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ABSTRACT
Dynamical coupling between the stratospheric and tropospheric circumpolar circulations in the Arctic has
been widely documented on month-to-month and interannual time scales, but not on longer time scales. In the
Antarctic, both short- and long-term coupling extending from the stratosphere to the surface has been
identified. In this study, changes in Arctic temperature, geopotential height, and ozone observed since the
satellite era began in 1979 are examined, comparing dynamically quiescent years in which major sudden
stratospheric warmings did not occur to all years. It is shown that this approach clarifies the behavior for years
without major warmings and that dynamically quiescent years are marked by a strengthening of the Arctic
polar vortex over the past 30 years. The associated declines in stratospheric temperatures, geopotential
height, and ozone are qualitatively similar to those obtained in the Antarctic (albeit weaker), and propagate
downward into the Arctic lowermost stratosphere during late winter and early spring. In sharp contrast to the
Antarctic, the strengthening of the Arctic stratospheric vortex appears to originate at a higher altitude, and
the propagation to the Arctic troposphere is both very limited and confined to the uppermost troposphere,
even when only dynamically quiescent years are considered in the analysis.

1. Introduction
The apparent propagation of some polar circulation anomalies from the stratosphere to the troposphere
during winter and spring has been noted for about a halfcentury (Julian and Labitzke 1965; Quiroz 1977), and
has been the subject of intense study since it was shown
to be robust in composite analyses by Baldwin and
Dunkerton (2001). Stratosphere–troposphere dynamical coupling was first observed in the Arctic on a seasonal basis in winter, where circulation anomalies in the
middle stratosphere appear to propagate from the lower
stratosphere to the troposphere where they persist for
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several weeks (Baldwin and Dunkerton 1999, 2001).
This dynamical coupling is most clear in the context of
the annular modes and has some skill for tropospheric
predictability in certain seasons and locations (e.g.,
Thompson et al. 2002; Scaife et al. 2005; Sigmond et al.
2013). Evidence for coupling from the stratosphere to
the ocean has also been presented (Reichler et al. 2012).
Dynamical coupling between the stratosphere and
troposphere has also been observed in the Antarctic, not
only on seasonal and interannual time scales (Christiansen
2003; Thompson et al. 2005), but also on multidecadal
time scales since about the 1980s (Thompson and
Solomon 2002). The mechanisms driving the propagation have been probed in both hemispheres using both
observational and modeling approaches [e.g., reviews
by Thompson et al. (2011); Gerber et al. (2012), and
references therein]. The primary driver of trends in
Antarctic stratospheric temperatures, geopotential height,
and resulting circulation patterns over the past three
decades is the pronounced and extensive ozone loss
known as the Antarctic ozone hole. The ozone hole has
cooled the Antarctic lower stratosphere in October and
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November by as much as 108C (Randel and Wu 1999),
and thus strengthened the polar vortex (Waugh et al.
1999). The cooling and circulation changes associated
with the springtime Antarctic stratospheric ozone depletion extend into the troposphere with a lag of about
a month, where they influence summer surface climate
(Thompson and Solomon 2002).
It is clear that variations in the Arctic stratosphere are
strongly coupled to the troposphere on intraseasonal
time scales. But attempts to link decadal changes in the
Arctic tropospheric circulation to changes in the Arctic
stratosphere have not previously been successful. In
part, this is because the Arctic stratosphere is much
more variable from year to year than the Antarctic because of much more frequent occurrences of sudden
stratospheric warmings, which are associated with a disrupted polar vortex, weakened zonal-mean winds, and
a rise in stratospheric temperatures (e.g., Andrews et al.
1987; Charlton and Polvani 2007). The large interannual
variability in the Arctic has made detection and attribution of statistically significant long-term trends there
challenging (Manney et al. 2005).
Changes in stratospheric circulation and temperatures
would be expected to affect ozone loss through heterogeneous chlorine chemistry involving polar stratospheric clouds, and this provides additional motivation
for understanding Arctic coupling processes and trends.
Rex et al. (2006) found an increasing trend in the 5-yr
maximum volume of air cold enough for polar stratospheric cloud formation (VPSC) averaged over December–
April in the Arctic; thus suggesting that the ‘‘coldest
Arctic winters are getting colder,’’ while a recent study
by Rieder and Polvani (2013) using three different reanalyses found no statistically significant changes in
Arctic winter-averaged VPSC. Temperature trend analyses suggest that the proposed increase in the severity of
cold Arctic stratospheric winters is equivocal (Manney
et al. 2005).
A common technique used to distinguish between the
effects of long-term climate change and transient variability is to remove from trends analyses those years that
are marked by pronounced episodic behavior. For example, analyses of long-term trends in global stratospheric temperatures often omit periods of volcanic
activity (e.g., Randel et al. 2009). In 2002, a major sudden stratospheric winter warming occurred in Antarctica, rendering this year distinctly different to those
observed since at least the late 1970s. As a result, studies
aimed at identifying Antarctic dynamical coupling often
distinguish between this year and others (e.g., Thompson
et al. 2005, 2011). In this study, we employ a similar
approach for the Arctic by analyzing changes in the
stratosphere during years characterized by strong stable
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polar vortices, identified as years without major sudden
stratospheric warmings, and contrast these with the behavior obtained when all years are considered. We
show that statistically significant changes in the Arctic
stratosphere in late winter and early spring can be more
readily identified over the past 30 years when years
without major warmings are explicitly considered. The
long-term changes in the stratospheric circulation during dynamically quiescent years propagate downward
from the middle stratosphere to the lowermost stratosphere, and exhibit a qualitatively similar albeit muted
behavior to that observed in association with the Antarctic ozone hole. We examine ozone losses occurring in
these years and probe their relationship to the propagation of the circulation anomalies. Last, we explore the
implications of the observed changes in the stratospheric
circulation for trends in the tropospheric circulation
during years without major warmings.

2. Data and methods
We analyze temperature and geopotential height
trends since the satellite era began in 1979 using monthlymean reanalysis data from the Modern-Era Retrospective Analysis for Research and Applications (MERRA;
Rienecker et al. 2011). The data are available at a horizontal resolution of 0.678 of longitude by 0.58 of latitude
and at 42 vertical levels, which extend from the surface
to 0.1 hPa. Winters when a major sudden stratospheric
warming occurred were identified using the climatologies of major sudden stratospheric warmings (SSW)
from Charlton and Polvani (2007) and Kuttippurath and
Nikulin (2012) (Table 1). Both studies use daily data to
identify the occurrence of a major warming as the time
when the zonal-mean zonal wind reverses from westerly
to easterly at 608N and 10 hPa (Charlton and Polvani
2007; Kuttippurath and Nikulin 2012). We also compute
results using the alternative definition of major sudden
stratospheric warmings based on the distribution of
potential vorticity presented in Mitchell et al. (2013). As
discussed in the results section (and shown in the supplemental material, Figs. S1–S4), the use of different
sudden warming climatologies does not qualitatively
affect the results at stratospheric levels. Interestingly,
the amplitudes of the tropospheric trends are larger
when the Mitchell et al. (2013) definition is used to
identify sudden warmings, primarily due to the exclusion of the winter in 2005, which had an early final
warming. Key results shown here are reproducible using
radiosonde station data obtained from the Met Office
Hadley Centre Atmospheric Temperature, version 2
(HadAT2), radiosonde database (Thorne et al. 2005);
although the radiosondes display a slightly smaller

Unauthenticated | Downloaded 01/09/23 03:25 AM UTC

15 APRIL 2014

2791

IVY ET AL.

TABLE 1. Classification of winters as those with or without major
sudden stratospheric warmings. The year in boldface indicates
a year with a late major warming.
Major SSW

No major SSW

1979
1980
1982
1984
1985
1987
1988
1989
1999
2000
2001
2002
2003
2004
2006
2007
2008
2009
2010

1981
1983
1986
1990
1991
1992
1993
1994
1995
1996
1997
1998
2005
2011

maximum cooling than MERRA (see supplemental
material, Fig. S5).
Monthly-mean total column ozone data from the
Total Ozone Mapping Spectrometer, version 8 (TOMSv8)
dataset were also analyzed (ozoneaq.gsfc.nasa.gov). The
total column ozone observations from TOMSv8 are
available since 1979, with the exception of 1993–95, on
a 1.258 of longitude by 18 of latitude horizontal grid scale.
To supplement the gap in the TOMSv8 dataset, we also
include data from the merged TOMS/Solar Backscatter
Ultraviolet dataset (TOMS/SBUV) for the polar cap–
averaged total column observations (acd-ext.gsfc.nasa.
gov). However, as the TOMS/SBUV data are at a coarser
resolution than the TOMSv8 data, only the latter were
used to estimate the spatial patterns of trends in total
column ozone. Observations of vertically resolved ozone
concentrations at the ozonesonde stations of Alert,
Canada (82.58N, 62.48W), and Syowa, Antarctica (69.08S,
39.68E), provided by the World Ozone and Ultraviolet
Radiation Data Centre (WOUDC; www.woudc.org), are
also employed.
Long-term changes in stratospheric climate were calculated as the differences in the available data for a
mean preozone depletion era (1979–84) versus the period after full development of ozone losses (1995–2011;
Figs. 1 and 2). For the difference calculations, the preozone depletion era data were not sorted for major
warmings as those data do not exhibit large interannual
variability (see Fig. 3). Moreover, this allows changes
in the Arctic stratosphere presented in Figs. 1 and 2 to be

referenced to a common climatology. We use a linear
least squares best fit to either (i) a linear trend (Figs.
3–6) or (ii) an estimate of equivalent effective stratospheric chlorine (EESC; see Fig. 3), in order to examine
the potential dependence of changes in the Arctic
stratospheric climate on increases in long-lived greenhouse gases as well as ozone loss. The EESC data assume a 3-yr mean age of stratospheric air (Newman et al.
2007). The statistical significance was evaluated using
Student’s t statistic both for the long-term changes
and least squares regressions to the observations (as in
Santer et al. 2000). As discussed further below, it is not
clear whether a fit to a linear trend or the EESC curve
offers a better representation of long-term changes in
Arctic climate. For simplicity, we focus on the linear
trends for most of our analyses.
We also evaluated the northern annular mode (NAM)
indices and the temperature and geopotential trends
that are linearly congruent with the NAM (Baldwin and
Dunkerton 1999, 2001). The NAM indices are estimated
as the principal component time series of the zonalmean, monthly-mean geopotential anomalies at each
pressure level from 208 to 908N, where the monthly geopotential anomalies were obtained by subtracting the
monthly-mean climatology from the data; see Baldwin
and Thompson (2009) for details of the computation of
the NAM indices. Temperature trends that are linearly
congruent with the NAM index were calculated by
(i) linearly regressing the monthly-mean temperatures at
each pressure level and grid cell against the NAM index
at that pressure level, where the resulting regression
coefficients are in units of kelvins per standard deviation
(K std21) or meters per standard deviation (m std21)
of the NAM index; (ii) multiplying the regression coefficients by the trend in the NAM index at that pressure
level for only those years without major warmings. The
trends in the NAM index are in units of standard
deviation per decade (std decade21); hence, the resulting NAM congruent trends are in units of kelvins per
decade (K decade21) or meters per decade (m decade21).

3. Observed trends
The Arctic mid- and lower stratosphere has cooled
over the past 30 years (1979–2011) in late winter and
early spring in years without major warmings (Fig. 1,
middle-center panel; see also similar results using radiosonde data in Fig. S5 of the supplementary material).
The cooling has occurred together with a 30% decrease
in spring Arctic lower stratospheric ozone based on
ozonesonde data from Alert at 828N (Fig. 1, top-middle
panel). It is noteworthy that the observed ozone change
when all years are analyzed is 3 times weaker and is not
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FIG. 1. Observed differences between the preozone depletion (1979–84) and ozone depletion eras (1995–2011) in
(top) ozone, (middle) temperature, and (bottom) geopotential height anomalies by month and elevation in the
Northern Hemisphere (658–908N), (left) for all years and (center) years without major SSW, and (right) in the
Southern Hemisphere (658–908S), with 2002 removed for the SH. Shading indicates trends that are significant at
the 90% level based on a one-sided t test. The ozone data are from the WOUDC stations: Alert (82.58N, 62.48W) and
Syowa (69.08S, 39.68E), and the temperature and geopotential height data are from MERRA. Contour intervals:
ozone is 10%, temperature is 1 K, and geopotential height is 40 m beginning at 620 m.

statistically significant (Fig. 1, top-left panel). The results
are complementary to those of Kuttippurath and Nikulin
(2012), who showed an inverse relationship between
chemical ozone loss in the Arctic and the intensity and
timing of major warmings.
The corresponding changes in the circulation reveal
decreases in polar geopotential height during the Northern
Hemisphere (NH) spring that are reminiscent of those
found over the Antarctic (Fig. 1, cf. bottom-center and
bottom-right panels). In contrast, when all years are
considered in the analysis (left panels), the Arctic cooling
and geopotential height falls in late winter are relatively
weak and are preceded by warming that peaks during
early winter. The warming during December–January is
consistent with an increase in wave driving, as noted in
Thompson and Solomon (2005), but it is weakly statistically significant and depends strongly on the period

considered [e.g., cf. Fig. 1 to Fig. 7 in Thompson and
Solomon (2005) covering 1979–2003].
The signal of long-term changes in the Arctic stratosphere has been obscured in previous studies by the
warming during dynamically active years. The robustness of
the changes during dynamically quiescent years is further
displayed in Fig. 2, which shows the observed long-term
changes in temperature and geopotential height for years
without major warmings using several different endpoints:
1998, 2005, and 2011. The estimated long-term changes in
both temperature and geopotential height during years
without major warmings all display a coherent evolution
from the mid- to lower stratosphere, independent of the
chosen end year, with varying magnitudes. In comparison,
long-term changes in the Arctic stratosphere are very
sensitive to the end years when all years are considered
in the analyses (e.g., as noted in Manney et al. 2005).
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FIG. 2. Observed differences between the preozone depletion
(1979–84) and ozone depletion eras (starting in 1995) for (left)
temperature and (right) geopotential height anomalies by month
and elevation in the Northern Hemisphere (658–908N) for years
without major warmings but with different end years (1998, 2005,
and 2011). Line contours show the difference in the estimated longterm changes with each end year from those with the end year of
2011. Contour intervals: temperature is 1 K and geopotential height
is 40 m beginning at 620 m.

The peak magnitudes of the observed changes in
temperature in the Arctic during dynamically quiescent
years are comparable to those observed in the Antarctic
(Fig. 1, cf. middle-center and middle-right panels).
However, in contrast to the Antarctic, the cooling in the
Arctic is not confined to the lower stratosphere but extends into the middle stratosphere. While the Antarctic
cooling appears to be closely associated with the region
of local ozone depletion, the Arctic cooling appears to
extend and even strengthen above it. The extension of
the Arctic trends to the middle stratosphere suggests
that factors other than local radiative cooling because of
ozone depletion, are contributing to the observed Arctic
climate trends.
As is the case for the Antarctic, the Arctic trends in
temperature and geopotential height for years without
major warmings propagate downward from the middle
to lower stratosphere from February through March
(Fig. 1, center). The signal in the lower stratosphere is
deeper when only years without major warmings are
considered (Fig. 1, bottom). In contrast to the Antarctic,
the apparent extension of the Arctic stratospheric trends
to the troposphere is weak and limited to certain regions

2793

in the uppermost troposphere (see section 4). Below we
explore how zonal asymmetries may obscure tropospheric
trends in the Arctic, and contrast this further with the
much more zonally symmetric trends in the Antarctic.
Temperatures in the middle and lower stratosphere
in late winter are strongly correlated with March total
column ozone (O3) during years without major warmings
(Fig. 3 and Table 2). Significant correlations between geopotential height, the NAM index, and temperatures are
also found between February and March (Table 2), supporting the time-dependent downward propagation illustrated in Fig. 1. The correlations obtained between
the February NAM at 10 hPa (NAM10) and March
temperatures in the lower stratosphere and total column
ozone suggest that changes in the circulation above the
region of lower-stratospheric ozone loss (see Fig. 1) play
an important role in the long-term trends during dynamically quiescent years. A feedback in which colder
temperatures lead to more ozone destruction, further
cooling, and strengthening of the vortex can be expected
as the anomaly descends, but the data alone are not
sufficient to establish this.
Figure 3 shows the time series of the data for Arctic
winter, highlighting the years with major warmings
(open squares) and without major warmings (filled
circles). As shown in the figure, there have been fewer
years without major Arctic warmings since the late
1990s than there were prior to that time, a point we
return to below. In 2000, the major warming was late
(mid-March) and exhibits behavior that is similar to
years without major warmings and is therefore identified by an open circle. While there are a limited number
of quiescent years after 2000, there is a discernible
change in late-winter Arctic stratospheric climate since
1979 in years without (or with very late) major sudden
warmings. However, Fig. 3 reveals that we cannot discern whether a linear regression or EESC regression
provides an optimal fit to the data. Whether the observed decreases of Arctic stratosphere temperatures
in March during years without sudden warmings are
linked to increases in carbon dioxide (CO2) and other
greenhouse gases and should be expected to continue
to cool further, or are due mainly to ozone depletion
and will thus likely reverse in the future cannot be
determined here.
In contrast to the cooling trend in March, there is little
change or a slight warming trend earlier in the winter
(Figs. 1 and 2). As a result of these changes in trends
over the season, we do not find a significant change in the
corresponding estimate of winter-averaged VPSC, even
for years without major Arctic warmings (not shown);
thus, our results are broadly consistent with Rieder and
Polvani (2013).
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TABLE 2. Correlation statistics for linearly detrended: February
NAM index at 10 hPa, stratospheric temperatures T, and March
total column O3 in the Arctic (658–908N) for years without major
warmings at the 30-, 100-, and 200-hPa pressure levels. Boldface
values are significant at the 90% level.

Feb T30
Mar T100
Mar T200
Mar O3

FIG. 3. Time series of polar cap–averaged, monthly-mean (top)
February (inverse) NAM index at 10 hPa, (middle) temperatures at
indicated pressure levels and months from MERRA, and (bottom)
March total column ozone from TOMS/SBUV over the Arctic
(658–908N) for years without major sudden warmings (filled circles)
and years with major warmings (open squares). The open circle is
for the year when the major sudden warming occurred late (i.e., in
mid-March). Years without major sudden warmings are also indicated by the gray shading. Linear regressions (solid lines) and
regressions to the EESC curve (dashed lines) for years without
major warmings are also shown.

4. Spatial patterns of trends
The spatial patterns of trends in temperature and total
column ozone for years without major warmings are
presented in Fig. 4. A strong cooling trend centered over
the pole is observed in February at 10 hPa (not shown)

Feb NAM10

Feb T30

Mar T100

Mar T200

0.97
0.35
0.38
0.27

—
0.45
0.45
0.28

—
—
0.97
0.71

—
—
—
0.71

and 30 hPa (Fig. 4, top). In the lowermost stratosphere
(100–200 hPa), the cooling peaks in March and is centered over Greenland and the North Atlantic. There is
also a corresponding strong decline in total column
ozone in March. Hu et al. (2005) noted changes in the
character of trends in stratospheric dynamics from early
winter (November–December) to late winter (February–
March) and found January to be a transition month; they
emphasized the importance of considering this in seasonal trend analyses. Our analysis likewise finds January
as a transition month that exhibits a weak relationship
with the trends later in the winter (Fig. 4). In comparison
to trends during quiescent years, the trends when all
years are considered are much weaker and display
smaller areas that are statistically significant (Fig. 5).
Likewise, the total column ozone depletion is weaker in
all years, as expected from the warmer temperatures
associated with the major warmings.
Figure 6 presents the attendant trends in geopotential
height (the corresponding results using the potential
vorticity definition of sudden warmings are shown in
Figs. S3 and S4 of the supplemental material). In February there is a strong downward trend in geopotential
height over the Arctic in the middle stratosphere, signifying a strengthening of the polar vortex for years
without major warmings. The strengthening of the polar
vortex appears to extend into the lower stratosphere in
March. The differences between the trends for all years
and for dynamically quiescent years (i.e., years without
sudden warmings) are striking.
As is apparent in Figs. 4 and 6, the temperature and
geopotential height trends in the stratosphere for years
without major warmings qualitatively resemble the
NAM. Table 3 shows the polar cap–averaged observed
trends, the polar cap–averaged trends linearly congruent
with the February NAM at 10 hPa, and the fraction of
the observed trends that are congruent with the NAM
(taken as one minus the area-weighted root-meansquare error between the observed and NAM congruent trends divided by the area-weighted observed
trend). Significant fractions of the observed stratospheric temperature and geopotential trends in February
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FIG. 4. Monthly linear trend patterns in temperature at 30, 100, and 200 hPa from MERRA and (bottom) total
column ozone from TOMSv8 for 1979–2011 in January–April over the Northern Hemisphere for years without major
sudden warmings. White contours enclose areas of trends that are significant at the 90% level.

and March are linearly congruent with the February
NAM at 10 hPa. Thus, if the middle stratosphere in
February were to continue to cool and, therefore, further strengthen the polar vortex in the middle stratosphere, colder temperatures and a stronger polar vortex
are expected to follow in the lower stratosphere, with
possible implications for heterogeneous ozone depletion
in the future.
Figure 1 shows that the Arctic stratospheric trends
do not propagate into the polar middle troposphere
when averaged over the polar cap, perhaps attributable
to the asymmetry of the Arctic polar vortex and the
baroclinicity of the Northern Hemisphere troposphere.
However, the spatial patterns of the trends in geopotential height shown in Fig. 6 do reveal some regions
of local change in the uppermost troposphere. Decreases in geopotential height appear to extend into the
uppermost troposphere in February and March. However, the changes are substantially weaker than those
found in the lower stratosphere and are obscured by an

area of an increasing geopotential height centered over
the pole. The geopotential height trends at the 500-hPa
level shown in Fig. 6 do not clearly project onto the
NAM. But the March trends in geopotential height in
the troposphere over the Atlantic resemble the negative phase of the east Atlantic (EA) pattern. Woollings
et al. (2010) found the preferred northern position of the
North Atlantic eddy-driven jet to be associated with
the negative phase of the EA, and this is consistent with
the trend toward a poleward shift of the North Atlantic
jet in early spring in years without major warmings shown
in Fig. 6.

5. Conclusions
We have shown that statistically significant long-term
changes in the Arctic stratosphere have occurred in late
winter and early spring over the past 30 years during
years without major sudden stratospheric warmings.
These changes correspond to a stronger polar vortex and
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FIG. 5. As in Fig. 4, but over the Northern Hemisphere for all years.

colder temperatures in the middle stratosphere, and the
changes appear to propagate down from the middle to
the lowermost stratosphere in March, where they are likely
linked to an observed decline in stratospheric ozone.
Removing years with major sudden warmings makes
much more clear the long-term changes in the Arctic
stratosphere. However, it is worth noting that most of the
years used in the trend analysis are restricted to the period prior to 2000. Between the late 1970s and mid-1990s,
major sudden stratospheric warmings occurred roughly
every other year. However, in the past decade there has
been an increase in the frequency of major warmings
(there are only two quiescent years since 2000). Thus, the
sampling may result in a bias in the presented trends associated with decadal variability. As is the case in the
Antarctic, the downward propagation of the Arctic
trends during dynamically quiescent years is extremely
robust at stratospheric levels. However, unlike the Antarctic, the stratospheric trends are not clearly coupled
with those in the Arctic troposphere, and this study has
extended previous work highlighting this difference. The

relatively weak linkages between the Arctic stratospheric
and tropospheric trends during late winter/early spring
may reflect fundamental differences in drivers of variability in the stratosphere and troposphere of the two
hemispheres that prevail even in dynamically quiescent
years, but other explanations are also possible. Although
we note that the coupling to the troposphere is stronger in
the results using the Mitchell et al. (2013) definition for
quiescent years as shown in Figs. S1–S4, sampling issues
increase as a result of even fewer available years in this
case. Aside from the limited sampling as an impediment
to identifying linkages, spatial variations in the strong
warming climate of the Arctic (e.g., due to changes in sea
ice, sea surface temperature patterns, and/or cloudiness)
or in tropospheric variability (e.g., ENSO and east Atlantic pattern) could also influence the results.
Rex et al. (2006) suggested that the coldest stratospheric winters are becoming more extreme over the past
few decades, and thus that the volume of winter air cold
enough for polar stratospheric cloud formation has increased. Yet, a recent study by Rieder and Polvani (2013)
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FIG. 6. Monthly linear trends in geopotential height at 30, 100, 300, and 500 hPa from
MERRA for (left) all years and years without major warmings for 1979–2011 in (center)
February and (right) March. Black contours enclose areas of trends that are significant at the
90% level.

showed that the increasing trend in winter-averaged VPSC
was not a robust result in recent reanalysis datasets.
We find significant cooling of the lower stratosphere in
late winter (especially March) in years without major
warming, but no significant changes in winter averages
(December–April), consistent with Rieder and Polvani
(2013). If the observed late-winter trends in the middle
stratosphere were to continue, significant ozone losses
similar to the winter of 2011 may recur in future Arctic
years without major warmings (Manney et al. 2011).
However, we have shown that the observations to date
do not allow discrimination between a continuing
linear trend and a smooth function to approximate
ozone loss as characterized by EESC (see Fig. 3). It is
important to emphasize that if stratospheric ozone losses
are the dominant factor in the observed behavior, then

a recovery rather than a further cooling of the polar
stratosphere in late winter should be expected in the next
several decades.
In closing, we briefly note some relevant literature
regarding radiative and dynamical contributions to
Arctic stratospheric trends and connections to further
research suggested by our study. A study by Fu et al.
(2010) suggested that changes in stratospheric dynamics had a considerable contribution to the observed
cooling of the lower stratosphere in March. However,
the main driver of these trends in stratospheric dynamics has not been established. Hu et al. (2005) found
negative trends in the refractive indices in February
and March, corresponding to more planetary waves
propagating equatorward, possibly resulting from
changes in the horizontal temperature gradient
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TABLE 3. Polar cap–averaged observed linear temperature (T)
and geopotential height (Z) trends; temperature and geopotential
height trends linearly congruent with the February NAM at 10 hPa;
and the fraction of the observed trend linearly congruent with the
NAM for the Arctic (658–908N) for years without major warmings.
The temperature and geopotential height trends are at the 30-, 100-,
and 200-hPa pressure levels.
Observed
trend
Feb T30 (K decade21)
Mar T100 (K decade21)
Mar T200 (K decade21)
Feb Z30 (m decade21)
Mar Z100 (m decade21)
Mar Z200 (m decade21)

NAM
congruent trend

24.45
22.84
22.25
2169.2
267.9
216.2

24.31
21.79
21.46
2169.8
246.1
212.6

Fraction
congruent
0.74
0.59
0.61
0.69
0.59
0.31

associated with increased greenhouse gases and ozone
depletion. Further, an increase in tropospheric planetary wave activity is also expected to accompany increases in long-lived greenhouse gases, and, hence, an
increase in the frequency of major warmings (e.g., see
Eyring et al. 2013). In years with weak wave driving,
the role of radiative processes in driving stratospheric
temperature and geopotential height trends is not juxtaposed on large dynamic variability in the circulation.
Therefore, the approach used in this study may be useful
for distinguishing between contributions of changes in
radiative forcing and in wave driving to Arctic stratospheric trends.
Acknowledgments. We thank Ed Gerber and two
anonymous reviewers for their helpful comments and
suggestions.
REFERENCES
Andrews, D. G., J. R. Holton, and C. B. Leovy, 1987: Middle Atmosphere Dynamics. Academic Press, 489 pp.
Baldwin, M. P., and T. J. Dunkerton, 1999: Propagation of
the Arctic Oscillation from the stratosphere to the troposphere. J. Geophys. Res., 104, 30 937–30 946, doi:10.1029/
1999JD900445.
——, and ——, 2001: Stratospheric harbingers of anomalous
weather regimes. Science, 294 (5542), 581–584, doi:10.1126/
science.1063315.
——, and D. W. J. Thompson, 2009: A critical comparison of
stratosphere–troposphere coupling indices. Quart. J. Roy.
Meteor. Soc., 135 (644), 1661–1672, doi:10.1002/qj.479.
Charlton, A. J., and L. M. Polvani, 2007: A new look at stratospheric sudden warmings. Part I: Climatology and modeling benchmarks. J. Climate, 20, 449–469, doi:10.1175/
JCLI3996.1.
Christiansen, B., 2003: Evidence for nonlinear climate change:
Two stratospheric regimes and a regime shift. J. Climate, 16, 3681–3690, doi:10.1175/1520-0442(2003)016,3681:
EFNCCT.2.0.CO;2.

VOLUME 27

Eyring, V., and Coauthors, 2013: Long-term ozone changes and
associated climate impacts in CMIP5 simulations. J. Geophys.
Res. Atmos., 118, 5029–5060, doi:10.1002/jgrd.50316.
Fu, Q., S. Solomon, and P. Lin, 2010: On the seasonal dependence
of tropical lower-stratospheric temperature trends. Atmos.
Chem. Phys., 10, 2643–2653, doi:10.5194/acp-10-2643-2010.
Gerber, E. P., and Coauthors, 2012: Assessing and understanding
the impact of stratospheric dynamics and variability on the
Earth system. Bull. Amer. Meteor. Soc., 93, 845–859, doi:10.1175/
BAMS-D-11-00145.1.
Hu, Y., K. K. Tung, and J. Liu, 2005: A closer comparison
of early and late-winter atmospheric trends in the Northern Hemisphere. J. Climate, 18, 3204–3216, doi:10.1175/
JCLI3468.1.
Julian, P. R., and K. B. Labitzke, 1965: A study of atmospheric
energetics during the January–February 1963 stratospheric warming. J. Atmos. Sci., 22, 597–610, doi:10.1175/
1520-0469(1965)022,0597:ASOAED.2.0.CO;2.
Kuttippurath, J., and G. Nikulin, 2012: A comparative study of the
major sudden stratospheric warmings in the Arctic winters
2003/2004-2009/2010. Atmos. Chem. Phys., 12, 8115–8129,
doi:10.5194/acp-12-8115-2012.
Manney, G. L., K. Kr€
uger, J. L. Sabutis, S. A. Sena, and S. Pawson,
2005: The remarkable 2003–2004 winter and other recent
warm winters in the Arctic stratosphere since the late 1990s.
J. Geophys. Res., 110, D04107, doi:10.1029/2004JD005367.
——, and Coauthors, 2011: Unprecedented Arctic ozone loss in
2011. Nature, 478, 469–475, doi:10.1038/nature10556.
Mitchell, D. M., L. J. Gray, J. Anstey, M. P. Baldwin, and A. J.
Charlton-Perez, 2013: The influence of stratospheric vortex
displacements and splits on surface climate. J. Climate, 26,
2668–2682, doi:10.1175/JCLI-D-12-00030.1.
Newman, P. A., J. S. Daniel, D. W. Waugh, and E. R. Nash, 2007:
A new formulation of equivalent effective stratospheric
chlorine (EESC). Atmos. Chem. Phys., 7, 4537–4552,
doi:10.5194/acp-7-4537-2007.
Quiroz, R. S., 1977: The tropospheric-stratospheric polar vortex
breakdown of January 1977. Geophys. Res. Lett., 4, 151–154,
doi:10.1029/GL004i004p00151.
Randel, W. J., and F. Wu, 1999: Cooling of the Arctic and
Antarctic polar stratospheres due to ozone depletion. J. Climate, 12, 1467–1479, doi:10.1175/1520-0442(1999)012,1467:
COTAAA.2.0.CO;2.
——, and Coauthors, 2009: An update of observed stratospheric
temperature trends. J. Geophys. Res., 114, D02107, doi:10.1029/
2008JD010421.
Reichler, T., J. Kim, E. Manzini, and J. Kr€
oger, 2012: A stratospheric connection to Atlantic climate variability. Nat. Geosci., 5 (11), 783–787, doi:10.1038/ngeo1586.
Rex, M., and Coauthors, 2006: Arctic winter 2005: Implications for
stratospheric ozone loss and climate change. Geophys. Res.
Lett., 33, L23808, doi:10.1029/2006GL026731.
Rieder, H. E., and L. M. Polvani, 2013: Are recent Arctic ozone
losses caused by increasing greenhouse gases? Geophys. Res.
Lett., 40, 4437–4441, doi:10.1002/grl.50835.
Rienecker, M. M., and Coauthors, 2011: MERRA: NASA’s ModernEra Retrospective Analysis for Research and Applications.
J. Climate, 24, 3624–3648, doi:10.1175/JCLI-D-11-00015.1.
Santer, B. D., T. M. L. Wigley, J. S. Boyle, D. J. Gaffen, J. J. Hnilo,
D. Nychka, D. E. Parker, and K. E. Taylor, 2000: Statistical
significance of trends and trend differences in layer-average
atmospheric temperature time series. J. Geophys. Res., 105,
7337–7356, doi:10.1029/1999JD901105.

Unauthenticated | Downloaded 01/09/23 03:25 AM UTC

15 APRIL 2014

IVY ET AL.

Scaife, A. A., J. R. Knight, G. K. Vallis, and C. K. Folland, 2005:
A stratospheric influence on the winter NAO and North
Atlantic surface climate. Geophys. Res. Lett., 32, L18715,
doi:10.1029/2005GL023226.
Sigmond, M., J. F. Scinocca, V. V. Kharin, and T. G. Sheperd, 2013:
Enhanced seasonal forecast skill following stratospheric sudden warmings. Nat. Geosci., 6 (2), 98–102, doi:10.1038/ngeo1698.
Thompson, D. W. J., and S. Solomon, 2002: Interpretation of recent
Southern Hemisphere climate change. Science, 296 (5569),
895–899, doi:10.1126/science.1069270.
——, and ——, 2005: Recent stratospheric climate trends as evidenced in radiosonde data: Global structure and tropospheric
linkages. J. Climate, 18, 4785–4795, doi:10.1175/JCLI3585.1.
——, M. P. Baldwin, and J. M. Wallace, 2002: Stratospheric connection to Northern Hemisphere wintertime weather: Implications for prediction. J. Climate, 15, 1421–1428, doi:10.1175/
1520-0442(2002)015,1421:SCTNHW.2.0.CO;2.

2799

——, ——, and S. Solomon, 2005: Stratosphere-troposphere coupling
in the Southern Hemisphere. J. Atmos. Sci., 62, 708–715,
doi:10.1175/JAS-3321.1.
——, S. Solomon, P. J. Kushner, M. H. England, K. M. Grise, and
D. J. Karoly, 2011: Signatures of the Antarctic ozone hole in
Southern Hemisphere surface climate change. Nat. Geosci., 4
(11), 741–749, doi:10.1038/ngeo1296.
Thorne, P. W., D. E. Parker, S. F. B. Tett, P. D. Jones, M. McCarthy,
H. Coleman, and P. Brohan, 2005: Revisiting radiosonde upper air temperatures from 1958 to 2002. J. Geophys. Res., 110,
D18105, doi:10.1029/2004JD005753.
Waugh, D. W., W. J. Randel, S. Pawson, P. A. Newman, and E. R.
Nash, 1999: Persistence of the lower stratospheric polar vortices.
J. Geophys. Res., 104, 27 191–27 201, doi:10.1029/1999JD900795.
Woollings, T., A. Hannachi, and B. Hoskins, 2010: Variability of
the North Atlantic eddy-driven jet stream. Quart. J. Roy.
Meteor. Soc., 136 (649), 856–868, doi:10.1002/qj.625.

Unauthenticated | Downloaded 01/09/23 03:25 AM UTC

