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Abstract. Measurements have shown a substantial decrease in Northern midlatitude ozone, which
has only partially been explained by chemical models. The large ozone depletions determined for
the Arctic vortex in recent winters will ultimately spread out and dilute the midlatitudes and thus
contribute to the observed decrease. Here we have followed the ozone-depleted air inside the
Arctic vortex in 1995 and 1997 during April and May with high-resolution reverse domain-filling
(RDF) trajectory calculations. The resulting average midlatitude (30°-60°N) stratospheric ozone

dilution in May is 2.9% and 2.6% of the 1979 column ozone in 1995 and 1997, respectively, or
about 40% of the observed depletion. Nearly realistic mixing was introduced by a regridding
procedure between successive 7-day long RDF calculations. Low-resolution grid point models
give too much mixing, causing an overestimate of the calculated dilution. A recovery of about
12% of the midlatitude dilution in May 1997 is calculated with a photochemical box model, but is

not included in the number given above.

1. Introduction

Satellite measurements have shown a significant decline in
ozone at midlatitudes [World Meteorological Organization
(WMO), 1999]. Using two-dimensional (2-D) models it has in the
past been argued that in-situ chemistry could explain the decline
[Solomon et al., 1996], but in the later years 3-D model studies
have shown that this is not the case. Chipperfield [1999] used a
3-D chemical transport model (CTM) to show that heterogeneous
chemistry on polar stratospheric clouds and cold aerosols makes a
substantial contribution to the ozone decline at midiatitudes.
Knudsen et al. [1998a] showed evidence that dilution with
ozone-depleted air from the Arctic vortex is an important factor
in the depletion in spring. Dilution is defined here as ozone
depletion resulting from both irreversible and reversible transport
of ozone-depleted air from the vortex. The reversible transport
(without mixing) might not unequivocally be included in the
definition, but if preferred the word “dilution” could simply be
replaced by “depletion”. Predominantly in April and later after
the final breakup of the Arctic vortex, the dilution in midlatitudes
with ozone depleted air from the vortex becomes important. The
dilution before the final breakup is usually limited because the
vortex erosion usually is quite weak [Mclntyre, 1995;Waugh et
al., 1994]. Knudsen et al. [1998a] found a substantial dilution in
May 1997 using height-resolved estimates of the vortex ozone
depletions [Knudsen et al., 1998b] and high-resolution reverse
domain-filling (RDF) trajectory calculations. In this paper the
calculations of Knudsen et al. [1998a] are extended to 1995 and
are improved with nearly realistic mixing obtained by a regrid-
ding procedure. For the high-resolution calculations used here,
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the inclusion of mixing does not have a substantial effect on the
zonally averaged dilution, but it is shown that the excessive mix-
ing in low-resolution grid point models does. Further, the photo-
chemical recovery from the ozone depletion, which was not
included by Knudsen et al. [1998a], is calculated.

The paper is organized in the following way: Section 2
describes the RDF calculations and the derivation of the dilution.
Section 3 presents the resulting dilution. In section 4 the mixing
properties of the regridding procedure are analyzed, while section
5 studies the photochemical recovery of ozone. Finally, section 6
offers some conclusions.

2. RDF Calculations

The RDF calculations are described by Knudsen et al.
[1998a,b], but the description is repeated here. The calculations
use 6 hourly European Centre for Medium-Range Weather Fore-
casts (ECMWF) analyses in a 1.5° latitude-longitude grid. The
RDF calculations are performed in an equal-area grid with a grid
distance of 1° by latitude (~111 km), and the number of longi-
tudes at each latitude is given by the integer closest to 360cos(9),
where ¢ is the latitude. The longitude O°E is always included. The
calculations end on the 350, 375, 400, 425, 450, 475, 500, 525,
and 550 K potential temperature () levels. The calculations are
three-dimensional since 0 in each time step is changed by the
diabatic heating. The heating rate calculations are done with the
ECMWF radiation scheme [Morcrette, 1991} and they are
described by Knudsen et al. [1998b] except that the Committee
on Space Programs and Research (COSPAR) International Refer-
ence Atmosphere (CIRA) ozone climatology [Keating et al.,
1990] and Stratospheric Aerosol and Gas Experiment (SAGE)
H,0 [Chiou et al., 1997] have been used here.

We study the dilution in spring 1995 and 1997, because only
for these years have height-resolved vortex ozone depletions been
quantified [Rex et al., 1999; Knudsen et al., 1998b]. The vortex
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depletions and definitions of the vortex edge were taken directly
from these studies. Rex et al. [1999] matched different ozoneson-
des with air parcel trajectories to determine the ozone depletion
rate. They found an integrated vortex ozone depletion from 370
to 600 K of 127 Dobson units (DU) (29% of the total column)
between January 1 and March 30, 1995. Knudsen et al. [1998b]
averaged vortex ozone mixing ratios from ozonesondes corrected
for diabatic cooling and transport across the edge of the vortex
and found an average ozone depletion inside the vortex in the
potential temperature region 350 - 550 K of 92 DU (21%) from
January 1 to April 11, 1997.

The subvortex depletion below 400 K derived for 1997 by
Knudsen et al. [1998b] is somewhat questionable due to the fact
that the quasi-isentropic ozone transport in this region becomes
more important and at the same time more uncertain. On April
11, 1997, it amounts to 28% of the total vortex depletion and
contributes approximately the same fraction to the midlatitude
dilution. On March 30, 1995, 42% of the vortex depletion is
below 400 K. However, the method used by Rex et al. [1999]
works also below the vortex, as the given error bars indicate. The
depletions in these studies agree well with depletions of 32 + 4%
and 24% in 1995 and 1997, respectively, determined by Goutail
et al. [1998,1999]. Note, however, that all the above mentioned
methods of calculating the vortex depletion are dependent on cal-
culated heating rates, which are relatively uncertain in the lower
stratosphere [Olaguer et al., 1992].

The accumulated loss in the ozone mixing ratio on March 30,
1995, and April 11, 1997, is denoted X,,. It is assumed to be
advected unchanged along the trajectories. Since photochemistry
is treated separately, this is equivalent to advecting both observed
and undepleted (= observed + depleted) ozone and taking the
difference. The integrated column ozone dilution, £2,, is given in
DU from equation (1) of Knudsen et al. [1998a]:

p(550K)

lel =-0.788 p(350K)xdepdp (l)

when X, is given in ppmv and p in hPa. In 1995 the upper limit
was kept at 550 K throughout the calculation because Rex et al.
[1999] determined the depletion up to 600 K. The air at 550 K on
May 31, 1995, originated from approximately 580 K on March
30. The depletion between 550 and 580 K on March 30, 1995,
constitutes less than 1% of the total depletion, and the depletion
above 512.5 K is in fact not statistically significant and is mostly
natural (not due to polar stratospheric clouds (PSCs)) [Rex et al.,
1999]. In 1995 the lower limit of the depletion was at 370 K ini-
tially, but by May 31, 4% of the total depletion (in kilograms)
had descended below 350 K and was discarded. A further 3% of
the total depletion had entered the troposphere (potential vorticity
(PV) < 2x10°°K m?kg™’ s')) and was also discarded. By May 18,
1995, 2% of the total depletion had entered the troposphere, and
0% had descended below 350 K. For the May average dilution a
total of 3% has been discarded, which is negligible.

In 1997 the depletion was only available up to 550 K. There-
fore the upper limit of the integral descends diabatically together
with the ambient air from 550 K on April 11 to 541 K on average
by May 30. In 1997 none of the depletion had entered the tropo-
sphere by May 30.

The RDF calculations are split up into successive 7-day cal-
culations, except that the last calculation ending on May 31,
1995, is only 6 days long. After each 7-day period the starting (in
time) point of the next RDF calculation is given a mixing ratio of
depleted ozone which is bilinearly interpolated between the four
closest endpoints of the previous calculation. This regridding
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introduces a nearly realistic mixing (see below). The vertical
interpolation of the mixing ratios is linear in 6 because the tra-
jectory endpoints are given on isentropic levels. Such a vertical
interpolation might not generally be optimal, but with only 25 K
spacing in O, the interpolation method hardly matters.

On May 30, 1997, the total advected ozone depletion is a fac-
tor of 1.17 larger than on April 11, 1997. This is due to inconsis-
tencies between the RDF advection and the analysis mass field or
to errors in the diabatic heating calculations, which are quite
uncertain in the lower stratosphere. All results shown here are
corrected for these factors. Two tests of the effect of the initiali-
zations of the heating rate calculations on this factor were made:
Without inclusion of clouds in the radiative calculations, the
factor increases to 1.19. Potentially more realistic ozone was
introduced by using the vortex-averaged ozone mixing ratios
from ozonesondes during the period April 1-11, 1997 [Knudsen
et al., 1998b]. The background for applying these for 49 days and
over the whole Northern Hemisphere is that the depleted air
mostly remains inside the vortex remnants. Since the diabatic
heating and the photochemical recovery are small, the PV-8
mapped vortex profile is reasonably valid throughout the calcula-
tion. In 1997 the use of PV-0 mapped ozone did not have any
significant impact on the total advected ozone depletion by May
30, 1997. The reason for this is that in 1997 the mid-latitude
ozone was approximately equal in the two calculations.

In 1995 the total advected ozone depletion is up to a factor of
1.28 larger during the 62-day calculation than on March 30,
1995. In 1995, cloud information on each model level was not
available before April 4, and the calculations presented here use
clear-sky heating rates. An initial vortex ozone profile is taken
from an ozonesonde on March 30, 1995, launched from Ny Ale-
sund (79°N,12°E) when the station was well inside the vortex. If
clouds are included in the calculations after April 6 together with
this vortex ozone profile, then the total advected ozone depletion
during the full 62 day calculation is less than a factor of 1.19
larger than initially. Nevertheless, these calculations did not make
any significant changes in the midlatitude dilutions and were not
used in this study (except in the photochemical calculations)
because of their potentially large errors.

It should be noted that circulation changes due to the dilution
have not been taken into account in this study. However, Prather
et al. [1990] found that the recovery from the Antarctic ozone
hole due to increased transport from the tropics and reduced
transport into the troposphere is only a minor fraction of the
photochemical recovery during spring.

The breakup of the vortex is a period that is probably particu-
larly poorly analyzed due to the rapid dynamical development.
Therefore Knudsen et al. [1998a] calculated the isentropic dilu-
tion using both ECMWF and UK. Meteorological Office
(UKMO) analyses. When correction is made for the factor the
total depletion has increased during the 28 days of calculation
(this was not done by Knudsen et al. [1998a]) the UKMO mid-
latitude dilution is 0.97 times the ECMWEF dilution. However, the
difference is, in fact, caused by the difference in spatial and tem-
poral resolution of the analyses.

3. Northern Midlatitude Dilution in 1995 and 1997

The column ozone dilution, £2,,, on May 25, 1997, is shown
in Plate 1. This day was chosen in order to compare with the
results of Knudsen et al. [1998a] without regridding. Note, how-
ever, that the scale is different and that the results of Knudsen et
al. [1998a] are not corrected for the factor of 1.15 by which the
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Plate 1. Northern Hemispheric dilution on May 25, 1997.
Contours of 10 and 17 x 109K m*kg™' s potential vorticity (PV)
at 435 K are overlaid to mark the tropical edge and vortex
remnants, respectively. Only points with a nonzero dilution are
plotted. The projection is orthographic with latitude circles at 0°,
30°, and 60°N.

advected total depletion had increased relative to the initial
depletion in their calculation. As expected, the mixing introduced
by the regridding (see below) causes the dilution to be much
more smeared out. PV contours of 10 and 17 x 105K m?kg"' 57!
on the 435 K isentropic surface are shown to mark the tropical
and vortex remnant edges.

In Figure 1 the temporal development of the zonally averaged
dilution in the Northern Hemisphere in spring 1995 and 1997 is
shown. Figure 2 compares the average dilution in May 1995 and
1997 with the best estimate of the observed depletion from 1979
to 1997 using Total Ozone Mapping Spectrometer (TOMS) May
decadal trends [WMO, 1999] multiplied by 1.8 decades. The May
trends were derived through linear interpolation between the
MAM (March, April, May) and JJA (June, July, August) trends
(2/3 (MAM) + 1/3 (JJA)). The total midlatitude (30°-60°N) dilu-
tion in May 1995 and 1997 is 2.9% and 2.6%, respectively, or
about 40% of the observed TOMS depletion in May of 6.8% of
the 1979 total ozone. In April the 1995 and 1997 midlatitude
dilution is 2.3% and 1.2%, respectively, while the TOMS MAM
depletion is 8.2%. The small dilution in April 1997 is due to the
exceptionally long lasting vortex that year.

4. Mixing

The mixing introduced by the regridding was simulated in the
following way: First a straight, long, thin filament of tracer was
assumed. A cross section of the filament is shown in Figure 3.
The grid boxes (whose corners are endpoints of the RDF calcula-
tions) are assumed to be squares, and are assumed to be placed
randomly with respect to the tracer distribution. The randomness
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is effectuated by moving the grid boxes in steps of 0.01° (by
latitude) in longitude and latitude, that is 10,000 different grids
are used. The tracer concentration is bilinearly interpolated
between the four closest endpoints of each grid, and the average
over all grids is made. In Figure 3 the cross sections of every 25th
of the grid boxes used to determine the tracer amount at 0° are
shown. The simulations are performed for 44 days (i.e. from
April 11 to May 25, 1997) with a regridding every seventh day
(the first regridding is on the starting date and the last RDF cal-
culation is 9 days long). The term “regridding” is, in fact, only
correct backward in time, but is used for simplicity. The resulting
tracer distribution is shown in Figure 3 for all six regriddings. For
each regridding the simulated tracer moves further away from the
initial distribution. The tracer distribution resulting from diffu-
sion was also simulated. The diffusion equation in one dimen-
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Figure 1. Temporal development of the Northern Hemispheric
dilution (as a percentage of the May 1979 TOMS ozone) a) from
March 30 to May 31, 1995 and b) from April 11 to May 30,
1997.
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Figure 2. The May 1995 and 1997 averaged dilution compared to
the May Total Ozone Mapping Spectrometer (TOMS) decadal
trend 1979-1997 [WMO, 1999] multiplied by 1.8 decades. The
effect of photochemical recovery is shown for the 1997 dilution
as well.

sion, which is sufficient for the tracer distribution shown in Fig-
ure 3, is given by
2
A DB_O' 2)
ot a2
where © is the tracer concentration and D the diffusivity. In Fig-

ure 3 the resulting tracer distribution is shown after 44 days for -

two different (horizontal) diffusivities. Evidently, the regridding
in a 1° grid every seventh day is on average equivalent to diffu-
sion with a diffusivity of 1.65x10> m? 5!, which is close to the
diffusivity of 1.0x10* m* s estimated for Northern midlatitude
spring 1993 by Waugh et al. [1997] (which was quite uncertain).
Using a 5° grid introduces much more mixing as seen in the fig-
ure, and the diffusivity then equals 4.13x10* m*s™'. Equation (2)
shows that the diffusivity scales as the square of the grid distance
and inversely with the time step. Thus a diffusivity of 1.0x10° m?
s”' could be obtained by using a 0.8° grid or regridding every
twelfth day. Alternatively, for 44 day long calculations, the initial
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Figure 3. Development over 44 days of an initial steplike tracer
concentration due to both diffusion and the regridding procedure
used here.
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Figure 4. Calculated midlatitude dilution on May 25, 1997, as a
function of the grid distance used in the reverse domain-filling
(RDF) trajectory calculations.

regridding could be omitted, and regriddings every eighth or
ninth day could be done. When the average of the four closest
points is used instead of the bilinearly interpolated value, the
diffusivity is approximately doubled. For a thick filament (i.e.,
the center of the filament is unchanged) the regridding procedure
gave the same diffusivity. This was also the case for a circular
blob of tracer, which had to be simulated two-dimensionally.

In Figure 4 the total midlatitude dilution on May 25, 1997, is
shown as a function of the latitudinal grid distance. For grid dis-
tances larger than 1°, more than one grid is possible (e.g., for a 5°
grid the northernmost regular grid latitude could be 90°, 89°, 88°,
87°, or 86°N). In the figure the mean of the results for the differ-
ent grids is shown, and the error bars give the 68% confidence
limits. A grid distance of 0° is equivalent to RDF calculations
without regridding. The linear regression line is also shown.
Balluch and Haynes [1997] found a probable range of the hori-
zontal diffusivity from 6x10" to 1x10°> m?s™'. According to Figure
4, applying such low diffusivities would not change the calcu-
lated midlatitude dilution significantly. Grid distances of 5° or
10° lead to a factor of 1.05 and 1.11 larger midlatitude dilution,
respectively, and Figure 5 shows that especially the dilution at
lower latitudes is enhanced. Note also that Figure 5 shows that
low-resolution grid point models mix away the high-latitude
depletion too fast. This could contribute to the summer overesti-
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Figure 5. Dilution on May 25, 1997, as a function of latitude for
single RDF calculations and for RDF calculations with
regriddings every seventh day in a 1°, 5°, and 10° grid. The data
were smoothed using a 5° wide running average.
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mate of ozone in this region by current models [e.g., Chipper-
field, 1999]. CTM’s have more frequent regridding (in each time
step), but on the other hand they often use more sophisticated
interpolation methods (as for example, the Prather advection
scheme [Prather, 1986]). General circulation models use artifi-
cially enhanced diffusion for stability reasons, and therefore typi-
cally have a diffusivity of 10°m?s™ [Tan et al., 1998].

5. Photochemical Recovery of Ozone

The photochemical calculations presented here have been
performed with the chemistry module of the Chemical Lagran-
gian Model of the Stratosphere (CLaMS) (D. S. McKenna et al.,
A new Chemical Lagrangian Model of the Stratosphere (ClaMS8),
Part II: Formulation of Chemistry-Scheme and Initialization,
manuscript in preparation, 1999). It utilizes the ASAD software
package for atmospheric chemistry modeling [Carver et al.,
1997] with the family concept solver IMPACT [Carver and
Scott, 1999]. The photolysis rates are calculated by an improved
version of the scheme developed by Lary and Pyle [1991] that
uses spherical geometry. The heterogeneous reaction rates and
the microphysics of liquid ternary H,O/H,SO4/HNO; and solid
aerosol are calculated using a scheme developed by Carslaw et
al. [1995]. Heterogeneous reactions involving bromine
compounds are included. The code contains the possibility for the
formation of solid particles, but for the time of year considered in
this study, the temperatures were high such that only liquid
aerosol is important.

The model contains full chlorine and bromine chemistry, 36
chemical species, and 112 reactions (including 24 photolysis and
11 heterogeneous reactions). The reaction rates are obtained from
DeMore et al. [1997]. The chemical families are Oy (= O3 +
O('D) + OCP)), NOy (= NO + NO, + NO3), ClOy (= Cl + CIO +
2Cl1,0,), and BrOy (= Br + BrO). The time step for the chemistry
integration is 10 min, whereas photolysis and heterogeneous
reaction rates are calculated every hour. The interaction between
the air parcels (e.g., mixing) is not included here.

The recovery of ozone was determined by a pair of similar
model integrations, in which only the Os initialization is different
(using both observed and undepleted ozone). Further, the model
calculations are initialized with NO, NO, H,O, CH,, and HCI
from the mean of 13 measurements from the Halogen Occultation
Experiment (HALOE) [Russell et al., 1993] inside the polar vor-
tex in early April 1997. The other species are initialized from the
Mainz photochemical 2-D model [Gidel et al., 1983; Groof,
1996] with a correction for the diabatic descent: The 2-D model
altitude level was chosen such that modeled CH, mixing ratios
corresponded to the measured HALOE CH,4 mixing ratio. For the
photolysis calculation, ozone outside the 350 — 550 K region is
also given by the HALOE data set mentioned above.

Owing to constraints on computer resources, the box model
was run along forward trajectories starting on an equal-area grid
with 4° latitudinal spacing. The calculations were done on the
same isentropic levels as before. The ozone depletion (in kilo-
grams) representative of each trajectory was assigned initially on
April 11 because the vertical integration in equation (1) was not
possible later on. Despite the crude calculations the derived mid-
latitude dilution is close to the one obtained with the RDF calcu-
lations described previously.

Figure 2 also shows that the impact of photochemical ozone
recovery on the 1997 dilution is modest. The average midlatitude
recovery in May is 12% of the dilution. By May 30 it amounts to
18%, so it becomes increasingly important to include the reco-
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very. The sensitivity of the photochemical calculations to the O;
profile used in the photolysis calculation was tested in a separate
calculation in which latitude-dependent ozone data from the
Mainz 2-D model were used. This was done because the vortex
remnants gradually lose their vertical vortex characteristics, and it
led to a decrease of the average midlatitude recovery by 0.8% of
the dilution (and a relatively larger increase in the tropics). In
1995 the earlier breakup of the vortex would lead to a larger
recovery for May, but the lower height of the dilution would
work in the opposite direction.

Since the photochemical recovery depends nonlinearly on the
ozone mixing ratios, the combined effect of mixing and recovery
could be different from the sum of each effect individually. How-
ever, the impact is probably limited.

6. Conclusion

The dilution after the PSC-induced vortex ozone depletion
period is studied in spring 1995 and 1997, where height-resolved
vortex-averaged ozone depletions have been quantified. It was
found that the May dilution is about 40% of the observed deple-
tion for 1979 to 1997 calculated from TOMS trends [WMO,
1999]. The dilution before the PSC-induced depletion stops is
usually small because the transport out of the vortex is not much
greater than 50% of the vortex area [Mclntyre, 1995; Waugh et
al., 1994]. With the crude assumptions that the rate of transport
out of the vortex and the vortex depletion rate are constant during
winter, a transport of 50% of the vortex area amounts to a dilu-
tion of 25% of the total depletion inside the vortex when the
depletion stops. While this argument might not hold for the win-
ter 1992/1993, where the area of the vortex decreased substan-
tially before the ozone depletion stopped, it seems on firmer
ground for the two winters investigated here.

The effect of export of chemically activated air out of the vor-
tex is also small, as seen from the following arguments: The
exported air will only deplete the air outside the vortex for, say,
10 days. However, the air inside the vortex stays activated for
about 60 days on average in the two winters studied here [Rex ef
al., 1999; Knudsen et al., 1998b]. Since the exported air consti-
tutes less than about 50% of the vortex area, the exported air only
has a depletion potential of less than about 1/12 of that of the
vortex air. These considerations are not in disagreement with the
larger chemical activation outside the vortex found by Norton
and Chipperfield [1995], because they include PSC processing
outside the vortex, which can be substantial. Thus the dilution in
spring 1995 and 1997 after the ozone depletion period is likely to
contribute more than about 2/3 of the midlatitude depletion due
to the vortex. In addition, any midlatitude depletion during winter
is subject to photochemical recovery, which decreases its influ-
ence on the depletion in spring.

The type of calculations used here (regridded successive high-
resolution RDF calculations with an attached photochemical box
model) could be a powerful tool for a variety of problems. It is a
computationally very cheap way of obtaining a nearly realistic
treatment of mixing (a horizontal diffusivity of 1.65x10° m®s™ on
average).
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