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Trends in lower stratospheric zonal winds, Rossby wave 
breaking behavior, and column ozone at northern 
midlatitudes 

L. Hood, S. Rossi, 1 and M. Beulen 1 
Lunar and Planetary Laboratory, University of Arizona, Tucson 

Abstract. Statistical trend analyses of National Centers for Environmental 
Prediction (NCEP) gradient zonal winds for the months of February and March 
demonstrate that the zonal mean meridional wind shear for these months in the 

midlatitude lower stratosphere has tended to become more anticyclonic with time 
over the period from 1979 to 1998. Such a tendency favors the increased occurrence 
at these latitudes of anticyclonic, poleward, Rossby wave breaking events that 
transport low potential vorticity (PV), ozone-poor air from the subtropical upper 
troposphere to the midlatitude lower stratosphere while favoring the decreased 
occurrence of equatorward breaking, cyclonic events. Composite mean differencing 
and statistical trend analyses of NCEP-derived PV on the 330 K isentropic surface 
show that zonal mean PV values at midlatitudes in February and March have 
decreased with time, consistent with the expected trends in Rossby wave breaking 
behavior. Similar analyses of Total Ozone Mapping Spectrometer (TOMS) total 
ozone for the same 2 months show that total ozone trends correlate geographically 
with PV trends. Regression relationships between 330 K PV and total ozone 
deviations derived from monthly mean measurements on the Northern Hemisphere 
are applied to estimate that as much as 40% of the zonal mean total ozone decline at 
midlatitudes in February during the analysis period may be attributed to long-term 
trends in Rossby wave breaking behavior. As much as 25% of the midlatitude ozone 
trend in March may be attributed to such trends in wave-breaking behavior. At 
specific longitudes the contribution to ozone trends from this source (as well as 
long-term changes in quasi-stationary wave amplitudes and phases) can be well over 
50%. 

1. Introduction 

At northern midlatitudes, observed column ozone 
trends reach maximum amplitudes of-6.5+l.9%/decade 
in February and March [McPeters et al., 1996] and oc- 
cur principally in the lowermost stratosphere (10 to 20 
km altitude) [Logan, 1994]. A major cause of these 
trends is known to be increasing atmospheric concen- 
trations of anthropogenic chlorine and bromine which 
catalytically destroy ozone via heterogeneous chemical 
processes on polar stratospheric cloud particles and on 
liquid sulfate aerosol [World Meteorological Organiza- 
tion 1995, and references therein]. On a global scale 
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the latitude and seasonal dependences of the observed 
trends are generally similar to those of two-dimensional 
model simulations that include known chemical loss pro- 
cesses (for a comparison, see Figure 4 of Jackman et 
al. [1996]). However, at northern midlatitudes the 
magnitude of the maximum observed trend is larger 
than predicted by chemical models, and the depen- 
dence on latitude of the observed trend differs substan- 

tially from that of model trends. These differences are 
illustrated in Figure 1, which compares the observed 
zonal mean trend in February calculated from Nim- 
bus 7 and Meteor 3 Total Ozone Mapping Spectrometer 
(TOMS) data over the 1979 to 1994 period [McPeters e! 
al., 1996] with that predicted by a representative two- 
dimensional chemical transport model [Tie et al., 1996; 
see also Jackman ei al., 1996]. Part of the discrepancy 
may be attributable to inadequacy of two-dimensional 
model representations of heterogeneous chemical loss 
rates [Solomon et al., 1998]. However, additional phys- 
ical loss mechanisms may also be needed to explain the 
magnitude of differences such as those shown in Figure 
1. 

24,321 
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Figure 1. Comparison of zonal mean total ozone trends 
in February calculated from Nimbus 7 and Meteor 3 
TOMS data [McPeters et al., 1996] with that predicted 
by a representative two-dimensional model [Tie et al., 
1996]. The TOMS trends are indicated by filled circles 
and 2•r error bars; the model trends are indicated by a 
dashed line. 

In this paper we will investigate an additional source 
of zonal mean column ozone trends at northern midlat- 

itudes: long-term changes in Rossby wave-breaking fre- 
quency and behavior in the upper troposphere and low- 
ermost stratosphere. As reviewed in more detail below, 
ozone transports associated with both quasi-stationary 
Rossby waves and Rossby wave-breaking events are re- 
sponsible for a major fraction of ozone temporal and 
spatial variability at northern midlatitudes in winter 
and spring. Interannual variability in the quasi-stationary 
wave component determines long-term changes in the 
spatial distribution of extratropical ozone but may not 
produce significant changes in zonally averaged ozone 
[Hood and Zaff, 1995; Peters and Enizian, 1996; McCor- 
mack et al., 1998]. Rossby wave breaking events, how- 
ever, are inherently nonlinear, transient disturbances 
that produce a net latitudinal transport of ozone, thereby 
affecting the zonal mean ozone balance. In the mid- 
dle stratosphere (~3-30 mbar), breaking events sup- 
plement the zonal mean diabatic circulation in driving 
poleward transport of ozone in winter and spring [Leovy 
e! al., 1985]. At lower levels on isentropic surfaces 
connecting the subtropical upper troposphere with the 
extratropical lower stratosphere, wave-breaking events 
contribute to stratosphere-troposphere exchange [Pos- 
tel and Hitchman, 1999] and are responsible for a major 
additional component of zonal mean column ozone tem- 
poral variability in winter and spring. The frequency 
and types of Rossby wave breaking events as well as 
the structures of quasi-stationary waves in the lower 
stratosphere are sensitive to the zonal wind field, and 
there is evidence for significant zonal wind trends in the 
lower stratosphere and upper troposphere over the 1979 
to 1998 period. It will be shown here that these trends 
in the zonal wind field, which are related to decadal 
climate change, have induced trends in Rossby wave 
breaking behavior and ozone transport at northern mid- 

latitudes, leading to significant contributions to zonal 
mean midlatitude ozone trends. 

A number of previous studies have indicated a po- 
tentially important role for transport processes in con- 
tributing to midlatitude ozone trends and their longi- 
tude dependence [Randel and Cobb, 1994; Hood and 
Zaff, 1995; Peters and Enizian, 1996; Chandra et al., 
1996; Hood et al., 1997; Jadin and Dansky, 1997; Fusco 
and Salby, 1999; Steinbrecht et al., 1998; Graf et al., 
1998]. Several of these studies have attempted empirical 
estimations of dynamical contributions to zonal mean 
column ozone trends at northern midlatitudes for the 

period 1979 to 1991 using lower stratospheric (~100 
hPa) temperature and geopotential height data as ef- 
fective dynamical proxies [Chandra et ai., 1996; Hood 
e! al., 1997]. That approach may be criticized on the 
grounds that trends in 50-100 hPa temperature are ob- 
served at northern midlatitudes that can be modeled as 

radiative in origin, resulting from chemically induced 
ozone depletion [e.g., Ramaswamy et al., 1996]. Previ- 
ous studies have also not identified the specific physical 
causes of inferred dynamical transport contributions to 
ozone trends. In this paper, monthly mean maps of 
Ertel's potential vorticity (PV) on the 330 K poten- 
tial temperature surface derived from reanalyzed Na- 
tional Centers for Environmental Prediction (NCEP) 
data [Kalnay el al., 1996] are employed together with 
monthly mean total ozone maps derived mainly from 
Nimbus 7 and Earth Probe TOMS data covering the 
period from 1979 to 1998 (20 years). At northern mid- 
latitudes the 330 K surface lies at a significantly lower 
level (~250 hPa [see, e.g., Figure 1 of Holton et al., 
1995]) than where temperature trends are observed and 
is near the level where maximum correlations between 

PV and total ozone of dynamical origin are obtained 
[Ohring and Muench, 1960; Vaughan and Price, 1991; 
Ziernke ei al., 1997]. PV on this surface is therefore 
more representative of transport-related column ozone 
changes and is less subject to radiative influences. The 
analysis focuses on the months of February and March 
when observed ozone trends at northern midlatitudes 

are largest in amplitude. 
In section 2 the nature of large-scale Rossby waves, 

associated transient breaking events, their relation to 
the zonal wind field, and their influence on poten- 
tial vorticity and column ozone variability at northern 
midlatitudes are reviewed. The approximate method 
used to calculate PV from the NCEP data is also de- 

scribed and empirical regression relationships between 
total ozone variability and 330 K PV variability are de- 
termined using monthly mean TOMS and NCEP data. 
In sections 3 and 4, long-term temporal variability and 
linear trends in total ozone and 330 K PV are examined 

in detail for the Northern Hemisphere in February and 
March over the 1979 to 1998 period. The contribution 
of dynamical transport to these trends is estimated em- 
pirically based on the regression relationships of section 
2. In section 5, linear trends in NCEP-derived zonal 
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winds are calculated and compared to trends in column 
ozone and 330 K PV for the analysis period. The cli- 
matic origin (anthropogenic or natural) of the observed 
lower stratospheric zonal wind trends is also discussed. 
A summary and final discussion are given in section 6. 

2. Rossby Waves, Ertel's Potential 
Vorticity, and Ozone Variability at 
Northern Midlatitudes 

In the Northern Hemisphere, planetary-scale Rossby 
waves superposed on the mean westerly zonal flow con- 
stitute a primary form of dynamical variability. Be- 
cause of the long ozone chemical lifetime in the lower 
stratosphere, transports associated with these wave dis- 
turbances are responsible for a large fraction of ozone 
temporal and spatial variability in winter and spring 
[Schoeberl and Krueger, 1983; Kurzeja, 1984; Wirlh, 
1993; Hood and Zaff, 1995; McCormack et al., 1998; 
Kinnersley and Tung, 1998]. These transports, which 
can be described by a linearized form of the ozone con- 
tinuity equation, are reversible and should not strongly 
affect the zonal mean ozone balance. In addition to 

reversible transport expected according to linear wave 
theory, systematic transport occurs during Rossby wave 
breaking events, characterized by irreversible deforma- 
tion of material contours [Mcintyre and Palmer, 1983, 
1984]. Rossby wave breaking events occur in both the 
middle stratosphere (~ 3-30 mbar), where they con- 
tribute to the vertical transport of ozone to high lati- 
tudes [Leovy el al., 1985], and in the lower stratosphere 
and upper troposphere, where they are associated with 
tropopause folding events [Postel and Hitchman, 1999]. 
Rossby wave breaking events may be classified as ei- 
ther "equatorward breaking" or "poleward breaking" 
[Thorncroft el aL, 1993]. In the former case, tongues of 
high PV, stratospheric air extend equatorward, while, 
in the latter case, tongues of low PV, upper tropospheric 
air extend poleward. An example of total ozone and 330 
K PV distributions on a single day (February 7, 1990) 
during an especially large poleward breaking event is 
shown in Figure 2 (see also Hood el al. [1997] and Pe- 
ters el al. [1995] for a more complete sequence of maps 
for the same event). Equatorward intrusions often oc- 
cur during tropopause folding events, associated with 
upper level frontogenesis and ageostrophic flow near 
the jet stream [Reed, 1950; Appenzeller and Davies, 
1992; Kenlarchos el al., 1998]. Such equatorward or 
poleward transport occurs on isentropic surfaces con- 
necting the subtropical upper troposphere with the ex- 
tratropical "lowermost stratosphere," resulting in a net 
exchange of tropospheric and stratospheric air parcels 
(e.g., Hintsa et al. [1008]; for a review, see Holton 
et al. [1995]). Because ozone is relatively depleted in 
the tropical upper troposphere and is abundant in the 
extratropical lower stratosphere, such exchange during 
breaking events results in a net transport of ozone. For 

(a) TOMS Ozone 
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(b) 330 K PV 

Figure 2. (a) Nimbus 7 TOMS total ozone and (b) 
NCEP 330 K PV distributions in the Northern Hemi- 
sphere on February 7, 1990. The contour intervals are 
25 Dobson units (De) and 1 PV unit (eve), respec- 
tively. In this and subsequent figures, no data are shown 
at polar night latitudes where the TOMS instrument 
does not operate. The Greenwich meridian (GM), north 
pole (NP), and international dateline (ID) are indicated. 
The southernmost latitude is 30 øN. Latitude circles and 
longitude lines are drawn at 15 ø intervals. 

example, poleward wave-breaking events bring subtrop- 
ical, ozone-poor, tropospheric air into the midlatitude 
lower stratosphere. These poleward breaking events of- 
ten lead to cutoff or blocking anticyclones and associ- 
ated zones of very low total ozone, termed ozone "mini- 
holes" [Newman et al., 1988; Peters et al., 1995; James, 
1998]. 

The frequency and evolution of Rossby wave break- 
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ing events depend sensitively on the zonal wind field. 
For circular (zonal) jets, Rossby waves tend to break 
exclusively equatorward [Nakamura and Plumb, 1994]. 
However, zonal asymmetries in the flow result in break- 
ing events of both types (equatorward and poleward). 
Depending on the phase speed, waves tend to amplify 
and break in regions of weaker zonal flow or "diffiuence" 
[Nakarnura, 1994; Peters and Waugh, 1996]. In the case 
of equatorward breaking waves, especially broad cy- 
clonic troughs injecting high-PV, ozone-rich air toward 
lower latitudes are favored on the cyclonic sides of jets, 
i.e., when the winds are strongest on the equatorward 
side [Thorncroft et al., 1993]. In the case of poleward 
breaking waves, especially large anticyclonic ridges in- 
jecting low-PV, ozone-poor air toward higher latitudes 
are favored on the anticyclonic sides of jets, i.e., when 
the winds are strongest on the poleward side [Peters 
and Waugh, 1996]. Consequently, in regions where 
the meridional wind shear is anticyclonic or weakly cy- 
clonic, poleward breaking events transporting signifi- 
cant quantities of low-latitude, upper tropospheric air 
into the midlatitude, lower stratosphere tend to dom- 
inate. An examination of climatological maps of the 
mean zonal wind in the lower stratosphere (see the dis- 
cussion relating to Figures 21 and 22 in section 5) shows 
that the largest region of diffiuence at northern midlat- 
itudes occurs over the eastern Atlantic Ocean where 

the meridional shear is anticyclonic or only weakly cy- 
clonic. For this reason, ozone miniholes are more nu- 
merous over Europe [James, 1998], and the monthly 
mean ozone distribution in winter exhibits a strong min- 
imum in this region. (This minimum is also determined 
by reversible transport associated with the mean quasi- 
stationary wave structure in winter [e.g., Hood and Zaff, 
1995; Peters and Entzian, 1996].) 

On a variety of scales, including during minihole 
events and other wave-breaking events, total ozone at 
a given midlatitude location correlates with PV in the 
lower stratosphere and upper troposphere [e.g., Ohring 
and Muench, 1960; Vaughan and Price, 1991; Ziemke 
et al., 1997]. The correlation of PV and total ozone fol- 
lows, in part, from quasi-columnar motion of air parcels 
along isentropic surfaces in the lower stratosphere (see, 
e.g., Salby and Callaghan [1993] for numerical simula- 
tions); this in turn is a consequence of the fact that both 
PV and ozone are materially conserved on timescales 
of days to weeks for which advective processes domi- 
nate ove• diabatic and chemical processes. In addition, 
both PV and ozone have low values at low latitudes 

and in the troposphere; hence poleward intrusions of 
low-PV tropospheric air are associated with intrusions 
of low-ozone air, and vice versa. Systematic transport of 
ozone occurs in conjunction with transport of PV dur- 
ing wave-breaking events, further enhancing observed 
correlations between PV and total ozone. 

On adiabatic timescales, conservation of PV may be 
derived mathematically from the three-dimensional vor- 
ticity equation of fluid dynamics assuming that poten- 

tial temperature 0 is constant following an air parcel. 
In this limit, one obtains 

PV - p-•(211 + V x u)-X70 - const (1) 

(Ertel [1942]; for a general historical review of PV 
and its applications to meteorology, see Hoskins et al. 
[1985]). In (1), 11 is the Earth's angular velocity vector, 
u is the local velocity vector, and p is mass density. The 
quantity in parentheses is the absolute vorticity and is 
the sum of the planetary vorticity, 211, and the rela- 
tive vorticity, X7 x u. In the absence of shear-induced 
turbulence (high Richardson number flows), potential 
temperature surfaces are approximately horizontal so 
that (1) becomes, to a good approximation, 

PV _• p-x(211 + V x u). i.(00/Oz) 

__. -g(211 + V x u). •.(OOlOp), (2) 

where z is the local vertical coordinate, g is the accel- 
eration of gravity, and p is pressure. For the calcula- 
tions reported in this paper (including those of Figure 
2b), the approximate form (2) has been applied to rean- 
alyzed National Centers for Environmental Prediction 
(NCEP) data [Kalnay et al., 1996] on a 2.50 x 2.5 ø 
latitude/longitude grid. 

For quantitative comparisons with total ozone it is 
convenient to calculate PV on the 330 K isentropic sur- 
face which intersects the tropopause at approximately 
30øN in winter [see Holton et al., 1995, Figure 1]. This 

5O 

-50 

-iB 0 lB -2 0 lB 
NCEP 330K PV, p•ru NCEP 330K PV, PVU 

Figure 3. Examples of linear regression analyses for 
0 0 the month of February at (a) 30 N and (b) 45 N. The 

ordinate represents deviations of monthly mean total 
ozone at a given latitude and longitude from the monthly 
zonal mean at that latitude for a given year. The ab- 
scissa represents similar deviations of monthly mean 
NCEP 330 K PV. Small dots indicate individual data 
pairs for a 17-year period; large dots and error bars in- 
dicate averages of total ozone for all data pairs within 
a given PV bin and their standard deviations, respec- 
tively. The resulting regression lines and slopes are 
shown. 
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surface also passes through the pressure region (200-300 
mbar) at midlatitudes where maximum correlations be- 
tween column ozone and PV are observed [see Ziemke 
et al., 1997, Figure 3]. At 30øN on the 330 K isen- 
tropic surface, PV _• 2 PV units (PVU). In fact, the 
PV - 1.5-2 PVU surface is a very close approximation 
to the tropopause in the extratropics [cf. Holton et al., 
1995; Postel and Hitchman, 1999]. For this reason, in 
winter and spring, air with PV < 2 PVU is typically 
tropospheric in origin, while air with PV > 2 PVU is 
typically stratospheric in origin. 

For applications in sections 3 and 4, it is desirable 
to establish empirically the relationship between total 
ozone variability and 330 K PV variability associated 
with large-scale Rossby waves in the lowermost strato- 
sphere. For this purpose, we have regressed TOMS 
n.nn• A•v;af;nn• from their monthly gnna] means •;-of 
corresponding 330 K PV deviations for a 17-year period. 
For the period from 1979 to 1993, Nimbus 7 TOMS 
measurements are employed [e.g., McPeters and Labow, 
1996], while for the period from 1997 to 1998, Earth 
Probe TOMS data are used (available at Internet site 
http://jwocky.gsfc.nasa.gov). For a detailed discussion 
of possible uncertainties in Earth Probe TOMS data, 
see McPeters et al. [1998]. Prior to regression anal- 
yses the TOMS data were linearly interpolated to the 
same 2.50 x 2.50 latitude/longitude grid on which the 
PV data were defined. 

Examples of regression analyses for the month of 
February at 30 øN and 45øN are shown in Figure 3. For 
these fits, all 144 data pairs around the appropriate 
latitude circle for each of the 17 available years (2448 
pairs) were first plotted (small dots in Figure 3). These 
data pairs were then used to compute means and stan- 
dard deviations within incremental PV bins (large dots 
and error bars in Figure 3). Finally, a standard regres- 
sion procedure was applied to calculate the regression 

5O 

4O 

3O 

2O 

o 
20 30 40 50 60 70 

North Latitude, degrees 

Figure 4. Mean slopes, or sensitivities, of total ozone 
deviations from the monthly zonal mean versus corre- 
sponding 330 K PV deviations for the months of Febru- 
ary and March derived from TOMS and NCEP data 
over a 17-year period. 

lines and slopes shown in Figure 3 using the mean ozone 
values only (large dots). Note that the variabilities in 
both PV and ozone, as well as the slopes, increase sig- 
nificantly between 300 N and 45 oN. 

Mean slopes, or sensitivities, in units of DU/PVU are 
plotted in Figure 4 for the combined months of Febru- 
ary and March (1 DU - I Dobson Unit - 2.69 X 10 •6 
molecules/cm2). Error bars represent standard devia- 
tions of slopes obtained when the data pairs were ana- 
lyzed separately in 12 longitude bins. Because the data 
were averaged in 8 PV bins prior to regression analysis, 
autocorrelation of the original data pairs around lati- 
tude circles did not affect the slopes or the standard 
deviations. It is seen that mean ozone-PV sensitivities 

reach maximum amplitude near 50øN and standard de- 
viations increase at higher latitudes. These character- 
istics of ozone-PV sensitivities are similar to those for 

the sensitivity of ozone with respect to temperature and 
geopotential height in the lower stratosphere [e.g., Hood 
et al., 1997]. 

3. Long-Term Temporal Variability of 
Total Ozone and 330 K PV in February 
and March 

The mean geographic distributions of both total ozone 
and 330 K PV for a given month and year are deter- 
mined by a superposition of many Rossby wave dis- 
turbances and breaking events (such as that of Figure 
2) occurring on timescales ranging from days to weeks. 
Figure 5 shows the mean total ozone and 330 K PV 
distributions in the Northern Hemisphere for February 
averaged over three successive years: 1980, 1981, and 
1982. This distribution is representative of that which 
may be calculated for a single month and year but is 
averaged over several years to reduce effects of inter- 
annual variability, especially that associated with the 
equatorial quasi-biennial wind oscillation (QBO). The 
February 1980-1982 period occurred prior to the E1Chi- 
chon volcanic eruption and was selected as representa- 
tive of conditions during the earliest part of the avail- 
able TOMS ozone record [Hood and Zaff, 1995]. The 
tropical QBO at 30 mbar was in its westerly phase in 
early 1981, was in its easterly phase in early 1982, and 
was in the process of changing phases in early 1980. The 
solar activity cycle was near its maximum phase during 
this period; however, statistical analyses indicate a sig- 
nificant effect of solar variability on total ozone mainly 
at latitudes < 35•N that are of less interest for the pur- 
pose of this study. 

The February 1980-1982 mean distributions (Figure 
5) exhibit characteristic maxima of both ozone and PV 
over east Asia and northern Canada and minima over 

Europe [e.g., Kurzeja, 1984]. Maximum column ozone 
values in excess of 500 DU and PV values > 6 PVU 

are present over east Asia. The mean PV distribution 
correlates well with the mean ozone distribution. Corre- 

sponding February mean distributions for the interval 
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(b) 330 K PV 

able TOMS record. Averaging over 2 years is intended 
to minimize variability associated with the QBO; the 
equatorial QBO at 30 mbar was entering its westerly 
phase in early 1997 and was entering its easterly phase 
in early 1998. Differences between the 1997-1998 and 
1980-1982 maps should therefore also be approximately 
representative of long-term trends. 

Difference maps for the three sets of mean February 
ozone and PV distributions (i.e., 1989-1991 minus 1980- 
1982 and 1997-1998 minus 1980-1982) are given in Fig- 
ures 8 and 9 (shaded areas are negative; positive areas 
are unshaded). The 1989-1991 February ozone differ- 
ence map of Figure 8a is very similar in geographic de- 
pendence to that of statistically derived trend maps for 
the same month and time interval (compare with Plate 
2a of Hood et al. [1997]). In addition, the ozone and 

Figure 5. Mean (a) Nimbus 7 TOMS total ozone 
and (b) NCEP 330 K PV distributions in the Northern 
Hemisphere for the month of February averaged over 
three years: 1980, 1981, and 1982. The contour inter- 
vals are 25 DU and I PVU, respectively. 

(b) 330 K PV 

1989-1991 a•e shown in Figure 6. This 3-year inter- 
val has a similar combination of QBO phases as the 
1980-1982 interval and also occurs before the Pinatubo 

eruption when aerosol levels were relatively low. Dif- 
ferences between the 1980-1982 and 1989-1991 maps 
should therefore be representative of long-term trends. 
Finally, February mean distributions for the 2-year in- 
terval 1997-1998 during which Earth Probe TOMS data 
are available are shown in Figure 7. This interval occurs 
well after the decay of stratospheric effects associated 
with the Pinatubo volcanic eruption and was selected 
as representative of conditions near the end of the avail- 

Figure 6. Same format as Figure 5 but-for the years 
1989, 1990, and 1991. 
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•'igure 7. Mean (a) Earth Probe TOMS total ozone 
and (b) 330 K PV distributions in the Northern Hemi- 
sphere for the month of February averaged over two 
years: 1997 and 1998. The contour intervals are 25 DU 
and I PVU, respectively. 

PV difference maps for the 1997-1998 period (Figure 
9) are similar in many respects to those for the 1989- 
1991 period (Figure 8). These characteristics support 
the assertion made above that differences between these 

intervals and the 1980-1982 period are representative of 
long-term trends. Moreover, the February TOMS ozone 
difference maps (Figures 8a and 9a) correlate well with 
the February NCEP PV difference maps (Figures 8b 
and 9b). To test quantitatively the significance of the 
correlations evident in Figures 8 and 9, correlation co- 
efficients and significance levels were calculated for PV 
deviations versus ozone deviations at 15 ø longitude in- 

Figure 8. Difference maps for February (a) TOMS 
ozone and (b) 330 K PV obtained by subtracting the 
mean distributions for 1980-1982 (Figure 5) from the 
mean distributions for 1989-1991 (Figure 6). The con- 
tour intervals are 10 DU and 0.25 PVU, respectively. 
Shaded values are negative. 
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(a) TOMS Ozone 

•*•' '"-:.: '":'T;--"-:i!i. 

(b) 330 K PV 

with increased amplitude for 1997-1998 (Figure lib). 
However, at polar latitudes the March 1997-1998 ozone 
difference map (Figure 11a) also shows a large nega- 
tive ozone change that does not correlate with a corre- 
sponding negative PV change in Figure 11b. This large 
negative polar ozone change is not explicable in terms 
of dynamical transport processes alone and presumably 
results mainly from increased heterogeneous losses dur- 
ing the especially cold polar late winter and spring of 
1997. 

As an example of the evolution in time of monthly 
mean total ozone and PV at one geographic location, 
Figures 12a and 12b compare time series of February 
mean total ozone and 330 K PV over western Eu- 

(a) TOMS Ozone •-..• • 

_,.-.,,½i ...... xX,/'•"•'"""'•'•' ' ""••'" -••••••••:"'":'"'" '""'" "½":::",-'•Iili•'•'•;,• ....... ' . 
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....... 

(b) 33O K PV 

Figure 9. Difference maps for February (a) TOMS 
ozone and (b) 330 K PV obtained by subtracting the 
mean distributions for 1980-1982 (Figure 5) from the 
mean distributions for 1997-1998 (Figure 7). Same for- 
mat as Figure 8. 

maps for these three sets of mean March distributions 
(i.e., 1989-1991 minus 1980-1982 and 1997-1998 minus 
1980-1982) are shown in Figures 10 and 11. PV dif- 
ferences (Figures 10b and 11b) correlate well with one 
another for the two intervals and with the two cor- 

responding ozone difference maps. Correlation coeffi- 
cients between PV and ozone deviations around the 30 ø , 
45 o , and 60 o latitude circles are somewhat smaller than 
for February (~0.5-0.7) but remain positive at better 
than the 2% significance level. This again supports the 
dynamical contribution hypothesis. Note, in particu- 
lar, that a negative PV anomaly for 1989-1991 centered 
approximately on Europe (Figure 10b) is also present 

Figure 10. Difference maps for March (a) TOMS 
ozone and (b) 330 K PV obtained by subtracting the 
mean distributions for 1980-1982 from the mean distri- 

butions for 1989-1991. Same format as Figure 8. 
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(a) TOMS Ozone 
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(b) 330 K PV 

of February mean total ozone at 45øN, 0øE is exclu- 
sively caused by year-to-year changes in Rossby wave 
amplitudes, phases, and breaking frequency occurring 
on timescales of less than a month. From the correla- 

tion coefficient of 0.70 it may be inferred that roughly 
half of the variance in the observed ozone time series is 

explained by this hypothesis. The negative slope char- 
acterizing the observed ozone time series at this loca- 
tion is approximately -20 DU/decade, while that of the 
predicted ozone time series is about - 10 DU/decade. 
Again, it may be inferred that the dynamical transport 
hypothesis can explain as much as half of the observed 
long-term ozone trend. 

A qualitative inspection of the PV difference maps 
for February and March (Figures 8-11) indicates more 
negative (shaded) areas than positive (unshaded) areas 
at middle latitudes. This implies a net zonal mean de- 
crease in PV at these latitudes between the 1980-1982 
interval and the later intervals. Such a zonal mean PV 
decrease would be consistent with a net decadal increase 

in the amount of low-latitude, upper tropospheric air 
being injected into the midlatitude, lower stratosphere 
in February and March during poleward Rossby wave 
breaking events. Averaging the difference distributions 
of Figures 8-11 around latitude circles yields zonal mean 
differences plotted in Figures 13 and 14 for February 

Figure 11. Difference maps for March (a) TOMS 
ozone and (b) 330 K PV obtained by subtracting the 
mean distributions for 1980-1982 from the mean distri- 
butions for 1997-1998. Same format as Figure 8. 

rope (45øN, 0øE) for the available 20-year period. To 
fill in the 3-year gap between the end of the Nim- 
bus 7 TOMS record in 1993 and the beginning of the 
Earth Probe TOMS record in 1997, a preliminary set 
of monthly mean NOAA 11 Solar Backscattered Ultra- 
violet (SBUV) data was employed (R. Nagatani, pri- 
vate communication, 1996). The correlation coefficient 
between the ozone and PV time series of Figure 12 is 
0.70. Using the regression relationships of Figure 4 (29 
DU/PVU at 45øN), one may calculate a predicted ozone 
time series for comparison with the observed time se- 
ries, as shown in Figure 12a. By applying such a re- 
gression relationship in this way, one is effectively as- 
suming that the interannual and long-term variability 

450 I ' [ ' ' I ' ' [ ' ! ' [ ' [ I ' 
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Figure 12. (a) Comparison of the February mean to- 
tal ozone time series at 45øN, 0øE (solid line) with a 
predicted ozone time series (dashed line) calculated us- 
ing (b) the 330 K PV time series and the regression 
coefficient at 45øN shown in Figure 4. 



24,330 HOOD ET AL.' TRENDS IN COLUMN OZONE AT NORTHERN MIDLATITUDES 

2O 

0 

-20 

-40 

February 

(a) Total Ozone Deviation from 1980-82 Mea• 
- 1589_91 • 
L__----•.. 1997_98 •• ............. "_2' 
_ -- 

_ _ 

32 36 40 44 48 52 56 60 64 68 

-.2 

-.4 

-.6 

(b) 330 K PV Deviation from 1980-82 Mean 

........ •_.. if// - 

I 1989/-;•• -•- '"'" 1997-98 _ 
,I,,,I,,,I,,,I,,,I,,,I,,,I,,,I,,,I,,•11- 
32 36 40 44 48 52 56 60 64 68 

North Latitude, degrees 

Figure 13. Zonal mean differences for February (a) 
TOMS ozone and (b) PV obtained by averaging the 
difference maps of Figures 8 and 9 around latitude cir- 
cles. The solid lines indicate zonal mean differences ob- 
tained by subtracting the 1980-1982 mean distributions 
from the 1989-1991 mean distributions. Dashed lines 
are corresponding differences obtained by subtracting 
the 1980-1982 mean distributions from the 1997-1998 
mean distributions. 

and March, respectively. In both February and March 
and for both time intervals, zonal mean ozone and PV 
differences are negative at northern midlatitudes. The 
February ozone zonal mean deviations are largest at 
midlatitudes (approaching -30 DU) for both time in- 
tervals and decrease toward higher and lower latitudes. 
The March ozone zonal mean deviations are largest 
at midlatitudes for the 1989-1991 interval but become 

much larger at high latitudes for the 1997-1998 inter- 
val. As discussed above, the latter result is indicative 
of increased chemical losses at polar latitudes in recent 
years. The February and March zonal mean PV differ- 
ences are negative at most northern latitudes as are the 
ozone differences. However, the PV change becomes 
positive at latitudes >55 o in February for both time 
intervals and approaches zero in March at 65øN. Thus, 
although the change in PV at a given latitude was often 
significant, the net change in PV averaged over latitude 
was typically small. This is consistent with the expecta- 
tion that PV should be approximately conserved when 
averaged over the hemisphere. 

A rough estimate for the fraction of the zonal mean 
ozone deviations of Figures 13 and 14 that may be at- 

tributed to Rossby wave transport variability can again 
be obtained using the regression relationships of Figure 
4. At 45øN the PV deviation in February is-0.3 PVU 
for 1997-1998 and is -0.4 PVU for 1989-1991. Adopt- 
ing the empirical regression coefficient of 29 DU/PVU 
from Figure 4, one estimates that between 9 and 12 
DU of the observed ~28 DU ozone decrease at this 

latitude may be attributed to Rossby wave transport 
trends. Similarly, in the month of March (Figure 14), 
PV deviations range from -0.25 to -0.4 PVU while 
observed ozone deviations range from -22 to -27 DU. 
The estimated transport contributions to the observed 
zonal mean ozone deviations are in the range of-8 to 
- 12 DU. 

4. Trends in Total Ozone and 330 K 

Potential Vorticity 

For the purpose of estimating empirically the con- 
tribution of trends in Rossby wave breaking behavior 
and quasi-stationary wave variability to column ozone 
trends at a given geographic location, it is useful to cal- 
culate linear trends in both total ozone and 330 K PV 

as a function of latitude and longitude. As discussed 
also by Hood el al. [1997], although the derived lin- 
ear trends at any specific location are measured over a 
long time interval (in this case, 20 years), they do not 
necessarily represent gradual changes occurring contin- 

March 
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Figure 14. Same format as Figure 13 but for the 
month of March, obtained by averaging the difference 
maps of Figures 10 and 11 around latitude circles. 
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(a) Total Ozone 

_ 

(b) 330 K PV 

Figure 15. Linear trends in February (a) total ozone 
and (b) 330 K PV over the 1979-1998 period calcu- 
lated from the statistical model (equation (3)). The 
contour intervals are 10 and 0.20 PVU/decade, respec- 
tively. Negative trends are shaded. 

with statistically derived trends in 330 K PV in order 
to estimate the component of derived ozone trends that 
results from long-term variability in Rossby wave am- 
plitudes, phases, and breaking behavior. 

We note that the use of 330 K PV to estimate dy- 
namical contributions to column ozone trends differs 

from the approach of Hood et al. [1997], who employed 
trends in lower stratospheric geopotential height and 
temperature for this purpose. As discussed in section 
1, it is preferable to use 330 K PV because it, like lower 
stratospheric ozone, is a quasi-conserved quantity on 
sufficiently short timescales and is less subject to ra- 
diative influences than is geopotential height and tem- 
perature. In addition, the analysis is simplified by con- 
sidering only a single dynamical variable that correlates 
positively with total ozone in the Northern Hemisphere. 

(a) Total Ozone 

(b) 330 K PV 

uously on this time scale. As is evident from Figure 12, 
planetary wave forcing of the lower stratosphere dif- 
fers significantly from one February to the next. Thus, 
although the effective forcing associated with Rossby 
wave variability is occurring on short timescales (<1 
month), interannual differences in the forcing result in 
an effective long-term variation for that month which is 
a function of latitude and longitude. Long-term trends 
in column ozone and 330 K PV at a given geographic 
location may therefore be regarded as measures of the 
mean anomaly in these'-quantities at the end of the time 
record relative to that at the beginning of the record. 
This interpretation in principle allows one to apply re- 
gression coefficients such as those of Figure 4 together 

Figure 16 Linear trends in March (a) total ozone and 
(b) 330 K •V over the 1979-1998 period in the same 
format as Figure 15. 
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To estimate the component of observed total ozone 
variability associated with (assumed) linear trends of 
arbitrary origin, a multiple regression statistical model 
is adopted that also includes variability associated with 
the QBO, with volcanic aerosol injections, and with the 
l 1-year solar cycle. The model is applied to deseason- 
alized monthly mean total ozone time series at a given 
latitude and longitude and is of the form [McCormack 
et al., 1997] 

O•(t) =/•t+/3c•Xc•(t)+/3g Xg(t)+/3sXs(t)+e(t), (3) 

where t represents time in months and the coefficients 
•, ]3q,/•v, and/•s, r.epresenting the trend, QBO, vol- 
canic, and solar components of variability, are deter- 
mined by the method of least squares. The seasonal 
depen•dences of these coefficients are modeled by using 
harmonic functions following Randel and Cobb [1994]. 
M•)nthly mean values of total ozone over the 1979-1998 
period are used to represent the seasonal cycle. Equa- 
torial 30-mbar zonal mean zonal winds compiled by the 
NOAA Climate Prediction Center are adopted for the 
time series representation of the QBO, Xq. For the 
time series representation of solar UV irradiance, Xs, 
satellite-based measurements of the Mg II core-to-wing 
ratio [Heath and Schlesinger, 1986] are employed (L. 
Pugs, private communication, 1998). The term e(t) 
represents the first-order autocorrelated residuals in the 
ozone time series. A statistical model analogous to (3) 
can also be appli. ed to estimate linear trends in 330 K 
PV and other quantities in the lower stratosphere. 

The resulting linear trends in column ozone and in 
330 K PV are shown in Figures 15 and 16 for February 
and March, respectively. February ozone trends (Fig- 
ure 15a) are largest at midlatitude• and are a strong 
function of longitude. Although ozone trends are gener- 
ally negative, significant positive trends are also present 
in several areas, including over southern Greenland. 
February PV trends (Figure 15b) are also most neg- 
ative at midlatitudes and correlate spatially with ozone 
trends (as was the case with the ozone and PV devi- 
ation maps of Figures 8-11). In March, negative PV 
trends (Figure 16b) are again largest at midlatitudes 
and tend to correlate spatially with PV trends. March 
ozone trends (Figure 16a) are most negative at polar 
latitudes where PV trends are relatively small. At mid- 
latitudes, many of the March ozone trend maxima cor- 
relate with negative PV trend maxima. Although PV 
trends at midlatitudes are clearly negative, trends at 
higher latitudes are positive or zero, while trends at 
latitudes (30 ø were excluded from the analysis. Thus, 
as noted in section 3, the net negative PV trend at 
northern midlatitudes does not necessarily violate the 
condition that PV should be approximately conserved 
when averaged over the hemisphere. 

Using the empirical ozone-PV regression coefficients 
of Figure 4 together with the PV trend results of Fig- 
ures 15b and 16b, it is possible to estimate the com- 
ponent of ozone trends that results from long-term 

changes in Rossby wave amplitudes, phases, and break- 
ing behavior. Northern hemispheric projections of this 
empirically estimated trend component are shown in 
Figures 17a and 18a for the months of February and 
March, respectively. In February, this trend component 
is most negative at midlatitudes (35øN to 55øN) with 
local maxima over Europe and the western Atlantic 
Ocean. A pronounced positive trend component maxi- 
mum is present over northeastern Canada and southern 
Greenland. In March, negative trends are again present 
mainly at midlatitudes. Large negative and positive 
trend component maxima are still present over Europe 
and southern Greenland, respectively. 

(a) 

(b) 

Figure 17. (a) Estimated contribution of Rossby wave 
variability and breaking events to column ozone trends 
in February over the 1979 to 1998 period; and (b) resid- 
ual ozone trends obtained by subtracting the estimated 
Rossby wave contribution from the actual February 
trends shown in Figure 15a. 
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(b) 

Figure 18. (a) Estimated contribution of Rossby wave 
variability and breaking events to column ozone trends 
in March over the 1979 to 1998 period; and (b) resid- 
ual ozone trends obtained by subtracting the estimated 
Rossby wave contribution from the actual March trends 
shown in Figure 16a. 

Subtracting the estimated "dynamical" trend compo- 
nents of Figures 17a and 18a from the observed ozone 
trend maps of Figures 15a and 16a, one obtains the 
residual column ozone trends for February and March 
shown in Figures 17b and 18b, respectively. This pro- 
cedure is imperfect since the regression relationships of 
Figure 4 are only approximate and the calculated PV 
trends may contain errors associated with the limited 
spatial resolution and intercalibration of the radiosonde 
data on which the NCEP reanalyses are based. Thus 
the residual negative trend maxima in Figure 17b do 
not necessarily imply increased chemical ozone losses in 

those regions as compared to adjacent areas. The March 
residual trend map (Figure 18b) shows clearly reduced 
negative trends at midlatitudes and a more distinct po- 
lar maximum as compared to the unadjusted trend map 
of Figure 16b. As noted previously, the strong negative 
polar trends in March are reasonably interpreted to be 
a consequence of heterogeneous chemical processes. 

At a given geographic location the estimated dynam- 
ical trend component of Figures 17a and 18a includes 
contributions from both changes in quasi-stationary 
waves and changes in Rossby wave breaking behavior. 
No separation of these contributions is attempted here 
at a given location. However, as noted in section 1, 
the quasi-stationary wave contribution should be rel- 
atively small when averaged over longitude. There- 
fore zonal averaging of Figures 17a and 18a (for Febru- 
ary and March, respectively) should yield a first-order 
estimate for the contribution of long-term changes in 
Rossby wave breaking behavior alone to zonal mean 
ozone trends. Carrying out this calculation, the result- 
ing zonal mean trend components are shown in Fig- 
ure 19 (dashed lines) compared to the observed zonal 
mean trends (solid lines). Error bars on the observa- 
tionally derived zonal mean trends represent approxi- 
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Figure 19. The solid lines indicate zonal mean column 
ozone trends for the 1979-1998 period obtained by av- 
eraging the trends in Figures 15a and 16a over longi- 
tude. Bars indicate 2 standard deviation error limits. 
The dashed lines indicate the estimated contribution of 

Rossby wave variability and breaking events to these 
trends obtained by averaging the trends in Figures 17a 
and 18a over longitude. 
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mate 2a errors derived from the statistical model, while 
the dashed error bars on the estimated dynamical com- 
ponent trends are determined from the standard de- 
viations of the regression coefficients of Figure 4. It 
is seen that the latitude dependence of the February 
observed trends and that of the estimated dynamical 
trend component are very similar. In particular, the 
midlatitude "dip" in the observed trend is at least par- 
tially simulated (Figure 19a). At 45øN to 50øN the es- 
timated dynamical component represents 35-40% of the 
observed zonal mean trend. In March the estimated dy- 
namical contribution is smaller, representing as much as 
25% of the observed zonal mean trend at midlatitudes. 
However, larger fractional contributions can occur at 
specific longitudes. For example, in March at Green- 
wich, England, when observed ozone trends are about 
-40 DU/decade (Figure 16a), the estimated dynamical 
transport contribution to these trends is more than-30 
DU/decade (Figure 18a). 

Finally, Figure 20 shows the zonal mean residual 
ozone trends (obtained by averaging the residual trends 
of Figures 17b and 18b over longitude) compared to the 
predictions of the same two-dimensional chemical trans- 
port model discussed in relation to Figure I [Tie et al., 
1996]. As expected from the comparisons of Figure 19, 
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Figure 20. Comparison of zonal mean residual trends 
for (a) February and (b) March obtained by averaging 
the trends in Figures 17b and 18b over longitude (solid 
lines) with the predictions (dashed lines) of a represen- 
tative two-dimensional chemical transport model [Tie 
et al., 1996]. 

the zonal mean residual trends are in better agreement 
with the two-dimensional (2-D) model trend. There is 
still some systematic bias; generally, the residual trend 
is still larger (more negative) than the model trend at 
low latitudes but is smaller (less negative) than the ob- 
served trend at higher latitudes. It is possible that the 
simplified empirical procedure applied here to adjust 
the original linear trends has underestimated the trans- 
port contribution. It is also possible that refinements 
of the chemical transport model to account for the true 
variability of temperature and chemistry with longitude 
[e.g., Solomon et al., 1998] would also assist in improv- 
ing the comparison shown in Figure 20. 

5. Relation to Trends in the Zonal Wind 
Field 

As reviewed briefly in section 2, the occurrence of 
poleward Rossby wave breaking events that result in 
large anticyclonic ridges capable of transporting low- 
PV, ozone-poor air into the midlatitude, lower strato- 
sphere is favored over other types of wave-breaking 
events when the meridional wind shear is anticyclonic 
or, at least, weakly cyclonic. Therefore any trend in 
the zonal wind field within a given region that tends to 
strengthen the zonal wind at adjacent higher latitudes, 
weaken the zonal wind at adjacent lower latitudes, or 
both, may have the effect of reducing the mean 330 K 
PV and the mean ozone column within that region. 

During the last few decades, there is observational 
evidence for a general strengthening of the lower strato- 
spheric polar vortex at latitudes centered near 60øN 
in winter, as well as for a smaller weakening of the 
zonal wind at lower latitudes (20øN to 60øN) [Zurek 
et al., 1996; Kodera and Koide, 1997]. The strengthen- 
ing of the polar vortex near 60øN in winter is consistent 
with observed geopotential height trends at lower and 
higher latitudes [e.g., Perlwitz and Graf, 1995] when 
geostrophic balance is assumed. Both the high-latitude 
geopotential trends and the strengthening of the vor- 
tex are associated with a reduction of minimum polar 
temperatures in the winter lower stratosphere that has 
continued since the 1960s [Pawson and Naujokat, 1997]. 
There is also evidence for a negative trend in global 
mean temperatures in the lower stratosphere tAngell, 
1988; Oort and Liu, 1993; Spencer and Christy, 1993; 
Randel and Cobb, 1994; Pawson et al., 1998]. The ob- 
served polar cooling and associated strengthening of the 
winter polar vortex are qualitatively consistent with the 
radiative effects of increased greenhouse gases and sec- 
ondary positive feedbacks, including increased chemical 
ozone losses at high latitudes [e.g., Rind et ai., 1990, 
1998; Perlwitz and Graf, 1995; Shindell et al., 1998]. 
On the other hand, it should be borne in mind that 
climate variability of natural origin may also be re- 
sponsible for these trends, as has been argued in the 
case of surface air temperature trends in the Northern 
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Hemisphere[Wallace et al., 1996]. A recent general cir- 
culation model (GCM) simulation study by Graf et al. 
[1998] supports the view that observed stratospheric cli- 
mate change cannot yet be attributed to anthropogenic 
forcing. Regardless of the specific causes (natural or 
anthropogenic) of observed trends in the lower strato- 
spheric zonal wind field, these trends may have altered 
planetary wave propagation and breaking behavior in 
such a way as to have contributed to midlatitude ozone 
trends. 

In order to investigate qualitatively the relationship 
of trends in the zonal wind field to those of column 

(b) 

Figure 21. (a) Mean zonal wind field in meters per 
second on the 330 K potential temperature surface for 
February based on NCEP data from 1979 to 1998; and 
b) linear trends in NCEP 330 K gradient zonal winds 
m/s/decade) for February 1979-1998; negative values 

are shaded. 

(b) 

Figure 22. (a) Mean zonal wind field in meters per 
second on the 330 K potential temperature surface for 
March based on NCEP data from 1979 to 1998; and 
b) linear trends in NCEP 330 K gradient zonal winds 
m/s/decade) for March 1979-1998; negative values are 

shaded. 

ozone and 330 K PV, the statistical model (3) was ap- 
plied to compute linear trends in NCEP gradient zonal 
winds on the 330 K potential temperature surface as a 
function of latitude and longitude over the 1979 to 1998 
period. Results are shown in Figures 21b and 22b for 
the months of February and March, respectively. For 
comparison, the mean zonal wind field for the entire 
20-year period is also shown for each month in Figures 
21a and 22a. 

The mean 330 K zonal wind fields for February and 
March (Figures 21a and 22a, respectively) are very 
similar. At 30øN (outer boundary of the projection), 
the most prominent region of diffiuence (weaker zonal 
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winds) occurs over the Atlantic Ocean downstream from 
the Rocky Mountains, while a secondary diffiuent re- 
gion occurs over the eastern Pacific Ocean, downstream 
from the Tibetan Plateau [cf. James, 1994]. In the At- 
lantic region, near 30øN, 330øE, the mean wind field is 
anticyclonic, becoming only weakly cyclonic near 0øE. 
Thus this region is especially favorable for the devel- 
opment of anticyclonic poleward breaking events (type 
P2 in the nomenclature of Peters and Waugh [1996]), 
leading to an abundance of ozone miniholes [James, 
1998] and a distinct minimum in the mean longitudi- 
nal distribution of total ozone over Europe (compare 
Figures 5a-7a). In the western Pacific diffiuent region 
the wind field remains weakly cyclonic at all longitudes 
so that miniholes are less abundant and there is a less 

pronounced minimum in total ozone than for the Euro- 
pean sector. At 65øN (near the poleward boundary of 
the projection) the most prominent region of diffiuence 
occurs near 160øE over Siberia. At this longitude and 
southward of 450 N the zonal wind is especially strong. 
Thus the western Pacific/Siberian region is character- 
ized by strongly cyclonic meridional wind shear lead- 
ing to a prevalence of cyclonic equatorward breaking 
events (type LC-2 in the nomenclature of Thorncroft et 
al. [1993]) and resulting in a prominent maximum in 
the total ozone distribution (compare Figures 5a-7a). 
Similarly, a smaller region of diffiuence is present over 
northern Canada and is complemented by a region of 
strong zonal winds to the south, leading to a secondary 
maximum in the mean ozone distribution over this re- 

gion (Figures 5a-7a). 
Returning to the Northern Hemispheric 330 K zonal 

wind trend maps of Figures 21b and 22b, a general 
strengthening of the winds at latitudes poleward of 
about 45øN and a weakening of the winds at lower lat- 
itudes are evident in both February and March, consis- 
tent with earlier studies [Zurek et al., 1996; Kodera and 
Koide, 1997]. This is shown more clearly in Figure 23, 
which plots the trend in the zonal mean zonal wind for 
both months. The observed latitude dependence for the 
zonal wind trend implies a tendency toward a more anti- 
cyclonic meridional wind shear at midlatitudes. Given 
the sensitivity of Rossby wave breaking events to the 
meridional wind shear and the effect of these events 

on the mean ozone distribution as summarized above, 
these zonal wind trends are such as to favor increased 

anticyclonic poleward breaking events and therefore re- 
duced total ozone at midlatitudes. As can be seen from 

Figures 21b and 22b, these trends in the wind field are 
not limited to regions of pronounced diffiuence but are 
distributed fairly evenly in longitude. Such a distribu- 
tion would lead to negative midlatitude PV and asso- 
ciated ozone trends at most longitudes, consistent with 
Figures 15b, 16b, 17a, and 18a. 

Further evidence for the role of trends in the zonal 

wind field in producing a substantial component of the 
observed ozone trends at northern midlatitudes may be 
obtained by comparing the geographical distribution of 

10 

_- (a) February •__•.• 

- .. 

_ 

_ 

_ 

_ 

_ 

__ 

_ 

_ 

_ 

-- 

_ 

-- 

- _ 

30 40 50 60 70 

-5 

5 

-5 

-10 

30 40 50 60 70 

North Latitude, degrees 

Figure 23. Longitudinal averages of the linear zonal 
wind trends on the 330 K surface shown in Figures 21b 
and 22b for (a) February and (b) March. The error bars 
represent longitudinal averages of 2a errors estimated 
by the statistical model ($) at each geographic location. 

the zonal wind trends with that of the corresponding 
ozone and PV trends. In the case of the February zonal 
wind trends (Figure 21b) a region of strong anticyclonic 
tendency is present near 45øN extending in longitude 
from the east coast of North America in the west to the 

Caspian Sea in the east. This corresponds well in loca- 
tion with a band of negative PV and total ozone trends 
(Figure 15). A region of positive total ozone and PV 
trends centered over southern Greenland (Figure 15) 
coincides with a rare region of cyclonic wind tendency 
(Figure 21b). In March a region of strongly negative 
PV trends over Europe (Figure 16b), coinciding with 
a region of pronounced negative ozone trends (Figure 
16a), corresponds well with a zone of pronounced anti- 
cyclonic wind shear tendency (Figure 22b). The region 
centered on southern Greenland is again characterized 
by positive PV trends (Figure 16b), less negative ozone 
trends (Figure 16a), and cyclonic wind shear tendency 
(Figure 22b). Other similar examples are identifiable. 

It should be emphasized again that local trends in 
ozone and PV (e.g., over Europe in Figure 16) are 
produced by a combination of trends in the quasi- 
stationary wave structure and in Rossby wave breaking 
behavior. Only when ozone, PV, and zonal wind trends 
are averaged over longitude can it be assumed that the 
resulting trends originate mainly through changes in 
wave breaking behavior. 
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As a final diagnostic, we have calculated linear trends 
in N CEP-derived lower stratospheric temperature at 
250 and 100 mbar. In February the calculated trends 
are not significantly different from zero at the 2a level. 
However, in March a distinct polar cooling trend is 
present whose amplitude increases with increasing lat- 
itude. At 68øN the trend is ~3.0 4- 1.5 K/decade at 
250 mbar and -6 4- 3 K/decade at 100 mbar. A pos- 
sible interpretation is that the strengthened vortex in 
late winter has reduced the occurrence of late winter 

warmings, resulting in reduced March polar tempera- 
tures. Because of the sensitivity of heterogeneous chem- 
ical ozone loss rates to temperature [e.g., Solomon et al., 
1998], these reduced temperatures, in combination with 
increased chlorine and bromine levels, would in prin- 
ciple explain the pronounced polar ozone trend during 
this month (Figure 19b). At 100 mbar a marginally sig- 
nificant negative temperature trend is present at mid- 
latitudes in February (-2 4- 2 K/decade), consistent 
with analyses of satellite-based temperature data [Ran- 
del and Cobb, 1994]. On the basis of model calcula- 
tions it has been suggested that this negative midlat- 
itude temperature trend is a radiative consequence of 
midlatitude ozone chemical losses [Ramaswamy et al., 
1996]. However, the latitude dependence of this trend 
is very similar to that of the estimated dynamical con- 
tribution to column ozone trends in February (Figure 
19a). The possibility must therefore also be considered 
that this temperature trend is a consequence of trends 
in Rossby wave breaking behavior. 

6. Summary and Concluding Remarks 
In this paper we have compared long-term temporal 

variability and trends in Ertel's potential vorticity and 
zonal wind on the 330 K potential temperature surface 
with those of column ozone for the months of Febru- 

ary and March over a 20-year period (1979-1998). In 
general, long-term variability and trends in 330 K PV 
and in column ozone are spatially correlated suggesting 
a contribution of dynamical transport to ozone trends 
at northern mid-latitudes. Regression relationships be- 
tween column ozone and 330 K PV deviations occurring 
on short timescales (~1 month) were applied to esti- 
mate empirically the amplitude of this contribution as 
a function of latitude and longitude. It was found that 
effective trends resulting from a combination of changes 
in quasi-stationary wave properties and in Rossby wave 
breaking frequency in the lowermost stratosphere can 
explain a large fraction (more than half) of the observed 
column ozone trend at specific geographic locations. In 
the case of zonal mean column ozone trends, dynami- 
cal contributions arise primarily from changes in Rossby 
wave breaking frequency/behavior. These contributions 
are as large as 40% in February and as large as 25% 
in March. The unexpected latitude dependence of the 
observed column ozone trend in February (peaking at 
midlatitudes) was also found to be attributable to posi- 

tive trends in poleward Rossby wave breaking frequency 
at these latitudes. 

As discussed in section 2, Rossby wave breaking be- 
havior is known to be sensitive to the zonal wind field 

[Thorncroft et ai., 1993; Nakamura, 1994; Peters and 
Waugh, 1996]. In particular, breaking events that trans- 
port low-PV, ozone-poor, upper tropospheric air from 
the subtropics to middle and higher latitudes are fa- 
vored with increasing frequency over other (equator- 
ward) breaking events as the meridional wind shear be- 
comes increasingly anticyclonic. It was shown in section 
5 [see also Zurek et ai., 1996; Kodera and Koide, 1997] 
that trends are present in zonal winds on the 330 K 
surface whose latitude dependence would lead to more 
anticyclonic (or less cyclonic) meridional wind shear at 
midlatitudes. Specifically, the polar vortex at higher 
latitudes has strengthened, while zonal winds at lower 
latitudes have weakened slightly. Therefore the empir- 
ically estimated contributions of dynamical transport 
to midlatitude ozone trends are likely to result from 
long-term, climatically driven trends in the lower strato- 
spheric zonal wind field. These trends are superposed 
on a large, fluctuating interannual variability compo- 
nent (associated, for example, with the QBO and vol- 
canic aerosol injections) that can dominantly determine 
the ozone distribution in any given year. 

The ultimate source of trends in the lower strato- 

spheric zonal wind field is unknown, although green- 
house gas effects have been implicated. As discussed in 
more detail elsewhere [Periwitz and Graf, 1995; Shin- 
dell et ai., 1998; Rind et ai., 1998; Graf et ai., 1998], in- 
creased radiative cooling of the polar night lower strato- 
sphere combined with warming of the tropical upper 
troposphere associated with increased greenhouse gas 
concentrations would, in principle, tend to strengthen 
the polar vortex. Positive feedbacks involving increased 
chemical polar ozone depletion and modified planetary 
wave propagation may then amplify this initial pertur- 
bation and weaken zonal winds at lower latitudes. Ac- 

cording to some observational analyses the observed po- 
lar cooling has continued over a 30-year period [Pawson 
and Naujokat, 1997]. However, it also remains possible 
that the zonal wind trend derived in section 5 is a tem- 

porary natural deviation of the climatic system. Fur- 
ther, more complete GCM simulations [e.g., Graf e! al., 
1998] and analyses of alternate (longer) observational 
records will be needed to distinguish between these two 
possibilities. 
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