winter.
This seasonal distribution is determined mainly by vertical
transport and so it is a good proxy for upwelling. The water
maxima seen in Odin during the winter at high altitudes are
an excellent confirmation that the mean circulation has
reversed near the mesopause. However, in the NH, the
altitude of the transition to winter maximum is lower in
WACCM (∼90 km) than in the Odin observations (∼95 km).
The WACCM simulations analyzed in this study did not
include polar mesospheric clouds (PMC). Condensation,
settling, and evaporation associated with PMC can redis-
tribute water in the summer upper mesosphere; neglect of
these processes may contribute to discrepancies between the
simulations and observations.
[38] A similar discrepancy is seen in the distribution of O

in the winter hemisphere as simulated by WACCM and
measured by SABER (Figure 6). See Smith et al. [2010a] for
a description of the determination of O from SABER. Due
to the instrument viewing direction, SABER observations
extend only to 53° in the winter hemisphere. In June, the
contours of constant O mixing ratio slope upward from SH
to NH at 85 km and slope downward at 95 km. The slope
indicates downwelling in the winter mesosphere (southern
middle to high latitudes) and upwelling at higher altitudes.
The transition between upward sloping and downward
sloping contours can give an estimate about the altitude where
the circulation changes from downwelling to upwelling.
The June SH transition levels are at about 0.0008 hPa in
both model and observations. However, for NH December,

Figure 6. Climatological mixing ratio of atomic oxygen from (top) SABER (2002–2010) and (bottom)
WACCM for December and June.
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the levels are ∼0.0008 hPa for WACCM and ∼0.0005 hPa
for SABER.
[39] The H2O and O measurement comparisons with

WACCM confirm the basic direction of the circulation in
the MLT. However, the comparisons also indicate that the
altitude of the upward circulation cell in the NH winter is
too low in WACCM. This indicates that the altitude of
strong poleward motion in the model is too low during NH
winter. (Due to continuity, the transition from downwelling
to upwelling flow depends on the vertical and meridional
structure of v*.) In WACCM, the altitude of the poleward
winter flow is controlled by the gravity wave parameteri-
zation. In particular, it is the altitude of the maximum
momentum deposition of breaking gravity waves. The dis-
crepancies suggest that the breaking level for gravity waves
in the NH winter in the WACCM parameterization is too
low. The breaking level depends on parameters in the
gravity wave parameterization, particularly the assumed
wave amplitude at the source level (in the troposphere). This
discrepancy is being further investigated.
[40] Figure 7 shows the tendencies of WACCM CO2 due

to meridional and vertical advection by the TEM circulation,
molecular diffusion, and eddy diffusion for June. The ten-
dencies of CO2 in response to the net drift component of
molecular diffusion is negative. The effective molecular
diffusion velocity wD is downward for CO2. Since the gra-
dient is negative (Figure 5), this leads to a negative ten-
dency. From the magnitudes of the tendencies in Figure 7, it
is evident that the primary transport tendencies for CO2 in

WACCM around the time of solstice are due to the vertical
advection by the TEM and the molecular drift. Eddy dif-
fusion is variable in space but can be locally dominant.
[41] Figure 8 shows the December tendencies of the four

species shown in Figure 5. The tendency terms at each
pressure level are expressed as a percentage of global mean
concentration at that level. For example, a value of 200% (as
for the NO tendency due to advection by the TEM circu-
lation at the winter pole at 0.01 hPa) means that the ten-
dency is to increase the NO concentration daily by an
amount that is double the global average concentration at
0.01 hPa. For CO, O and NO, the strongest magnitudes
occur in the winter high latitudes around 65–90 km (0.1–
0.001 hPa). This reflects the dynamical processes that are
transporting concentrations far in excess of the global mean
mixing ratios at this altitude. It is also evident that the ten-
dencies due to the vertical eddy and molecular diffusion can,
in some regions, be larger than those due to the TEM cir-
culation. Downward transport of trace species into the
winter pole will result from the net effect of air parcel
advection by the TEM circulation and movement of trace
species into or out of air parcels by diffusion. The tenden-
cies for June (not shown) have maxima in the opposite
hemisphere; the patterns are very similar although the
magnitudes of the tendencies due to the TEM advection are
larger by about a factor of two. Since the tendencies due to
diffusion have similar magnitudes in the two hemispheres,
the net effect is a stronger transport of tracers in the SH
winter than in the NH.

Figure 7. Climatological WACCM tendency of CO2 due to advection by the TEM meridional velocity,
the TEM vertical velocity, molecular diffusion, and eddy diffusion during June. Units are ppmv/day.
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4.4. Trajectories and Timescales of Air That Is
Advected to the Winter Pole

[42] There is increasing evidence that CO, O, and NO,
which have sources in the upper mesosphere that increase
into the thermosphere, are on occasion transported into
the mesosphere and stratosphere. NO has received a lot of
attention because, when it penetrates into the middle strato-
sphere or lower, it can lead to significant enhancement in
the destruction of stratospheric ozone [Randall et al., 2006,
2007, 2009; Hauchecorne et al., 2007].
[43] O is also very important for ozone since it is one of

the species needed for production. In the part of the atmo-

sphere where its lifetime is long (above about 80 km and at
even lower altitudes in the polar night), its distribution and
variability are strongly affected by transport on timescales of
hours to months [Smith et al., 2010a]. Ozone is short‐lived
in the mesosphere and its concentration is directly related
to the production rate through the reaction of O with O2.
Transport of O therefore directly affects the amount of
mesospheric ozone, including the ozone values at the sec-
ondary maximum (90–95 km) [Smith and Marsh, 2005].
[44] The production of CO ceases in the darkness of polar

night but its loss continues in the MLT where OH is present
during night [Minschwaner et al., 2010]. From the observed

Figure 8. Climatological mixing ratio tendencies for CO2, CO, O and NO during December due (left) to
the TEM circulation and (right) to the sum of eddy and molecular diffusion. Units are change in mixing
ratio as a percent of the long term mean mixing ratio over all latitudes and months at each pressure level.
Contour intervals are 1% for CO2, 8% for CO, and 40% for O and NO.

SMITH ET AL.: WACCM POLAR WINTER TRANSPORT D20115D20115

10 of 17



OH density in the polar night [Damiani et al., 2010] and the
reaction rate of OH with CO [Sander et al., 2006], the
maximum loss rate of CO is ∼6 × 10−7 s−1, or a lifetime of
several weeks. The penetration of air with high CO into the
winter middle atmosphere during the late winter of 2004,
2006, and 2009 that was documented by Jin et al. [2005],
Funke et al. [2009], and Damiani et al. [2010] was an
indication of unusual transport. During all three winters, a
major stratospheric sudden warming was followed by a
period with low planetary wave activity in the stratosphere,
enhanced downwelling in the polar mesosphere, and a
stratopause position much higher in altitude than normal.
The unusual dynamics of those winters were confirmed by
observations of temperature [Manney et al., 2005, 2008,
2009] and were also seen in observed OH concentration
[Damiani et al., 2010] and airglow emissions [Winick et al.,
2009].
[45] Here we address the question of where the air parcels

transported down near the winter pole have been prior to
their descent. Figures 1 and 3 indicate that the circulation
cell that is downward in the winter high latitudes extends
only up to about 0.001 hPa (NH winter) or 0.0005 hPa (SH
winter). Above that level, the mean circulation is upward
although there is a weak downward motion over a very
narrow region at the pole. Following the TEM streamlines
(Figure 3), it appears that most of the air transported down-
ward over the wide latitude band poleward of 60° originates
in the middle atmosphere of the summer hemisphere.

[46] To determine more precisely the origin of the air, we
use daily values of the TEM circulation, calculated using
equations (9) and (10) from daily average model output.
Coordinates of the end point (day, year, latitude and pres-
sure) are specified and back trajectories give the origin point
of the air parcel at a specified previous time. Figure 9 shows a
sample of air parcel trajectories over a 50 day period ending
on February 1 (i.e., trajectories beginning on 14 December
of one year and ending on 1 February of the next). Trajec-
tories for the years 1990–2000 from one of the model rea-
lizations are shown.
[47] Each trajectory in Figure 9 has an asterisk indicating

the location at the start day of the 50 day period. Figure 10
shows those start positions only, and now includes trajec-
tories for all four model realizations and for all years 1960 to
2006. The comparable plot for SH winter is also shown. It is
evident from Figure 10 that, in mid‐December, the majority
of the air parcels were in the tropics or NH midlatitudes over
a limited pressure range approximately 0.003 to 0.0005 hPa
(∼83–93 km). Only a handful of trajectories (5 out of 188)
originate in the polar region at altitudes higher than 100 km.
This distribution is consistent with the mean stream function
during the NH winter; see the December average shown in
Figure 3.
[48] Comparison of the NH and SH results in Figure 10

illustrates that the air parcels generally travel farther in
SH winter due to the more vigorous circulation there. The
parcels originating in low and middle latitudes generally

Figure 9. Trajectories of air parcels due to the TEM circulation for 50‐day periods ending on February 1
at 85°N and 0.01 hPa for 10 years. The trajectory origins are marked by small asterisks. The large asterisk
indicates the end location for all trajectories.
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come from higher altitude than those in the NH, consistent
with the mean circulation differences shown in Figure 1 and
with the distribution of trace species in Figure 5. There are
only a few years when air parcels are advected directly
downward from the thermosphere into the middle atmo-
sphere in either hemisphere. The trajectory origins illustrate
that, for the WACCM climatology, descent of air in the
polar region is slow (timescale of months) and that very few
of the descending air parcels originate in the thermosphere.
[49] A look at the number of molecules involved shows

the limitations of perturbations to the middle atmosphere by
downward transport from the thermosphere. The number
density n of air at pressure p is n = p/(kT), where k is
Boltzmann’s constant. The total number of air molecules per
unit area above p (i.e., the column amount) is p/(kT) · H,
where H is the atmospheric scale height. Using the defini-
tion H = RT/g, T can be eliminated from the expression for
column amount. The air occupying the region poleward of
latitude � will have an areal extent proportional to [1 −

sin(�)]. Let nTOT be the total number of molecules above p
at latitudes poleward of �. nTOT depends on the latitude �
and pressure p as

nTOT / 1� sin �ð Þ½ � � p
R

k � g

� �

ð15Þ

For a trace species with constant mixing ratio m in the
thermosphere, the total number of molecules in the same

domain is m · nTOT. A volume of air from a higher pressure
but having a lower mixing ratio can actually contain sub-
stantially more molecules of the trace species. Descending
air can in principle draw from a wider latitude range, even
from the entire globe. However, the impact of thermospheric
molecules on the mixing ratios of a vortex‐wide mass of air
in the middle atmosphere is limited by the exponential
decline of pressure with altitude.
[50] Applying numbers to equation (15) can give a sense

of the magnitudes. Consider the global air mass above
0.0001 hPa (about 100 km), i.e. the entire global thermo-
sphere. The global mean mixing ratio of NO at that level in
WACCM is 3 × 10−5 (30 ppmv). We can estimate the
mixing ratio that this same air would have if it were con-
centrated into the polar vortex but diluted in a higher density
environment. Consider that the entire mass of the thermo-
sphere is moved poleward to the NH polar vortex (60°N to
the pole) and downward to 1 hPa (50 km) with no chemical
loss. The resulting mixing ratio would be reduced by a
factor of 0.0015, giving a mixing ratio of 45 ppbv. This
mixing ratio is large but is nevertheless smaller than per-
turbations sometimes seen in NH winter. However, in this
scenario, the air in the vortex contains a mix of thermo-
spheric air and other air from the mesosphere. If the air
transported from the upper mesosphere also contains high
concentrations of NOx, the NO mixing ratio at 1 hPa will be
larger than the first estimate of 45 ppbv.
[51] The scenario for bringing down thermospheric air just

discussed is an idealized case that does not account for
chemical loss or additional dilution by lateral mixing across
the vortex boundary. The scenario gives an upper limit for
the concentration of NOx in the polar vortex that has been
transported by the mean circulation directly from the ther-
mosphere. As pointed out elsewhere, eddy and molecular
diffusion are quite important for the vertical transport of
NOx and other species, particularly above 90 km. In these
model calculations, it is not possible to assess how much of
the transport is due to the mean circulation alone and how
much depends also on the diffusion. Future model tests are
being planned to address this question.

5. Circulation and Trace Species Transport
During an Active NH Winter

[52] This section illustrates the TEM circulation and tracer
transport during a NH winter that was characterized by
active dynamics. Recall that the model is free‐running and
so the calendar year does not necessarily resemble the same
year in observations. The dynamical evolution during two
different highly disturbed winters in WACCM are presented
by Chandran et al. [2011] and Limpasuvan et al. [2011].
[53] Funke et al. [2009] and Damiani et al. [2010] pre-

sented observations of CO averaged over the NH polar
region for several recent winters. These observations dem-
onstrate that high concentrations of CO extend to higher
pressure levels during dynamical events characterized by
strong downwelling. The highest pressure of the 5 ppm
contour shown by Damiani et al. [2010] for February–
March 2006 and 2009 was about 0.3 hPa.
[54] Figure 11 shows the pressure of the 5 ppmv contour

of CO from WACCM during the NH winter for the third
realization, model year 2002, at daily intervals. The shading

Figure 10. Points of origin (marked +) of 50‐day air parcel
trajectories due to the TEM circulation. Points are shown for
the years 1960–2006 for four model runs. The end location
for all trajectories is indicated by a large asterisk: (a) trajec-
tories ending on February 1 at 85°N and 0.01 hPa; (b) tra-
jectories ending on August 1 at 85°S and 0.01 hPa. The
red + in Figure 10a (∼92 km, 81°N) is for the case study
described in section 5.
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shows the pressure range for all other NH winters using data
at 10‐day intervals (the normal output format). The maxi-
mum pressure of the 5 ppm contour during this winter is
higher than that found in all the other winters from the four
WACCM realizations analyzed here. The WACCM CO
contours penetrate to 0.2 hPa, not quite as high a pressure
(or equivalently as low an altitude) as seen during 2004 by
Funke et al. [2009] and during 2006 and 2009 by Damiani
et al. [2010].
[55] Cross‐sections of the polar mean values of tempera-

ture, CO and NOx for the same year are shown in Figure 12.
NOx is the sum of NO and NO2. It behaves more like a
tracer over the broader middle atmosphere as photochemical
processes in the stratosphere and lower mesosphere convert
rapidly between NO and NO2. A major sudden stratospheric
warming (SSW) occurred in the second half of January. The
characteristic signature of this event can be seen in the high
temperature in the middle stratosphere and low temperature
above there in the lower and middle mesosphere. The sim-
ulated temperature behavior after the SSW is similar to the
observed evolution during 2004, 2006, and 2009. Specifi-
cally, the altitude of the maximum temperature shifts
abruptly to a much higher location, at about 80 km, and then
descends over a period of weeks. This phenomenon has
become known as the displaced or elevated stratopause.
[56] Figure 13 shows the TEM circulation for three days

during 2002. Around the time of the SSW (23 January), the
flow is strongly poleward in the stratosphere, with upwell-
ing in the high latitude lower mesosphere. This circulation
dies away quickly after the SSW (not shown) and is fol-
lowed by a pattern more characteristic of a typical winter.
The poleward flow in the upper mesosphere persists during
February and early March (shown for 15 February and
8 March). The associated downwelling raises the tempera-
ture in the mesosphere and leads to the steady increase in the

mixing ratios of CO and NOx that are seen in Figure 12.
Figure 14 shows a comparison between the February TEM
climatological circulation at high northern latitudes and that
for the perturbed year. During this dynamically active
period, the mesospheric downwelling is stronger by about a
factor of two than the climatological values. Note also that
the poleward flow at high latitudes occurs at a lower altitude
in the February 2002 simulation. The origin point of the
50‐day back trajectory ending on February 1 of this period
(the red symbol on Figure 10) is at high latitudes around
90 km.
[57] While the descent of CO in WACCM is similar to the

observations during the most active years, the descent of
NOx in the model does not agree as well. Randall et al.
[2009] show NOx values that reach 100 ppbv at 60 km.
For the year illustrated, concentrations above 100 ppbv are
seen only above about 70 km. Recall that, by the measure of
the 5 ppm CO contour, this is the strongest event we have
seen in the free‐running WACCM. Since this period
occurred close to solar maximum, the NO concentrations in
the MLT were higher than average. Nevertheless, the per-
turbation in WACCM falls short of that recently observed
on several occasions, indicating a shortcoming of the free‐
running model. The limited penetration of high NOx is also
seen during other years with active dynamics (not shown).
A similar discrepancy was seen in a WACCM integration
adapted to simulate the 2005–2006 NH winter [Marsh,
2011]. In that case, the winds and temperatures in the
troposphere and stratosphere were constrained to follow
the observed evolution by nudging to analyzed global
fields, while the dynamical evolution above 50 km was
free‐running.
[58] As discussed in section 4.3, comparison of WACCM

simulations of H2O and O with observations indicate dis-
crepancies related to the mean circulation. A consistent
interpretation of both comparisons implies that the altitude
of the poleward component of the circulation in the NH
winter in WACCM is too low. From the very strong vertical
gradient of NO (Figure 5), an offset of a few kilometers can
give up to a factor of 10 offset in the concentration of NO.
This short‐term discrepancy in the NO transport during the
selected event illustrated in Figures 11–13 gives additional
support for the concern that WACCM poleward flow during
NH winter is occurring too low by several kilometers.
Another contributing factor could be eddy diffusion rates
that are too low in WACCM. As shown in Figure 8, eddy
diffusion leads to an increase in the NO mixing ratio in the
upper mesosphere during polar winter. If the diffusion rate is
underestimated in WACCM, the downward diffusion of NO
into the air parcels that subsequently descend near the pole
will also be underestimated.

6. Conclusions

[59] Recent observations of NO, NO2, CO, OH, and O
have shown that the circulation near the winter pole can
bring down air with higher concentrations of these tracers.
The sharp increases in their concentrations during the
periods following the sudden stratospheric warmings of late
winter 2004, 2006, and/or 2009were particularly noteworthy.
The conventional understanding has been that these trace
species, all of which have sources in the lower thermosphere,

Figure 11. Pressure of the 5 ppmv contour of CO in the
northern polar region for November through April. Data
have been averaged over the latitudes 75°–90°N. The
dashed black line gives the case for November 2001–April
2002 of the third model realization, determined from
10‐day average data. The solid black line is for January–
April 2002 of the same case, determined from daily data.
The gray shaded area gives the range found in all other win-
ters (187 cases) determined using 10‐day average CO data.
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represent the incursion of thermospheric air into the middle
atmosphere.
[60] In the present study, we use the NCAR WACCM

model to investigate transport in the mesosphere and its
impact on trace species distributions. The model includes
comprehensive interactive chemistry and dynamics of the
atmosphere from the surface to about 140 km. The analysis
primarily relies on monthly mean results from four inte-
grations of the model over the period 1953–2006. The
mass transport circulation is well represented by the two‐
dimensional transformed Eulerian mean (TEM) formulation
introduced by Andrews and McIntyre [1976].
[61] The climatology of the TEM circulation in the sol-

stice seasons is dominated by summer to winter flow in
the upper mesosphere. Through mass continuity, this is
accompanied by upwelling in the vicinity of the summer
pole and downwelling in the vicinity of the winter pole.
Above the altitude of strong meridional flow, there is

another circulation cell with the opposite sense: upwelling
near the winter pole and downwelling near the summer pole.
The distributions of trace species with strong vertical gra-
dients respond to these two circulation cells. Near the
summer pole, where upwelling and downwelling motions
converge, vertical gradients of CO2, CO, O, and NO are
much stronger than the global average. Vertical gradients of
these species are weakest over the winter pole. Observations
of water [Lossow et al., 2009] and atomic oxygen con-
firm the basic sense of the circulation although some dis-
crepancies remain.
[62] In WACCM, trajectories of air parcels following the

TEM circulation indicate that, for the majority of winters,
the air that is transported down in the late winter high lati-
tudes does not originate in the thermosphere. Instead, air
parcels are advected toward the winter pole from lower
latitudes, following paths that are well predicted by the
climatological TEM stream function. The multiyear mean

Figure 12. Pressure × day of year cross‐sections of temperature, CO (ppmv) and NOx (ppbv) mixing
ratio for the first 100 days (1 January through 10 April) of the active NH winter 2002 of the third real-
ization. Data have been averaged over the latitudes 80°–90°N. The arrow shows the onset of the sudden
warming in the stratosphere.
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vertical motion has sinking at the winter pole below the
altitude of poleward flow and rising above there, indicating
that the air parcels are moving upward into the thermo-
sphere. On the other hand, molecules of trace species can
diffuse into or out of the air parcels through the action of
molecular and eddy diffusion. So, while the air parcel itself
has not been transported from the thermosphere, the bulk of
the NO molecules, for example, could have been produced
there.
[63] Advection in the winter middle atmosphere does

bring down air that has higher concentrations of NO, NO2,
CO, and O, in agreement with the observations. The results
confirm this downward transport and illustrate its hemi-
spheric differences and interannual variability. The origin of
the advected air, in low latitudes of the mesosphere rather
than in the polar thermosphere, is a robust result in both
hemispheres. 50‐day back trajectories ending on 1 February
(80°N) or on 1 August (80°S) give results that are repre-
sentative of the winter advection. They indicate that the bulk
of the air parcels originate in lower latitudes of the same
hemisphere with origin altitudes centered at about 87 km

(NH) or 92 km (SH). During a handful of winter seasons in
both hemisphere, the air originated above 100 km in high
latitudes.
[64] As noted above, the air mass transport represented by

the TEM circulation is not the whole story for trace species.
Vertical eddy and molecule diffusion can play a major role
in the upper mesosphere. In the WACCM simulations ana-
lyzed here, the eddy diffusion coefficient peaks in the
mesosphere and in general has a smaller impact on trace
species distributions during solstice seasons than does the
TEM circulation. However, molecular diffusion increases
strongly with altitude and becomes a dominant process
above ∼90 km. Molecular diffusion that mixes individual
molecules of a trace species downward, combined with the
mean circulation governing air masses in the mesosphere,
may be able to account for the perturbations to NO, CO and
other trace species that have been observed during NH
winter. It is likely that the combined effects of diffusion and
advection by the mean circulation are sometimes more
effective at changing the composition than the sum of their
individual contributions. Both processes act to increase the

Figure 13. TEM vectors for the circulation for three days during the active NH winter 2002 of the third
realization.

Figure 14. February mean TEM vectors in the NH for the WACCM climatology and the active NH win-
ter 2002 of the third realization.
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mixing ratios of NO and O in the polar winter but the alti-
tudes where they are most effective are offset. Together, the
altitude range over which dynamical processes perturb the
chemical composition is broader. Additional model runs
with the capability of distinguishing the relative roles of
diffusive processes and advection by the TEM circulation
are needed to determine a quantitative breakdown of the
roles of these processes.
[65] The TEM circulation is difficult to determine from

mesospheric observations of dynamical fields. The best
approach for verifying the WACCM simulations is com-
parison of the simulated trace species distributions with
observations. The comparisons discussed here indicate that
WACCM simulations cannot reproduce all of the details of
the observations. We note two discrepancies (possibly
related) in particular. First, in the NH, the altitude of the
transition from summer maximum to winter maximum for
H2O and vice versa for O is too low in WACCM. This
suggests that the altitude of the peak of the gravity wave
driving of the circulation is too low. The equivalent transi-
tions in the SH, on the other hand, are well simulated. The
second discrepancy is that the amount of NO that descends
into the lower mesosphere and stratosphere during the most
extreme dynamical events falls short of that observed.
Results from one winter were presented but the NO descent
during other active winters was similar. This difference
could also be affected by the vertical extent of the poleward
winter circulation. If the altitude of the poleward flow is too
low, the NO increases by diffusion or chemical processes
will be underestimated in the simulation. However, a sim-
ulated eddy diffusion due to gravity waves that is too weak
could also cause or contribute to the discrepancy.
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