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Abstract. Previous studies have presented clear evidence
that the Northern Hemisphere total ozone field can be sep-
arated into distinct regimes (tropical, midlatitude, polar, and
arctic) the boundaries of which are associated with the sub-
tropical and polar upper troposphere fronts, and in the winter,
the polar vortex. This paper presents a study of total ozone
variability within these regimes, from 1979-2003, using data
from the TOMS instruments. The change in ozone within
each regime for the period January 1979-May 1991, a pe-
riod of rapid total ozone change, was studied in detail. Pre-
vious studies had observed a zonal linear trend of —3.15%
per decade for the latitude band 25°-60° N. When the ozone
field is separated by regime, linear trends of —1.4%, 2.3%,
and 3.0%, per decade for the tropical, midlatitude, and polar
regimes, respectively, are observed. The changes in the rel-
ative areas of the regimes were also derived from the ozone
data. The relative area of the polar regime decreased by about
20%; the tropical regime increased by about 10% over this
period. No significant change was detected for the midlat-
itude regime. From the trends in the relative area and total
ozone it is deduced that 35% of the trend between 25° and
60° N, from January 1979-May 1991 is due to movement
of the upper troposphere fronts. The changes in the relative
areas can be associated with a change in the mean latitude
of the subtropical and polar fronts within the latitude inter-
val 25° to 60° N. Over the period from January 1979 to May
1991, both fronts moved northward by 1.1£0.2 degrees per
decade. Over the entire period of the study, 1979-2003, the
subtropical front moved northward at a rate of 1.1£0.1 de-
grees per decade, while the polar front moved by 0.5+0.1
degrees per decade.

Correspondence to: R. D. Hudson
(hudson@atmos.umd.edu)

1 Introduction

In a previous paper, Hudson et al. (2003), presented clear
evidence that the Northern Hemisphere total ozone field can
be separated into distinct regimes, the boundaries of which
are associated with the subtropical and polar upper tropo-
sphere fronts, and in the winter, the polar vortex. These
regimes were defined as: (1) the arctic regime — within the
polar vortex, (2) the polar regime — between the polar front
and the polar vortex, or when the latter is not present, the
pole, (3) the midlatitude regime — between the subtropical
and polar fronts, and (4) the tropical regime — between the
equator and the subtropical front. The subtropical and po-
lar fronts are associated with the subtropical and polar jet
streams, and have mean latitudes of about 30° and 60° N, re-
spectively. It should be noted that the mean position of the
subtropical front as defined here, is not the same as the posi-
tion of the maximum of the mean westerly tropospheric zonal
winds, which is also sometimes referred to as the subtropi-
cal front (Bluestein, 1993). The positions of the subtropical
and polar fronts defined in Hudson et al. (2003) vary on a
daily basis as the Rossby waves meander about their mean
latitudes. Finally, these fronts should not be confused with
the cold and warm fronts associated with cyclonic flow close
to the surface. Hudson et al. (2003) showed, using rawin-
sonde measurements, that the tropical, midlatitude, and polar
regimes were identified with distinct tropopause heights over
a large latitude range. In addition, in any month, a unique
total ozone value and a distinct ozone profile shape could be
assigned to each of these three regimes.

The definition of “mid-latitude” used in previous studies
has varied. WMO (1999) and Stachelin et al. (2001) used
the interval from 25° to 60° N, while Fioletov et al. (2002)
and WMO (2003) used the interval from 35° to 60° N. In
this paper we have chosen the latitude range from 25° to
60° N. Previous studies of the variability of total ozone and of
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the ozone profiles at midlatitudes (Harris et al., 1997, 1998;
WMO, 1999; Staehelin et al., 2001) have centered on zonal
averages over specific latitude bands. However, because the
mean total ozone and the ozone profile are almost constant
within a regime, a zonal average will depend on the relative
areas of the respective regimes within the latitude range of
the zone. Thus, for example, one can envision a long-term
change in the zonal mean total ozone that is brought about
by a long-term change in the relative areas of the regimes
alone.

The total ozone archived data sets used in this paper are
the Version 8 level-3 hierarchical data format product from
the TOMS (Total Ozone Mapping Spectrometer) instruments
(McPeters et al., 1996; Wellemeyer et al., 2004). The level-
3 data set is an average ozone value on a 1-degree lati-
tude by 1.25 degrees longitude grid. At this time three
data sets are available, those from the Nimbus-7 satellite
(November 1978-May 1993), the Meteor-3 satellite (Au-
gust 1992-November 1994), and the Earth Probe satellite,
(September 1996-December 2003), leaving a gap in the data
record between December 1994 and August 1996. Although
the Nimbus-7 and Meteor-3 time periods overlap, Nimbus-
7 data was used whenever available. The unit used within
this paper for the total (column) ozone is the Dobson Unit
(1 DU=1 m atm cm, or 2.69 x 106 molecules cm_2).

This paper examines the long-term change of ozone be-
tween 1979 and 2003 within the tropical, midlatitude, polar,
and arctic meteorological regimes as defined above. It is di-
vided into four sections. In Sect. 2, the method used to define
the boundaries between the regimes is presented. The results
of the analysis are given in Sect. 3. The summary and con-
clusions of the paper are given in Sect. 4.

2 The regime boundaries

For every day that TOMS data was available, total ozone val-
ues for the subtropical and polar boundaries were derived us-
ing the method described in Hudson et al. (2003). A contour
program for these two boundary values was then used to ob-
tain the positions of the fronts on the total ozone field for
that day. The polar vortex boundary was obtained from the
position of the maximum gradient in potential vorticity (PV)
on the 550K isentropic surface. This dataset was obtained
from the NCEP/NCAR (National Centers for Environmen-
tal Prediction/National Center for Atmospheric Research) re-
analysis (Kalnay et al., 1996). Figure la shows the TOMS
total ozone field for 11 March 1990, with the ozone contours
representing the subtropical and polar boundaries, and the
arctic boundary obtained from the PV field for this day. Fig-
ure 1b shows the one-degree zonally averaged total ozone
within each regime, and for the unclassified data. As noted
in Hudson et al. (2003) and seen in Fig. 1b, each regime has
a distinct range of ozone values that do not overlap. How-
ever, the total ozone within each regime shows that there is
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a small dependence (relative to the unclassified data) of to-
tal ozone with latitude. This latitude dependence is greatest
in the winter months, and is at a minimum in the summer
months. Because trends in total ozone are of the order of
few percent, small errors in the determination on the location
of the upper-level fronts could introduce relatively large er-
rors in the determination of long term area trends. For that
reason, the latitude dependence of total ozone must be taken
into account when determining the location of the upper-level
fronts for trend analysis. It should be stressed, however, that
the total ozone trends within each regime are not sensitive to
small errors in the determination of the exact locations of the
upper-level fronts.

A new method was developed in order to allow the bound-
aries to take into account any latitude dependence. The daily
boundary values from Hudson et al. (2003) were used as a
first guess to separate the total ozone into regimes. Next, one-
degree zonal averages were calculated for each regime, as
seen in Fig. 1b. New subtropical boundary values were com-
puted by taking the average of the tropical and midlatitude
total ozone at each latitude where they were both present.
Similarly, the polar boundary was calculated by taking the
average of the midlatitude and polar total ozone. The new
boundary values are displayed as black stars on Fig. 1b. The
total ozone field was then separated using these new latitudi-
nally dependent boundaries. The process was then repeated
with the new boundary values. The relative area of a regime
is the area of a regime divided by the total area between 25°
and 60° N. Convergence was reached when the change in the
relative area of each regime, from one iteration to the next,
was less than 5%. The 5% convergence criteria was chosen
based on the spatial resolution of the TOMS data, 1° lati-
tude by 1.25° longitude. In each iteration, any change in the
area of a particular regime will have a minimum value given
by the area of one pixel at each one-degree latitude band,
which varies from 2-4%. The final boundaries, after itera-
tion, are plotted on Fig. lIc. It must be stressed that these
ozone boundaries were obtained on a daily basis.

Using the daily values, the mean monthly relative area was
obtained for each regime, for the latitude interval 25°-60° N.
The standard deviation, persistence, and the standard error of
the mean were then calculated for each month. Table 1 gives
the climatalogical mean monthly relative area, the standard
error of the mean, and the atmopsheric persistence in days
for the tropical, midlatitude, and polar regimes, for the pe-
riod 1979-2003. The atmospheric persistence is defined here
as (1+q)/(1—q) where q is the lag-1 autocorrelation. The at-
mospheric persistence is close to three days, typical of mete-
orological parameters.

A fundamental assumption in our method is that total
ozone acts as a dynamical tracer on synoptic timescales
(Danielsen et al., 1970; Wohltmann, 2005). This assumption
is valid in the absence of chemistry occurring on timescales
shorter than dynamics. Therefore, because our boundaries
are calculated on a daily basis, they are subject to changes
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Fig. 1. (a) TOMS total ozone field for 11 March 1990. The subtropical (blue line), polar (red line), and polar vortex (black line) boundaries
derived by Hudson et al. (2003) are also plotted. (b) The one-degree zonally averaged total ozone within the tropical (red stars), midlatitude
(green stars), polar (blue stars), and arctic (light blue stars) regimes for 11 March 1990. The unclassified data is shown as black pluses. The
new boundary values calculated by taking the average of neighboring regimes are shown as black stars. (c¢) Same as (a), except with the

boundaries after the iteration procedure described in the text.

in ozone chemistry on timescales shorter than a day. How-
ever, in the lower stratosphere, the photochemical lifetime
of ozone is of the order of several weeks (Brasseur and
Solomon, 1984). This is large compared to the timescale
of transport, approximately one day (Salby and Callaghan,
1993). For this reason, ozone in this region, as well as total
ozone, is considered to be a dynamical tracer on the timescale
of a few days (Wohltmann et al., 2005).

An experiment was carried out to test whether a latitudi-
nally dependent chemical trend in ozone over time would
affect the placement of the regime boundaries. Two runs
from NASA Goddard Space Flight Center’s (GSFC) 3-D Full
Chemistry and Transport Model (FCTM, Douglass et al.,
1996) were used. The transport in this model is calculated
off-line, such that the chemical constituents have no influ-
ence over the model dynamics. The resolution of the model
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was 4° longitude by 5° latitude, with 28 levels in the verti-
cal. Both heterogeneous, as well as gas-phase chemistry are
included. The wind fields were derived using data from the
NASA GSFC Data Assimilation Office (DAO). The first run
was from February 1973 to December 2022, with observed
aerosol and source gas concentrations The second run was
from January 1979 to December 2010, and was the same as
the first, except source gases were held to their 1979 value.
The actual time period used for this experiment was 1983—
2003. The constant source gas run required several years
of spin-up time (A. Douglass, personal communication), and
corresponding time periods were desired. The positions of
the meteorological upper-troposphere fronts should be the
same in both runs. The ozone boundaries were then calcu-
lated for both runs using the method described above, and
the relative areas calculated from 1983-2003. There was no
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Table 1. Mean relative area, error of the mean, and persistence.

Tropical Regime Midlatitude Regime Polar Regime
Month Mean  Error of Persistence Mean  Error of Persistence  Mean  Error of Persistence
area the mean  (Days) area the mean  (Days) area the mean  (Days)
Jan 0.39 0.02 2.8 0.43 0.02 3.8 0.16 0.01 4.5
Feb 0.37 0.02 34 0.43 0.02 3.9 0.17 0.01 34
March  0.35 0.02 3.0 0.45 0.02 3.8 0.18 0.02 4.6
April 0.32 0.02 34 0.48 0.02 4.1 0.19 0.01 4.0
May 0.28 0.02 3.5 0.51 0.02 4.0 0.21 0.01 34
June 0.32 0.02 4.1 0.50 0.02 4.4 0.18 0.01 34
July 0.34 0.02 3.1 0.52 0.02 3.6 0.14 0.01 3.8
Aug 0.35 0.02 3.3 0.55 0.02 32 0.11 0.01 2.5
Sep 0.40 0.02 34 0.49 0.02 3.6 0.11 0.01 2.6
Oct 0.42 0.02 2.5 0.44 0.02 2.9 0.11 0.01 2.7
Nov 0.43 0.02 2.9 0.42 0.02 3.1 0.12 0.01 34
Dec 0.39 0.02 2.8 0.43 0.02 3.0 0.14 0.01 4.5
Mo
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Fig. 2. Monthly mean total ozone values for the (a) zonal data, (b) tropical regime, (c) midlatitude regime, (d) polar regime, and (e) arctic

regime for 25°-60° N, 1979-2003. Note the different scales.

statistically significant difference in the relative areas of each
regime between the two runs, and no significant relative area
trends were identified. It is concluded that long-term changes
in ozone do not introduce a bias in the relative area trends.

3 Results

In the following analysis two different monthly means for the
regimes are presented. First, all of the data between 25° and
60° N are used, corresponding to the zonal average between
25° and 60° N. If a pixel contains a boundary, its total ozone
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value and area are halved and assigned to the two regimes
separated by the boundary. This data set will be labeled as
the “zero degree” data set. Next, the regions within one pixel
in both latitude and longitude of the boundaries have been
excluded from the analysis. This data set will be labeled as
the “one degree” data set.

Figure 2 presents the area-weighted monthly mean total
ozone values obtained from the TOMS data set, for the period
1979-2003 over the latitude range 25°-60° N. The monthly
means shown in Fig. 2 are derived from the zero degree data
set. Figure 2a shows the monthly mean total ozone values
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Fig. 3. Same as Fig. 2, except the monthly climatology calculated from 1979 to 2003 has been removed. Note the different scales.

Table 2. Mean total ozone values and trends for zero-degree data set.

Regime Mean (DU)  Trend per decade (DU) 2  Trend per decade (percent) 2
Tropical 286 —39+14 —1.4+£1.0
Midlatitude 331 —7.6+1.6 —2.340.5
Polar 394 —11.9+£3.1 —3.040.7
Arctic 215 —5.249.0 —1.5£1.2
Zonal 326 —10.2£2.0 —3.1£0.7

& All trends calculated from January 1979 to May 1991. All errors are two-sigma.

obtained without separation into the regimes (hereinafter re-
ferred to as the “zonal data”), while Figs. 2b—e show data for
the tropical, midlatitude, polar, and arctic regimes, respec-
tively. As expected, the monthly mean total ozone values
have a strong seasonal dependence. In addition, the arctic
regime is not seen below 60° N from about May to October.
In Figs. 3a—e we have plotted the data shown in Fig. 2 after
the seasonal component has been removed. This deseason-
alization was done by subtracting the monthly mean clima-
tology for the 1979-2003 period. It should be noted that not
all of the fluctuations seen in the deseasonalized zonal data
can be found in the corresponding data for each regime. The
two strong downward fluctuations seen in the zonal data in
1985 and 1988 can be seen in the tropical regime, but not
in the midlatitude or polar regime. Similarly the downward
fluctuation seen in 1997 is only found in the polar regime.

Linear trends and their respective errors for the zonal and
regime total ozone were obtained using the statistical time se-
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ries model described in Stolarski et al. (2006). The time pe-
riod from January 1979 to May 1991 was chosen because it is
a period when the chlorine loading in the stratosphere varied
almost linearly with time. The mean values for each regime
and the zonal data, in addition to their trends and trend er-
rors for the zero degree data set can be found in Table 2. All
errors shown in this paper are two-sigma (95% confidence
interval). Similar results for the one degree data set can be
found in Table 3. Within the experimental error there is no
difference between the trends shown in the two tables. The
trend in DU per decade for the zonal total ozone corresponds
to a percentage trend of —3.1£0.7 per decade, in excellent
agreement with previous estimates (WMO, 1999; Staehelin
et al., 2001).

Let the areas of the tropical, midlatitude, polar, and arctic
regimes between 25° and 60° N be A7, Ay, Ap, and Ay,
respectively. The corresponding mean area-weighted total
ozone values are defined as Q7, Qy7, Qp, and Q4. Noting

Atmos. Chem. Phys., 6, 5183-5191, 2006
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Table 3. Mean total ozone values and trends for one-degree data set.

R. D. Hudson et al.: Total ozone trends within meteorological regimes

Regime Mean (DU)  Trend per decade (DU) 2  Trend per decade (percent) 2
Tropical 280 —3.7+2.4 —1.3£1.0
Midlatitude 333 —7.2£1.6 —2.240.6
Polar 407 —11.8£3.5 —2.940.9
Arctic 191 —6.31+94 —3.243.8
2 All trends calculated from January 1979 to May 1991. All errors are two-sigma.
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Fig. 4. Monthly mean relative areas of the (a) tropical regime, (b)
midlatitude regime, (c) polar regime, and (d) arctic regime for 25°—
60° N, 1979-2003.

that 2 is the column ozone per unit area, equivalent to col-
umn mass per unit area, the total mass of ozone between 25°
and 60° N, M, can be written as:

M =cAQ, = cATQr +cAyQy +cApQp +cAaR24(1)

In this equation, A is the total area between 25° and 60° N,
Qo is the mean of the zonal data, and c is a constant of pro-
portionality. Dividing both sides of the equation by cA we
get

Q, = RrQr + RyyQy + RpQp + RaQ24 2

Here, the Rs are defined as the relative areas of the regimes.
We can now examine the importance of each term on the
right-hand side of Eq. (2) to the calculation of zonal total
ozone.

The monthly mean relative areas derived from the TOMS
data for the tropical, midlatitude, polar, and arctic regimes,
between 25° and 60° N, for the period 1979-2003, are shown
in Figs. 4a—d, respectively. The zero degree data set was used
for all relative area analyses. The relative area for the trop-
ical regime shows a clear increase between 1979 and 1992,
and appears to level off after 1996. The relative areas of the
polar and midlatitude regimes show a clear decrease between
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Fig. 5. Same as Fig. 4, except the monthly climatology calculated
from 1979 to 2003 has been removed.

1979 and 1992, followed also by a leveling off. The results
for the arctic show almost no trend, however data for this
regime is only available in the winter months. Figures Sa—d
show the same data after the monthly climatology calculated
between 1979 and 2003 has been removed. The mean val-
ues, trends, and trend errors for each regime can be found
in Table 4 and were calculated in the same manner as for
the total ozone. The regimes in which a large change in the
relative area is observed are the polar and tropical regimes.
Between January 1979 and May 1991, the relative area of the
polar regime decreased by about 20%, while that of the tropi-
cal regime increased by about 10%. There was no significant
change in the relative area of the midlatitude regime over this
time period. These changes imply a net poleward movement
of the subtropical and polar upper-troposphere fronts.
Figure 6 presents the contribution (in DU) of each term
on the right hand side of Eq. (2). It should be noted that
the contribution is positive for the tropical regime. This re-
flects the fact that the area of the tropical regime is expand-
ing at a faster rate than the rate of decay of its mean total
ozone. The contribution of the arctic regime over this period
is only 0.1 DU and shows little change with time. From Jan-
uary 1979 to May 1991, the polar and midlatitude regimes
show net losses of 16.7, and 10.0 DU, respectively. The trop-
ical and arctic regimes show a net gain of 11.8, and 0.1,

www.atmos-chem-phys.net/6/5183/2006/
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Fig. 6. Monthly mean mass contribution (in DU) by the (a) tropi-
cal regime, (b) midlatitude regime, (c) polar regime, and (d) arctic
regime for 25°-60° N, 1979-2003.

Table 4. Mean relative areas and trends.

Regime Mean Trend per decade (x 10722
Tropical 0.35 29+13

Midlatitude  0.48 —0.4%1.0

Polar 0.16 —2.6+1.1

Arctic 0.02 —0.0+0.5

@ All trends calculated from January 1979 to May 1991. All errors
are two-sigma.

respectively. The sum of these changes is a loss of 14.8 DU,
which agrees well with the loss in the zonal ozone data of
14.9DU over the same time period.

4 Summary and conclusions

A major conclusion of this paper is that the downward trend
in total ozone of 3.1% per decade over the period January
1979 to May 1991, for the mid-latitude zone from 25°-
60° N, is due to a combination of (1) a net reduction of total
ozone for each of the three regimes defined by Hudson et
al. (2003), and (2) a change in the relative weighting among
the regimes due to a net movement of the polar and subtrop-
ical fronts northward. Previous interpretations (Staehelin et
al., 2001; Solomon et al., 1996, 1998) have concluded that
this zonal total ozone trend was the result of increased ho-
mogeneous and heterogeneous chemistry in the stratosphere.
However, other studies have argued that long-term dynam-
ical changes could be partly or largely responsible for the
ozone trend (Fusco and Salby, 1999; Graf et al., 1998). Hood
et al. (1999) estimated that up to 40% of the observed mid-
latitude trend could be due to changes in stratospheric dy-
namics. In a later paper, Hood and Soukharev (2005) con-
cluded that nonlocal EP flux variations and local PV vari-

www.atmos-chem-phys.net/6/5183/2006/
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Table 5. Terms in Eq. (3).

Regime QdA/dt? A dQ/de?
Tropical 8.4 -13
Midlatitude —1.3 —3.6
Polar —10.6 —1.7
Arctic —-1.2 —0.1
Total -3.6 =7.0

4 All trends calculated from January 1979 to May 1991.

ations contributed at least 50% to observed negative trends
in February near 40°-50° N. Statistical analyses have also
shown that the Northern Hemisphere ozone trends are highly
correlated with modes of variability of the atmospheric cir-
culation, such as the Arctic Oscillation (AO), accounting for
about 70-80% of the long-term ozone decline (Krzyscin et
al., 2001). Reinsel et al. (2005) found the AO/AAO and EP
flux index series had a considerable influence on total ozone
at latitudes poleward of 40° N. Hadjinicolaou et al. (2005)
examined dynamically-driven trends in total ozone using a
three dimensional chemical transport model, the transport
being derived from the European Centre for Medium-Range
Weather Forecasts analysis. The conclusion of their paper is
that over the period 1979 to 1993, the dynamically driven
model trend accounted for 30% of the observed Northern
Hemisphere negative trend, and all of the 1994-2003 positive
trend. Salby and Callaghan (2002) found that most (80%) of
the changes in total ozone during the 1980s and 1990s were
coherent with anomalous forcing of the upward Eliassen-
Palm flux from the troposphere and the quasi-biennial oscil-
lation. The remaining 20% was almost entirely accounted for
by including aerosol and chlorine forcing. Koch et al. (2002)
conclude that in the lower stratosphere, dynamical transport
processes dominate the day-to-day as well as the interannual
variability of mid-latitude ozone.

Equation (2) can be differentiated with respect to time to
yield:

dQ2  dQr dRy dQy dRy
— = _—R —Q ——R —Q
dt dt T dt r+ dt Mt dt M
+dQPR +dRpQ +dQAR +dRAQ 3)
dt P dt r dt A dt 4

The variation of total ozone with time for each regime is
represented by two terms, one in which the total ozone is
fixed and the area changes, and the other in which the area
remains constant but the total ozone value changes. The re-
sults for each of the terms shown in Eq. (3) are given in Ta-
ble 5. The mean values and slopes used to calculate each
term in Eq. (3) can be found in Tables 2 and 4. The sum of
the terms when the area remains constant is —7.0 DU and the
sum when the total ozone remains constant is —3.6 DU. Thus
from this analysis, we would conclude that about 35% of the
observed total ozone trend between January 1979 and May
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1991 is due to the northward movement of the fronts. The
remaining 65% is due to changes within each regime. These
changes can be the result of chemical processes and/or dy-
namical mechanisms, such as a net strengthening or weaken-
ing of the Brewer-Dobson circulation (Randel et al., 2002).
The analysis was also repeated for the period from 1996
to 2003, however, the errors in the constants became much
larger, and no significant conclusion could be drawn for this
time period.

The relative areas discussed above can be used to calculate
the mean latitude of the subtropical and polar fronts for the
latitude range from 25° to 60° N. A linear fit of the resulting
mean latitudes from 1979 to 2003 yields a mean latitude shift
northward of about one degree per decade for the subtropi-
cal front, and 0.5 degrees per decade for the polar front. It
should be noted that significant portions of the polar regime,
and therefore the polar front, are located above 60° N at cer-
tain times of the year, and parts of the subtropical front are
frequently found above 60° N in the summer months. Hence
these estimates given above cannot be representative of the
entire front. When the period of study was limited to Jan-
uary 1979 to May 1991, then the trend for the subtropical
front was 1.1 degrees per decade and the polar front was
1.2 degrees per decade. In a recent article, Fu et al. (2006)
present an analysis of global measurements of atmospheric
temperature based on satellite-borne microwave sounding
unit (MSU) data. They conclude that the jet streams moved
northward approximately 1 degree over the period from 1979
to 2005, in essential agreement with our findings.

As shown above, the change in the zonal total ozone at
mid-latitudes (between 25° and 60° N) is a combination of
changes in total ozone within each regime, and changes in
the relative areas of the regimes brought about by a net north-
ward movement of the subtropical and polar fronts. There is
considerable interest in how the total ozone at mid-latitudes
will change in the future as the amount of chlorine com-
pounds in the stratosphere decreases as a result of the Mon-
treal protocol. The most important factor in making an accu-
rate estimate of when and how mid-latitude total ozone will
return to a pre-1979 value is the understanding of the mecha-
nisms responsible for the movement of the upper troposphere
fronts.
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