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ABSTRACT

Two-dimensional model calculations of the photochemistry and transport of carbon monoxide in the
stratosphere, mesosphere, and lower thermosphere are presented. Results are compared to available observations
at midlatitudes, where both observation and theory suggest that mesospheric CO abundances are larger on
average in winter than in summer. The calculations also indicate that extremely large densities of CO should
be found in the polar night mesosphere and upper stratosphere, but at present no high-latitude data are
available for direct comparison. However, it is suggested that such a latitudinal distribution implies that the
midlatitude region can exhibit unusually large abundances of CO under conditions of large-scale planetary
wave activity. Two midlatitude observations during late January 1982 are shown to be consistent with this

possibility.

1. Introduction

The photochemistry and transport of carbon mon-
oxide in the troposphere (surface to about 12 km) is
the subject of a great deal of study, primarily because
this species plays a central role in the photochemical
smog reactions that produce tropospheric ozone. In
the middle atmosphere (from about 10 to 100 km),
on the other hand, carbon monoxide is not an active
participant in the photochemistry of ozone, and is
largely inert with respect to other constituents. In the
mesosphere, the photochemical lifetime of carbon
monoxide is comparable to those of the transport
time scales, and its density there is dependent on
both chemical and dynamical processes (see Fig. 1).
As a result, this species provides a good tracer with
which our understanding of middle atmosphere trans-
port processes may be tested (Hays and Olivero, 1970;

Wofsy et al., 1972; Allen et al., 1981), and the study

of CO in the middle atmosphere is therefore of
interest and importance, in spite of {(or because of )
its rather unreactive nature.

Observations of mesospheric carbon monoxide can
be performed from the ground using microwave
methods (e.g., Waters ez al., 1976; Kunzi and Carlson,
1982; Clancy et al., 1982), and infrared observations
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of this constituent in the stratosphere and perhaps
the lower mesosphere are planned as part of the
complement of experiments onboard the Upper At-
mosphere Research Satellite (1o be launched in the
late 1980s). Thus, the distribution and variability of
carbon monoxide in the middle atmosphere is be-
coming better characterized than ever before. Micro-
wave studies suggest that greater CO abundances are
present in winter than in summer at midlatitudes,
which has been interpreted to be a result of downward
transport by the mean meridional circulation during
the winter season (Clancy et al., 1982, 1984). In this
paper, we present a modeling study of the behavior
of carbon monoxide in the middle atmosphere. Com-
parisons of calculations with observations and their
inferences for transport processes will be discussed.
The calculated variations of this species with respect
to altitude and season will be described, and their
relevance to transport processes will be explored, for
both zonally averaged and for zonally asymmetric
conditions (e.g., in the presence of large-scale waves).

2, Photochemistry of carbon monexide

The primary source of carbon monoxide in the
upper part of the middle atmosphere (mesosphere-
and lower thermosphere) is provided by photolysis of
carbon dioxide:

CO, + hv — CO + O. (1)
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F1G. 1. Photochemical lifetime of CO in the winter mesosphere
at 39° latitude, along with the diffusive time constant given by H*/
K., where H is the CO scale height and K, is the vertical eddy
diffusion coefficient, and the advective time constant given by H/

w*, where w* is the residual Eulerian vertical velocity calculated
by the model (see Garcia and Solomon, 1983).

Carbon dioxide absorbs strongly in the Schumann-
Runge continuum and at Lyman-« wavelengths, and
to a lesser degree in the Schumann-Runge bands of
molecular oxygen. Thus its photolysis rate becomes
rapid only at high altitudes, where substantial fluxes
at these wavelengths are available. The effectiveness
of this loss process for CO, is manifested by the
observation of decreases in the CO, mixing ratios
above about 100 km, where its relative abundance
begins to drop from perhaps 330 ppmv to less than
300 ppmv in only about 10 km (e.g., Trinks and
Fricke, 1978). Above about 120 km, oxidation of
CO, by reaction with O* also becomes important,
but is not considered in this study because our model
upper boundary is located at about 116 km. The
major chemical loss of CO above about 100 km is
due to three-body recombination with atomic oxygen:

CO+0+M—-CO,+ M 2)

but the time constant characterizing the photochem-
istry is much slower than transport at these altitudes
(Fig. 1). Since CO is the long lived product of CO,
destruction in the lower thermosphere, the observed
CO; gradient suggests that CO mixing ratios in the
lower thermosphere should be of the order of a few
tens of ppmv.

Carbon monoxide is also produced in the strato-
sphere through the oxidation of atmospheric methane,
but it is rapidly destroyed there via the reaction:

CO+0OH—CO,+H 3

which is the dominant loss reaction for this species
throughout the stratosphere and mesosphere. We
note that this process only occurs in the sunlit
atmosphere, since OH is produced by reactions in-
volving photolysis (e.g., of H;O) and its concentration
therefore diminishes rapidly in the dark. Our knowl-
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edge of the abundance of OH is subject to considerable
uncertainty, particularly in the mesosphere, so that
the loss rate (3) is probably the largest single uncer-
tainty in photochemical properties that influence CO
in the middle atmosphere. Observed CO abundances
near the sunlit stratopause are of the order of a few

“tens of ppbv, about a factor of 1000 times less than

those of the lower thermosphere.

It is interesting to note that the chemistry of CO
is roughly analogous to that of NO in the middle
atmosphere [or, alternatively, (NO,) = (N) + (NO)
+ (NO;) + (NO3) + 2 X (N,O5) + (HNO,); most of
the NO, above about 40 km is in the form of NOJ.
Both CO and NO are produced in large amounts in
the sunlit lower thermosphere, and both are destroyed
relatively rapidly (r =~ days) in the sunlit mesosphere.
The abundances of these constituents in the meso-
sphere thus depend upon the balance between pho-
tochemical destriaction and downward transport from
the thermospheric source region, both by advection
through the meridional circulation cell and by vertical
eddy mixing (and these two transport processes have
similar time scales, as shown in Fig. 1). In the winter
mesosphere, advection is directed downward from
the thermospheric source region, while in summer,
the mean cell is directed upward. Further, the time
averaged photolysis reactions which lead to the de-
struction of these species are slower in winter than in
summer, both because of fewer sunlit hours in the
day and because of increased attenuation of solar
radiation. Thus, these constituents should be present
in larger quantities in the winter mesosphere than in
summer even if the intensities of vertical eddy trans-
port are equal in both hemispheres. Very large abun-
dances should accumulate in the polar night meso-
sphere because of the virtual absence of photochemical
destruction processes there, so that the much larger
abundances characteristic of the lower thermosphere
can be transported downward without exposure to
sunlight. Similar trends have been predicted for NO
(e.g., Garcia and Solomon, 1983) and verified by
satellite observations (Russell et al, 1984). We shall
make further comparisons between the behavior of
NO and CO below.

3. Model description

The model used in these calculations is basically
the same as the one described by Garcia and Solomon -
(1983; 1985) and Solomon and Garcia (1983a). The
model computes the two-dimensional dynamical and
chemical structure of the middle atmosphere from
pole to pole, from about 16 to 116 km. The chemistry
includes odd oxygen (O + 0Oj3;), odd nitrogen (N
+ NO + N02 + NO3+ 2 X N205 + HNO4), odd
hydrogen (H + OH + HO,), water vapor, methane,
N,0, HNO;, H,0,, molecular hydrogen, and now
carbon monoxide and dioxide. Daytime averaged
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photolysis rates are calculated every two days of
integration and imposed during the sunlit period of
the day. In the following, we will point out only
briefly the differences between the model used in our
previous studies and the present work.

An important change in the description of mesos-
pheric dynamics has been included in this study.
Recent work has emphasized the importance of
breaking gravity waves in producing both momentum
deposition and diffusion in the mesosphere (Lindzen,
1981; Weinstock, 1982; Holton, 1982, 1983). These
studies have shown that the propagation and dissi-
pation of small scale gravity waves yields many
features of mesospheric dynamics (such as the reversal
of the zonal winds above about 90 km and the very
cold summer mesopause temperatures) which are in
better agreement with observations than those ob-
tained using a simple “Rayleigh friction” parameter-
ization of the momentum drag at these altitudes. In
the present study we have incorporated a parameter-
ization of the effects of breaking gravity waves to

obtain turbulent diffusion coefficients and momentum -

deposition for the mesosphere. Our parameterization
is basically that of Lindzen (1981), and it is described
in detail in Garcia and Solomon (1985). The advan-
tage of such a description is that it provides a physical
basis for characterizing some of the important aspects
of dynamics in this region. As a result of this param-
eterization, the meridional circulation of the meso-
sphere and thermosphere in this study is somewhat
more vigorous than that in Garcia and Solomon
(1983), and there are seasonal and latitudinal varia-
tions in the magnitude of the derived turbulent
mixing coefficient because of the selective filtering of
upward propagating gravity waves by the zonal winds
(see, e.g., Lindzen, 1981; Holton, 1983).

Both CO, and CO are calculated in the present
model. The chemistry used is that indicated above,
and we note that the methane oxidation source of

CO and CO, is also included in the model. The

reaction rate constants used are essentially those of
NASA/JPL (1983), and the rate constant used for
(2) is 6.6 X 1073 exp(—1103/T) cm® mol™2 s7'. As
discussed above, CO is produced in large quantities
in the middle thermosphere, above the upper bound-
ary of our model. Therefore, we next discuss how we
have treated the downward flux of CO at the model
upper boundary. A similar problem exists for odd
‘oxygen, since molecular oxygen photolysis in the
thermosphere is also important for its distribution in
the middle atmosphere. Transport processes are be-
lieved to, play an important role in the variation of
the flux of atomic oxygen into the lower thermosphere,
particularly by summer to winter hemisphere transport
in the thermospheric circulation cell, so that the
largest downward fluxes are found in winter although
the largest production occurs in the summer middle
thermosphere. In the case of odd oxygen, we obtain
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our upper boundary conditions by using the diffusive
fluxes inferred from the MSIS model of observed
atomic oxygen density (Hedin et al, 1977) as a
function of latitude and season, which are in good
agreement with those derived from the thermospheric
model study of Kasting and Roble (1981). These
fluxes are about twice as large in high latitude winter
as in summer as a result of long range transport in
the thermosphere. One way to derive a boundary
condition for CO is to assume that the relative -
variations of the flux of CO with respect to latitude
and season. should be analogous to those of atomic
oxygen, because their production and transport
mechanisms are similar. Since carbon does not escape
from the terrestrial atmosphere we must also impose
the additional constraint of global balance between
upward and downward flowing carbon constituents,
as follows: )

pole

Flco cosd)dd;

pole

pole
f , Jco(CO2)Hco, cospdp =
pole ,

where Jco,, (CO,) and Hco, are the photolysis rate,
density and scale height of CO, at the model upper
boundary (116 km), Flco is the downward flux of
CO at the upper boundary, and ¢ is the latitude. We
emphasize that this is the boundary condition used
for all of the calculations presented in this paper.

The sensitivity of the model results to the adopted
upper boundary condition has, however, been checked
as follows: We performed a series of calculations in
which we assume that all of the CO produced by
CO, photolysis in the thermosphere at a given latitude
is transported locally downward, e.g.,

Flco = Jeo(CO2)Hco,.

Note that the largest downward fluxes are therefore
imposed in the summer hemisphere in this case.
Computed CO densities above about 95 km are very
sensitive to the choice of upper boundary condition,
so that our model results shown above ~95 km
should be considered as uncertain. Below ~95 km,
however, we find that the calculated CO abundances
are nearly insensitive to the choice of upper boundary
condition, because the in situ production by carbon
dioxide photolysis at these altitudes dominates the
downward flux (see also, Allen ef al., 1981). Thus the
choice of upper boundary condition is not critical for
the altitudes of primary interest in this study (30-
90 km).

4. Zonal mean conditions

Model calculations including carbon monoxide
and dioxide chemistry, and using the gravity wave
parameterization, were performed for three complete
annual cycles. The transport time scales for the
mesosphere and stratosphere are substantially shorter
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and K, at about 74 km near Northern Hemisphere winter solstice.

" than this, and therefore the model is in a quasi-steady
state with respect to the annual variations.
One-dimensional model studies have shown that
the predicted seasonal variation in CO due to pho-
tochemistry alone would yield a maximum in sum-
mer, not in winter as observed, suggesting that me-
ridional transport must be important in determining
the seasonal changes in CO (Clancy et al, 1982,
1984). In the present model, the computed seasonal
variation in CO is related not only to photochemical
forcing, but also to meridional transport and its
effects on both CO and perhaps water vapor (which
provides the primary source of OH in the lower
mesosphere). Figure 2 shows the calculated mixing
ratio of CO at about 74 km as a function of latitude
along with the calculated daytime averaged OH den-
sities and eddy mixing coefficients for winter solstice.
The computed gradient in OH is principally due to
changes in the penetration of solar radiation with
respect to season, with only a minor contribution
from seasonal changes in water vapor densities (note
that the calculated OH density changes by nearly a
factor of 10 from summer to winter at 45 degrees
latitude at this altitude, while the calculated change
in water vapor abundance here is only about 20%, as
shown in Garcia and Solomon, 1985). Note that the
reduction in solar illumination in winter which is
responsible for these low OH abundances is accom-
panied by a corresponding reduction in-CO produc-
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tion through CO, photolysis, so that the net effect
due to photochemistry alone would be lower CO
densities in winter than in summer, as already men-
tioned. However, meridional transport of CO from
the summer to the winter hemisphere (particularly in
the region from ~80 to 90 km, where the photo-
chemical lifetime of CO is long) leads to enhanced
CO mixing ratios in the winter upper mesosphere, as
shown in Fig. 3. This reservoir of enhanced CO in
winter can then be transported effectively into the
OH-poor winter mesosphere and upper stratosphere,
both by the descending wintertime circulation and
by turbulent eddy diffusion (whose time scales are
comparable in an order of magnitude sense—see Fig.
1), leading to very large CO mixing ratios throughout
the winter middle and high latitude mesosphere. The
gradient in high latitude winter is most pronounced
in the lower mesosphere, where the chemical loss rate
in the sunlit atmosphere is rapid compared to trans-
port. Thus the protection provided by polar night has
a more important influence on the abundance at
these altitudes. As previously noted, similar behavior
has been predicted for odd nitrogen, and satellite
observations of nighttime NO, suggest that such long
range transport can occur (Russell e al, 1984).
Observations of mesospheric and stratospheric CO in
high latitude winter would provide important confir-
mation of this effect, particularly since the photo-
chemistry of CO is believed to be much simpler than
that of odd nitrogen. Indeed, systematic observations
of the seasonal and latitudinal variations in carbon
monoxide, especially near and inside the polar night
region could be useful in characterizing the nature
and intensity of lower mesospheric vertical transport
processes.

Larger diffusion coefficients are obtained in this
model in the lower mesosphere in middle and high
latitude winter than in summer as a result of gravity
wave propagation and breaking, as demonstrated

CARBON MONOXIDE
Summer

106 _4___]&] T ] I

Approx. Altitude (km)

L

| | 1
580 45 30 5
Latitude

Fi1G. 3. Calculated CO mixing ratio distribution for solstice.
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_previously by Lindzen (1981). Downward advection
by the mean circulation should, however, result in
more CO in winter than in summer even if the
intensities of eddy transport were equal in both
seasons. It therefore seems appropriate to examine
quantitatively whether the calculated seasonal varia-
tions in mesospheric CO are .due to vertical eddy
transport, or to advection by the mean meridional
circulation. The competition between diffusive and
advective transport of CO at middle latitude is shown
schematically in Fig. 4 for the summer and winter.
The advective flux convergence dominates the diffu-
sive flux convergence at this latitude above about 75
km, in both seasons, at middle and high latitudes
(numerical results for 39° are indicated in the figure
as an example). There is a large net convergence of
the advective flux of CO in the winter upper meso-
sphere and a divergence in summer, due to the
direction and strength of the mean meridional cir-
culation. The advective and diffusive fluxes therefore
tend to cancel in summer, but to add in winter. The
stronger eddy diffusion obtained here for the winter

mesosphere only adds to this seasonal asymmetry. .
Thus, the seasonal variation in vertical eddy transport’

resulting from our model of gravity wave processes
affects the details, but not the sense of, the overall
trends calculated for mesospheric CO. The importance
of meridional advection near 80-90 km in controlling
the distribution of mesospheric CO is also revealed
by the calculated behavior of CO in the spring. As
discussed in detail in Garcia and Solomon (1985), a
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pronounced minimum in mesospheric vertical eddy
diffusion due to gravity waves is predicted by our
model at equinox. This yields a corresponding max-
imum in atomic oxygen near 100 km in that season.
Note that the time scale for vertical transport of CO
near 100 km is dominated by eddy diffusion, but

. that diffusion and vertical advection become compa-

rable at lower altitudes (Fig. 1). Like atomic oxygen,
the CO abundance at the 100 km level in our model
maximizes in spring. At the lower altitudes of primary
interest in this paper (below 90 km), however, the
spring minimum in diffusion does not substantially
influence the CO abundance because vertical advec-
tion is comparable to or faster than diffusive transport.

In summary then, the seasonal and latitudinal
structure shown in Fig. 3 may be interpreted as
follows: photochemistry produces more CO in the
summer hemisphere and in the tropics than in winter.
Horizontal advection into the winter hemisphere,
however, enhances the winter CO abundances in the
region above about 80 km, where the CO . lifetime is
long. Downward transport, predominantly by vertical
advection, can then greatly enhance the CO mixing
ratios throughout the winter mesosphere relative to
the summer, because of the reduced OH densities
there (the importance of the competition between
downward transport and photochemical destruction
by reaction with OH is particularly evident in the
dramatic change in CO mixing ratios near the polar
night terminator). Therefore, the calculated behavior
of mesospheric carbon monoxide in this model is
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F1G. 4. Schematic diagram of the sources and sinks of CO and the competition between
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~!, at 80 km) for summer and winter at 39°.
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dependent on both photochemical and transport pro-
cesses, as expected from their comparable time scales
indicated in Fig. 1.

Figure 5 presents the calculated CO column abun-
dance above 64 km compared to several microwave
studies, illustrating the importance of the polar night
effect more clearly. The total column is nearly uni-
formly distributed in all seasons and latitudes between
about 60 and 90 km outside of polar night, and
between about 45 and 90 km in the polar night
region. Observations have indicated that the mesos-
pheric column of CO is about twice as large in
midlatitude winter as.in summer (Clancy ez al., 1982,
1984). A similar seasonal trend is obtained in this
model, although the abundances are uniformly smaller
than those observed. Note that the observed CO
column abundances shown in Fig. 5 were obtained
by vertical integration of derived mixing ratio profiles
rather than integration of the area under the spectral
line (see Clancy et al., 1982, 1984 for discussion of
these methods of analysis). Figure 5 also shows how
the calculated column abundance of CO would be
influenced by reducing the rate constant for the
reaction of CO with OH by a factor of 2. This will
be discussed in more detail below. The calculated
seasonal trend is due principally to downward trans-
port from the thermospheric source region in the
winter season, as discussed above. Note, further, the
substantial enhancements in the column at high

Summer Winter
IB 1 1 T [ T I [ 1 I I 1
B o Wattenbach et al. (1984) Feb, 46°N i
+ Clancy et al. (1982) Dec, 35°N
|4+~ @ Clancyet al. (1982) June, 32°N -
® Wilson May, 32°N
~. [ & Kunziand Carlson (1982) 7
'E 12k Feb, Mar, 4i°N n
22} +
o + -
R T _
£
£ - —
<
(o] 8+ .
g — Model ° // -
S b kco+oH e/ i
c @ 2 \ 7
£ L R i
3 -
(&7 4_ ® Pl y
Q
Q

“Standard
Model

1 i

I
=90  -60

I | | | { { |
-30 0 30 60 90
Latitude

FIG. 5. Calculated CO column abundance above about 64 km
compared to microwave observations for the standard model using
recommended chemistry and that obtained using a reduced rate
constant for the reaction between CO and OH (see text).
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latitude, and particularly in the polar night region,
where the calculated abundances above 64 km exceed
1.0 X 10%° m2,

Observed and calculated midlatitude profiles are
compared in Fig. 6. The observed mesospheric profiles
are subject to a good deal of uncertainty, (particularly
below 65 km) as shown in the error analysis by
Clancy et al. (1982) and as indicated in the figure. A
fundamental problem in the interpretation of ground-
based CO measurements is that the spectral line is
sharply peaked, and information about the vertical
profile in the lower mesosphere (below about 65 km)
can only be obtained by careful analysis of the line
wings (e.g., see Clancy e, al., 1984, for more details).
The line center typically contains the best information
about the column above (roughly) 64 km, and the
mixing ratios from about 65-75 km.

The stratospheric observations have been obtained
by balloon borne infrared and cryogenic sampling
methods, and are in good agreement with those
calculated. In the mesosphere the calculations are
lower than most of the microwave observations, as
reflected in the mesospheric column amounts shown
in Fig. 5. This might be attributed to inaccuracies in
the calculated CO chemical loss or production rates
in the mesosphere, or perhaps the vertical transport
rates near 80-90 km are underestimated. Changes in
the transport description seem unlikely to resolve the
observed discrepancies, since the net transport is
dominated by advection, at least above 75 km, and
an increase (decrease) in the strength of the meridional
circulation would yield greater (Iesser) CO abundances
in winter, but less (more) in summer. Similarly,
changes in the intensity of vertical eddy mixing are
likely to be dependent on season and latitude, if that
mixing is related to breaking gravity waves. Such
adjustments would be inconsistent with the observed
nearly uniform nature of the differences between
calculations and observations as shown in Fig. 5.
Thus, it would seem more likely that the photochem-
istry of the CO loss process may be the cause of the
discrepancy, and the calculation with a reduced rate
constant for the CO + OH reaction rate illustrates
the sensitivity to this parameter. Although this reaction
rate has been extensively studied in the laboratory at
room temperatures, it has not been examined for
mesospheric temperatures in the range of 180-220
K, where the rate constant may well be slower at low
pressures. It is also possible that the calculated me-
sospheric OH densities may be overestimated. This
latter possibility is consistent with the fact that cal-
culated ozone abundances near the secondary maxi-
mum at 80-90 km are generally underestimated by
current models (Allen et al., 1984; Solomon et al,
1983), and ozone is inversely related to OH at those
altitudes. Since the present model was formulated
with the aim of providing our best estimate for the
chemistry and dynamics of this region, we have not
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spheric observations by infrared and cryogenic sampling methods are also shown.

attempted to produce agreement by arbitrary adjust-
ment of the indicated model parameters, particularly
since several different parameters could contribute to
the differences.

In general, the calculated profiles compare reason-
ably well to the observed vertical distribution of CO,
and the observed amplitude of the seasonal variations
found at midlatitudes are similar to those predicted
for zonally averaged conditions. In the next section,
we explore the possible effects of zonal asymmetries
on the distribution of CO.

I

5. The effects of zonal asymmetries

" Qur zonally averaged two-dimensional model can-
not be used to quantitatively examine the local influ-
ence of zonally asymmetric motions (waves) on the
distributions of photochemical constituents. However,
based upon study of the distributions of chemical
species in the zonal mean, we can attempt to estimate
what the effects of certain wave disturbances might
be. For example, large scale planetary waves can
displace parcels of air meridionally (North-South)
over large distances at particular longitudes, and any
species having a latitude gradient should be influenced
by such transport processes (e.g., see Schmidt, 1982;
Solomon and Garcia, 1983b; Berrgren and Labitzke,
1968). The sharpness- of the CO gradient in high
latitude winter (Figs. 3 and 5) suggests that latitudinal
displacements due to wave effects should dramatically
affect its local densities.

Like CO, odd nitrogen is also theoretically expected
to exhibit sharp gradients in the high-latitude winter

mesosphere (e.g., see Garcia and Solomon, 1983). It
is interesting to note that satellite observations of odd
nitrogen (Russell er al., 1984), as well as the pattern
of the sporadic “winter anomaly” in radio wave
absorption (Kawahira, 1982) indicate that planetary
wave transport of mesospheric NO can be quite
important. Large local enhancements in odd nitrogen
have been observed at mesospheric heights near re-
gions of low geopotential height when large scale
wave activity was present (Russell ef al., 1984).

Microwave observations of terrestrial constituents
aré generally obtained through sporadic use of micro-
wave astronomy telescopes designed and principally
devoted to astronomical applications; for example,
Fig. 6 shows that only about ten CO profiles have
been obtained over a period of perhaps eight years.
In late January 1982, CO observations happened to
made nearly simultaneously at two observing sites.
As we shall see, the times and locations of these
observations were remarkably fortunate, and yield
some unique and important information regarding
the distribution and transport of CO.

Observations of mesospheric CO were obtained
(Bevilacqua et al., 1985) by microwave emission at
Holmdel, New Jersey (40.4°N) on 28 January 1982 -
and by microwave absorption at Kitt Peak, Arizona
(32°N; Clancy et al., 1984) on 24, 25 and 29 January.
The observed altitude profile from Holmdel on 28
January is shown in Fig. 7. This observation exhibits
lower mesospheric abundances that are perhaps 10-
100 times greater than other midlatitude winter ob-
servations (a profile obtained by Kunzi and Carlson, |
1982, at the same site about four years earlier is
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F1G. 7. Observed CO profile at Holmdel, N.J. during 28 January
1982, compared to modeli calculations in winter at several latitudes.
The observation by Kunzi and Carlson obtained in February 1979
at the same site is also shown for comparison.

shown for comparison; see also Fig. 6). Such large
CO mixing ratios near the stratopause are found in
the model only in the polar night region. Indeed, Fig.
7 shows that the shape of the observed profile on 28
January is consistent only with our model profiles in
the polar night region (~75° latitude). The calculated
polar night abundances at about 80 km are not much
larger than midlatitude values because the lifetime of
CO against photochemical loss is very long at this
altitude, even in the sunlit atmosphere (Fig. 1), but

the calculated gradient in mixing ratio is very large

at lower altitudes where the lifetime is about a week
in the presence of sunlight.

Measurements of the CO column abundance using
the microwave technique at midlatitudes generally
yield information about the column above about 64
km, because midlatitude CO densities are normally
very small below that level. Due to the extremely
large densities observed in the lower mesosphere,
Bevilacqua et al. (1985) were able to derive a CO

- column abundance above about 55 km in this case.
The observed column above 55 km was about 3.12
+ 0.3 X 10®° m~2. (The column abundance measured
above 64 km during the experiment was 1.3 + 0.16
X 10 m™% this can be compared to the column
abundances above 64 km shown in Fig. 5.) Table 1
compares the column abundance above 55 km mea-
sured at Holmdel on this day and the model calculated
column abundances. Again, it is clear that we can

only explain these observations within the context of -

our model results if the mesospheric air over Holmdel
came from high latitudes.

Figure 8 presents CO column abundances above
about 64 km measured at Kitt Peak, Arizona on 24,
25 and 29 January. The observed column on 29
January is about twice as large as those obtained on
the 24th and 25th. The Kitt Peak observations on
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TABLE 1. CO column abundances above 55 km (molec m™2),

Bevilacqua ef al. 40.4°, 28 January 1982 3.10 = 0.3 X 10

This model, 39°, January 0.44 x 10
This model, 54°, January 0.68 x 10%
This model, 75°, January 2.9 X 10%

the 29th yield a column abundance above 64 km
that is nearly identical to that observed at Holmdel
on the previous day, but do not yield as much
information about the region from 55 to ~65 km as
the Holmdel spectrum does. This difference is due to
the instrument noise level of the two measurements
in the extreme line wings, from which the information
on CO below 65 km is derived. The ability to retrieve
CO in the lower mesosphere can therefore vary from
one instrument to another, and the Kitt Peak data
yield good information on CO above about 64 km
while those of Holmdel are appropriate for altitudes
above about 55 km. .

The Kitt Peak absorption spectrum of 29 January
is unusual in that it was taken during a violent
thunder/hailstorm. Although the tropospheric micro-
wave optical path increased significantly due to the
storm, the calibration of the absorption measurement
proved to be remarkably consistent as indicated by
spectra of Venus atmospheric CO taken before and
during the storm. The depth and shape of the Venus
line was essentially unchanged by the larger tropo-
spheric opacity during the storm, giving strong con-
fidence that the terrestrial mesospheric CO line was

Kitt Peak, AZ
14 T T T T T T

= ~
I I
| 1

=)
T
I

CO Column Density (X 109 m2)

| | | | | ]
24 B 2 ar 28 29

Day in January, 1982

FIG. 8. Observed CO column above about 64 km at Kitt Peak,
Arizona, for several days in January 1982.
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not significantly affected by the change in tropospheric
" opacity. At the time, it was presumed that a large
mesospheric cooling might have caused the observed
changes in the terrestrial CO spectrum since the
microwave spectrum is temperature dependent. An
extremely large temperature change of about 50 K
near 65 km during the period from 25 January to 29
- January would be required to explain the Kitt Peak
observations. The temperatures reported at the highest
level of the National Meteorological Center (NMC)
analysis (0.5 mb, or about 55 km) were no more
than 15 K colder or 29 January over Kitt Peak than
those reported on 24 and 25 January; therefore such
a large temperature change near 65 km seems unlikely.
Further, the Holmdel observation is an emission
spectrum, while the Kitt Peak observation is an
absorption spectrum, and it is important to note that

Jan 20, 1982 NMC

040 mb
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the emission method is only about half as sensitive
to temperature as is the absorption method. Therefore,
since the observed Holmdel spectrum is as intense as
the Kitt Peak spectrum, even an extremely large
temperature decrease does not provide a viable expla-
nation of both observations. It seems more likely that
the observed changes in the Kitt Peak spectrum, and .
the very large CO abundances suggested by the Holm-
del spectrum, reflect real features in mesospheric CO
densities. The sharp change in CO column observed
on 29 January strongly suggests that the air observed
over Kitt Peak on that day only had recently come
from higher latitudes (see Fig. 5), as suggested above
for Holmdel on 28 January.

Figure 9 presents geopotential height maps for
1200 UT at 0.4 mb (about 55 km) for selected days
in late January 1982, obtained from the NMC anal-

Jan 24, 1982 040 mb NMC

— 1~

FIG. 9. Geopotential height maps (m) at 0.4 mb (about 55 km) for 20, 24, 25 and 28 January 1982.
Large-scale wave activity is clearly present after the 24th.
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yses. The 1.0 mb (50 km) and 2.0 mb (45 km) level
maps were quite similar to those shown here. Holmdel
and Kitt Peak are denoted by points 1 and 2,
respectively. Flow patterns can generally be assumed
to be parallel to geopotential height lines for geo-
strophic conditions (see also Fig. 10). The map shown
in the upper left corner for 20 January is typical of
observed structure throughout January before about
22 January. During the first 22 days of the month,
the polar low pressure region (the vortex) was centered
near the pole. Assuming geostrophic flow, the airflow
over Holmdel and Kitt Peak was largely zonal (East-
West) during this period, so that the air parcels
passing over these observing sites probably had chem-
ical “character” typical of mid latitudes (e.g., char-
acteristic midlatitude abundances of species like CO
and odd nitrogen). On 24 January the polar vortex
split and was displaced from the pole. On the 25th
the low near 0° longitude began to shift westward, so
that Holmdel was moving into the polar flow, but
Kitt Peak was still well outside of the vortex. By the
29th, both Holmdel and Kitt Peak were inside the
vortex. They were therefore receiving airflow from
the north, and the parcels reaching both points were
very likely to be parcels which resided near the pole
only a few days earlier. Thus they may be expected
to contain elevated levels of CO, as shown in Figs. 7
and 8.

A more quantitative study of the recent origin of
the mesospheric air reaching the observing sites can
be provided by a trajectory analysis. Using the ob-
served NMC height fields, we have constructed iso-
baric parcel trajectories for 25 and 29 January. It is
well known that isobaric trajectories can deviate
substantially from actual ones, particularly in the
troposphere (e.g., Danielsen, 1961), and during un-
stable conditions such as those depicted in Fig. 9.
Austin and Tuck (1985) have presented detailed

Trajectories for Day 25
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comparisons of isobaric and (more realistic) isentropic
and quasi-isentropic trajectories for a variety of
stratospheric conditions. These authors make the
important point that the time evolution of the altitude
of a given parcel can vary substantially depending
upon which method is used. This has important
effects on photochemically active species whose loss
rate depends on altitude. However, the horizontal
positions of the parcels studied by those authors were
found to be generally similar regardless of which
trajectory analysis method was used.

In this study, we will use an isobaric trajectory
analysis to study the recent history of parcels arriving
at the indicated sites. The justification of the use of
the isobaric method in this case is partly that the
photochemical loss rate of CO is rather insensitive to
height from about 50-70 km, because the OH densities
do not change much with altitude in that region.
Therefore, errors in derived altitudes as a result of
inaccuracies in the trajectories are not very important
for CO. Further, the chemical lifetime of CO is of
the order of a week or more near 50-60 km, so that "
a polar air parcel exposed continuously to sunlight
for a week would lose about 60% of its CO. Since
the high-latitude CO mixing ratios near the stratopause
are as much as 10-100 times those at midlatitudes
(Fig. 4), this chemical loss of 60% or so will not be
very important; indeed the most important uncer-
tainty becomes the complete history over time scales
of at least a month. We cannot hope to resolve this
definitively even with the most detailed trajectory
analysis. Further, because of this very large gradient
in lower mesospheric CO, substantial fluctuations in
lower mesospheric CO densities might even be ob-
served for long periods after irreversible wave events.
Thus CO would probably serve as a good tracer for
the mixing and dispersion associated with such pro-
cesses at mesospheric altitudes, as is ozone at strato-

Trajectories for Day 29

FI1G. 10. Six-day backward isobaric parcel trajectories at 0.4 mb for Holmdel, N.J. (1) and
Kitt Peak, Arizona (2) at 0800 CST 25 January 1982, and at 0300 CST 29 January 1982. Flow
pattern changes from zonal to polar, as indicated by the maps in Fig. 9.
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spheric levels (Leovy et al., 1985). In view of these
considerations, we only wish to determine whether a
first order isobaric trajectory would yield parcel his-
tories consistent with the observations presented in
Figs. 7 and 8 and argued qualitatively based on the
maps of Fig. 9; i.e., is it reasonable to suppose that
- Holmdel and Kitt Peak are receiving polar air on 28
and 29 January, respectively, and that Kitt Peak
received “midlatitude” air on 24 and 25 January.

Austin and Tuck (1985) suggest that trajectory
analyses are not generally reliable for time scales
longer than about six days. Figure 10 presents 6-day
back trajectory analyses for both points on 25 January
at 0800 CST and for 29 January at 0300 CST. The
trajectory for Holmdel on the 28th is very similar to
that shown here early on the 29th. As indicated
qualitatively based on the maps, airflow over Kitt
Peak is largely zonal on the 25th, consistéent with the
relatively low CO abundances observed on that day.
It is unfortunate that a CO measurement was not
made on the 25th at Holmdel, for Fig. 10 suggests
that typically small midlatitude CO abundances would
have been obtained on that day in the mesosphere.
In contrast, the trajectories for both Holmdel and
Kitt Peak early on the 29th strongly suggest a polar
origin for the air parcels, as do the CO observations
themselves.

6. Summary

Coupled two-dimensional . dynamical-chemical
model calculations presented here indicate that the
distribution of mesospheric and upper stratospheric
CO exhibits considerable seasonal and latitudinal
variations, primarily because of the competition be-
tween downward transport from the thermospheric
production region and photochemical loss processes.
In particular, larger CO abundances are predicted to
be present at these altitudes in winter than in summer,
especially in the polar night region, where the calcu-
lated latitudinal gradient in CO becomes very large:
Similar seasonal variations are indicated on average
for midlatitudes by a limited series of microwave
observations. A .

The strong latitudinal gradient calculated near the
polar night region suggests that mesospheric CO
should be influenced substantially by large scale plan-
etary waves. Two ground-based microwave observa-
tions in January 1982 are consistent with this sugges-
tion.

A continuous midlatitude observing program for
carbon monoxide could be expected to improve our
knowledge of both the properties of this constituent
and of middle atmospheric transport, particularly
during the winter and spring seasons when planetary
wave activity should often be present. Because water
vapor provides the primary source of OH at mesos-
pheric heights (which is the species responsible for
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photochemical destruction of CO), and because water
vapor is also sensitive to mesospheric transport pro-
cesses, it would be very useful to couple observations
of microwave observations of CO with water vapor
observations. Even a limited series of observations of
CO and water vapor at high latitudes as a function
of season could also do much to clarify our under-
standing of mesospheric dynamics.
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