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ABSTRACT

Experiments with Whole Atmosphere Community Climate Model (WACCM) under perpetual January
conditions indicate that stratospheric sudden warmings (SSWs) are twice as likely to occur in El Nifo
winters than in La Nifla winters, in basic agreement with the limited observational dataset. Tropical SST
anomalies that mimic El Nifio and La Nifa lead to changes in the shape of probability distribution functions
(PDFs) of stratospheric day-to-day variability, resulting in a warmer pole and weaker vortex on average for
El Nifio conditions. The tropical SST forcing induces a response similar to the observed response in the
enhancement of the planetary wave of zonal wavenumber 1 (wave 1) and the weakening of wave 2 in the
upper troposphere and stratosphere of high latitudes. The enhanced wave 1 contributes to a shift of the
PDFs of poleward eddy heat flux in the lower stratosphere, or wave forcing entering the stratosphere. The
shift of the PDFs includes an increase of strong wave events that induce more frequent SSWs.

1. Introduction

The large interannual variability observed in the
Northern winter extratropical stratosphere and tropo-
sphere arises from external forcings that vary from year
to year, as well as from internal processes that generate
unforced variability (Yoden et al. 2002). The external
forcings to the extratropical stratosphere and tropo-
sphere include the solar cycle, volcanic eruptions,
quasi-biennial oscillation (QBO), El Nifio-Southern
Oscillation (ENSO), and anthropogenic effects (La-
bitzke and van Loon 1999). This study focuses on the
impact of the ENSO on the northern extratropical
stratosphere and troposphere.

It has been observed that the northern stratospheric
polar vortex tends to be weaker for El Nifio winters
than for La Nifia winters on monthly and seasonal
means (van Loon and Labitzke 1987; Labitzke and van
Loon 1989). Baldwin and O’Sullivan (1995) also exam-
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ined stratospheric variability in relation to tropospheric
teleconnections associated with ENSO. van Loon and
Labitzke (1987) and Labitzke and van Loon (1999) fur-
ther mentioned that El Nifio winters most often result
in (major) midwinter SSWs. In spite of these extensive
studies, the observational results are not conclusive by
themselves, because it is difficult to demonstrate statis-
tically significant effects of a specific external forcing
using the limited observational data. In particular,
Hamilton (1993) noted the difficulty of obtaining sta-
tistically significant results with the observational rec-
ord and the problem of separating the effect of ENSO
from that of the QBO, because El Niflo winters tend to
coincide with the easterly phase of the QBO, and vice
versa (van Loon and Labitzke 1987; Wallace and Chang
1982). A couple of idealized simulations with general
circulation models (GCMs) that include ENSO SST
forcings support the earlier observational result of the
weaker vortex for El Niflo conditions (Hamilton 1995;
Sassi et al. 2004).

While most of the observational and modeling stud-
ies focused on monthly and seasonal means, the ENSO-
induced change in the stratospheric circulation may not
be merely a change in the mean states, but it may be
important to examine a change in frequency of SSWs
(change in shape of PDFs) that characterizes strato-
spheric variability during winter. This study shows
ENSO-induced change in the frequency of SSWs and
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FiG. 1. (a) Imposed SST difference (K), runs WARM — COLD. Contours are drawn from
1 K at a 0.5-K interval. (b) Climatological difference in precipitation rate. Contour interval is
2 mm day~'. The longitudinal range is from 120°E to 60°W.

explores the mechanism through dynamical diagnostics
by using idealized GCM experiments similar to those of
Hamilton (1995) and Sassi et al. (2004). The response of
the frequency of SSWs to external forcings remains
relatively unexplored. The perspective gained by prob-
ing the response of SSWs to external forcing from
ENSO will be useful for understanding dynamical pro-
cesses that govern the troposphere—stratosphere cli-
mate system and its response to external forcing.

2. Model and experiments

The model used in this study is the Whole Atmo-
sphere Community Climate Model (WACCM), a ver-
sion of the National Center for Atmospheric Research
(NCAR) Community Climate Model that is extended
to include the middle and upper atmosphere up to
about 110 km altitude (Sassi et al. 2002). The horizontal
resolution is T63, with 66 vertical levels. Our experi-
ments consist of two perpetual simulations forced with
climatological January conditions including sea surface
temperature and zonally symmetric ozone distributions
as well as radiative conditions. The ozone distribution is

based on Wang et al. (1995). The two runs are different
only in SSTs in the tropical Pacific. The SSTs are low-
ered for a La Nifia-like condition in one run called
COLD, while raised for an El Nino-like condition in
the other called WARM. The SST difference peaks in
the eastern equatorial Pacific at about 2.5 K (Fig. 1a).
The model runs are each 9125 days long in this study,
which correspond to more than 100 90-day winters. The
experiments thus afford a large enough sample to ex-
amine change in the frequency of the episodic strato-
spheric warming phenomenon. Perpetual January ex-
periments are a reasonable first step to study the impact
of external forcings on SSW frequency, since interan-
nual variability is largest in midwinter, reflecting the
occurrence of SSWs (Labitzke 1982). The imposed SST
forcing induces a change in precipitation and atmo-
spheric heating (Fig. 1b). The precipitation response is
in good agreement with observations (e.g., Philander
1990).

Taguchi and Hartmann (2005, hereafter TH0S) used
the same experiments for a shorter period to examine
ENSO-extratropical atmosphere connection from a
quite different perspective. THOS showed that warm
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ENSO and SSW signals in the extratropical surface cli-
mate, though distinct in their hemispheric structures,
nonetheless interfere positively over the southeastern
United States and northern Mexico to enhance colder
and wetter winter climate anomalies there. These
anomalies were compared with observed ones and sug-
gest that the WACCM model produces reasonable ex-
tratropical tropospheric responses to both ENSO and
SSWs. In this paper it is shown that the extratropical
response to El Nifio-like conditions results in enhanced
zonal wavenumber-1 amplitude in high latitudes, forc-
ing more planetary wave energy into the polar strato-
sphere and hence driving more frequent SSWs.

3. Results

The climate of the extratropical stratosphere is
warmer for the run WARM than for the run COLD,
and the polar night jet is weaker (Figs. 2a,b). The
changes in the zonal mean state are driven by enhanced
upward propagation of wave activity in the high lati-
tude stratosphere poleward of about 60°N, as measured
by the Eliassen—Palm (EP) flux (Fig. 2c). The EP flux
used here is the quasigeostrophic scaling (Andrews et
al. 1987), which is useful in diagnosing planetary wave
activity that can propagate to the stratosphere. The in-
creasing EP flux in the stratosphere can be traced down
to the troposphere in lower latitudes around 45°N.
These features are very consistent with the results of
Sassi et al. (2004), who examined the response of the
stratosphere to ENSO in simulations where the SST
was specified from observations over the period from
1950-2000.

The daily time series of the zonal mean temperature
[T] in the polar middle stratosphere (88°N and 11 hPa,
denoted by X in Fig. 2a) is used as an indicator of
dynamical conditions in the extratropical stratosphere.
Square brackets denote the zonal mean. The polar
stratospheric temperature is used because it shows a
large climatological difference (Fig. 2a) and day-to-day
variation in both runs (not shown). It is very clear that
SSWs, or extreme stratospheric anomalies, character-
ized by large spikes of the temperature time series, are
more frequent for the run WARM (Fig. 3). This differ-
ence in behavior is robust throughout the runs.

SSWs are defined using the criterion introduced in
THOS for the WACCM runs, and their frequency of
occurrence in the two runs is compared. When the polar
temperature becomes warmer than 235 K, an SSW is
identified and the key day of each SSW is defined to be
the day on which the temperature achieved its maxi-
mum value. This criterion aims to identify extreme
stratospheric events, not distinguishing between major
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FI1G. 2. Climatological difference, runs WARM — COLD: (a)
zonal mean temperature [T] (K), (b) zonal mean zonal wind [U]
(ms™ 1), and (c) EP flux F (arrows) and its divergence DF (con-
tours and shades; ms™' day~'). The EP flux is divided by the
square root of 1000/pressure.
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F1G. 3. Daily time series for the first 2000 days in (a) run COLD and (b) run WARM,

including the zonal mean temperature [T] at

88°N and 11 hPa in the top of each panel, the

zonal mean zonal wind at 60°N and 11 hPa in the middle, and poleward eddy heat flux
averaged at 45°—75°N at 101 hPa at the bottom. The heat flux plotted on each day is averaged

for 40 days prior to the day (denoted by G).

(top) For [T], the crosses denote key days of

SSWs (see text for details). The shading denotes a range higher than 230 K. Thresholds of
(middle) 0 ms~! and (bottom) 20 mK s~ . Filled circles in bottom indicate days when the

temperature is in the shaded range.

and minor warmings. This method is based on the pre-
vious studies (Yoden et al. 1999; Taguchi 2003). Based
on this definition, SSWs are twice as likely to occur for
the run WARM (52 events identified in the 9125-day
period) as for the run COLD (26 events). The defined
key days are denoted by the crosses in Fig. 3 for a
2000-day period.

The difference of the frequency of the SSWs is highly
statistically significant according to a Monte Carlo
simulation. The test shows that such a bias in events (52
versus 26) occurs by chance in only 22 of 10 000 trials if
the probability of an event is equal for the two runs.
The change in the frequency of SSWs (or highly dis-
turbed periods) is robust as clearly seen in the tempera-
ture time series (Fig. 3). The temperature is a good
index for SSWs and closely related to possible alterna-
tive indices, such as the zonal mean zonal wind at 60°N
and 11 hPa (also plotted in Fig. 3). The variability of the
wind corresponds well (though not perfectly) to that of

the temperature with correlation coefficients of —0.75
and —0.78 in the runs COLD and WARM for the 9125
days, respectively, so that the difference in the fre-
quency of SSWs is also clear in the zonal wind time
series. It is worthwhile to note that 6 out of the 26 SSWs
in the run COLD are major SSWs where the zonal wind
is negative, while the run WARM has 12 major warm-
ings out of the 52 SSWs.

The occurrence of SSWs can be related to poleward
eddy heat flux in the lower stratosphere of high lati-
tudes (45°-75°N), as shown for example by Polvani and
Waugh (2004) and Yoden et al. (1999) among others.
The heat flux is proportional to the vertical component
of the quasigeostrophic EP flux. Polvani and Waugh
(2004) also showed that stratospheric anomalies are
best correlated with the lower stratospheric heat flux
when it is averaged (or cumulated) for the prior 40 days
or longer. Figure 3 also shows for each day the heat flux
averaged for the prior 40 days (denoted by G). As ex-



328

pected, in both runs temperatures higher than 235 K are
well related with strong heat fluxes more than about 20
mK s~'. The correlation coefficients are 0.66 and 0.69 in
the runs COLD and WARM, respectively, for the
whole simulation period. Such strong wave-driving
events are more frequent for the El Nifilo run WARM.
To relate heat flux and polar temperature anomalies
more clearly, two-dimensional PDFs are plotted in Fig.
4 for the two runs, as well as one-dimensional PDFs for
each quantity. The change in the frequency of SSWs is
reflected in different shapes of 1D PDFs for the tem-
perature. Extreme high values of polar temperature are
much more common for the run WARM (EIl Nifio),
while the mode temperatures are similar for the two
runs (around 200 K). The shapes of the 2D PDFs con-
firm that the samples of high temperatures correspond
well to those of strong eddy heat flux for both runs as
examined in Fig. 3. The El Nifio-like SST forcing shifts
the PDF of the heat flux and polar temperature toward
higher values, which is consistent with the increase in
frequency of strong wave events and hence SSWs.
Figure 5a plots the difference of the 9125-day mean
poleward eddy heat flux in the lower stratosphere (101
hPa) between the two runs as a function of zonal wave-
number and latitude. The mean heat flux is the time
average of daily heat flux and includes contributions of
both stationary and transient waves. The difference
shows that the shift of the 1D PDFs of the heat flux of
all waves (Fig. 4) is attributable to planetary wave of
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FiG. 4. Two-dimensional PDFs (%) with respect to the polar
stratospheric temperature and lower stratospheric time-averaged
heat flux for the whole 9125 days. The quantities are calculated as
in Fig. 3. Contours are drawn for 0.1%, 0.2%, 1%, 2%, and 4%.
One-dimensional PDFs are also drawn for each quantity. Black
contours and lines are used for the run WARM in both 2D and 1D
PDFs. Broken lines denote 230 K and 20 mK s~ .
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FiG. 5. Difference, runs WARM — COLD, of 9125-day mean
poleward eddy heat flux as functions of zonal wavenumber and
latitude at (a) 101 and (b) 266 hPa. Contour interval is (a) 0.5 and
(b) 0.2 mK s~ '. Shading indicates that the difference is statistically
significant at a 95% confidence level.

zonal wavenumber 1 (wave 1) around 60°N. The in-
crease of the time-mean heat flux of wave 1 in high
latitudes reflects a shift of its daily heat flux (as seen in
Fig. 4 for all waves) in the run WARM (not shown).
The increase of wave-1 heat flux is also noticeable in
the upper troposphere at 266 hPa (Fig. 5b). The differ-
ence of the time mean heat flux at the two levels is
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basically statistically significant at a confidence level of
95% (denoted by shading in Fig. 5) according to a Stu-
dent’s ¢ test. In the test, we took account of actual tem-
poral degree of freedom for the heat flux at each wave-
number and latitude (Bretherton et al. 1999). The dif-
ference of wave-1 amplitude of geopotential height has
similar patterns to Fig. 5 at both levels (not shown). The
increased wave-1 activity in high latitudes is important
for the increase in frequency of SSWs, since wave 1 can
propagate to the stratosphere most easily (Charney and
Drazin 1961) and be directed toward the polar region as
inferred from Fig. 2c. The amplitude and heat flux of
wave 2 decrease for the run WARM, so that the rela-
tive importance of wave 1 to wave 2 increases for the El
Nifo-like condition. This wavenumber shift is consis-
tent with observational work of Quadrelli and Wallace
(2002), who noted that the structure of the annular
mode of variability has more wave-2 features during La
Nifla years and more wave-1 features during El Nifio
years. This change in mode structure is reproduced by
the current simulations (not shown).

To understand how the SST forcing induces the
wave-1 amplification, Fig. 6 plots stationary wave pat-
terns of geopotential height in the upper troposphere
(300 hPa) for the two runs, together with a difference
field. Since extratropical low-frequency variations, in-
cluding the Pacific-North America (PNA) pattern, are
equivalent barotropic as is well known (Horel and Wal-
lace 1981; Hoskins and Karoly 1981), the upper tropo-
spheric level is chosen as a representative level to char-
acterize the tropospheric response. The difference pat-
tern in Fig. 6¢ bears a strong similarity to the height
pattern that is correlated with the cold tongue index of
ENSO (e.g., Quadrelli 2004) suggesting again that
WACCM simulates a realistic response to ENSO varia-
tions. Our difference plot also looks similar to the ex-
isting GCM experiments (Hamilton 1995; Sassi et al.
2004). A Student’s ¢ test is applied to the height differ-
ence at each longitude-latitude gridpoint as in Fig. 5. It
shows that the difference is statistically significant at a
95% level for most regions as denoted by shading in
Fig. 6d.

Figure 7 shows the longitudinal structure of the geo-
potential height waves averaged from 50° and 70°N
where the heat flux of wave 1 shows the largest re-
sponse (Fig. 5). The wave field includes a wave-1 com-
ponent, with ridge and trough around 30°W and 150°E
(60°W and 120°E) near 60°N for the run WARM
(COLD), respectively (Figs. 6 and 7). The wave-1 am-
plitude is about twice as large in the run WARM than
in the run COLD.

The change in relative importance of wave 1 to wave
2 (Fig. 5) implies a change in dominant synoptic pat-
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terns of SSWs between the two runs. To examine this
possibility, we obtain amplitude of waves 1 and 2 at
60°N and 11 hPa for a mature stage (between two days
before and after the key days) for all SSWs (Fig. 8).
Consistent with the increase of wave-1 activity (Fig. 5),
the plot shows that the El Nifio-like SST forcing results
in increase of wave-1-type SSWs (polar vortex shift)
and decrease of wave-2-type SSWs (vortex split) for the
run WARM. In other words, the run WARM favors
wave-1 SSWs, while wave-2 events occur more fre-
quently for the run COLD. These features in the strato-
spheric synoptic patterns are consistent with the results
of van Loon and Labitzke (1987), Hamilton (1995), and
Sassi et al. (2004).

The demonstration of greater frequency of SSWs for
El Nifio conditions is obtained for an idealized peren-
nial January situation, which gives the advantage that
statistically significant results can be obtained with
minimal computational expense. The present results
can be compared with a more realistic 50-yr WACCM
simulation forced with observed SSTs from 1950 to
1999 (Sassi et al. 2004), and with National Center for
Environmental Prediction (NCEP)-NCAR reanalysis
data from 1979-99 (Kalnay et al. 1996). All three
datasets show a similar tendency for more samples of
high temperatures during El Nifio years (Fig. 9).

For the Sassi et al. dataset, La Nifia and El Nifo
conditions are defined here as December-February
(DJF) winters when DJF-mean SSTs averaged over
180°-90°W and 6°N-6°S are in the bottom and top 15 of
50 values, respectively (see the figure caption for the
explicit classification of the two groups). Each group
therefore includes 15 X 90 = 1350 days. A similar ten-
dency for warmer polar temperatures is also found for
NCEP-NCAR reanalysis data from 1979 to 1999 (Fig.
9¢c). Only the postsatellite period is used to ensure the
homogeneity of the data. In this case, the La Nifia and
El Nifo groups are each defined with the same SST
index to include six subsets (540 days) of the whole 21
DJF samples. Referring to the SSWs defined in THO5
for the real world, the La Nifia group of the six DJF
samples has three SSWs while six SSWs occur in the six
El Nifio DJF samples. Although the Sassi et al. (2004)
and NCEP-NCAR data show similar signals to the
present work, it is difficult to demonstrate statistical
significance in the change in frequency of SSWs for
both the 50-yr WACCM run and observations because
the samples are not large enough. The details of the
changes in the PDFs are different between the datasets
because of their differences in sample size and nature.
As mentioned in the introduction, another problem in
attributing the observed difference in the PDFs to the
ENSO is the phase overlap between the ENSO and
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FIG. 6. Stationary wave patterns (m) of geopotential height at
300 hPa for runs (a) COLD, (b) WARM, and (c) WARM -
COLD. Contours are for all waves. Dark and light shadings de-
note values larger than 25 m and smaller than —25 m for a wave-1
component, respectively. (d) The difference, again, for all waves
in contours. The shading indicates that the difference is statisti-
cally significant at a 95% confidence level. Outermost circle is
30°N, and broken lines denote latitudes of 50° and 70°N.
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F1G. 7. Geopotential height waves (m) averaged between 50°
and 70°N at 300 hPa as functions of longitude for (a) all waves
and (b) wave 1. Thin and thick solid lines are for runs COLD
and WARM, respectively. Broken line is for difference, runs
WARM — COLD.

QBO (Hamilton 1993), although the phase overlap it-
self remains an open question in its details and mecha-
nism. In the present calculations, however, the QBO
effect is not present and the perennial January simula-
tion allows a sufficient sample to be obtained that the
differences are statistically significant, and can be
uniquely related to the imposed ENSO-like SST forc-
ing.

4. Summary

The intermittent occurrence of SSWs is a vital aspect
of the troposphere—stratosphere climate system espe-
cially in the Northern Hemisphere during winter. Our
analysis of the WACCM experiments under perpetual
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January conditions gives a clear indication that the fre-
quency of SSWs increases during El Nifio. The El Nifio-
like SST condition induces an increase in planetary
wave-1 amplitude in the high latitude troposphere and
an increase in the planetary wave-1 driving of the
stratosphere by the troposphere in high latitudes, com-
pared to the La Nifia-like SST condition. El Nifio also
seems to shift the wave driving from wave 2 to wave 1,
which leads to more efficient wave propagation. The

—

F1G. 9. (a) PDFs (%) of the zonal mean temperature at 88°N
and 11 hPa for the runs COLD (shading) and WARM (solid line).
The temperature values are normalized with the mean and stan-
dard deviation of all data combined for the two runs. (b) Asin (a),
but for the zonal mean temperature at the same grid point in a
50-yr WACCM simulation forced with observed SSTs from 1950
to 1999 (Sassi et al. 2004). Shading and solid line are for 15 La
Nina and El Nifio DJF winters, respectively, which are deter-
mined with DJF mean SSTs averaged over 6°N—6°S, 180°-90°W.
The La Nifia years are 1950, 1951, 1955, 1956, 1963, 1965, 1968,
1971, 1974, 1975, 1976, 1985, 1989, 1996, and 1999. The El Niio
years are 1952, 1958, 1964, 1966, 1969, 1970, 1973, 1977, 1980,
1983, 1987, 1988, 1992, 1995, and 1998. These years denote the
years to which January belongs. The temperatures on each calen-
dar day are normalized with the mean and standard deviation for
the day calculated from the 50-yr data. (c) As in (b), but for the
temperature at the North Pole (NP) and 10 hPa in the NCEP-
NCAR reanalysis data from 1979 to 1999. The La Nina and El
Nifio winters include six DJF winters (1984, 1985, 1989, 1996,
1997, 1999 vs 1983, 1987, 1988, 1992, 1995, 1998) when the SSTs in
the region are in the bottom and top 6 of 21 values, respectively.
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changes in the PDFs for the planetary heat flux and for
the polar stratospheric temperature are different. The
increase of the wave-1 heat flux or wave forcing ap-
pears primarily as a shift of the PDFs to higher values.
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The PDF of polar stratospheric temperature is sug-
gested to not merely shift, but to change shape giving a
similar mode value, but a much greater probability of
extreme warm events for El Nifio conditions than for
La Nifia conditions.

The present results suggest very strongly that ENSO
has a strong and systematic effect on the stratosphere.
The model results are consistent in form and substance
with observational evidence, but are much more con-
vincing because of the ability of the modeling approach
to both isolate the effect of ENSO from other influ-
ences and also conduct a long enough integration to
obtain statistically significant results. Additional work
on the effect of ENSO on the detection of trends in
stratospheric climate and the possible interaction be-
tween changes in tropical and stratospheric climate
should be encouraged by these results. Initial results on
the interaction of ENSO with stratospheric climate
change will be reported elsewhere.
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