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Abstract.

We exploit the remarkable similarity between recent climate trends and the structure of
the “annular modes” in the month-to-month variability (as described in the companion paper
Thompson and Wallace (1999)) to partition the trends into components linearly congruent with
and linearly independent of the annular-modes.

The index of the Northern Hemisphere (NH) annular mode, referred to as the Arctic
Oscillation (AO), has exhibited a trend towards the high index polarity over the past few
decades. The largest and most significant trends are observed during the “active season” for
stratospheric planetary-wave-mean flow interaction, January-March (JFM), when fluctuations in
the AO amplify with height into the lower stratosphere. From 1968-97, virtually all of the JFM
geopotential height falls over the polar cap region and the strengthening of the subpolar
westerlies from the surface to the lower stratosphere, ~50% of the JFM warming over the
Eurasian continent, ~30% of the JFM warming over the NH as a whole, ~40% of the JFM
stratospheric cooling over the polar cap region, and ~40% of the March total column ozone
losses poleward of 4N are linearly congruent with month-to-month variations in the AO-
index. Summertime sea-level pressure falls over the Arctic basin are suggestive of a year-round
drift toward the positive polarity of the AO, but the evidence is less conclusive. Owing to the
photochemical memory inherent in the ozone distribution, roughly half the ozone depletion
during the NH summer months is linearly dependent on AO-related ozone losses incurred during
the previous active season.

Lower tropospheric geopotential height falls over the Antarctic polar cap region are
indicative of a drift towards the high index polarity of the Southern Hemisphere (SH) annular
mode with no apparent seasonality. In contrast, the trend toward a cooling and strengthening of
the SH stratospheric polar vortex peaks sharply during the stratosphere’s relatively short active
season centered in November. The most pronounced SH ozone losses have occurred in
September/October, one or two months prior to this active season. In both hemispheres, positive
feedbacks involving ozone destruction, cooling, and a weakening of the wave-driven meridional
circulation may be contributing to a delayed breakdown of the polar vortex and enhanced ozone

losses during spring.



1. Introduction
In the companion paper, Thompson and Wallace (1999; hereafter Part I) document the

remarkable similarity between the leading modes of month-to-month variability of the
extratropical general circulation in the Northern and Southern Hemispheres. Both can be
characterized as “annular modes” involving:
* “seesaws” in atmospheric mass between the polar cap regions polewatdaditéde and

the surrounding zonal rings centered nedrldBtude, as manifested in the respective

leading empirical orthogonal functions (EOFs) of the sea-level pressure (SLP) field;
» out-of-phase variations in westerly momentum in the®-e8l ~60 latitude belts;
e strong perturbations in temperature and total column ozone over the polar cap region during

the stratosphere's active seasons that appear to be related to fluctuations in the intensity of

the wave-driven meridional circulation.

Various indices related to the NH annular mode have exhibited a pronounced drift
toward the high index polarity during the past few decades, which is reflected in patterns of sea-
level pressure, geopotential height and surface air temperature trends (Hurrell 1995, 1996; Graf
et al. 1995; Thompson and Wallace 1998). Trends that resemble the Southern Hemisphere (SH)
annular mode have been documented by Hurrell and van Loon (1994), Chen and Yen (1999),
and Randel and Wu (1999). In this paper we document the similarity between the annular modes
and the trends in greater detail, drawing upon the description of the month-to-month variability
of the annular modes presented in Part I.

The next section describes the data sets used in this study and the analysis technique
used to estimate the component of the observed trends that is “linearly congruent” with the time
variations in the annular modes. In Section 3 we partition the NH wintertime (January-March)
trends in surface air temperature, precipitation, total column ozone, tropopause pressure, and the

zonal-mean circulation into components that are linearly congruent with and linearly



independent of the AO-index, and show that the congruent component dominates. In Section 4
we document the seasonality of the NH trends and the degree to which an AO-like signature is
evident in trends throughout the year. Less clearly defined SH trends and their relation to the SH
annular mode are the subject of Section 5. In the final discussion section we offer an
interpretation as to why the NH and SH annular modes are so prominent in both the month-to-
month variability and the trends, and why they are so similar to one another despite the marked

differences in the background climatologies of the two hemispheres.

2. Data and analysis techniques

Several monthly-mean, gridded data sets are used in this study: surface air temperature
(SAT) was provided by P. D. Jones at the University of East Anglia (Jones 1994; Parker et al.
1995); SLP from the data support section at the NCAR (Trenberth and Paolino 1980);
precipitation by M. Hulme at the University of East Anglia (Hulme 1992, 1994); lower
stratospheric temperature data, derived from the Microwave Sounding Unit Channel 4 (MSU-4),
obtained from the NASA Marshall Space Flight Center (Spencer and Christy 1993); total
column ozone, derived from the Nimbus-7 total ozone mapping spectrometer (TOMS), from the
NASA Goddard Space Flight Center (GSFC); and monthly-mean fields of the NOAA NCEP/
NCAR Reanalysis (Kalnay et al. 1996) from the NOAA-Climate Diagnostics Center (CDC).

Following Part |, fluctuations in the polarity of the AO are defined on the basis of the
standardized leading principal component time series of monthly-mean NH (defined herein as
poleward of 20N) SLP for all months of the year. We refer to this time series as the AO-index:
positive values of the index correspond to negative height anomalies over the polar cap, and vice
versa. The structure of this mode in the month-to-month variability is documented in TW98 and
in Part I. SLP anomalies are expressed in terms of meters of the equivalent 1000-hPa

geopotential height anomalies as inferred from the approximate relationgpy®B x (SLP-

1000-hPa) where 4gis the height of the 1000-hPa surface.



The observed trends are partitioned into linearly congruent and linearly independent (or
residual) components with respect to the monthly AO-index in the following manner:

1) total linear trends are estimated as the slope of a straight line fitted (in a least-squares sense)
to the observed data at each gridpoint based on the reference periods defined in the next
section;

2) the component of the trends that is “linearly congruent” with the monthly AO-index is
estimated at each grid point Byregressing monthly values of that gridpoint's time series
onto the AO-index, and thdy) multiplying the resulting regression coefficient by the linear
trend in the AO-index. Note that the fraction of the trend in standardized timex¢Ertaat
is linearly congruent with the AO-index is equivalent to the correlation coefficient between
X(t) and the AO-index times the ratio of the trend in the AO to the trexd)in

3) the component of the trends that is linearly independent of the AO-index is obtained by

subtracting 2) from 1). For brevity these patterns will be labeled “AO-residual” trends.

3. Recent Northern Hemisphere wintertime trends

In Part | we showed that AO related variance is largest in both the NH troposphere and
lower stratosphere during the NH winter months January-March (JFM). Fig. 1 shows standardized
proxy indices of the AO for these “active” season months based on three independent data
sources: SLP, SAT, and precipitation. Each data set’s time series was constructed by 1) forming
the correlation map based on the AO-index, as defined in Section 2, using JFM monthly-mean
data (1958-1997, 28B0°N), and then 2) projecting the JFM monthly-mean data onto this correla-
tion pattern for the extended period of record, 1900-1997. In order to minimize the influence of
the global warming trend upon the SAT index, the hemispheric-mean value was removed from
each grid-point before that calculation was performed. (In practice, the influence of this correction

upon the resulting index proved to be small.) All three indices are strongly correlated with each



other on month-to-month and interannual timescales (Table 1), and hence are indicative of fluctu-
ations in the AO. The most pronounced feature in all three of them is a conspicuous trend over the
past few decades that appears to be unprecedented in the historical record. Here in Part Il, the
influence of this trend upon the climate of the NH is documented. Most of the results are based on
the 30-year reference period, 1968-1997. This particular choice was dictated by the fact that
results based on shorter periods of record are more sensitive to small changes in the trend-length,
while results for periods much longer than this range tend to obscure the recent secular behavior
of the AO. For the satellite data, trends are estimated based on the full available period of record,

1979-1997, unless otherwise noted.

a) Wintertime trends in the lower troposphere

Figure 2 {fop) shows 30-year (1968-1997) JFM linear trends in SLP and SAT. As
demonstrated in TW98 for the longer winter season November-April, and consistent with the
findings of Walsh et al. (1996), recent trends in SLP are dominated by falling heights over the
Arctic basin, locally as large as 70 m/30-yrs. Recent trends in NH wintertime SAT are
dominated by strong warming over the high latitude continents with maximum values as high as
5 K/30-yrs over parts of Siberia, and weaker cooling over Greenland and Labrador (see also
Jones 1994; Parker et al. 1995; Nicholls et al. 1995; Hurrell 1995, 1996).

The structural similarity between trends in SLP and SAT and the corresponding
signatures of the AO, shown in the middle panels of Fig. 2, is striking. Virtually all of the SLP
falls over the Arctic basin, roughly half of the warming over Siberia, and all of the cooling over
eastern Canada and Greenland are linearly congruent with the monthly time series of the AO.
AO-residual trends (Fig. Dotton) are weaker and more spatially amorphous, with warming
over most of the hemisphere. The most conspicuous regional features in the residual trends are

the SLP falls over the North Pacific which occur in conjunction with warming over western



Canada and Alaska. “ENSO-like” interdecadal variability, as documented in Trenberth and
Hurrell (1994) and Zhang et al. (1997) has contributed to these features. The ENSO-related
pressure drop over the North Pacific can be attributed to the abrupt 1976-77 “regime shift”
discussed in those papers. Apart from that feature, SLP over the North Pacific has risen slightly
during the past 30-years, consistent with the trend toward the “high index” state of the AO
during this period. The juxtaposition of ENSO-like and AO-related SLP variability over the

North Pacific has also been discussed by Volodin and Galin (1999) who offer a similar
interpretation.

Based on the above analysis, ~0.3 K of the 1.0 K JFM warming of the NH poleward of
20° N over the past 30-years is linearly congruent with the monthly time series of the AO.
Consistent with model simulations of the response to increasing greenhouse gases and sulfate
aerosols (e.g., Kattenberg et al., 1995; Mitchell et al. 1996; Mitchell and Johns 1997; Cubasch et
al. 1996), AO-residual trends are larger over the continents than over the surrounding oceans in
JFM (1.1 K vs. 0.4 K) and they are larger during JFM than in the annual average (1.1 K vs. 0.7
K). More complete statistics are presented in Table 2.

Precipitation trends for the period 1968-1996 (expressed as % departures from the JFM
climatology per 29-yr) are shown in the top panel of Fig. 3. The most pronounced features are the
increases over northern Europe, Alaska, northern Mexico, and central China, and the decreases
over central North America, southern Europe, and eastern Asia. The signature of the AO in the
NH precipitation field, shown in the bottom panel of Fig. 3, is almost identical to the pattern of
precipitation anomalies associated with the NAO (Hurrell 1995; Hurrell and van Loon 1997; Dai
et al. 1997) not only over Europe, but over much of the hemisphere. As documented in Table 3, a
large fraction of the precipitation trend in the regions where they are most pronounced is linearly

congruent with the monthly AO time series.

b) Wintertime trends in the lower stratosphere



Figures 4-6 show total, AO-congruent, and AO-residual trends in 50-hPa hejght (Z

MSU-4 temperature (indicative of the layer extending from ~150 to ~50-hPa), TOMS total

column ozone, and tropopause pressure. Trendsyiardl tropopause pressure are based on the

30-year period 1968-1997. Trends in TOMS and MSU-4 are estimated based upon the available
period of record: November 1978-1993 for TOMS and 1979-1997 for MSU-4, and are
expressed as incremental changes per 15-years and 19-years, respectively. Because TOMS
instrumentation requires insolation in order to function, total column ozone is mapped only for
the month of March when the spatial coverage extends nearly to the pole.

Total trends in Zy and MSU-4 temperature (Fig. 4, top) are predominantly zonally

symmetric. Consistent with the findings of Randel and Wu (1999), geopotential height falls of
~250 m/30-yr and cooling of ~5 K /19-yr are evident over broad regions of the polar cap,
indicative of a substantial strengthening of the polar vortex in the lower stratosphere. The AO-
congruent component (Fig. 4, middle panels) accounts for ~40% of the cooling and ~70% of the
geopotential height falls poleward of°68 in the lower stratosphere. An even larger fraction of
the trends in these fields is linearly congruent with the leading PC of the monthly mean, zonal-
mean geopotential height field from®290° N, 1000-50-hPa (as in Fig. 3 of Part I, hereafter
denoted AO*). The corresponding AO*-congruent and AO*-residual trends are shown in Fig. 5.
March ozone trends in data from the TOMS from 1979-1993 (Ftgp@ef) are
indicative of a thinning of the ozone layer over the entire NH, with losses of up to 110 Dobson
Units (DU) over Siberia versus minimal losses over the Davis Strait region. The trend averaged
over the region poleward of 40 is -49 DU (~12% of the climatological-mean value) per 15-
years. The AO-congruent component accounts for much of the horizontal structure in these
trends, and for ~40% of the area averaged losses polewartMNof s fraction is comparable
to the fraction of observed NH ozone trends that cannot be explained by photochemical
processes alone in atmospheric models (WMO 1995).

Owing to the strong vertical gradient of ozone in the vicinity of the tropopause,



tropopause pressure tends to be positively correlated with total column ozone, and in this sense,
may be viewed as a proxy for it (e.g., Steinbrecht et al. 1998). As noted in Part I, the total
column ozone structure congruent with the AO time series is a reflection of anomalies in
tropopause pressure associated with the baroclinic planetary-wave signature embedded within
the annular mode. In contrast to total column ozone, tropopause pressure based on the NCEP/
NCAR reanalyses, shown in the right hand panel of Fig. 6, is available during all calendar
months and for the full 30-year record. The AO signatures in total column ozone and tropopause
pressure (middle panels) appear to be consistent: the high index state of the AO favors increased
total column ozone and a depressed tropopause near the southern tip of Greenland and changes
in the opposite sense over the Siberian Arctic. The AO signature is clearly evident in the total
trends in tropopause pressure (top right panel): ~40% of the 16-hPa decrease in tropopause
pressure averaged over the region poleward dN6@uring JFM from 1968-97 is linearly
congruent with month-to-month variations in the AO. In contrast to the AO-congruent trends,
the AO-residual trends in total column ozone and tropopause pressure do not appear to be
linearly related in the spatial domain.

The above analysis of the TOMS data was repeated using the AO*-index. The resulting
patterns (not shown) are virtually indistinguishable from those in Fig. 6. Thus, the results in Fig.
6, including the rather large residual trends, are not highly sensitive to the manner in which the

AO is defined.

c) Wintertime trends in the zonal-mean circulation and temperature fields

Consistent with trends in zonally varying SLP (Fig. 2) and 50-hPa height (Fig. 4), 30-
year trends in JFM zonal-mean zonal wind (Figop,lef) are characterized by a strengthening
of the westerly flow poleward of 4N from the surface to the lower stratosphere, and a
weakening of the westerlies in the troposphere to the soutlf &f:46e westerlies near 55

have increased by ~1-2 m/s near the surface and by as much as 10 m/s at the 50-hPa level. The



corresponding 30-year zonal-mean temperature trends in the NCEP reanalyses are shown in the
top right panel of Fig. 7. The polar lower stratosphere has cooled by up to 6 K while the zone
extending from the mid-latitude troposphere to the subtropical tropopause has warmed. This out
of phase relationship between temperature trends over the polar cap and the tropical tropopause
is suggestive of a weakening of the meridional transport circulation in the lower stratosphere, a
finding supported by observations from the Upper Atmosphere Research Satellite (Randel et al.
1999). However, the warming of the tropical tropopause may also be spurious: a manifestation
of a discontinuity in the time series coincident with the introduction of satellite data into the
analyses around 1978, as pointed out by Randel and Wu (1999). To avoid undue emphasis on
this feature, we have not extended the sections into the tropics. The 30-year trends in the (zonal)
mean meridional circulation, indicated by the arrows, are dominated by a circulation in the same
sense as the Ferrell cell betweefi 46d 70 N, and a strengthening and northward extension of

the Hadley cell.

Comparing the top and middle panels of Fig. 7, it is evident that the most prominent
features of the observed trends are linearly congruent with the monthly AO time series. The
residual temperature trendsoftom panelsare suggestive of a more homogenous cooling
throughout the stratosphere and warming throughout the troposphere. The sign reversal in
residual temperature trends corresponds closely to the tropopause level, which ranges from
~100-hPa in the tropics to ~300-hPa over the pole. Figure 8 shows corresponding results based
on the AO* index. This redefinition of the annular mode slightly increases the amplitude of the
linearly congruent component of the trends in the lower stratosphere and reduces the amplitude
of the residuals. However, the most prominent features in the residual patterns (i.e., the nearly
homogeneous cooling in the stratosphere and warming in the troposphere) are almost the same
as in the previous figure.

The results shown in Figs. 2-8 indicate that substantial fractions of the recent trends in

surface air temperature and total column ozone during the NH winter months are linearly



congruent with the monthly AO time series. These trends are clearly reflected in JFM time
series of Eurasian mean temperature and total column ozone at Arosa, Switzerland, shown
together with the AO-index in Fig. 9 for the period 1930-1997. The Arosa time series is the
longest continuous record of total column ozone (Staehelin et al. 1998). Although Switzerland is
not centered near a prominent center of action of the AO signature in ozone (fiddl8,lef},

a strong correspondence between the two time series is evident on both interannual and
interdecadal timescales. Based on this 68 year record, variations in the AO account for 25% of
the month-to-month variance in JFM total column ozone over Arosa, 43% of the year-to-year
variance and is linearly congruent with ~40% of the negative trend from 1968-1997. The

corresponding percentages for Eurasian mean temperature are even higher.

4. Seasonality of recent Northern Hemisphere climate trends

Recent NH climate trends are most dramatic during JFM and the fraction of the trends
that is linearly congruent with the AO is particularly large during those same months. For the
sake of completeness we include here a brief summary of results for other seasons, with

emphasis on area averagesipSLP poleward of 60N, b) Z54 poleward of 65N, andc) total

column ozone poleward of 40\. The fraction of the recent trends in these time series that is
linearly congruent with the AO time series is estimated on the basis of the methodology
described in Section 2, using monthly segments of the AO-index. This fraction is shown only for
those variables and months in which the trend in the AO is significant at the 90% level and year-
to-year correlations of the variable in question with the AO-index exceed the 95% significance
level (both based on thestatistic taking into account the autocorrelation in the time series, e.g.,

Santer et al. 1999).

a) SLP

Table 4 shows linear 30-year (1968-1997) trends in the AO-index (as defined in Section 2)



computed separately for each calendar month, in units of standard deviations of the monthly time
series per 30-years. Positive trends are evident in all but two months of the year. However, trends
exceeding the 95% threshold are observed only during January, February and March. They
exceed the 90% threshold during August.

Table 5 shows the corresponding 30-year (1968-1997) linear trends in SLP averaged
over the polar cap region (60-9R), and the component of these trends that is linearly
congruent with the monthly AO-index. Consistent with the results of Walsh et al. (1996), the
largest trends are evident during December-March, but falling pressures are evident during
every month except April. The summertime trends, though relatively small, are of considerable
interest, since the motion of the Arctic ice pack is believed to be most sensitive to wind forcing
during that season (Serreze et al. 1989; Walsh et al. 1996). The summertime trends are also
consistent with the results of Serreze et al. (1997) who noted sharp increases in spring and
summer cyclone activity over the central Arctic since the mid-1980’s, which in turn may be
implicated in the recent reduction in sea ice cover along the Siberian coast (Maslanik et al.
1996). Our Tables 4 and 5 suggest that the springtime trends noted in these studies are
dominated by the month of March. Large fractions of the trends during JFM and August are
linearly congruent with the AO-index (Table 5).

The structure of the SLP trends during the NH summer months (June-August, JJA) is
shown in Fig. 10, together with the linearly congruent component based on the standardized
leading PC of NH JJA monthly-mean SLP. The resemblance, though not as striking as in JFM,

is still suggestive of a relationship with the AO.

b) Zso
Table 6 shows analogous statistics for the 50-hPa height field averaged over the polar
cap region (65-9IN). Negative trends are evident in all months, with largest values from

January through April. A large fraction of thggfirops during JFM is linearly congruent with



the monthly AO-index, but the drops during April are not mirrored in SLP. The summertime
trends in the 50-hPa height field based on the NCEP/NCAR reanalysis (not shown) are weakly
negative over most of the NH and are less concentrated over the polar cap region than in

wintertime.

c) Ozone

The top two rows in Table 7 show analogous results for total column ozone trends
averaged over the region poleward of 8 based on TOMS data. Values for November
through February are omitted due to the limited coverage over the NH high-latitudes. Negative
trends are evident in all months of the year, with larger values during spring than later in the
year. The delayed breakdown of the NH polar vortex has been linked to recent ozone depletion
during this season (Newman et al. 1997, Hansen and Chipperfield 1998, Zhou 1999). About
40% of the March ozone decrease is linearly congruent with the behavior of the AO, but the
decrease later in the spring is not mirrored in SLP. These results are substantiated by the more
extensive ozone record for Arosa, shown in the top two rows of Table 8.

While little, if any, of the late spring/early summer trends in ozone are linearly congruent
with the AO-index based on simultaneous correlations, it is conceivable that there could still be
a causal linkage owing to the memory inherent in the ozone distribution. In order to illustrate
this memory, we show in Fig. 11, time series of JFM and the subsequent JJA values of TOMS
total column ozone averaged over the area poleward°dfl 40he resemblance is striking. The
forward memory from March is further illustrated by the correlations in Table 9 (top row),
which indicate that the memory of March total column ozone poleward’df gérsists through
the following summer. In contrast, there is little, if any “backward memory”; i.e., March ozone
bears little relation to the ozone anomalies observed during the previous calendar year. If the
autocorrelation inherent in the ozone field is taken into account, the season over which the

declines in total column ozone can be viewed as linearly congruent with the AO-index is



extended into spring and summer, as illustrated in the third rows of Tables 7 and 8.

5. Trends in the Southern Hemisphere

As noted in Part I, the AO is remarkable similar to the primary annular mode in the
extratropical Southern Hemisphere (SH) general circulation. Like the AO, the SH mode is
evident throughout the year in the troposphere, but its active season in the lower stratosphere is
observed during the late SH springtime when the SH polar vortex is decaying, rather than during
midwinter: in contrast to the NH, the SH active season occurs after, rather than before, the
season of strongest ozone depletion.

There is increasing evidence that the SH annular mode, like the AO, has drifted toward
the high index polarity during the past few decades. Tropospheric geopotential height has been
falling over the Antarctic continent (Hurrell and van Loon 1994; Chen and Yen 1997; Meehl et
al. 1998), and the SH polar lower stratosphere has cooled (and the SH polar vortex has
strengthened) during the late springtime months (Trenberth and Olson 1989; Hurrell and van
Loon 1994; Randel and Wu 1999). However, due to the paucity of observations over high-
latitudes of the SH and the questionable reliability of the trends in the NCEP/NCAR reanalysis
in this region (e.g., see Randel and Wu 1999), it is difficult to estimate the component of the
observed trends that is linearly congruent with the annular mode. Accordingly, we restrict our
analysis in the SH to: (1) documenting the seasonality of trends; and (2) establishing the
similarity between the SH annular mode in the month-to-month variability and the observed

trends.

a) SH troposphere
As in Part |, the annular mode in the SH is represented by the standardized leading PC
time series of the 850-hPa height field poleward 6fi20based on monthly-mean data for all

months of the year. Table 10 shows 30-year trends in this index calculated independently for



each calendar month. Positive trends, indicative of a strengthening of the westerlies at subpolar
latitudes, are evident in all but one month. They exceed the 90% significance threshold during

six calendar months, and no clear seasonality is evident.

b) Stratosphere

The trends in geopotential height in the stratospheric polar vortex exhibit a more
pronounced seasonality than those in the lower troposphere. It is evident from Table 11 that the
largest height falls have occurred during the “active season” (November) when the month-to-
month variability of the annular mode is largest. Trends during the other months of the year are
of mixed polarity. Trends in lower stratospheric temperatures since 1979 based on MSU-4 data
(Table 12) exhibit a qualitatively similar seasonality. Hence, despite our reservations concerning
the reliability of the NCEP reanalyses over this region, we consider these results to be at least
qualitatively reliable.

The colder polar stratospheric temperatures during November have been linked to the
tendency toward a delayed breakdown of the polar night jet (Hurrell and van Loon 1994; Zhou
1999; Waugh et al. 1999; Waugh and Randel 1999), which has extended the length of the winter
season by about two weeks. By analogy, the large interannual variability in November
geopotential height and temperature may be a reflection of year-to-year differences in the timing
of the breakdown of the jet. The corresponding trends in total column ozone averaged over the
region poleward of 40S are shown in Table 13. They are uniformly negative and exhibit a
coherent seasonality with largest decreases in October. The ozone trends are more consistent
from one calendar month to the next than the trends in 50-hPa height. This greater consistency
derives, at least in part, from the strong month-to-month autocorrelation inherent in the ozone
field, documented in Table 14. The forward memory from September is particularly strong.

Hurrell and van Loon (1994) have postulated that the trend toward a later breakdown of

the SH stratosphere vortex has contributed to the observed ozone depletion. The strong



resemblance between the spatial patterns of November ozone trends and the month-to-month
variability of the annular mode, as documented in Fig. 12, is consistent with such an
interpretation, as are the analogous NH relationships documented in the previous section. Since
the strongest negative 50-hPa height tendencies over the polar cap region occur in November
(Table 11), a month after the strongest ozone depletion (Table 13), at a time when the forward
memory of the previous month’s ozone is very strong (Table 14), any such dynamically induced
ozone depletion would have to be viewed as a positive feedback occurring in response to

chemically induced depletion earlier in the season.

6. Discussion and conclusions
Summary and interpretation of the observed trends
The results presented in Section 3 serve to confirm and further document the remarkable
correspondence between NH wintertime climate trends of the past few decades and the AO
signature in the month-to-month variability. Both the trends and the AO are characterized by
deep, barotropic, zonally symmetric signatures extending upward into the stratosphere, with
embedded, baroclinic patterns that are largely confined to the troposphere. The 30-year trend
(1968-1997) in the AO-index for the months JFM amounts to 1.5 (2.1) standard deviations of
the JFM month-to-month (JFM seasonal mean) variability in the index: enough to have had a
substantial impact upon the NH general circulation during this period. Notable features of the
trends that are integral parts of the AO signature during JFM include:
» strengthening of the westerlies at subpolar latitudes coupled with a weakening of the
climatological-mean jetstream at lower latitudes;
« warming of the lower troposphere over Eurasia and much of North America;
» cooling of the lower stratosphere in the polar cap region coupled with a warming of the
tropical tropopause; and

* areduction in total column ozone poleward of 80



The pronounced zonally symmetric zonal wind signature in the JFM trends is almost entirely
linearly congruent with the month-to-month variability of the AO. The component of the trends
that is not linearly congruent with the AO is dominated by a more amorphous tropospheric
warming and stratospheric cooling reminiscent of the global warming signature as simulated in
many climate models.

The sharply contrasting climate trends in various sectors of the NH pointed out by
Hurrell (1995, 1996) are consistent with the trend in the AO toward the higher-index polarity:
i.e., the milder winters in Eurasia (and particularly Siberia) (Nicholls et al. 1996) juxtaposed
against the trend toward more severe winters over eastern Canada (Shabbar et al. 1997); reduced
precipitation in southern Europe and parts of the Middle East (Cullen and deMenocal 1999a,
1999b) and the retreat of Alpine glaciers (e.g., Frank 1997) juxtaposed against the trend toward
heavier rainfall in northern Europe (e.g., Jones and Conway 1997) and advances of some
northern European glaciers (Hagen 1995, Sigurdsson 1995). The trend towards higher wind
speeds and wave heights over the far North Atlantic (Kushnir et al. 1997) and increasingly
cyclonic wind stress around the Arctic which may, in turn, be responsible for some of the recent
thinning and melting of the pack ice (McPhee et al. 1998) are also consistent with the recent
trend in the AO.

The trend toward the positive polarity of the annular modes is consistent with observed
changes in the stratospheric climatology in both hemispheres. The NH wintertime polar vortex
is becoming colder, stronger, and less susceptible to midwinter warmings (Baldwin and
Dunkerton 1999), and it is persisting later into the spring (Zhou 1999; Waugh et al. 1999). In
essence, the NH wintertime stratosphere climatology is becoming more like that of the SH,
rendering it more susceptible to ozone destruction. The trends in the SH are not as pronounced,
but the polar vortex is becoming established earlier in the autumn and persisting even later into
the spring (Zhou 1999; Waugh et al. 1999; Waugh and Randel 1999). In 1998 it remained intact,

and ozone concentrations remained well below normal, until about a week before the summer



solstice. The observed temperatures and ozone trends are suggestive of an overall weakening of
the wave driven Lagrangian mean meridional circulation during JFM and November.

Our estimates of the component of the trends that is linearly congruent with the monthly
AO-index are slightly inflated due to the limited number of degrees of freedom inherent in the
linear regression. If trends accounted for substantial fractions of the variance of the both the AO
time series and the time series of the climatic variable in question, the apparent correlations
between them would be strong simply by virtue of the shared trends, so the linearly congruent
component would be estimated to be large, even in the absence of a statistically significant
relationship between the time series. In the results presented in this paper, 30-year trends
account for only very small fractions of the variance of the AO-time series and the various
monthly climatic time series that enter into the trend estimates. We tested the sensitivity of our
results to this possible source of bias by recalculating the linearly congruent part with the
regression based upon detrended data. The results were found to be extremely robust. By far the
largest sensitivities were encountered in the TOMS data because of the limited sample size:
March means from 1979-1993. The trend in total column ozone poleward Nf@\er this
period that is linearly congruent with the AO-index drops from 40% to 30% if the regression is
performed on detrended data. The corresponding reductions for total column ozone from Arosa

and tropopause pressure from the NCEP/NCAR reanalysis amount to only a few percent.

Interpretation of the annular modes

Why is a single spatial structure so prominent in both Northern and Southern
Hemispheres, in all seasons of the year, and across such a wide range of frequencies? Its
pervasiveness may be due, in large part, to its high degree of zonal symmetry. Annular modes
are characterized by a close alignment between the (anomalous) potential vorticity contours and
the predominantly zonally symmetric background flow at all levels, so that strong local sources

and sinks of heat and vorticity are not required to counteract local tendencies induced by



advection, as is the case in more wavelike teleconnection patterns. A similar alignment between
potential vorticity contours and streamlines is observed in long-lived blocking anticyclones.

What sets the meridional scale? Since the zonal wind perturbations in the annular modes
are driven and maintained by the anomalous eddy fluxes of zonal momentum (Robinson 1991,
1996; Yu and Hartmann 1993; Feldstein and Lee 1998), it seems plausible that their meridional
scale should be set by the climatology of the eddies that drive them. The fact that their nodal
latitude occurs near 4%n both hemispheres, which corresponds roughly to the latitude of the
strongest climatological-mean poleward heat fluxes and eddy mixing, is consistent with this
hypothesis. It is along this “axis of symmetry” of the eddies that perturbations in the momentum
fluxes associated with the annular modes tend to be largest, both in the observations and in a
realistic numerical simulation of both NH and SH annular modes (V. Limpasuvan, personal
communication).

It may also be instructive to consider the relationship between the meridional structure of
the annular modes in relation to the climatological-mean, zonal-mean zonal wind field. It may
be more than chance coincidence that the low index polarity of the annular modes is
characterized by a well defined “subtropical” jet strean’+&tude, whereas in the high index
polarity the subpolar jet is also a major player in the hemispheric circulation. The interplay
between single and double jet “regimes” is reminiscent of numerical simulations of idealized
atmospheres with planetary rotation rates comparable to that of the earth (e.g., Williams 1979;
Lee 1997). The proximity of the latitude of the stratospheric polar night jet and the subpolar
zonal wind perturbations associated with the annular modes allows for the possibility of
vigorous interactions between troposphere and stratosphere during the “active seasons”. It seems
plausible that perturbations in the annular modes originating at tropospheric levels should
influence the evolution of the stratospheric polar vortex, and Hartley et al. (1998) have shown
that dynamical processes operating at stratospheric levels can, through potential vorticity

dynamics, induce a tropospheric response that projects strongly upon the annular mode.



To avoid confusing the NH annular mode (i.e., the AO) with the cold ocean -warm land
(COWL) pattern defined by Wallace et al. (1995) or with the North Atlantic Oscillation (NAO)
(Hurrell 1995), it is worth pointing out what it shares in common with these two patterns and
how it is distinct from each of them.

The AQ's expression in surface air temperature projects strongly upon the COWL pattern
over the North Atlantic, Eurasia, and eastern North America while the ENSO-like variability
projects upon it over the Pacific and western North America. By construction, variations in the
COWL pattern are more highly correlated with the high-frequency (month-to-month) variability
of hemispheric-mean surface air temperature than any other pattern: that is the COWL pattern's
one and only distinguishing characteristic. Unlike the AO or ENSO, the COWL pattern is not a
naturally occurring mode of variability, recoverable in EOF's of observational data or control
runs of GCM's, or even in one-point correlation maps (Broccoli et al. 1998). It closely resembles
the observed SAT trends during 1968-1997, which have been characterized by wintertime
warming, not only over Eurasia, but over Alaska and western Canada as well. The coincidence
of strong wintertime warming in these two regions during this particular 30-year period could
well be fortuitous.

The NAO and the AO are different representations and conceptual interpretations of
what is, in essence, the same phenomenon (Kerr 1999). We prefer the AO for the following
reasons:

(1) The AO nomenclature conveys the notion that this pattern is an annular mode with a
Southern Hemisphere counterpart (an “Antarctic Oscillation”), both of which have relevance for
stratospheric dynamics in their respective hemispheres, and for climate variability in regions far
removed from the North Atlantic;

(2) The AO representation is applicable to intraseasonal as well as interannual
variability, whereas the NAO-index used by Rogers (1984), Hurrell (1995, 1996) and others has

to be averaged over entire winter seasons in order to obtain a meaningful representation of the



corresponding planetary scale circulation anomalies;

(3) The AO time series exhibits a more significant trend: The positive trend in the NAO-
index for the months JFM during the period 1968-97 amounts to 0.9 (1.3) standard deviations of
the monthly-mean (JFM seasonal mean) time series; the corresponding statistic for the AO is 1.5
(2.1) standard deviations;

(4) A larger fraction of the trends in most of the climatic fields considered here is
linearly congruent with the month-to-month and season-to-season variability of the AO-index

than with the more commonly used NAO-indices.

Remarks concerning possible causes of the trends

The above analysis indicates that more than one third of the observed ozone depletion in
the NH during JFM is linearly congruent with the AO and, owing to the high autocorrelation
inherent in the ozone field, so is a substantial fraction of the depletion observed during the
spring/summer months. In the SH, circulation changes associated with the drift toward the high
index state of the annular mode peak sharply during November, whereas the “ozone hole
phenomenon” occurs throughout a more extended spring season centered in October. Hence, the
ozone destruction that begins around the time of the equinox each year must be photochemically
induced, but positive feedbacks from the induced circulation changes may be allowing it to
persist progressively later into the spring. The fact that summer ozone levels are highly
correlated with ozone levels during the previous winter/spring on a year-to-year basis, suggests
that the summer/autumn ozone trends in both hemispheres are vestiges of the more pronounced
depletion that has been taking place during the spring when the photochemistry and the
dynamics are more active.

The month-to-month variability of the annular modes is largely internally generated, as
evidenced by the fact that it is well simulated in control runs of a number of different

atmospheric general circulation models run with fixed atmospheric composition (e.g., see Kitoh



et al. 1996; Fyfe et al. 1999; Volodin and Galin 1999; Shindell et al. 1999; von Storch 1999;
Limpasuvan and Hartmann 1999; Kidson and Watterson 1999). Some of the interdecadal
variations of these modes is sampling variability owing to the presence of these higher
frequency fluctuations. However, the recent trends during the “active seasons” emphasized in
this paper stand out well above such background noise and they substantially exceed the
interdecadal variability in the AO-index prior to the 1970’s.

Several different kinds of external forcing appear to be capable of inducing a response in
the annular modes. In numerical experiments with general circulation models, Volodin and
Galin (1999) obtained a distinctive AO-like wintertime response to radiative forcing designed to
simulate the effects of stratospheric ozone depletion, and Shindell et al. (1999) and Fyfe et al.
(1999) obtained similar responses to radiative forcing due to increasing concentrations of
greenhouse gases and aerosols. In these simulations, forcing consistent with recent trends tended
to drive the AO toward its high-index polarity, consistent with observed trends. Robertson et al.
(1999) reported that prescribing sea surface temperature variability over the North Atlantic in
accordance with observations in a GCM simulation substantially increases the interannual
variability of the NAO/AO, and Rodwell et al. (1999) showed that roughly half the decadal scale
variance of the NAO/AO can be simulated as a response to the evolving pattern of Atlantic SST.
The observed atmospheric response to volcanic eruptions during the boreal winter also
resembles the AO, with elevated surface air temperatures over Eurasia (Robock and Mao 1992;
Kodera 1994, Kelly et al. 1996) and below normal SLP over the Arctic (Kelly et al. 1996).
Hence, there is no shortage of mechanisms that might have contributed to the trend in the
annular modes. It remains to be determined which of these should be viewed as the primary
causal mechanism and which ones function as positive feedbacks that serve to amplify the

response.
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Table 1. Correlation coefficients between the AO-
proxy time series shown in Fig. 1. Correlations are

based on 1947-1996 JFM seasonal (monthly) mean

values.
SAT Precip
SLP 0.92 (0.87) 0.88 (0.86)
SAT 0.85 (0.80)

Table 2.30-year (1968-97) linear trends in NH surface air temperature (K/30-yrs) and the compo-

nent of the trends that is linearly congruent with the monthly AO index (as defined in Section 2).

Eurasian land
(40-7CN; 0-140E)

Land+ocean Land

(20°- 9C°N)  (20°- 9O°N)
January-March (JFM) total trend 1.0 1.7
JFM trends congruent with AO 0.3 0.6
JFM AO-residual trend 0.7 1.1
Annual mean total trend 0.6 +0.8
Annual mean AO-residual trend 0.5 0.7

3.0
1.6
1.4
11

0.8




Table 3.29-year (1968-96) linear trends in January-March (JFM) precipitation (% of JFM clima-
tology/29-yr), the trends that are linearly congruent with the monthly AO index, and the correla-
tion coefficients between JFM monthly precipitation time series and the AO index (the 99%

confidence level is ~0.22).

Region Total trend  Congruent with AO r (month-to-month)
Norway +45% +37% 0.62
(55-65'N; 5-1CE)

Scotland +51% +32% 0.59
(55-6C°N; 350-358E)

Spain -49% -33% 0.53
(35-45'N; 350-CE)

Balkans -31% -31% 0.66
(45-5CN; 15-3CE)

Central China +29% +22% 0.48

(25-40N; 105-110E)




Table 4.30-year (1968-97) linear trends in the AO index (standard deviations/30-yrs). Trends
during January-March exceed the 95% significance threshold; trends during August exceed the

90% threshold (see text for details).

Month J F M A M J J A S O N D

Trend +2.1 +2.6 +15 -0.2 +0.2 +0.1 +0.3 +0.6 -0.1 +0.3 +0.7 +0.6

Table 5.Top row 30-year (1968-97) linear trends in SLB {4 averaged over the NH polar cap
region (60-90°N) (m/30-years)Bottom row the component of the trends that is linearly congru-
ent with the monthly AO index. Total trends that exceed the 90% threshold are in bold type (see
text for details). The component of the trends that is linearly congruent with the AO index is
shown only when 1) the appropriate monthly segments of the AO index are correlateghgith Z

at the 95% confidence level, and 2) the trend in the AO index exceeds the 90% confidence level

(see Table 4).

Trend 57 56 -24 +5 -7 -2 5 14 -8 -8 24
AO cong. -43 -44 -30 -14

Table 6.As in Table 5 but for £, averaged over the NH polar cap region’(66° N) (m/30-
years).

J F M A M J J A S O N D

Trend 353 -202 -250 -144 -11 31 -52 -59 -14 64 -37 -36
AO cong. -246 -182 -118 -22




Table 7.Top two rowsAs in Table 5 but for 15 year (1979-1993) trends in TOMS total column
ozone averaged over the regiori-<0° N (Dobson Units/15-yeardpottom row:as in the middle

row, but January-March (JFM) seasonal mean values of the AO index are used in lieu of the con-
temporaneous AO index values. Values are omitted between November-February due to the

absence of data over the high latitudes.

J F M A M J J A S O N D

Trend - - 49 -42 -26 -17 -11 -9 -10 -13 - -
AO-cong. - - -20 - -
AO ;g\ cong. - - 22 -19 -14 -9 -6 - -

Table 8.As in Table 7 but for 30-year (1968-1997) trends in total column ozone at Arosa, Swit-

zerland (Dobson Units/30-years).

J F M A M J J A S O N D

Trend -34 59 52 48 -24 -28 -16 -19 -13 -13 -15 -29
AO-cong. -16 -20 -16
AOjgcong. -19 -24 -24 -13 -11 -8 -5 -4

Table 9.Lag correlations (x100) with respect to the month of March of Year 0 for TOMS total
column ozone anomalies averaged over the regio®®@0N. Observations are not available over

the polar night region between November and February.

Year -1 Year O

Month  J J A S O N D J F M A M J J A

r 12 8 11 21 35 100 94 94 87 77 71




Table 10.30-year (1968-1997) linear trends in the index of the SH annular mode (standard devia-

tions/30-yrs). Trends that exceed the 90% confidence level are in bold type.

J F M A M J J A S O N D

Trend +1.6 +06 +0.7 +0.9 +18 00 +0.7 +0.8 +04 +0.6 +0.4 +15

Table 11.30-year (1968-1997) linear trends igp&veraged over the SH polar cap regiorf{65

90°S) (m/30-years). Trends that exceed the 90% confidence level are in bold type.

J F M A M J J A S O N D

Trend -1 -3 +25 +16 99 -24 +9 +66 +77 -64 206 -98

Table 12.19-year (1979-97) linear trends in MSU4 temperature averaged over the SH polar cap

region (65-90° S) (K/19-years). Trends that exceed the 90% confidence level are in bold type.

J F M A M J J A S O N D

Trend -05 -09 -10 -10 -03 -1.2 -05 +1.2 +03 -53 -65 -2.6

Table 13.15-year (1979-93) linear trends in TOMS total column ozone averaged over the region
40°-90°S (Dobson Units/15-years). Observations are not available over the polar night region

between May and August. Trends that exceed the 90% confidence level are in bold type.

J F M A M J J A S O N D

Trend -23 -17 -16 -16 -45 57 -45 -35




Table 14.Lag correlations (x100) with respect to September of Year O for TOMS total column
ozone anomalies averaged over the regidrRI@S. Observations are not available over the polar

night region between May-August.

Year -1 Year O

Month F M A M J J A S O N D J F M A

r 39 39 51 100 9 92 883 80 78 73 63




Figure 1. Standardized January-March (JFM) proxy AO-indices based on surface air temperature
(SAT), precipitation, and sea-level pressure (SLP) (see text for details of the analysis). Correlation
statistics are presented in Table 1. Light lines indicate JFM seasonal means; heavy lines indicate
5-year running means. The interval between tick marks on the vertical axis is one standard devia-

tion.

Figure 2. 30-year (1968-1997) linear January-March (JFM) trends in sea-level pressure (SLP)

expressed as 1000-hPa geopotential heiglagoLleft) and surface air temperature (SAMYQL).

Top panelsTotal trendsmiddle panelsThe components of the trends that are linearly congruent
with the monthly AO index (as defined in Section®)ttom panelsAO-residual trends. Contour
intervals are 15 m/30-years (-22.5, -7.5, +7.5...) for SLP and 1 K/30-years (-1.5, -0.5, +0.5...) for
SAT.

Figure 3.29-year (1968-1996) linear January-March (JFM) trends in precipitation (% of JFM cli-
matology/29-yr) {op) and the components of the trends that are linearly congruent with the
monthly AO index otton). Contour intervals are 10% /29-yr. (-10, 10, 20...). Dark shading indi-
cates increased precipitation of at least +10%; light shading indicates reduced precipitation of at

least -10%. The zero contour line is omitted and negative contours are dashed.

Figure 4.30-year (1968-1997) linear January-March (JFM) trends in 50-hPa heigh(léR)

and 19-year (1979-1997) linear trends in MSU-4 lower stratospheric temperigfiile Top pan-
els: Total trendsmiddle panelsThe components of the trends that are linearly congruent with the
monthly AO indexpottom panelsAO-residual trends. Contour intervals are 100 m/30-years (-

150, -50, +50...) for yand 2 K /19-years (-3, -1, 1...) for MSU-4 temperature.

Figure 5. As in the middle and bottom panels of Fig. 4, but for the components of the trends that



are linearly congruent with the monthly AO* indérf), and the components that are linearly
independent of the monthly AO* indekdtton). The AO* index is the leading PC of the zonal-

mean geopotential height field (see text for details).

Figure 6. 15-year (1979-1993) linear January-March (JFM) trends in total column detthe (

and 30-year (1968-1997) linear trends in tropopause presghg.(Top panelsTotal trends;

middle panelsThe components of the trends that are linearly congruent with the monthly AO
index; bottompanels: AO-residual trends. Contour intervals are 20 Dobson Units (DU) /15-years
(-30, -10, +10...) for TOMS total column ozone and 10 hPa/30-years (-15, -5, +5...) for tropopause

pressure.

Figure 7.30-year (1968-1997) linear January-March (JFM) trends in zonal-mean zonal wind
(left, contours), meridional circulatioteft, vectors), and temperatumgght). Top panelsTotal

trends;middle panelsThe components of the trends that are linearly congruent with the monthly

AO index;bottom panelsAO-residual trends. Contour intervals are 1'?'rper 30-years (-1.5, -

0.5, +0.5...) for zonal wind and 0.5 K/30-years (-0.75, -0.25, +0.25...) for temperature. Vectors are

m s in the horizontal and cni'sin the vertical. Vector scale shown at bottom of figure.

Figure 8. As in the middle and bottom panels of Fig. 7, but for the components of the trends that
are linearly congruent with the monthly AO* indéryf), and the components that are linearly

independent of the monthly AO* indekdtton).

Figure 9. Standardized January-March (JFM) time series of ground based ozone measurements
from Arosa, Switzerland, invertetb), the AO index hiddle), and Eurasian mean (40°1) O-
140°E) surface air temperature. Light lines indicate JFM seasonal means; heavy lines indicate 5-

year running means. The interval between tick marks on the vertical axis is one standard devia-



tion.

Figure 10.30-year (1968-1997) linear June-August (JJA) trends in SLP expresseggh@Ia@p

panel: Total trendspottom panelThe components of the trends that are linearly congruent with

the monthly AO index. Contour intervals are 10 meters per 30 years (-15, -5, +5...).

Figure 11. Time series of total column ozone anomalies in Dobson Units (DU) averaged pole-
ward of 40 N for June-August (JJAJqp) and January-March (JFMD@tton). Vertical tickmarks
are at intervals 10 DU. The time series have been plotted relative to different reference values to

decrease the vertical spacing between them.

Figure 12.Top 15-year (1979-1993) linear trends in November total column oBmitam
Total column ozone regressed onto the index of the SH annular mode for the month of November.
Contour intervals are 20 DU/15-years (-30, -10, +10...) for the trends and 5 DU (-7.5, -2.5, 2.5...)

per standard deviation of the index for the regression map.
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