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[11 The combined effects of El Nifio—Southern Oscillation (ENSO) and the 11 year solar
cycle on the Northern Hemisphere polar stratosphere have been analyzed in the Whole
Atmosphere Community Climate Model version 3 in the absence of the quasi-biennial
oscillation. The polar response to ENSO agrees with previous studies during solar
minimum; composites of warm minus cold ENSO events show a warmer polar stratosphere
and a weaker polar vortex, propagating downward as the winter evolves. During solar
maximum conditions, little downward propagation of the ENSO signal is simulated, leading
to colder temperatures and stronger winds in the polar lower stratosphere. The analysis of
the Eliassen-Palm flux and wave index of refraction shows that this is mainly due to a
reduction of upward propagating extratropical planetary wave number 1 component caused
by changes in the background winds in the subtropics related to a warmer tropical upper
stratosphere during solar maximum. The effect of the 11 year solar cycle variability on the
polar stratosphere is not significant during cold ENSO events until February. During warm

ENSO events, a statistically significant colder polar lower stratosphere and stronger polar
vortex are simulated throughout the winter, and no downward propagation of this signal
occurs. This is mainly due to the combined effects of solar maximum and warm ENSO
conditions on the wave mean flow interaction. These results show a nonlinear behavior of
the extratropical stratosphere response to the combination of the two forcings and highlight
the need to stratify with respect to ENSO and solar conditions and analyze the seasonal

march throughout the winter.

Citation: Calvo, N., and D. R. Marsh (2011), The combined effects of ENSO and the 11 year solar cycle on the Northern
Hemisphere polar stratosphere, J. Geophys. Res., 116, D23112, doi:10.1029/2010JD015226.

1. Introduction

[2] EINino—Southern Oscillation (ENSO) originates in the
tropical troposphere as a coupled ocean-atmosphere phe-
nomenon. Its signal propagates upward into the stratosphere
where different observational data sets have shown its effect
on the Northern Hemisphere (NH) polar region [van Loon
and Labitzke, 1987; Hamilton, 1993; Camp and Tung,
2007; Free and Seidel, 2009]. In the last decade, several
works have used general circulation models to isolate the
ENSO signal from other sources of variability, which are
important in the stratosphere and thus, increase our under-
standing of how ENSO affected the polar stratosphere [Sassi
et al., 2004; Manzini et al., 2006; Garcia-Herrera et al.,
2006; Calvo et al., 2008; Cagnazzo et al., 2009]. They
showed that warm ENSO events cause anomalous propaga-
tion and dissipation of planetary Rossby waves at middle
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latitudes. These anomalies weaken the westerly background
flow and strengthen the stratospheric branch of the Brewer-
Dobson circulation toward the North Pole, which in turn
generates anomalous warming in the polar vortex. The effect
of cold ENSO events on the Northern Hemisphere polar
region is however ambiguous. For instance, Garcia-Herrera
et al. [2006] obtained an opposite but much weaker effect
(i.e., a stronger polar vortex accompanied by a colder polar
stratosphere, not shown) while Manzini et al. [2006] did not
find a significant polar response to a cold event.

[3] The quasi-biennial oscillation (QBO) also contributes
to the variability of the NH polar vortex. The alternation of
westerly and easterly winds in the tropics and the associated
secondary meridional circulation modify the regions where
the planetary waves can propagate and dissipate at mid-
latitudes. As a consequence, anomalies in the stratospheric
branch of the Brewer-Dobson circulation in the NH polar
region are produced and polar zonal mean temperature and
wind patterns are modified. A colder and stronger polar
vortex is observed during the westerly QBO phase while
the opposite occurs during the easterly phase. This is known
as the Holton and Tan relationship and has been found in
both models and observations [Holton and Tan, 1980, 1982;
Baldwin et al., 2001; Calvo et al., 2007].
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Table 1. Winters Considered During the 1950-2004 Period in the
Four Composites Computed in This Study?®

Cold ENSO Events ~ Warm ENSO Events

Solar minimum conditions 1973-1974 1965-1966
1975-1976 1972-1973

1984-1985 1986-1987

1997-1998

Solar maximum conditions 1970-1971 1957-1958
1988-1989 1968-1969

1999-2000 1982-1983

1991-1992

“Note that each composite had three 55 year simulations; therefore, each
composite has three times the winters shown.

[4] Changes in solar irradiance over the 11 year solar cycle
are known to cause temperature anomalies in the upper
tropical stratosphere [Hood, 2004; Marsh et al., 2007]. This
pattern modifies the meridional gradient of temperature and
thus the mean wind, which could eventually affect the wave
mean flow interaction and the stratospheric NH polar region.
However, several studies have shown that the solar signal in
the polar stratosphere is only noticeable when it is combined
with either strong westerly or easterly QBO phases [Labitzke
and van Loon, 1988; Gray et al., 2001].

[5] In fact, the response of the polar stratosphere to a
combination of two different external forcings has been the
focus of several recent studies. In addition to the aforemen-
tioned influence of the QBO on the intensification of the
solar response in the extratropics, the QBO also interacts
with the extratropical signal of ENSO [Garfinkel and
Hartmann, 2007; Calvo et al., 2009], modifying its tem-
poral evolution and amplitude in the NH polar region. For
instance, Calvo et al. [2009] showed that the effects of
ENSO on the polar vortex are intensified during both QBO
phases at the end of the boreal winter while their onset does
depend on the phase of the QBO. In turn, ENSO also has an
impact on the extratropical signal of the QBO. Wei et al.
[2007] found a much weaker QBO response in the polar
stratosphere during warm ENSO events compared to cold
ENSO events while Calvo et al. [2009] showed that warm
ENSO events accelerate the downward propagation of the
extratropical QBO signal in late winter leading to a weaker
signal in the polar region. These signals are the result of
changes in the interaction between the upward propagating
waves and the background flow. It is interesting to note that
the response of the polar stratosphere to the combined effect
of both a warm ENSO event and the easterly phase of the
QBO (both of which act to perturb the polar vortex when
they operate independently) is nonadditive, and the result-
ing perturbation of the polar vortex is smaller than the
addition of the two independent responses.

[6] Recent results have shown that the extratropical signal
of ENSO also depends on the phase of the 11 year solar cycle.
Kryjov and Park [2007] analyzed the ENSO signal in the
polar stratosphere during boreal winter in NCEP/NCAR
reanalysis data and showed that the ENSO signal is only
observed during solar minimum conditions. However, no
dynamical mechanism was given to explain this behavior.
Kuroda [2007] studied the relationship between stratospheric
winds and the North Atlantic Oscillation (NAO), and its
dependence on solar, QBO and ENSO forcing using ERA-40
data. They found that the modulation of the NAO by the solar
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signal is amplified during cold ENSO events and west QBO
phases. Nevertheless, some uncertainties remain in their
studies. They both used observational reanalysis data sets,
which include other sources of variability (e.g., QBO) that
can complicate the analysis of the response in the strato-
sphere, as the authors themselves pointed out.

[7] Our study makes use of version 3 of the Whole
Atmosphere Community Climate Model (WACCM3) [Garcia
et al., 2007] to analyze both the solar cycle modulation of the
ENSO signal (as observed in reanalysis by Kryjov and Park
[2007]) and the ENSO effect on the solar cycle response in
the NH stratospheric polar region. Because WACCM3 does
not spontaneously generate a QBO, and one was not pre-
scribed in the experiments used here, it is possible to calcu-
late the net effect of one phenomenon on the other without
the presence of QBO variability. As mentioned above, the
QBO is known to interact nonlinearly with both ENSO and
the 11 year solar cycle signal and so would complicate the
analysis of model simulations. In this sense, this is a
“cleaner” experiment, in which to investigate interactions
between ENSO and solar cycle.

2. Model Simulations and Method

[s] WACCMS3 is a coupled chemistry climate model
developed at the National Center for Atmospheric Research
(NCAR) based on the Community Atmospheric Model
(CAM3) [Collins et al., 2004]. The processes and para-
meterizations that are unique to WACCM3 are described by
Garcia et al. [2007] and Marsh et al. [2007]. The model
spans from the surface up to the thermosphere (~140 km)
with horizontal resolution of 1.9° latitude versus 2.5° longi-
tude. Sea surface temperatures, surface concentrations of
greenhouse gases and halogen species were specified from
observations. The 11 year solar cycle spectral irradiance
variability was parameterized in terms of the observed
10.7 cm radio flux (f10.7). Our version of the model used
here differs from the one used in CCMVall in its horizontal
spatial resolution (4° latitude versus longitude was used for
CCMVall).

[9] This study analyzes a 3 member ensemble of WACCM3
simulation from 1950 to 2004. For each ensemble mem-
ber the monthly mean temperature and zonal mean zonal
wind time series were detrended and the ensemble mean for
each month removed. Monthly composites for warm and
cold ENSO (WEN and cEN) and solar maximum (Smax) and
minimum (Smin) conditions were then computed for boreal
winter months. The Nifio 3.4 index (N3.4, from the Climate
Prediction Center; http://www.cpc.noaa.gov/data/indices)
has been used to stratify with respect to ENSO: warm and
cold events were defined when the winter average (December-
January-February, DJF) of the normalized N3.4 exceeds 1 or
—1 standard deviation. The 11 year solar cycle has been
characterized using the f10.7 index: boreal winters were
classified as Smax when the DJF average of the f10.7 index
exceeds 145 solar flux units and Smin when the index is
lower than 100. Thus, four different composites have been
obtained: wENSmax, cENSmax, wENSmin and cENSmin.
Table 1 shows the winters chosen for each category.

[10] The significance of the composited anomalies with
respect to internal natural variability was assessed through
a Monte Carlo test following the methodology of Garcia-
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Figure 1. Detrended zonal mean temperature anomalies composited for (top) the warm minus cold ENSO
events difference during Smin conditions (WEN — cEN Smin) and (bottom) wEN — cEN during Smax con-
ditions from December (first column) to March (fourth column). Contours are drawn every 1 K. Dashed
contours denote negative values. Significant anomalies computed through a Monte Carlo test (see text
for more details) are shadowed in light (dark) gray for 90% (95%) significance levels. Vertical coordinate

is log-pressure altitude.

Herrera et al. [2006]. Random groups of the same number of
months considered in the composites were used to compute
random composites. These random composites consider the
fact that we use three 55 year simulations instead of a single
165 year simulation. Random composites were computed
1000 times to obtain a stable Gaussian probability distribu-
tion. This distribution has the 5% (10%) tails (2.5% or 5%
each tail at each side) approximately at +1.96 (£1.64) stan-
dard deviations from the mean. Composite anomalies that
exceed these thresholds are considered significant.

3. Results

3.1. Impact of the 11 Year Solar Cycle on the ENSO
Signal

[11] Figure 1 shows the warm minus cold ENSO events
(WEN — cEN) composite differences for each month of the
zonal mean temperature field. From left to right, Figure 1
shows the temporal evolution from December to March
during Smin (Figure 1, top) conditions and Smax (Figure 1,
bottom) conditions, respectively. In the tropics, anomalous
zonal mean warming and cooling is simulated in the tropo-
sphere and lower stratosphere during Smin conditions, in
agreement with previous studies that analyzed the ENSO
signal in this area in both observations and models [e.g.,
Randel et al., 2009; Calvo et al., 2010]. During Smax
(Figure 1, bottom), the tropical ENSO signal is very similar
to the one observed during Smin conditions although the
anomalous cooling in the lower stratosphere seems more

confined to its lowermost part and the anomalous tropospheric
warming is weaker in early winter (December and January).

[12] In the Northern Hemisphere high latitudes, during
solar minimum conditions, (WEN — cEN) Smin, significant
warm anomalies are observed in the polar stratosphere, from
January to March, with cold anomalies above them in the
upper stratosphere and lower mesosphere region. The dipole
structure is in good agreement with previous observational
studies that dealt with the ENSO response in the NH polar
region without discriminating with respect to the phase of
the solar cycle [e.g., van Loon and Labitzke, 1987], and also
with model studies where the solar cycle variability was not
included [Sassi et al., 2004; Garcia-Herrera et al., 2006].
Anomalous values reach up to 3 K throughout the winter.
The downward propagation of the ENSO signal as the winter
evolves, which was first described by Manzini et al. [2006],
is well reproduced in WACCM.

[13] During Smax, the ENSO composites show an anom-
alously cold polar vortex below 30 km, which is significant
from January to March. A significant warming also appears
in the upper stratosphere. This dipole pattern resembles the
one observed during Smin but of opposite sign. However, it
is clear from the seasonal march of the differences that during
Smax conditions, warm anomalies in the polar region are
located in the middle and upper stratosphere (reaching up to
67 K from January to March, much stronger than during
Smin conditions). Unlike during Smin conditions, the
anomalous warming never descends into the lower strato-
sphere. The anomalies in temperature are accompanied by

3of 14



D23112

) 60

50
40

30

Height (km)

20

10
0

N
~—

Height (km)

Nov Dec Jan Feb Mar Apr

CALVO AND MARSH: ENSO/SOLAR ON NH POLAR STRATOSPHERE

D23112

(WEN—=CcEN)Smax
b) 60

T 7
N

7T
N
-

50

40

30

Height (km)

20

10

0 - =1 —]
Nov Dec Jan Feb Mar Apr

d) (WEN—CcEN)Smax

60

Al 1
o )
~

~ 1

50

—~~ 7

£

£ 40§

5130\(%\7 < 24
[0) N

T S o)

20 \
10

0 0] = 2 —
Nov Dec Jan Feb Mar Apr

Figure 2. Time-log P altitude cross section of zonal mean temperature anomalies at 70°N for composites
(WEN — cEN) during Smin and Smax conditions for (a, b) WACCM3 and (c, d) ERA-40. Contours are
drawn every 1 K. Dashed contours denote negative values. Significant anomalies computed through a
Monte Carlo test (see text for more details) are shadowed in light (dark) gray for 90% (95%) significance

levels.

anomalies in the zonal mean zonal wind as expected from
thermal wind balance. Although the composites are not
shown here, a weakening of the polar vortex, which moves
downward in height with time, is simulated during Smin
conditions. In contrast, during Smax, the winds strengthen in
the polar stratosphere.

[14] To quantify the modulation of the downward propa-
gation of the ENSO signal by the solar cycle, the temporal
evolution of WACCM3 zonal mean temperature at 70°N is
displayed in Figures 2a and 2b for wEN — cEN events,
during Smin and Smax conditions. This diagnostic was first
used by Manzini et al. [2006] to illustrate this behavior in the
polar stratosphere in their model and observations. It has
been widely used afterward when analyzing different aspects
of the ENSO signal and its interactions with other sources
of wvariability in models and observations [e.g., Ineson
and Scaife, 2009; Cagnazzo et al., 2009; Cagnazzo and
Manzini, 2009; Calvo et al., 2009]. Figures 2a and 2b high-
light the findings already shown in Figure 1 at polar latitudes:
during Smin, an anomalous warming in the polar region
is simulated and it descends downward with time from
December to March. During Smax, a stronger anomalous
warming is located in the upper stratosphere while in the
middle and lower stratosphere an anomalous cooling
appears. Large differences between these two cases occur in

the lower stratosphere and are significant at the 95% level
from January to March according to a student ¢ test.

[15] Analogous to Figures 2a and 2b, Figures 2¢ and 2d
show results from ERA-40 reanalysis data. The downward
propagation of the anomalous warming at polar latitudes is
observed during Smin. Anomalous polar warming with the
largest values at about 35 km in December descends to about
25 km in February, and reaches the lowermost stratosphere
in March. During Smax, anomalous warming is observed in
the middle and upper stratosphere from December to March
in agreement with WACCM3 results, although only statisti-
cally significant in December. Contrary to WACCM3, no
significant cooling is observed in the polar lower stratosphere
during Smax; almost no ENSO signal is obtained there. Thus,
the comparison of model and reanalysis anomalies at this and
other polar latitudes reveals that overall, larger anomalies
in ERA-40 are observed in Smin than in Smax conditions
peaking one month earlier than in the model, although the
patterns are quite similar, especially during Smin. The lag in
the model response is probably related to the later winter to
spring transition simulated by different versions of WACCM
and reported in other studies [e.g., SPARC CCMVal, 2010,
Figure 4.27). In addition, it is important to keep in mind that
we do not expect the same response in both data sets. On one
hand, additional sources of variability present in ERA-40 are

4 of 14



D23112

anomTwave Jan
50hPa

10hPa

wENSmin

cENSmin

wENSmax

cENSmax

Figure 3. Detrended eddy temperature anomalies (com-
puted as the full temperature field minus the zonal mean
values) in January at 50 hPa and 10 hPa composited for
WENSmin, cENSmin, wENSmax, and cENSmax. Contours
are drawn every 1 K. Dashed contours denote negative
values. Significant anomalies computed through a Monte
Carlo test (see text for more details) are shadowed in light
(dark) gray for positive (negative) values at 95% significance
levels.

not included in these WACCM3 simulations, such as the
volcanic aerosol heating and the QBO. To minimize their
effects, a multiple linear regression has been performed to
ERA-40 data (as in the work of Calvo et al. [2010] except
that only the QBO and volcanic aerosols are used as
predictors). However, this methodology cannot eliminate
nonlinear effects between the QBO and ENSO or solar var-
iability, which are known to occur as discussed in section 1.
On the other hand, only one realization of the “real world” is
available versus three different ones in WACCM. Therefore,
it is reasonable that ERA-40 shows smaller regions of sta-
tistically significant changes in some cases. The comparison
between the model and reanalysis does highlight the main
differences in the polar ENSO signal between solar phases:
an anomalous warming propagating downward throughout
the winter from the upper to the lower stratosphere in Smin
conditions while it is located in the upper stratosphere from
December to March during Smax.
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[16] The downward propagation of the ENSO shown in
Figure 2 from early to late winter is the result of the inter-
action of the background flow and the planetary waves,
which propagate upward toward the polar stratosphere during
warm ENSO events [e.g., Manzini et al., 2006]. As the waves
dissipate, the background flow weakens and thus the area
where subsequent waves dissipate and affect the background
stratosphere appears at lower altitude. Figure 3 shows
anomalies in the stationary eddy temperature field, computed
as the total field minus the zonal mean field, for January
at 50 and 10 hPa for wENSmin, wENSmax, cENSmin and
cENSmax composites. Light and dark gray denotes 95%
significant positive and negative anomalies, respectively.
During wENSmin conditions (first row), the characteristic
wave number 1 structure is clearly seen. The westward dis-
placement of this pattern with height (compare the wavefield
at 50 and 10 hPa) indicates upward wave propagation, which
agrees with previous studies where the ENSO signal was
analyzed in GCMs without considering solar cycle vari-
ability [Sassi et al., 2004; Manzini et al., 2006; Garfinkel
and Hartmann, 2008]. In contrast, the wave signature
observed in the stratosphere during Smax conditions is very
weak during warm ENSO events (WENSmax). Little wave
structure or upward wave propagation is noticeable, which
indicates a fairly stationary state compared to Smin-wEN.
For cold ENSOs, a weak wave train type pattern is observed
at 50 hPa with almost no vertical propagation. During Smax
(cENSmax), the wave pattern at 50 hPa is very similar to
WENSmin conditions although with opposite phase. How-
ever, contrary to wENSmin, the signal does not propagate
higher up (i.e., almost no westward displacement of the
pattern when 50 and 10 hPa are compared) and it weakens at
10 hPa. Similar signals are obtained for other boreal winter
months (not shown here).

[17] These results suggest that the intensified upward wave
propagation observed during WENSmin conditions is inhib-
ited during wENSmax, while during cold ENSO events, the
upward propagation seems to be more effective during Smax
than Smin conditions even though it never reaches as high as
during wENSmin. These differences in wave patterns could
be attributed to changes in wave generation in the tropo-
sphere between Smax and Smin phases or by a solar cycle
modulation of the wave propagation and dissipation in
the stratosphere linked to changes in the background flow.
Both hypotheses are discussed next.

[18] First, the possible influence of SSTs on the tropospheric
ENSO teleconnection patterns is investigated. Kodera [2005]
found a positive correlation between the N34 index in July—
August and the SSTs 6 months later (January—February) over
the Indian Ocean. The correlation was stronger during Smin
than Smax. We examined the observed SSTs used to drive
the model and only found some differences between Smax
and Smin composites over limited regions of the Indian
Ocean during cold ENSO events. The typical cold anomalies
observed during a La Nifia event over the Indian Ocean were
more intense during cENSmin than cENSmax. However,
these differences were not statistically significant (not
shown). This result does not contradict Kodera [2005] who
found that the correlation held when the extreme ENSO
events (those with N3.4 index exceeding +0.8 standard
deviation) were eliminated, suggesting that the differences
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Figure 4. As in Figure 3 for eddy geopotential height anomalies at 500 hPa. Contours are drawn every

10 m.

between solar phases were related to SSTs variability and not
necessarily to strong ENSO events. Since no significant solar
signal in tropical SSTs is found during ENSO events, large
differences in the tropospheric ENSO teleconnections in the
NH middle latitudes in relation to SST changes are not
expected in WACCM3. This is shown in Figure 4, which
depicts eddy geopotential height at 500 hPa in January (other
months show similar results). These panels show a PNA-like
pattern characteristic of ENSO events, a negative center over
the western Pacific, positive over the western part of North
America and negative anomalies over the southernmost part
of North America (the opposite during cEN). Moreover, the
analysis of the amplitudes of the stationary wave number 1
derived from monthly mean temperatures anomalies at dif-
ferent levels shows differences between Smax and Smin
conditions for WEN and cEN events at middle and high lati-
tudes only in the stratosphere (Figure 5). There, the ampli-
tude is the largest during wENSmin and the smallest during
wENSmax. In the troposphere, little difference is observed
between these cases. Overall, these results do not indicate
large changes in wave generation in the troposphere and
therefore, point to stratospheric changes in wave propagation
and dissipation as the main mechanism to explain the dif-
ferences in the polar stratosphere ENSO signal between solar
maximum and solar minimum phases.

[19] As mentioned above, several studies have shown an
anomalous warming in the tropical upper stratosphere during
Smax compared with Smin conditions. These anomalies
in temperature change the meridional temperature gradient
and generate westerly anomalies in the zonal mean zonal
wind field in the subtropics. This has been shown in both
observations and models [Kodera and Kuroda, 2002;

Matthes et al., 2004; Marsh et al., 2007]. For example,
Marsh et al. [2007, Figures 14 and 15] show the annual mean
response in temperature and zonal mean zonal wind under
fixed Smax or Smin conditions in WACCM3 with no QBO
and climatological SSTs. A similar figure for Smax — Smin
differences from December to March is shown in Figure 6; no
stratification according to ENSO events has been performed.
Note that different from Marsh et al. [2007] and Matthes
et al. [2004], observed SSTs are used as boundary condi-
tions in our simulations. The solar signal response in the
extratropics appears in WACCM3 as a significant warming
in the upper stratosphere in boreal winter months and a
smaller cooling below. Significant westerly anomalies are
observed in the subtropics in January in the upper strato-
sphere, moving downward and poleward throughout the
winter in agreement with the mechanism proposed by
Kodera and Kuroda [2002]. These anomalies in the back-
ground wind can affect the propagation of planetary waves
simulated during ENSO events, and consequently, modulate
the ENSO signal in the polar stratosphere.

[20] We calculated wave index of refraction [Matsuno,
1970] for each of the four composites analyzed here, fol-
lowing the methodology explained by Calvo and Garcia
[2009]. The largest differences occur during warm ENSO
events in wave number 1 between Smax and Smin condi-
tions. Figure 7 shows squared index of refraction for k = 1
wave component for WENSmin and wENSmax in January.
During warm ENSO events, larger index of refraction values
are present throughout the stratosphere between 70°N
and 80°N during Smin compared to Smax conditions,
favoring wave propagation during wENSmin. This behavior
is noticeable in December, maximizes in January and
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February and is small in March. In addition, during wENS-
max, a larger gradient in the index of refraction is simulated
in the subtropics between 20 and 30 km, favoring equator-
ward propagation.
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Figure 5. Composites of wave number 1 temperature amplitude anomalies (K) for January at 500 hPa,

100 hPa, 50 hPa and 10 hPa for wENSmax (blue solid lines), WENSmin (blue dashed lines), cENSmax
(red solid lines), and cENSmin (red dashed lines).
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[21] Superimposed on the wave index of refraction in
Figure 7 are Eliassen-Palm (EP) flux vectors. The EP flux is a
measure of wave propagation from one latitude and altitude
to another [Edmon et al., 1980]. EP fluxes are calculated

from the full dynamical field (i.e., no wave number selection)

Dec
60 7§
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Figure 6. Smax — Smin composites of the detrended (top) zonal mean temperature and (bottom) zonal
wind anomalies. Contours are drawn every 0.5 K for temperature and 1 m s~ for zonal wind. Dashed con-
tours denote negative differences. Significant anomalies computed through a Monte Carlo test (see text for
more details) are shadowed in light (dark) gray for 90% (95%) significance levels. Vertical coordinate is
log-pressure altitude.
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Figure 7. Cross section (latitude versus log-pressure altitude) of the wave index of refraction squared for
k = 1 wave component (contours) and EP flux (arrows) for the composites (left) WENSmin and (right)

WENSmax in January. Contours are drawn eve
as Fy/Fz ~ 100. They are scaled by a factor ¢'°

at each time step of the model and average together to obtain
monthly mean values. Both Smin and Smax cases show
upward and equatorward propagation in the stratosphere.
While in Smin the upward propagation extends toward high
altitudes, this does not occur during Smax, in agreement with
the differences simulated in refractive index in this region. In
addition, the magnitude of the EP flux is larger in the middle
to high latitudes in the middle and upper stratosphere during
Smin. In the troposphere no clear differences are simulated:
upward propagation of waves occurs at middle latitudes
(between 40°N and 60°N) in both wENSmin and wENSmax.
Most waves are then refracted toward the subtropics. The
remaining waves propagate upward into the stratosphere
in both cases. Strong poleward wave activity occurs in
wENSmin in the transition region between troposphere and
stratosphere allowing for upward propagation in the polar
stratosphere following regions of large index of refraction. In
wENSmax the upward propagation in the stratosphere is
present mainly at middle latitudes. During cEN events (not
shown), larger wave number 1 index of refraction values
occur in the middle latitudes (40°N—60°N) in the lower
stratosphere during cENSmax and in the subtropical tro-
posphere during cENSmin. As a result, stronger upward
wave activity in the stratosphere at middle latitudes occurs
during cENSmax compared to cENSmin. No upward prop-
agation at polar latitudes is observed in any cold ENSO case.

[22] Finally, to illustrate the seasonal evolution and quan-
tify the differences in wave mean flow interactions between
solar phases, Figure 8 shows the vertical profile of the com-
posite differences WEN — cEN for the horizontal and vertical
EP flux components (Fy and Fz) and its divergence (divEP)
during Smin and Smax conditions. Fy and Fz have been
averaged between 60°N and 80°N and divEP between 50°N
to 80°N. A wider latitude range in the EP flux divergence
has been chosen as waves generally propagate upward and
equatorward so that the largest dissipation area occurs

10 units. The EP fluxes account for the aspect ratio such
to account for the decrease of density with height.

slightly equatorward from the region of largest propagation.
In any case, similar EP flux profiles are obtained when the
50°N-80°N latitude range is considered for Fz and Fy.

[23] During Smin conditions, Fz composites (Figure 8a)
show upward propagation for ENSO events (WEN — cEN
composites) throughout the winter. This is mainly due to
the anomalous increase of upward propagation during wEN
events while the cEN events have little effect on the vertical
component of the EP flux (not shown). The meridional
component Fy (Figure 8c) shows poleward propagation for
WEN — cEN composites and Smin conditions below 25 km
during January and February. This is the result of both
anomalous equatorward propagation during cEN events
and poleward propagation during wEN events (not shown).
In March, the upward propagation becomes equatorward
(negative values of Fy). In terms of EP flux divergence
(Figure 8e), the entire winter shows anomalous WEN — cEN
convergence in the upper stratosphere, again mainly due to
the effect of wEN events. Overall, these results during Smin
are in agreement with previous analysis of the ENSO signal
when it operates independently of other sources of variability
[Garcia-Herrera et al., 2006].

[24] During Smax (Figures 8b, 8d, and 8f), wEN — cEN
composites show anomalous downwelling (less upward
propagation than the climatology, negative Fz values) in
January and February together with anomalous equatorward
propagation below 30 km (negative Fy anomalies) and pos-
itive anomalous EP flux divergence; as expected from the
intensification of the westerly winds in the subtropics during
Smax compared to Smin conditions (Figure 6). Only March
shows anomalous upward propagation in the lower polar
stratosphere with a stronger equatorward component and
little anomalous dissipation (anomalous convergence) in the
upper stratosphere. As in Smin, this behavior in the wEN —
cEN differences is dominated by the warm ENSO events
(not shown) when the largest differences with respect to the
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monthly mean climatology occur at high latitudes: more
equatorward propagation and less upward propagation.

[25] Itis clear from the above analysis that anomalies in the
background winds generated during solar maximum condi-
tions in tropical temperature can modulate the enhanced
propagation of planetary waves at middle latitudes simulated
during warm ENSO events, favoring a more equatorward
propagation of the waves and thus, making the polar vortex
more stable during Smax.

3.2. ENSO Impact on the 11 Year Solar Cycle Signal

[26] The 11 year solar signal in the Northern Hemisphere is
presented in Figure 6 for zonal mean temperature and zonal
wind. Despite the general agreement with the solar signal
obtained from reanalysis data [Kodera and Kuroda, 2002;
Matthes et al., 2004] as discussed above, several differences

are noted. The stronger westerly winds simulated in Smax —
Smin in the subtropics in December and January do not reach
polar latitudes in the upper stratosphere as they do in the
reanalysis. The anomalous cooling simulated in the polar
lower stratatosphere is not as intense, but similar to other
model results, as FUB-CMAM [see Matthes et al., 2004,
Figure 4a]. Finally, the solar signal in March largely differs
from observations [Matthes et al., 2004; Gray et al., 2004].
Matthes et al. [2004] suggested that a good model climatol-
ogy is a requirement to reproduce a realistic solar signal. The
climatological winds in WACCM3 and its variability have
been compared to ERA-40 climatology in Figure 9. Overall,
the model winds at midlatitudes and high latitudes in the
middle stratosphere are weaker in December and become
consistently too strong from January to March. This is also
related to the too low frequency of major warmings in this
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Figure 9. Monthly mean climatology from December to March for the ensemble mean of the (top) three
WACCM3 simulations and (bottom) ERA-40 reanalysis. Solid (dashed) lines are for westerly (easterly)
winds. Contours are drawn every 10 m s~ '. Vertical coordinate is log-pressure altitude.

model compared to observations, as discussed by Richter
et al. [2010]. Further evidence can be seen in Figure 9,
which shows lower values in the standard deviation and
therefore lower polar variability. In the upper stratosphere
and lower mesosphere the main difference is the fact that the
jet in the model does not reach polar latitudes as observed in
the reanalysis. This could explain the lack of poleward dis-
placement of the solar signal toward high latitudes and the
weaker anomalous cooling in the polar lower stratosphere
(Figure 6). Interestingly, when the Smax — Smin compo-
sites are computed for neutral ENSO events, the solar signal
in March looks more similar to that from the reanalysis
record. With these considerations in mind, we analyze next
the impact of ENSO on the extratropical solar signal by
comparing Smax — Smin composites during cEN and wEN
events.

[27] Figures 10 and 11 show Smax — Smin composite
differences in zonal mean temperature and zonal mean zonal
wind for wEN and cEN events. During cEN (Figures 10 (top)
and 11 (top)), an anomalous warming and weaker winds are
observed in the polar region from December to February.
These signals descend with height from the stratopause in
December to the lower stratosphere in February. Anomalies
of opposite sign are observed above them in the upper
stratosphere and lower mesosphere and descend to the mid-
dle polar stratosphere in March. These signals are similar
to those obtained when no stratification with respect to the
phase of ENSO was performed (Figure 6), although the
values are larger. Nevertheless, in both cEN conditions
and when no stratification according to the ENSO phase is
performed (Figure 6), the solar signal in the polar regions in
the stratosphere is only significant in February and March.
In the case of warm ENSO events (Figures 10 (bottom) and

11 (bottom)) the Smax — Smin signal shows quite a different
pattern. Significant cold anomalies are observed in the polar
lower stratosphere with warmer temperatures in the upper
stratosphere lower mesosphere, which are accompanied by
a stronger polar vortex. Contrary to cEN conditions, the
location of the polar anomalies does not change with time
throughout the winter.

[28] These results concur with those from Hampson et al.
[2005] who studied the role of planetary wave forcing on
the effect of the 11 year solar cycle in the polar stratosphere.
In their mechanistic model, they obtain a Smax — Smin
signal with warming in the lower stratosphere and cooling in
the lower mesosphere in February and March when the
planetary wave forcing is weak. This is similar to the solar
response obtained during cold ENSO conditions (Figure 10,
top). Under strong planetary wave forcing, the polar Smax —
Smin signal is reversed and stronger. This change in response
agrees well with the Smax — Smin signal obtained in
Figure 10 (bottom), since warm ENSO events are also asso-
ciated to large planetary wave amplitude.

[29] In WACCMS3, the different behavior of the solar sig-
nal during warm ENSO events is characterized by a cooling
in the lowermost stratosphere, which is not observed during
cEN or when no stratification according to the ENSO phase
is performed (Figure 6). These differences arise mainly from
the anomalous cooling simulated during wENSmax (not
shown). As in the analysis of the ENSO signal, when both
Smax and warm ENSO conditions coincide, the wave mean
flow interaction at high latitudes, observed during warm
ENSO events, is inhibited and the extratropical stratosphere
is no longer perturbed. The EP fluxes and their divergences
shown in Figure 12 for Smax — Smin composites corroborate
this mechanism. During cEN events the Smax — Smin signal
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Fz, Fy are latitude weighted multiplied by cos (lat).

in the EP flux and its divergence at high latitudes is small. At
middle latitudes, some upward propagation is observed from
December to February mainly due to the anomalous upward
propagation during cEN — Smax (not shown). In contrast,
the behavior during wEN events seems to be much more
robust throughout the winter. Downward wave propagation
anomalies (negative values of Fz anomalies) compared to the
climatology are obtained, accompanied by equatorward and
upward anomalies in the subtropics. In terms of the EP flux
divergence, much larger positive anomalies are simulated
during wEN events. Therefore, less upward and more equa-
torward wave propagation is observed in Smax — Smin dif-
ferences during warm ENSO at mid and high latitudes, which
increases the strength of the polar vortex and makes it colder
as shown in Figures 10 and 11.

[30] In terms of the conceptual framework first proposed
by Kodera and Kuroda [2002] to explain the solar signal at
polar latitudes, the modulation of the solar signal by ENSO
can be understood as follows: WEN events reinforce the
positive anomalies in the polar night jet and intensifies them
at polar latitudes, anomalous downward wave propagation is
simulated at polar latitudes. This suggests a longer radiative
state with a delayed transition to the dynamical state in late
winter despite warm ENSO events are characterized by a
stronger upward propagation at polar latitudes. This result

highlights the nonadditive response of ENSO and solar
forcings. On the contrary, during cEN events, the polar
stratosphere warms earlier, favoring an earlier onset of the
dynamical phase.

4. Summary and Discussion

[31] Three transient simulations (1950-2004) from
WACCM have been analyzed to investigate the effects of
changes in solar irradiance over the 11 year solar cycle on the
ENSO signal in the boreal winter polar stratosphere and, in
turn, the impact of ENSO on the NH extratropical 11 year
solar cycle signal in winter. These simulations do not include
a QBO, neither internally generated nor prescribed from
observations, or stratospheric heating from volcanic aerosols.

[32] During solar minimum conditions the NH polar
stratosphere responds to ENSO in the same way as reported
in previous studies; that is, warm events lead to a weaker
polar vortex and a warmer polar stratosphere compared to
cold events. A downward propagation of the ENSO signal
throughout the winter, due to anomalous wave propagation
and dissipation, is simulated during Smin conditions. How-
ever, during solar maximum, little downward propagation is
observed at high latitudes. These results are also reproduced
in ERA-40 reanalysis. Warmer temperatures are observed in
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the upper stratosphere and colder temperatures in the lower
stratosphere (below 30 km) in WACCM3 simulations during
Smax accompanied by a stronger polar vortex. We have
shown that this different behavior is mainly due to the state of
the atmosphere during wENSmax conditions. In this case, the
upward propagation of ultralong Rossby waves, mainly wave
number 1, toward high latitudes, characteristic of WEN-Smin
events, is inhibited and, instead, a more equatorward propa-
gation is observed. This is the result of the direct 11 year
solar cycle signal in the tropical upper stratosphere (a
warming during Smax compared to Smin) and not to a
direct influence of the solar influence on the SSTs. This
modulation in temperature changes the background winds in
the subtropics and favors wave propagation toward those
latitudes, leading to a less disturbed polar region.

[33] The effects of ENSO on the extratropical 11 year solar
cycle signal in boreal winter were also investigated. Without
stratifying by the phase of ENSO, a strengthening of the
westerlies in the subtropics, which moves poleward and
downward as the winter evolves, is observed in Smax com-
pared to Smin conditions. In the polar regions, the 11 year
solar signal appears as weaker winds in the upper strato-
sphere and an anomalous warming is observed in this region
mainly in January and February in agreement with results
from Matthes et al. [2004]. When the solar signal is stratified
according to ENSO, the pattern at high latitudes is similar
during cEN events although it is important to note that the
anomalies in the polar stratosphere are only significant in
February and March in both cases, which could be related
to deficiencies in the model zonal mean zonal wind clima-
tology. During warm ENSO events, the warmer polar
anomalies are simulated at higher levels in the upper strato-
sphere, while the polar lower stratosphere is anomalously
cold and the polar vortex strengthens. The anomalies and
significant regions are larger than in the cEN case throughout
the winter. In addition, no downward propagation of the solar
signal is observed during wEN conditions. As in the case of
the ENSO signal, we have shown that this is mainly due to
the anomalous wave mean flow interaction during Smax —
wEN conditions.

[34] In our simulations it appears that when both warm
ENSO events and Smax conditions coincide, the net effect in
winter is not to increase the level of perturbation of the polar
stratosphere, as it would be if both forcings operated inde-
pendently, but to inhibit the planetary wave activity toward
high latitudes to such an extent that the lower polar strato-
sphere becomes colder and the polar vortex stronger. This
reveals the nonlinear response of the polar stratosphere to
ENSO/solar interactions.

[35] Kuroda [2007] and Kryjov and Park [2007] analyzed
the ENSO modulation of the solar cycle signal on the NAO
and the solar signal modulation of ENSO on the NAM,
respectively, using ERA-40 and NCEP/NCAR reanalysis
data. As in our study, they both showed a nonlinear behavior
in the response. This highlights the need to take into account
the phases of both of these phenomena when studying their
effects on the polar stratosphere. However, some differences
between their results and ours are noticeable. Kuroda [2007]
found a weaker solar cycle modulation of the NAO in the
warm phase of ENSO compared to the cold phase. Kryjov
and Park [2007] found null ENSO response in the strato-
sphere at high latitudes during Smax compared to Smin. One
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of the factors responsible for the discrepancy between these
studies and our results might be the influence of the QBO in
the solar/ENSO interaction. The fact that both studies did not
account for strong ENSO events (stronger than for instance
one standard deviation) but analyzed the stratospheric
response to SSTs might also play a role. Another aspect
to consider is that these previous studies show the winter
average (DJF), while we have analyzed the winter seasonal
march. We have shown here the need to analyze the sea-
sonal evolution of the downward propagation, since a
winter average might cancel signals of different origins
that might be located at the same height in different months.
For instance, in our study, the solar signals in January or
February might seem opposite to each other during wEN and
cEN conditions when no temporal evolution is considered
(Figures 10 and 11). However, when the seasonal march is
analyzed, it is clear that the signal does not reverse. Instead,
changes in the wave mean flow interaction move the location
of the response.

[36] It is important to note that the solar signal obtained in
our study in February during cEN and wEN events resembles
that obtained in a different WACCM simulation, which used
climatological SSTs (i.e., no ENSO variability) but included
a QBO (K. Matthes, personnal communication, 2010). It also
agrees with results from Gray et al. [2004, Figure 13] (e.g.,
February months) when ERA-40 data is stratified according
to the QBO phase. In both cEN and QBO west phases (the
less perturbed states), the solar signal (Smax — Smin)
appears as a warm anomaly in the polar lower stratosphere
with cooling above and therefore a weaker polar vortex. In
the case of WEN or QBO east phase, the solar signal in the
polar stratosphere shows cooling in its lowermost part of the
polar stratosphere and warming above, and strengthened
zonal mean zonal winds. Since the solar signal appears in
both interactions with ENSO and QBO, it seems reasonable
to think that this is a robust feature of the polar variability.
In addition, studies of the ENSO/QBO interactions show
weaker ENSO or QBO signals and changes with time in the
response when these phenomena coincide with easterly QBO
phase or warm ENSO events (the most perturbed phases in
each case) [Wei et al., 2007; Garfinkel and Hartmann, 2007,
Calvo et al., 2009]. Therefore, despite there being still some
controversy in quantifying the response, all these studies
point toward a general conclusion: whenever a combination
of two external forcing ENSO, QBO or solar variability,
which act to perturb the polar stratosphere operates simul-
taneously, they do not produce an additive response as
expected when they operate independently.

[37] We note in closing that we have used three ensemble
members in this study to analyze the combined response
of two different forcings in the polar stratosphere. In contrast,
in the real world, studying the variability at high latitudes
requires the analysis of at least three factors (ENSO, QBO,
11 year solar cycle) in one single realization. Therefore, over
a short period of time (about 30 years for the satellite era) it is
quite unlikely to be able to separate all these three factors to
fully understand the nonlinear interactions among them and
their combined response in the polar stratosphere.
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