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ABSTRACT

The transport of passive tracers observed by the Upper Atmosphere Research Satellite is simulated using
computed three-dimensional trajectories of ~100 000 air parcels initialized on a stratospheric grid, with hori-
zontal winds provided by the United Kingdom Meteorological Office data assimilation system, and vertical
(cross isentropic) velocities computed using a fast radiation code. The conservative evolution of trace constituent
fields is estimated over 20—30-day periods by assigning to each parcel the observed mixing ratio of the long-
lived trace gases N,O and CH, observed by the Cryogenic Limb Array Etalon Spectrometer (CLAES) and H,O
observed by the Microwave Limb Sounder (MLS) on the initialization date. Agreement between calculated and
observed fields is best inside the polar vortex and is better in the Arctic than in the Antarctic. Although there is
not always detailed agreement outside the vortex, the trajectory calculations still reproduce the average large-
scale characteristics of passive tracer evolution in midlatitudes. In late winter, synoptic maps from trajectory
calculations reproduce all major features of the observations, including large tongues or blobs of material drawn
from low latitudes into the region of the anticyclone during February—March 1993. Comparison of lower-
stratospheric observations of the CLAES tracers with the calculations suggests that discontinuities seen in
CLAES data in the Antarctic late winter lower stratosphere are inconsistent with passive tracer behavior. In the
Arctic, and in the Antarctic late winter, MLS H,O observations show behavior that is inconsistent with calcu-
lations and with that expected for passive tracers inside the polar vortex in the middle-to-upper stratosphere.
Diabatic descent rates in the Arctic lower stratosphere deduced from data are consistent with those from the
calculations. In the Antarctic lower stratosphere, the calculations appear to underestimate the diabatic descent.
The agreement between large-scale features of calculated and observed tracer fields supports the utility of these

calculations in diagnosing trace species transport in the winter polar vortex.

1. Introduction

Observations of passive tracers are invaluable in di-
agnosing stratospheric air motions. Nitrous oxide
(N,O) measured by aircraft has been used to locate and
describe the polar vortex and to estimate vertical ve-
locities (Podolske et al. 1989; Loewenstein et al. 1990;
Schoeberl et al. 1989, 1992; Strahan et al. 1994, and
references therein). Manney et al. (1994a) used N,O
measurements from the Cryogen Limb Array Etalon
Spectrometer (CLAES) on the Upper Atmosphere Re-
search Satellite (UARS ) to describe three-dimensional
air motions during stratospheric warmings in Febru-
ary—March 1993, Lahoz et al. (1993, 1994) used
CLAES N,O and Microwave Limb Sounder (MLS)
water vapor (H,O) to examine vortex processes in the
Northern Hemisphere (NH ) midstratosphere, and Har-
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wood et al. (1993) used MLS H,O data to describe
transport during spring in the Southern Hemisphere
(SH). Manney et al. (1994b) used N,O measurements
in comparison with MLS ozone measurements to
qualitatively separate chemical and dynamical effects
in the NH lower stratosphere. Schoeberl et al. (1995)
used methane (CH,) and hydrogen fluoride (HF)
measured by the UARS Halogen Occultation Experi-
ment (HALOE) to deduce vertical velocities in the
Antarctic lower stratosphere during October 1992.
Trajectory calculations provide another means of in-
vestigating air motions. Isentropic trajectory calcula-
tions (Bowman 1993; Chen et al. 1994; Chen 1994;
Dahlberg and Bowman 1994) using winds derived
from data have been used to study the degree of sepa-
ration and mixing between polar vortex and midlatitude
air during winter in the lower stratosphere of both
hemispheres. Pierce and Fairlie (1993) used winds
from a general circulation model to examine mixing at
the vortex edge in the Arctic winter. Fisher et al. (1993)
used three-dimensional winds from a mechanistic
model of the stratosphere and mesosphere to describe
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the general features of large-scale air motion through
the course of an SH winter. Manney et al. (1994c) used
horizontal winds from the U.K. Meteorological Office
(UKMO) data assimilation system and vertical veloc-
ities computed with a middle atmosphere radiation
code to examine three-dimensional air motions and the
mixing of polar and midlatitude air for recent winters
in both the NH and the SH. These three-dimensional
calculations have shown that trajectory calculations can
simulate large-scale air motion for periods of several
months.

Recent studies combine trajectory calculations and
measurements of passive tracers to gain further insights
into stratospheric air motions. Pierce et al. (1994) in-
itialize clusters of trajectories at the sunrise/sunset
HALOE measurement locations and assign to them the
mixing ratio of trace species measured there. These par-
cels are then advected forward in time on an isentropic
surface using UKMO horizontal winds to ‘“fill in’’ the
relatively sparse coverage provided by HALOE solar
occultation measurements and to predict fields where
HALOE did not measure. Morris et al. (1995) applied
a similar technique to CLAES, HALOE, and ML.S data
by adding parcels to isentropic trajectory calculations
at measurement locations and times, using winds cal-
culated from National Meteorological Center data. In
this case, the air motion predicted by the trajectory cal-
culation is used to simulate a higher-resolution field
than can be retrieved directly from UARS observations.
Both studies focus on using the available meteorolog-
ical information to enhance the resolution and/or ex-
tend the coverage of measurements, in effect as a map-
ping technique. Furthermore, numerical calculations
show that even the use of coarse-resolution wind fields
to compute advection (whether Lagrangian or Euler-
ian) can successfully simulate higher-resolution fea-
tures of trace species distributions (e.g., Hsu 1980;
Waugh et al. 1994; O’Neill et al. 1994; Sutton et al.
1994).

The use of trajectories to compute tracer advection
has certain practical advantages. First, they provide a
good means of visualizing the air motions in general,
as shown by Manney et al. (1994c) and O’Neill et al.
(1994 ). In part, this is due to the fact that the trajectory
calculations can generate synoptic- and subsynoptic-
scale features of the tracer distributions (e.g., long thin
filaments of air being drawn off the polar vortex), even
when the initial (remotely observed) fields, and the in-
put wind fields, are of relatively coarse resolution (e.g.,
Waugh et al. 1994). Second, the trajectories are com-
puted once and for all, for a given period. Besides being
computationally efficient, this permits the same *‘trans-
port”’ to be tested with several observed trace gas
fields, each with its different spatial distribution and
measurement error, thereby providing greater confi-
dence that the transport is approximately right. A dif-
ficulty in using trajectory calculations to study tracer
transport is the lack of uniformity in the resultant fields,
making additional manipulation of the results or the
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data necessary to make comparisons. Another possible
disadvantage is the lack of any parameterization of
small-scale mixing.

Here we use three-dimensional calculations of air
parcel motion throughout the stratosphere and obser-
vations of passive tracers from the CLAES and MLS
instruments on UARS to examine and compare the
transport of passive tracers. This approach is different
from those taken in the above-mentioned studies in that
we initialize a three-dimensional grid of parcels on a
given day with tracer mixing ratios taken from gridded
UARS fields having nearly global coverage on a daily
basis. Those parcels are then advected in three dimen-
sions using UKMO horizontal wind fields and vertical
velocities from a radiation calculation. This is in effect
a kind of transport code, but one in which, besides ex-
amining the large-scale evolution of regridded fields,
we can also examine the relatively high-resolution pic-
ture given by the trajectory calculations. We are par-
ticularly interested in the winter polar regions, since the
understanding of transport effects there, gained by ex-
amining passive tracers, will allow us to begin sepa-
rating dynamical from chemical effects for chemically
active species such as ozone.

Here, we examine and contrast results computed for
the 1992—-93 northern winter and the 1992 southern
winter, during periods from which both CLAES and
MLS data are available. Because of the 57° inclination
of the UARS orbit and its precession in local time, the
latitude coverage achieved by CLAES and MLS alter-
nates between 34°S to 80°N and 80°S to 34°N approx-
imately every 36 days. During December 1992, Feb-
ruary—March 1993, and August 1992, measurements
of N,O and CH, from CLAES, and H,O from MLS,
are available in the winter hemisphere. Although solar
array drive anomalies in early June 1992 cause most
UARS instruments to be turned off, during the latter
half of June N,O and CH, from CLAES are available
on most days. The availability of several tracers pro-
vides a means of testing our calculations of passive
tracer motions and can also identify possible times or
regions where there are inconsistencies in the data. The
two late winter time periods are of particular interest
since they are both times when observed ozone de-
creases in the lower stratosphere have been ascribed to
chemical loss (Waters et al. 1993a,b; Manney et al.
1993; Manney et al. 1994b).

2. Data and analysis
a. Trajectory calculations

The trajectory calculations are initialized as de-
scribed by Manney et al. (1994c), but the previous
hemispheric coverage of initial parcel positions has
been extended in latitude to 20° in the hemisphere op-
posite to the one of interest, so that cross-equatorial
flow does not result in a lack of parcels at low latitudes.
Parcels are initialized on a 2° latitude by 5° longitude
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grid and at 26 potential temperature levels throughout
the stratosphere: 400, 420, 440, 465, 490, 520, 550,
585, 620, 655, 690, 740, 790, 840, 900, 960, 1030,
1100, 1170, 1250, 1320, 1400, 1520, 1650, 1750, and
1850 K. Horizontal winds are from the UKMO data
assimilation system (Swinbank and O’Neill 1994) and,
since diabatic heating rates from the UKMO assimila-
tions are not available as an output product, vertical
velocities are obtained from a recent version of the mid-
dle atmosphere radiation code MIDRAD, an earlier
version of which is described by Shine (1987). Tem-
peratures in the radiation code are from the UKMO
data; the runs here are restricted to times when MLS
and CLAES were observing the hemisphere of interest.
MLS ozone is used in the heating rate calculation, ex-
cept for June 1992, when MLS ozone measurements
are not continuously available. Manney et al. (1994c)
discuss the impact of using climatological versus MLS
ozone. The trajectory code (Manney et al. 1994c) uses
a standard fourth-order Runge—Kutta scheme. Winds
and temperatures are available once a day and are lin-
early interpolated to the trajectory time step (1/2 h).
Heating rates are recalculated every 3 h using inter-
polated temperatures and are interpolated linearly to the
trajectory time step between calculations. Further de-
tails are given by Manney et al. (1994c).

Air parcels are initialized on 15 June 1992 and 19
August 1992 in the SH and 3 December 1992 and 14
February 1993 in the NH. The trajectory code was run
for 20 days in the June 1992 case, due to the abbre-
viated observation period, and for 30 days in each of
the other cases. The starting dates are chosen a few
days after the beginning of the north- or south-looking
period, when CLAES data become available for the
full day.

b. UARS and UKMO data

The Rossby—Ertel potential vorticity (PV) is also
calculated from the UKMO data (Manney and Zurek
1993) and is compared with calculated and observed
tracer fields; PV is scaled in ‘‘vorticity units’’ (Dunk-
erton and Delisi 1986; Manney et al. 1994c) when ex-
amining vertical cross sections; this gives a similar
range of values for PV on isentropic surfaces through-
out the stratosphere.

The CLAES instrument is described by Roche et al.
(1993); the CLAES data have a horizontal resolution
of ~400 km and a vertical resolution of ~2.5 km. The
data are still in the validation process; this process has
verified that the data used here (v0007) are suitable for
studies of morphology and regional variation. Typical
single-profile precision and systematic error estimates
for N,O are (20 ppbv rms, 20%) and (10 ppbv rms,
20% ) on the 46- and 4.6-hPa surfaces, respectively, and
for CH, are (100 ppbv, 20%) and (50 ppbv, 20%). In
the lower stratosphere, when N,O (CH,) mixing ratios
exceed ~210 ppbv (=~1.35 ppmv), values are suspect
due to large line-of-sight opacity and the associated
lack of tangent point sensitivity (Kumer et al. 1993).
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The MLS H,O data have horizontal resolution of
~400 km and nominal vertical resolution of =~4 km,
although current retrievals are done at ~5.5-km verti-
cal resolution. The UARS MLS instrument is described
by Barath et al. (1993), and the H,O data by Lahoz et
al. (1994). Single-profile precision and accuracy esti-
mates for H,O are (0.3 ppmv, 15%) at 4.6 hPa (Har-
wood et al. 1993; Lahoz et al. 1993, 1994). Between
~20 and 50 hPa, data quality is generally good only at
low and middle latitudes. At high latitudes in winter,
the data may have a substantial component from cli-
matology at 50 hPa (Lahoz et al. 1994); we thus focus
on levels from ~20 to ~1 hPa.

Both CLAES and MLS data have been mapped to a
4° latitude by 5° longitude grid; this is consistent with
the general meridional resolution of both instruments.
CLAES data are gridded by linearly interpolating data
for a 24-h period to a regular latitude—longitude grid;
ascending and descending orbit tracks are treated sep-
arately and then averaged. MLS data are gridded using
Fourier transform techniques that separate time and
longitude variations (Elson and Froidevaux 1993).
Tests using the simple interpolation from 24 h of data
for gridding of the MLS data give no significant dif-
ferences in our results; we therefore believe that this
simple gridding used for the CLAES data is adequate
for our purposes. All data are interpolated to isentropic
(8) surfaces using UKMO temperatures.

As a preliminary indicator of the utility of the data
for the times and analyses done here, gridded passive
tracer data have been compared with daily PV fields
computed from UKMO data. Since both PV and pas-
sive tracers are conserved for adiabatic and frictionless
flow, they should show good spatial correlations on in-
dividual days, although the relationship between them
will change with time due to diabatic effects. Figure 1
shows scatter plots of PV versus N,O, CH,, and H,O
at 655 K on 3 December 1992; these are typical of most
of the times studied here. Usually, N,O shows the most
compact relationship with PV of the three tracers in the
middle and upper stratosphere (above =~550 K), es-
pecially at the high PV values characteristic of the polar
vortex region. The correlation of H,O with PV becomes
much weaker at higher levels and high PV values (typ-
ical of the polar vortex ), especially in the two late win-
ter periods; a compact relationship remains, however,
at PV values typical of midlatitudes outside the vortex
and along the vortex edge. The correlation between
H,0 and PV inside the vortex could be affected by low
H,O descending from the mesosphere, as suggested by
Lahoz et al. (1993); in general, however, MLS H,0O
shows a mixing ratio peak that, in the polar regions, is
located in the middle-to-upper stratosphere throughout
the year (Eluszkiewicz et al. 1995). In the lower strato-
sphere, N,O usually shows a similar amount of corre-
lation with PV as does CH,. The exception to this is
during the August--September 1992 period, when CH,
shows a considerably more compact relationship with
PV. Additional insight into the usefulness of these data
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FiG. 1. Scatter plots of potential vorticity (107* K m? kg™' s7') vs
(a) N,O, (b) CH,, and (c) H,O (all in ppmv) at 655 K on 3 Dec. 1992.

will be gained through comparison of results for the
different tracers.

c. Analysis

Tracer mixing ratios are initially associated with
each air parcel by linearly interpolating the gridded
UARS CLAES or MLS data described above to the 2°
latitude by 5° longitude initial parcel grid and to the
isentropic surfaces noted above. The evolution of the
tracer fields is subsequently predicted by assigning the
initial concentration to the location of each parcel at
later times, as determined by the forward trajectory cal-
culations. Since these predicted parcel locations will
not in general coincide with the points of the obser-
vational grid, the predicted fields are compared with
observations by interpolating the observed fields to the
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parcel positions or by gridding the predicted fields at
4° by 5° and on standard isentropic surfaces.

Interpolation of data to predicted parcel positions is
straightforward linear interpolation in three dimen-
sions. In addition to comparing observed tracer values
at individual parcel positions with those assigned ini-
tially to the parcels, the behavior of observed and cal-
culated tracers is compared for ensembles of parcels
grouped by their PV and 6 values. Differences between
calculated and observed average mixing ratios of these
ensembles of parcels as a function of PV and 4 are most
sensitive to gradients in the tracer and PV fields. Figure
2 illustrates this sensitivity, showing as a function of
PV and 6 the observed N,O field, the number of parcels
in each PV -4 bin [ bins are of uniform size in PV and
in log(8)], and the difference between observed and
calculated N,O fields in each bin, on day 24 (27 De-
cember 1992) of the NH early winter simulation dis-
cussed here; since N,O generally has the strongest gra-
dients of the tracers discussed here, it is most sensitive
to small errors in parcel positions. Where tracer gra-
dients are strong, a slight error in parcel position leads
to a large difference between calculated and observed
tracer values. Where PV gradients are strong, fewer
parcels are included in each bin (Fig. 2b), making the
differences more sensitive to each parcel’s position.
Thus, the type of diagnostic shown in Fig. 2¢c indicates
where there is the most sensitivity to errors, rather than
necessarily showing where the errors are largest. How-
ever, strongest tracer gradients are also in regions of
strong wind speeds and large wind shears, where errors
in calculations of individual parcel positions are ex-
pected to be largest (e.g., Morris et al. 1995), so un-
certainties in the trajectory calculations are also ex-
pected to be larger here. The dipole pattern of differ-
ences in Fig. 2c outlines the region where N,O
gradients are strongest (Fig. 2a).

As a measure of differences in the average observed
and calculated fields in the vortex region, we will show
average, minimum, and maximum observed values at
parcel positions for ensembles that group together all
parcels initialized at a particular level that are at PV
values typical of those inside the polar vortex. Because
the number of parcels in this region will change from
day to day, the predicted average will change—al-
though each parcel retains the same mixing ratio, the
set of parcels averaged over may change from day to
day; these changes will be overlaid on the figures. Av-
erages such as this are generally over ~800-1800 par-
cels, depending on the hemisphere (because of the
larger vortex in the SH) and case being studied. The
PV value used to approximately define the vortex, 1.4
X 107* s~ (in vorticity units), is generally near that
where Manney et al. (1994c) showed an abrupt
decrease in mixing during the time periods studied
here.

Tracer mixing ratios at parcel positions are gridded
to the same 4° latitude by 5° longitude grid as the UARS
data and to ‘‘standard’’ isentropic surfaces from 420
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FIG. 2. (a) Observed N,O as a function of PV and potential tem-
perature () on 27 Dec. 1992; # runs from 465 to 1450 K; PV is
scaled in vorticity units, as described in text, so units are 107 s™".
(b) Number of parcels from the trajectory run in PV/§ bins centered
around the tick marks on 27 Dec 1992. (c¢) Difference between cal-
culated and observed average N,O (ppmv) in each of the PV/§ bins
shown in (b), calculated as described in text; dashed lines show where
calculated values are less than observed values. Blank areas on plots
are levels where the corresponding PV value does not exist on that
day. Bins are of equal size in scaled PV and in log (6) and are centered
around the tick marks, so they are 0.2 X 107* s™' wide in scaled PV
and 0.127 wide in log(8).

through 1700 K that were chosen to be near the UARS
pressure levels (the levels at which the CLAES data
are retrieved ) ; these surfaces are 420, 465, 520, 585,
655, 740, 840, 960, 1100, 1300, 1450, and 1700 K. The
gridded fields thus have similar vertical resolution to
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the CLAES data and have similar horizontal resolution
to all the UARS data.

Gridding is accomplished by binning the parcels in
three-dimensional boxes centered about the final grid
points and assigning to each box a mixing ratio equal
to the average of the parcels in the box weighted by
their normalized three-dimensional distance from the
center of the box. Boxes with no parcels are then filled
in by linear interpolation, unless many contiguous
boxes are missing, in which case those boxes are sim-
ply treated as missing data in further analyses. Since
no new parcels are added during these simulations, by
the end of the runs many areas in approximately the
top three levels are not covered.

Several other gridding methods have been tried, as
well as gridding at various vertical and horizontal res-
olutions and initializing at different vertical and hori-
zontal resolutions and on equal area (rather than lati-
tude—longitude) horizontal grids. All of these produced
very similar results to the method chosen here. In any
gridding that bins and averages a number of points,
there are concerns about the appropriate weighting for
points originating in different places, that is at much
higher or lower latitudes, or much higher or lower al-
titudes. For example, since the parcels are initialized
on a vertical grid that is approximately uniform in al-
titude, it is appropriate to question whether ignoring the
altitude of origin of parcels that end up in a specific bin
might bias the mixing ratio toward values characteristic
of higher levels. An alternative way of obtaining a grid-
ded field from a Lagrangian trajectory calculation is to
use a method similar to that described by Sutton et al.
(1994). Parcels are initialized on the 4° by 5° grid used
for the UARS data on the day that we are interested in
examining; the trajectory code is then run backwards
in time to the day on which we wish to initialize the
tracer mixing ratios. Observed mixing ratios on that
initial day are interpolated (using a simple linear inter-
polation in three dimensions) to the positions of the
parcels, and these values are then assigned to the grid
point on the later day that we wish to examine. This is
very computationally demanding, as it requires doing
a separate trajectory calculation for each day for which
we calculate the transport. However, the initial parcel
mixing ratio is found by a simple linear interpolation
from gridded data, and the technique associates a value
at a single point on the initialization date with the value
at the position that that parcel is calculated to have on
the final day. Thus, there is no question about relative
weighting of points with different origins.

In the following part of this work (Manney et al.
1995), we use Lagrangian transport calculations to ex-
amine the evolution of ozone for the same time periods
discussed here. Since ozone has a source in the low-
latitude middle stratosphere, we will use there a relax-
ation to observations to crudely parameterize photo-
chemistry, providing a low-latitude source of ozone, as
described in more detail in Manney et al. (1995). It is
not feasible to apply this correction when using the
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FiG. 3. As in Fig. 2c but with the difference between N,O values
at parcel positions and values from the gridded calculated ficlds on
10 Mar 1993.

reverse trajectory procedure just described because of
additional computational demands. Therefore, except
where otherwise noted, the gridded results presented
here and in Manney et al. (1995) are obtained using
the binning and interpolation procedure. The sensitivity
of our results to the gridding procedure is checked us-
ing the reverse trajectory calculations. In most cases,
there is little difference between the results using the
two procedures. The most sensitivity is apparent during
the February—March 1993 period in the NH, the most
dynamically active period studied here. During this pe-
riod, noticeable differences are seen in some species
and at some levels during the last ~10 days of the 30
day calculations, as the fields used in the binning and
interpolation procedure become more nonuniform. The
general nature of the differences (i.e., they do not usu-
ally appear to be localized near regions with strong
descent) suggests that nonuniformities in both the hor-
izontal and vertical contribute to the disagreement,
rather than the dominant factor being an inappropriate
weighting of parcels started at different altitudes. We
will note in the text cases where there are significant
differences between the two procedures.

By using the gridded passive tracer field from the
trajectory calculations in place of the observed tracer
field in the analyses at parcel positions described above,
we can detect some biases that may be present in the
gridding procedure—if the gridding were exact, no dif-
ference would be seen between the results from the
gridded files interpolated back to the parcel positions
and the original predicted values at the parcel positions.
Figure 3 shows a difference plot similar to Fig. 2c but
uses the gridded N,O field from the calculations in
place of the observed N,O field; we show the late win-
ter NH time period, as it is the most active, and thus
we might expect larger errors. As was the case above,
the regions where the calculation is most sensitive to
errors are highlighted. We can see, though, that the
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largest biases from gridding on this day are comparable

to the precision of the measurements. Figure 4 shows
a plot of average, minimum, and maximum values in
the vortex region for parcels started at 655 K, as de-
scribed above, again using the gridded calculated N,O
field in place of the observations; 655 K is chosen as
it is a level where the N,O field is quite sensitive to
errors. Differences in this average are very small, sug-
gesting that there is no significant bias caused by the
gridding in the polar regions. The gridded field tends
to change somewhat less than the parcel field during
times of strong wave activity (i.e., around 25 February
and 6 March), and extreme values are more moderate,
indicating that some degree of smoothing is produced
by the gridding. Figures similar to this for other periods
and other levels show even smaller differences.

With the gridded passive tracer fields available, the
calculations and observations may be compared using
any maps, vertical or horizontal sections, or analyses
that can be done with the gridded data. In addition to
comparing maps of calculated and observed fields, a
comparison that is particularly useful in showing
whether the calculations reproduce the broad features
of the observations is to compare the changes with time
in the observed and calculated fields. We will show
such comparisons as difference plots between two days
(the initial day and a day late in the run) for fields
averaged around a PV contour in PV-# space (e.g.,
Manney et al. 1994b). We also show vortex averages
of observed and calculated results, which elucidate the
differences and similarities between average observed
and calculated tracer evolution in the vortex.

3. Early winter results

a. Northern Hemisphere, 3 December 1992-2
January 1993

Figure 5 shows the evolution of observed N,O com-
pared to N,O values from the trajectory calculation for
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FiG. 5. The average (circles), minimum (triangles), and maximum
(squares) values of N,O mixing ratios (ppmv) as computed by inter-
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mined by trajectory calculations (solid symbols) and as computed
directly from the conserved initial N;O mixing ratios associated with
these parcels (open symbols) for 3 Dec 19921 Jan 93. The ensemble
of air parcels used was initialized at 655 K and is constrained to have
a scaled PV > 1.4 X 107 s™' on the day considered.

3 December 1992-2 January 1993. The average, min-
imum, and maximum of observed N,O values inter-
polated to the positions of all parcels started on the 655-
K isentropic surface that have PV = 1.4 X 107*s™!
(an approximate definition of the polar vortex edge) on
each day are shown. Because the number of parcels
meeting this condition changes somewhat from day to
day, the average, minimum, and maximum for the cal-
culated fields may change as different parcels are in-
cluded in the average; these values are shown as open
symbols. In general, differences between the two
curves are small, indicating that observed and calcu-
lated fields behave similarly within the polar vortex.
Since N,O decreases with increasing altitude and with
increasing PV, the small increase of the observed val-
ues with respect to the calculated ones could suggest
that the calculated diabatic descent is too strong or that
the calculated transport into the vortex is too weak. The
fact that maximum values increase similarly both for
calculations and observations suggests that the trans-
port toward higher PV is captured by the trajectory cal-
culations. Consistent results are seen for H,O and CH,
(not shown).

Figure 6 shows the pattern of N,O mixing ratios for
parcels initialized at 840 K, on day 16 (19 December
1992) of the run, and the mixing ratios from CLAES
data interpolated to those parcel positions. As shown
by Manney et al. (1994c), most of these parcels are
descending during the period. The large-scale features
of the observed fields, particularly shape and move-
ment of the polar vortex, are reproduced in the pre-
dicted fields. Although on this day regions of high mix-
ing ratios in midlatitudes over the eastern Pacific Ocean
and over eastern Europe and Asia can still be seen in
the calculated fields (Fig. 6b), by the end of the run a
large degree of mixing is seen of parcels with high and
low mixing ratios in midlatitudes. After day 16 most
distinct midlatitude features are washed out in the tra-
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jectory calculations. Figure 6 shows that, although the
calculated features are somewhat ‘‘mixed up,”” com-
parable amounts of high N,O are drawn up from low
latitudes in the calculations and the observations. The
presence of higher values along the inside of the vortex-
edge region in the calculated field suggests that trans-
port into the vortex region may in fact be slightly
stronger in the calculations than in the observations.

Figure 7 shows synoptic maps of N,O and H,O from
the trajectory calculation and from observations at 655
K on day 8 (11 December 1992); PV contours in the
region of strong PV gradients are overlaid on the ob-
served fields to indicate the position and extent of the
polar vortex. At this point in the run, agreement is very
good within the polar vortex for both tracers, and dis-
tinct midlatitude features corresponding to observa-
tions are still seen in the calculated fields, showing
comparable amounts of high N,O and/or low H,O
drawn up from low latitudes in calculations and obser-
vations.

In Figure 2a, we showed the observed N,O field on
day 24 (27 December 1992) of this run as a function
of PV and 6. Figure 8 shows the corresponding calcu-
lated N,O field for this day and differences between
this day and the initial day for observed and calculated
N,O. This is during an early winter minor stratospheric
warming, when N,O within the vortex increased over
a wide range of levels, as will be seen below. In both
observed and calculated N,O fields there is a steepening
of gradients inside the vortex edge and at low PV val-
ues, forming a pattern of decreases in N,O at low PV
and increases along the edge of the vortex. This results
from air being drawn up from low latitudes around the
vortex, which serves to steepen tracer gradients along
the vortex edge—this is the formation of the main-
vortex/surf-zone structure (e.g., MclIntyre and Palmer

19 Dec 1992
N,O, Parcels started 840 K

0.01

0.12

FiG. 6. (a) Observed and (b) predicted N,O (ppmv) at positions of
parcels started at 840 K on day {6 (19 Dec 1992) of the run started
3 Dec 1992. Predicted values are the values at the parcel positions
on the initial day, advected with the parcels. Observed values are
interpolated to the parcel positions from the gridded UARS CLAES
data on each day. Most of the parcels shown are moving downward
during the run (Manney et al. 1994c¢).
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FIG. 7. Synoptic maps of N,O (ppmv) and H,O (ppmv) mixing
ratios from observations (a and c¢) and from the trajectory calculation
(b and d) started on 3 Dec 1992, on day 8 (11 Dec 1992) of the
calculation at 655 K; PV contours in the region of strong gradients
are superimposed on the observed fields; these contours are 1.0, 1.2,
and 1.4 X 107* K. m* kg™' s~'. The projection is orthographic, with
0° longitude at the bottom of the plot and 90°E to the right; dashed
lines show 30° and 60° latitude circles.

1984). The dipole pattern of increases along (and in-
side) the vortex edge and decreases outside the edge,
which appears in both observations and calculations,
indicates that these horizontal transport and mixing
processes are dominating over diabatic descent in
changing the N,O field at this time. Both the increase
and decrease are weaker in the predicted fields than in
the observations. There are regions of slight decrease
in the polar upper and lower stratosphere, where de-
scent apparently dominates in the calculations. In a
complex situation such as this, it is difficult to deter-
mine whether in fact the diabatic descent is too strong
or the poleward transport is too weak. A very similar
pattern is seen in CH,. The fact that there is good qual-
itative agreement in the calculated and observed pat-
terns at PV values well outside the vortex indicates that
the lack of detailed agreement at midlatitudes is due
mainly to random errors and/or small-scale effects that,
when averaged in this way, give the correct type of
large-scale behavior in midlatitudes. Differences be-
tween observed and calculated fields at the lowest PV
values shown indicate the failure of the trajectory cal-
culations to reproduce the strong subtropical tracer gra-
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dients seen in observations. While the exact cause of
this failure in the trajectory calculation is not obvious,
the low latitudes are generally regions where we have
less confidence in the details of the wind fields that are
used.

Figure 9 shows observed and calculated H,O on day
24 and the difference of each from the initial (day 0)
field. MLS H,0O measurements in the polar regions
show mixing ratios peaking in the upper stratosphere
(=~1000-1400 K) throughout the year (Eluszkiewicz
et al. 1995). At levels below this peak, it is expected
that H,O mixing ratios will increase (decrease) where
N,O and CH, mixing ratios decrease (increase). Above
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Fic. 8. (a) As in Fig. 2a but showing calculated N,O mixing ratio
(ppmv) as a function of PV and 6 on 27 Dec 1992; (b) and (c) dif-
ferences (ppmv) in (b) observed and (c) calculated N,O fields be-
tween 3 Dec and 27 Dec 1992, as a function of PV and #; dashed
lines indicate a decrease over the time period.
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the level of the peak, the downward motion would
cause H,O mixing ratios to decrease; horizontal trans-
port toward the vortex center would generally decrease
H,0, except when, as is sometimes the case in the upper
stratosphere (e.g., Lahoz et al. 1994), the maximum
H,0 mixing ratios do not extend to the center of the
vortex. The pattern expected from this behavior is
shown in Fig. 9d (the calculated differences), where
there is a dipole pattern opposite to that for N,O in the
midstratosphere and decreases in the polar upper strato-
sphere. Figure 9¢ shows H,O mixing ratios decreasing
at all levels above ~650 K and PV values greater than
~1.0 X 107*s~'. [This is outside the vortex edge;
Manney et al. (1994c).] Since MLS H,O measure-
ments indicate a relatively shallow peak in H,O mixing
ratios in the upper stratosphere (e.g., Fig. 9a), it is
likely that the current H,O retrievals may miss the peak
on some days, giving the appearance of a decrease in
H,O mixing ratios. The differences between the behav-
ior of H,O and other tracers, and between calculated
and observed H,0 fields, suggest some possible incon-
sistencies in the observed fields within the polar vortex
in the middle and upper stratosphere.

To obtain information on average descent rates in
the vortex, we examine time series of vortex-averaged
tracers for the lower (420-655 K) and middle strato-
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FiG. 9. (a) Observed and (b) calculated H,O mixing ratios (ppmv) as a function of PV and # on 27 Dec 1992; (c)
and (d) differences (ppmv) in (c) observed and (d) calculated H,O mixing ratios (ppmv) between 3 Dec and 27 Dec
1992; dashed lines indicate a decrease over the time period. The blank space at the bottom of the plots from observations
shows the levels at which H,O data are considered unreliable.

sphere (655—-1300 K); Figure 10 shows these for N,O.
Since horizontal transport across the vortex edge is lim-
ited, descent should be a significant factor in changing
these averages; we have already seen that in this case
it is not the only, or even the dominant, factor in the
middle stratosphere. Most major features in the obser-
vations are reproduced in the calculations, for instance,
temporary increases in N,O near ~650—-800 K around
7, 15, and 24 December 1992. These increases occur
at times of particularly strong wave activity and are
probably due to large tongues of high N,O being drawn
up around the vortex from low latitudes; some of these
higher values are probably included in the average
shown here. Although horizontal transport plays an im-
portant role in the evolution shown here, especially in
the midstratosphere, Figs. 5-7 suggested good agree-
ment between the large-scale horizontal motions in ob-
servations and calculations in the midstratosphere.
With this in mind, the overall trends suggest that the
calculated descent rates are too strong during Decem-
ber 1992 in the NH middle stratosphere. Assuming all
of the net change in the contours over the period is due
to vertical motions, a rough estimate from the data
would suggest a diabatic descent rate (df/dt) at ~900
K of =~—1.3 K/d; the calculated fields suggest ~—2
K/d. In the lower stratosphere, rough estimates from



3058 JOURNAL OF THE ATMOSPHERIC SCIENCES Voi. 52, No. 17
Obs Vortex Avg N,O Traj
(a) Middle Stratosphere (b)

Potential Temperature (K)

1 JAN

Lower Stratosphere

1242

1034

882

718

3 DEC

(d)

638
A0 — —10
585 — 10—
.14 .14,
.14
502 .18W.1a_\d\_
18—
22— T
448 22—
3 DEC 1t JAN 3 DEC 1 JAN

FiG. 10. Time series of vortex-averaged N,O mixing ratios (ppmv) as a function of 4 in the midstratosphere (655~ 1300 K)
(a and b) and lower stratosphere (420—655 K) (c and d) for 3 Dec 19921 Jan 1993. Vortex averages are area weighted and
are computed using the 1.4 X 107 s™' scaled PV contour as an approximate definition of the vortex edge. Values between 0.02
and 0.025 ppmv are shaded in the middle stratosphere plots and between 0.14 and 0.16 ppmv in the lower stratosphere plots.

Observed ficlds are on the left; calculated fields on the right.

observations and data suggest a diabatic descent rate of
from ~—0.9 to —1.0 K/d at =550 K.

b. Southern Hemisphere, 15 June—5 July 1992

Figure 11 shows a time series, similar to that in Fig.
5, for 15 June--5 July 1992 of the average, minimum,
and maximum of observed and calculated N,O values
interpolated to the positions of all parcels started on
the 655-K isentropic surface that have |PV| = 1.4
X 107*s~' on each day. Since horizontal transport
across the vortex edge is extremely limited during this
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FiG. 11. As in Fig. 5 but for 15 Jun—4 Jul 1992 in the SH for par-
cels started at 655 K with [PV| greater than 1.4 X 107*s7".

period (Manney et al. 1994c¢), we expect changes here
to be dominated by diabatic effects. Differences be-
tween the two average curves are small, but in this case
observed values decrease with respect to calculated val-
ues, suggesting that diabatic descent rates may be too
weak. Similar results are seen for CH,.

The polar vortex is quite symmetric during this pe-
riod, and maps comparing observed and calculated
tracer values (not shown) indicate general agreement
in the size and shape of the vortex and, as in the NH
case discussed above, considerable mixing in midlati-
tudes of parcels with high and low mixing ratios.

Figure 12 shows difference plots in PV - @ space for
observed and calculated N,O between day 20 (5 July
1992) and day O (15 June 1992) of the run. The ob-
served plot shows large decreases in N,O throughout
most of the domain, suggesting that diabatic descent is
dominating. The calculated fields shows much smaller
decreases over most of the domain, with reasonable
agreement between the two only in the lower strato-
sphere (below ~700 K) well inside the vortex (|PV|
> =24 %X 107*s7).

Figure 13 shows vortex-averaged N,O for lower and
middle stratosphere regions. In the middle stratosphere,
the general variations in the contours are reproduced
by the calculations but with significantly less descent
of the contours in the calculated field. The lower strato-
spheric calculations also suggest less descent, with an
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FiG. 12. As in Figs. 8b and 8c but for 5 Jul 1992 with calculated
values from run started 15 Jun 1992. Note [PV| increases to the left
in the SH plots.

estimate of diabatic descent at ~550 K of ~—0.3 K/d
from the calculations but near —1 K/d from observa-
tions. When these area averages are done for a more
restricted region in the center of the vortex (|[PV| > 2.2
X 107*s7'), agreement is somewhat better, with
~—0.9 K/d diabatic descent from the calculations and
~—1.1 K/d from observations. The calculations, there-
fore, do not show strong descent over as large a region
as the observations. The differences between observa-
tions and calculations shown here point to a significant
underestimate of diabatic descent in the radiation cal-
culation used. Since for these cases that calculation de-
pends most strongly on temperature, the differences
also suggest a possible bias in the SH UKMO temper-
atures at this time.

4. Late winter results

a. Northern Hemisphere, 14 February—16 March
1993

Figure 14 shows a time series for 14 February
through 16 March 1993 of the average, minimum, and
maximum of observed and calculated N,O and CH,
values interpolated to the positions of all parcels started
on the 655-K and 465-K isentropic surfaces that have
PV = 1.4 X 107* s~! on each day. At 655 K, the cal-
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culated values diverge temporarily from the observed
values during a strong stratospheric warming in late
February (Manney et al. 1994a) and again move away
from observed values in the last few days of the run,
during another strong warming. During these warm-
ings, large tongues of low-latitude air are drawn up
around the vortex, and air is drawn off the vortex into
low latitudes. During the latter warming, the area en-
closed by the region of strong PV gradients decreases,
and the strong gradients move to higher PV values; a
large increase is seen in horizontal mixing (Manney et
al. 1994¢), indicating a weaker barrier to transport.
Thus, changes in these averages are not dominated by
vertical motions. The increase in observed values with
respect to calculated values could indicate either that
the trajectory model predicts less transport of low-lat-
itude air into the vortex region (or more transport of
vortex air toward lower latitudes) or that the radiation
calculation predicts diabatic descent that is too strong
in the polar midstratosphere. Consistent results are seen
at 840 K and for H,O at 655 K; at 840 K observed H,O
values decrease with respect to calculated values
throughout the period.

At 465 K, in the lower stratosphere, although the
observed values show some scatter about the calculated
values, there is no apparent trend in the difference be-
tween the two, and observed and calculated values re-
main close throughout the period. Average CH, values
here are very close to those above which the data be-
come suspect and thus may be less reliable.

Figure 15 shows maps of N,O mixing ratios at the
locations of parcels started at 655 and 840 K, on day
24 (10 March 1993) of the run. We see general agree-
ment in the shape and position of the low N,O values
that identify the polar vortex. As in the early winter
cases, calculated extravortex values show parcels with
high and low mixing ratios in close proximity. This
results, at least partly, from the lack of any parameter-
ization of mixing in these calculations. Larger errors in
the trajectory calculations are also expected in the re-
gion of strong wind shear just outside the vortex (e.g.,
Morris et al. 1995).

At 655 K, a narrow tongue of low N,O mixing ratios
is drawn off the edge of the vortex along 270°-360°E,
near 30° latitude. This feature does not appear in the
observations but could be sufficiently narrow and lo-
cated so as to be missed by UARS (e.g., Morris et al.
1995); similar features have been seen in very high-
resolution simulations of Arctic vortex evolution (e.g.,
Waugh et al. 1994). At 840 K, the position, size, and
mixing ratios in the blob of high N,O drawn into the
anticyclone are comparable in observations and cal-
culations, although the gradients about its edges are
sharper in the calculations. This is expected since the
lack of a small-scale mixing parameterization leads to
stronger gradients in the calculations, and the low res-
olution leads to weaker gradients in the observations.
Detailed agreement in midlatitudes, outside the vortex,
is poor at 655 K, as in the previous cases discussed. A
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FiG. 14. As in Fig. 5 but for both N,O (a and c¢) and CH, (b and d) and for parcels started both at 655 (a and b)
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FiG. 15. As in Fig. 6 but for parcels started at 840 (a and b) and
655 K (c and d) on 14 Feb 1993, plotted on day 24 of the run (10
Mar 1993); (a) and (¢) show observed fields, and (b) and (d) show
calculated fields.

narrow line of high N,O is seen at 840 K over the
southern United States; in this instance a similar feature
is apparent in the observations. Figure 16 shows syn-
optic maps of N,O at 840 K on day 16 (2 March 1993)
from observations and gridded calculations. Again,
good agreement is seen between observed and calcu-

N,0, 840 K, 2 Mar 1993

Obs Traj

0.5 0.15

FiG. 16. As in Fig. 7 but for N,O mixing ratios (ppmv) at 840 K
on day 16 (2 Mar 1993) of the run started on 14 Feb 1993. The
overlaid PV contours at 840 K are 3, 5,and 7 X 107* K m?>kg™'s™".
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Fic. 17. As in Fig. 16 but at 465 K, on days 8 (22 Feb 1993), 16
(2 Mar 1993), and 24 (10 Mar 1993). The overlaid PV contours at
465 K are 0.2,0.25,and 0.3 X 10* K m*kg~'s™'.

lated N,O values, both within the vortex and in the
region of the anticyclone. As expected, stronger gra-
dients are seen at the edges of both regions in the cal-
culations.

Figure 17 shows synoptic maps of N,O at 465 K on
days 8 (23 February), 16 (2 March), and 24 (10
March). We restrict our attention mainly to the vortex
region, since N,O (and CH,) mixing ratios outside are
generally higher than we have confidence in; however,
some features outside the vortex, for example, a tail
coming off the vortex edge near 45°E on 2 March and
one near 0° longitude on 10 March, appear to be related
to features in the calculated fields and in the PV field.
There is generally good agreement between the size
and shape of the region of low N,O and the vortex as
defined by PV and, consequently, a strong correspon-
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dence between the observed and calculated low N,O
regions. Minimum N,O values are slightly higher in the
calculations on day 24 (10 March).

Figure 18 shows difference plots in PV - @ space be-
tween N,O on day 24 (10 March) and day O (14 Feb-
ruary) of the run in observations and calculations. The
patterns shown agree well below ~800 K but with
somewhat larger decreases in observations between
~500 and 650 K near the vortex edge. Agreement is
not as good in the upper stratosphere; however, the N,O
values are much lower here, and the changes over this
time period smaller. Slightly better agreement was ob-
tained here using the reverse trajectory procedure de-
scribed in section 2¢; however, the differences between
the two methods of obtaining gridded fields and the
actual differences with time are of the same approxi-
mate magnitude as the precision of the data. Increases
in observations in the upper stratosphere suggest hori-
zontal transport toward higher PV, up to the highest PV
values present; the more-restricted region of increase
in the calculations suggests that horizontal transport at
very high PV may be underestimated or that diabatic
descent may be overestimated in the same region. The
differences at low PV values show, as was the case in
the NH early winter, that the calculations fail to repro-
duce sufficiently strong subtropical tracer gradients.

Figure 19 shows the distribution of HO in PV-6
space on the initial day (14 February 1993), the ob-
served and calculated distributions on day 24 (10
March), and the corresponding difference plots for ob-
servations and calculations. As was mentioned in the
NH early winter case, an apparent nonconservation of
H,O is seen in the polar upper stratosphere in obser-
vations, possibly related to the coarse vertical resolu-
tion of the current MLS retrievals. This is not an artifact
of the averaging around PV contours, as it also appears
when individual vertical sections are examined. As a
result of this, Figs. 19d and 19e show poor agreement
between observations and calculations in the polar up-
per stratosphere. The calculated fields show behavior
consistent with that of N,O and CH,, while the ob-

~served fields show decreases in H,O over a larger re-
gion than would be expected. The reverse trajectory
procedure for obtaining a gridded field gave a maxi-
mum increase in H,O over this period between ~800
and 1000 K of only about 2/3 of that shown in Fig. 19e.
However, the qualitative pattern was similar and quan-
titative agreement was good in other regions. Thus, al-
though there is some uncertainty introduced by the
gridding, there remains a distinct qualitative difference
between observed and calculated H,O fields.

Figure 20 shows vortex-averaged N,O in the lower
and middle stratosphere. In the middle stratosphere,
both observations and calculations show increases in
N,O, which result from the increase in horizontal mix-
ing at high PV values at this time (Manney et al.
1994c). The increases are considerably larger in the
observations, consistent with the differences shown in
Fig. 18. Since Figs. 15 and 16 suggest that the large-
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FiG. 18. As in Figs. 8b and 8c but on 10 Mar 1993
from run started on 14 Feb 1993.

scale horizontal transport is reproduced by the calcu-
lations, these differences indicate that diabatic descent
may be too strong in the midstratosphere. Below ~840
K, temporary increases around 26 February and 8
March, near the peaks of the two warmings (Manney
et al. 1994a), are also apparent in the calculations. In
the lower stratosphere, rough estimates of descent rates
at =~500-550 K are comparable for observations and
calculations during the first 27 days, giving a diabatic
descent rate of from ~—1.0 to —1.4 K/d.

b. Southern Hemisphere, 19 August—18 September
1992

Figure 21 shows time series for 19 August—17 Sep-
tember 1993 of the average, minimum, and maximum
of observed and calculated N,O and CH, values inter-
polated to the positions of all parcels started on the 655-
K and 465-K isentropic surfaces that have |PV| = 1.4
X 107* s on each day. Although there is somewhat
more wave activity at this time than in the early winter
SH case, there is still a very strong barrier to mixing
across the vortex edge (Manney et al. 1994c); changes
are thus expected to be dominated by diabatic descent.
At 655 K, observed values for both N,O and CH, de-
crease with respect to calculations, suggesting that cal-
culated diabatic descent is not strong enough at this
level. At 465 K, while CH, observations show little
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overall trend with respect to calculations, the observed
N,O values show a sudden decrease over a few days
around 1 September 1992. The average N,O values be-
fore 1 September 1992 are at or in some cases slightly
above that (>210 ppbv), above which N,O values be-
come suspect. It appears, therefore, that CH, may be
somewhat more reliable than N,O in the lower strato-
sphere during this period; as noted above, CH, shows
a stronger correlation with PV than N,O in the lower
stratosphere during this period.

Figure 22 shows a plot similar to Fig. 21 but for H,O
at 840 K. Behavior consistent with that of N,O and CH,
would lead us to expect that observed H,O values
would increase with respect to calculations, since 840
K is below the H,O mixing ratio peak at this time. In
contrast to this expectation, observed H,O decreases
steadily with respect to calculations. Examination of
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FiG. 19. As in Fig. 8 but showing H,O mixing ratios on (a)
the initial day (14 Feb. 1993) of the run and (b) the observed
and (c) calculated H,O fields on day 24 (10 Mar 1993); (d)
and (¢) show observed and calculated differences between day
0 (14 Feb 1993) and day 24 (10 Mar 1993).

vertical sections for this period shows, as in other pe-
riods, decreases in maximum H,O mixing ratios at high
latitudes. Again, we see evidence that the current MLS
H,O fields in the polar upper stratosphere exhibit be-
havior inconsistent with that expected for a passive
tracer inside the polar vortex.

Synoptic maps of N,O and CH, in the middle
stratosphere show good agreement between the
large-scale evolution of observed and calculated
fields, as was seen in the other cases, and H,O maps
show good agreement along and outside the vortex
edge. Figure 23 shows maps of observed and calcu-
lated CH, at 465 K on day 24 (12 September) of the
run. As was the case in the late winter NH, there is
good agreement between the shape, size, and position
of the vortex, and mixing ratios are similar in both
cases.
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Figure 24 shows difference plots in PV-6 space for
N,O and CH, between day 24 (12 September) and day
0 (19 August) in observations and calculations. The
N,O plots show good agreement, except in the lower
stratosphere, where the observations show a much
larger decrease near the pole and a decrease extending
further out toward the vortex edge. The CH, plots agree
much better in the polar lower stratosphere. Both N,O
and CH, show a larger increase at ~800 K in the cal-
culations than in the observations; if the calculated dia-
batic descent is in fact too weak, the effects of poleward
transport would be more pronounced in the calculated
changes. Very similar results for N,O and CH, were
obtained using the reverse trajectory procedure.

In the late winter SH middle stratosphere, N,O and
CH, have very weak gradients inside the vortex; vortex
averages therefore give little information about their
transport; middle stratospheric vortex averages for H,O
show the same apparent nonconservation that was dem-
onstrated by Fig. 22. Figure 25 shows vortex-averaged
N,O and CH, in the lower stratosphere. The contours
in the calculated plots are nearly flat, suggesting little
or no diabatic descent or, in the case of CH,, slight
ascent. Both N,O and CH, observations show a dis-
continuity around 1 September 1992. If estimated sep-
arately for the periods before and after this, the obser-
vations also show little or no descent and, for CH, in
the latter half of the period, slight ascent. Figures 24c
and 24d showed that CH, decreased in the lowest levels
for 14 X 10™*s™' = |PV| = 2.4 X 107 s~ but
increased at higher |PV|. When an average similar to

15 MAR

14 FEB

that shown in Fig. 25 is done for the 1.4-24
X 107*s7! [PV| band, the descent rate at ~500-
550 K is estimated to be ~—0.3 K/d from both cal-
culations and CH, observations. These estimates, and
the results shown by Manney et al. (1994c), indicate
that in this SH late winter significant descent in the
lower stratosphere is confined to a ring along the vortex
edge. As was the case in the SH early winter, calcula-
tions appear to show a more limited region of descent
in the lower stratosphere than observations.

S. Summary

Trajectory calculations in which air parcels are ini-
tialized on a three-dimensional grid filling the strato-
sphere in one hemisphere are used to examine transport
by assigning to each parcel the observed mixing ratio
of an atmospheric trace species on the initial day and
then tracking the parcel locations on subsequent days.
This technique is applied to passive tracer data, namely
N,O and CH, from CLAES and H,O from MLS. Four
periods when the two UARS instruments were viewing
high latitades during early and late winter in the NH
and in the SH are examined.

In general, the average characteristics of the calcu-
lated fields agree well with observations inside the po-
lar vortex and at midlatitudes; the calculations fail to
reproduce sufficiently strong subtropical tracer gradi-
ents. Agreement is best at high latitudes (inside the
polar vortex) and is better in the NH than in the SH.
Because less meteorological data are available in the
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Fic. 21. As in Fig. 14 but for 19 Aug-17 Sep 1992 in the SH; |PV/| greater than 1.4 X 10~ s™' is used in the SH.

SH, the UKMO winds and temperatures are expected
to be more uncertain there, and inaccuracies in these
would carry through to both the calculated vertical and
horizontal motions of the parcels. More-detailed ex-
aminations show good agreement of the general pat-
terns of tracer evolution within the vortex. Compari-
sons of individual parcel values show that the trajectory
model tends to result in many parcels with high and
low mixing ratios in close proximity in midlatitudes
outside the vortex; in some cases the model also fails
to reproduce anticyclonic features seen in midlatitudes.
Although detailed agreement is lacking here, when cal-
culated fields are averaged, the large-scale patterns of
tracer evolution are reproduced. The calculations also
show sharper local horizontal gradients along the vor-
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FiG. 22. As in Fig. 21 but for H,O for parcels initialized at 840 K.
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tex edge and, during disturbed periods, around the an-
ticyclone. Both effects are due in part to the absence of
a parameterization of small-scale mixing in the trajec-
tory calculations. The coarse horizontal resolution of
the UARS data is also expected to weaken horizontal
gradients seen in those observations, and uncertainties
in the trajectory calculations are expected to be larger
in regions with strong wind shears, such as outside the
vortex edge.

CHy, 465 K, 12 Sep 1992
Traj

0.8 1.6

Fic. 23. As in Fig. 7 but for CH, at 465 K on day 24 (12 Sep 1992)
of the run started 19 Aug 1992 in the SH. The projection is ortho-
graphic, with 0° longitude at the top of the plot and 90°E to the right;
dashed lines show 30° and 60° latitude circles.
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In the NH late winter, the trajectory model repro-
duces large tongues of high N,O that are drawn from
low latitudes around the vortex into the region of the
anticyclone during February—March 1993. The pre-
dicted fields at this time show very narrow tongues of
material being drawn off the edge of the vortex into
low latitudes and narrow tongues of high N,O around
the edge of the anticyclone. The detection of such nar-
row features by the low-resolution satellite instruments
would depend on the exact measurement locations
(e.g., Morris et al. 1995), and we show cases where
there is and is not observational evidence of such fea-
tures. Waugh et al. (1994) showed similar ‘‘filamen-
tation’’ type behavior in very high-resolution contour
advection calculations for the Arctic winter strato-
sphere, and Bowman and Mangus (1993) showed sim-
ilar filamentation in comparisons of trajectory calcu-
lations with total ozone in the SH.

The observed evolution of CLAES N,O and CH, in
the SH late winter shows some discontinuities in the
lower stratosphere that do not appear to be related to
any observed or deduced dynamical changes at that
time. Examination of the time evolution of MLS-ob-
served and calculated H,O shows qualitative differ-
ences in the middle and upper stratosphere inside the
polar vortex, especially in late winter. MLS H,O has
previously been shown to be useful for identifying and
examining the evolution of the polar vortex (Harwood

et al. 1993; Lahoz et al. 1994). However, current MLS
H,O retrievals do show apparent nonconservation of
H,O inside the vortex in the middle and upper strato-
sphere, possibly related to the coarse vertical resolution
of the current H,O retrievals. It is also possible that
there could be real nonconservative processes affecting
upper-stratospheric H,O that are not well understood.
These features of the evolution of MLS H,0O in the
polar middle and upper stratosphere are inconsistent
with the expected behavior of a passive tracer and also
with the observed behavior of CLLAES N,O and CH,.
The dependence of these inconsistencies on the current
retrieval methods is currently under investigation.

The bulk of the evidence shown here suggests that
calculated diabatic descent rates are somewhat too
strong in the NH midstratosphere and too weak almost
everywhere in the SH. Rough estimates of diabatic de-
scent rates in the lower stratosphere indicate that the
radiation calculation used in the trajectory code pre-
dicts descent rates than are consistent with N,O and
CH, observations in the NH. In the NH late winter in
1993, near ~500 K, calculations suggest that df/dt is
~-1.0 to —1.4 K/d. These values are comparable to
but slightly larger than those given by Schoeberl et al.
(1992) for midwinter in the NH in 1989, at a lower
level, and for January—March 1993 by Larsen et al.
(1994), also at a somewhat lower level. In both early
and late winter of the SH lower stratosphere, the cal-
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culation predicts smaller descent rates than the obser-
vations when averaged over the vortex. In late winter
1992, the range of values suggests that in the SH, be-
tween 450 and 500 K, the average descent rate (d8/dt)
is not greater than ~—0.4 K/d and is generally con-
fined to a ring along the vortex edge; this is comparable
to values given by Schoeberl et al. (1992) for the SH
late winter in 1987 and by Schoeberl et al. (1995) for
October 1992.

The overall agreement between the calculated and
observed long-lived tracer fields indicates that the av-
erage characteristics of trajectories calculated using the
horizontal winds from the UKMO data assimilation
system and computed diabatic vertical (cross isentro-
pic) velocities provide a reasonable approximation to
conservative mass transport, at least at the middle and
lower stratospheric levels, polar latitudes, and winter-
time periods examined here in detail. Although detailed
agreement is sometimes lacking in midlatitudes, the
large-scale average time evolution is also reasonably
well reproduced there. In addition to diagnosing at-
mospheric motions in a variety of stratospheric con-
texts, this trajectory approach can provide a baseline
against which the evolving distributions of strato-
spheric trace gases in the polar winter can be examined
for nonconservative effects, including the action of
photochemistry on shorter-lived trace constituents such
as ozone (Manney et al. 1995).
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