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[11 We derive the correlation patterns over the global latitudes and from the stratosphere to
lower thermosphere (broadly referred to as teleconnection) using temperature data measured
by the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
from 2002 to 2010, and using 54 years of simulations of temperatures and winds by the
Whole Atmosphere Community Climate Model (WACCM). We also analyze the possible
mechanisms of teleconnection by investigating the correlations between the temperature
and residual circulation. The correlation patterns show that teleconnection exists globally
over the equatorial, mid- and high-latitudes, and temperature anomalies correspond well to
the anomalies of the residual circulations through adiabatic heating/cooling. A main new
finding of this study is that the teleconnection extends well into the lower thermosphere,
the thermospheric anomalies are consistent with the corresponding changes of the
winter-to-summer lower-thermospheric branch of the residual circulation, and the winter
stratosphere perturbations influence the thermosphere globally. Using a reference point
chosen in the northern winter stratosphere, we find that the teleconnection structures for
time periods with and without Sudden Stratospheric Warmings (SSWs) display similar
patterns in SABER, and teleconnection patterns in WACCM are nearly identical for days
with major SSWs, minor SSWs and without SSWs. WACCM results show strong
inter-annual and intra-annual altitude variations of the teleconnection patterns in the
southern polar region but stable altitudes of correlation regions in the equatorial and
northern latitudes. The altitude variations are likely responsible for the weak correlations
poleward of 60°S when multiyear or multimonth data are used.

Citation: Tan, B., X. Chu, H.-L. Liu, C. Yamashita, and J. M. Russell III (2012), Zonal-mean global teleconnection from
15 to 110 km derived from SABER and WACCM, J. Geophys. Res., 117, D10106, doi:10.1029/2011JD016750.

1. Introduction

[2] Coupling of the atmosphere over altitudes and latitudes
is important to understand the impacts of the lower atmo-
sphere on the middle and upper atmosphere. For example,
inter-hemispheric coupling between the northern winter polar
stratosphere and southern summer polar mesosphere was first
noted by Becker and Schmitz [2003]. In their paper, a general
circulation model was used to study how the winter meso-
sphere responds to a planetary wave anomaly in the winter
troposphere and lower stratosphere. Heating in the summer
mesosphere and lower thermosphere (MLT) at all latitudes
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south of 60°N and cooling in the winter mesosphere north
of 30°N are produced along with warming of the winter
stratosphere during periods when planetary wave activity is
increased. Adiabatic heating and direct heating caused by
breaking of internal gravity waves are believed to contribute
to the temperature change in the mesosphere. It is found from
this modeling study that below 0.01 hPa adiabatic heating
dominates, while at higher altitudes and between 30°N and
60°N, the direct gravity wave heating overcompensates for
the changes in dynamic heating [Becker and Schmitz, 2003].
However, the mechanism of inter-hemispheric coupling was
not clearly identified in this paper. Becker et al. [2004] and
Becker and Fritts [2006] used a general circulation model to
reproduce the temperature and wind anomalies observed by
rocket measurements in the northern summer mesosphere
at Andoya in 2002. They provide model and experimental
evidence showing that those anomalies are linked to enhanced
planetary Rossby-wave activity in the austral winter
troposphere during June—August through inter-hemispheric
coupling. Karisson et al. [2009a] used a comprehensive
middle atmosphere model, the Canadian Middle Atmosphere
Model (CMAM), to reproduce inter-hemispheric coupling
and to identify possible mechanisms. They argue that the
mechanism behind inter-hemispheric coupling is a series of
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wave-mean flow interactions, triggered by the planetary
wave activity in the winter troposphere and stratosphere. The
anomaly of planetary-wave forcing in the winter stratosphere
produces an anomaly of zonal wind and induces a gravity
wave drag (GWD) anomaly in the winter mesosphere
through the change of filtering conditions. This GWD
anomaly will in turn lead to an anomaly of the mesospheric
pole-to-pole circulation. The anomaly of this circulation
causes a heating or cooling anomaly in the equatorial meso-
sphere and this heating or cooling anomaly produces a ther-
mal unbalance in the summer hemisphere. To reach balance
again, the zonal wind in the summer polar region will be
modified such that the filtering of mesospheric gravity waves
is changed, which will affect the temperature in the summer
mesosphere. Kdrnich and Becker [2010] confirmed the
mechanism of inter-hemispheric coupling using a zonally
symmetric model that excluded any additional effects due to
resolved waves and non-zonally propagating gravity waves.
They have pointed out that gravity waves in the summer
hemisphere at latitudes higher than 30 deg are essential for
inter-hemispheric coupling while gravity waves around the
equator are not.

[3] Karlsson et al. [2007,2009b], Xu et al. [2009], Gumbel
and Karlsson [2011] and Espy et al. [2011] provide obser-
vational evidence of inter-hemispheric coupling. Karlsson
et al. [2007] found anti-correlations between the effective
optical radius of polar mesospheric clouds (PMCs) in the
summer hemisphere and temperature given by the European
Centre for Medium-Range Weather Forecasts (ECMWF)
in the winter stratosphere. The PMC effective radius and
ECMWF temperature they used were monthly averages in
July or January from 2002 to 2007. Karisson et al. [2009b]
used daily PMC frequencies from the Aeronomy of Ice
in the Mesosphere (AIM) satellite during the Southern
Hemisphere (SH) 2007-2008 summer, daily zonal-mean
temperature profiles from the Microwave Limb Sounder
(MLS), and zonal mean winds from the Goddard Earth
Observing System (GEOS-5) in the Northern Hemisphere
(NH) to study inter-hemispheric coupling. They found posi-
tive/negative correlations between SH PMC frequency and
NH stratospheric zonal wind/temperature. The results indi-
cate that intraseasonal PMC variability is, in large measure,
caused by inter-hemispheric coupling [Karilsson et al.,
2009b]. Xu et al. [2009] formed the correlation patterns of
4 independent years using MLS temperature data, where the
correlations are taken between the southern summer meso-
sphere temperature at 0.002 hPa from 80° to 85°S and the
temperatures elsewhere. This is similar to the methods used
by Karlsson et al. [2009a], although the extent of the MLS
data sets was still insufficient to fully reveal inter-annual
variations of teleconnection patterns. Utilizing 9 years of
Odin satellite observations of PMC occurrence frequency to
represent the state of the summer mesosphere and ECMWF
temperature and wind to represent stratosphere conditions,
Gumbel and Karlsson [2011] showed the seasonal behavior
of the summer mesosphere being affected by both intra and
inter-hemispheric coupling processes. Espy et al. [2011]
confirmed the inter-hemispheric coupling between the polar
summer mesosphere and planetary-wave activity in the extra-
tropical winter stratosphere using a 10-year time series of
summer mesospheric temperatures near 60°N derived from
OH nightglow. Their time-lagged correlation between the
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OH temperatures and the ECMWF winter stratospheric
temperatures displayed a strong Quasi-Biennial Oscillation
(QBO).

[4] In the current work, we further study the correlation
patterns over latitudes and from the stratosphere to the lower
thermosphere (herein referred to as teleconnection) using
SABER temperature data and WACCM simulations of tem-
peratures and winds. We also analyze the possible mech-
anisms of teleconnection by investigating the correlations
between the residual circulation and temperature. A new
finding of this study is that the teleconnection extends well
into the lower thermosphere, and the thermospheric anoma-
lies are consistent with the corresponding changes of the
winter-to-summer lower-thermospheric branch of the resid-
ual circulation. We examine the teleconnection for periods
with and without SSWs using a reference point chosen in the
northern winter stratosphere (instead of southern summer
mesosphere in previous studies) in order to be consistent
with the definition of a SSW. Furthermore, the 54 years of
WACCM simulation results are used to calculate annual and
monthly correlation patterns and analyze the inter-annual and
intra-annual variations of each response region. The data
and simulations are briefly described in section 2, followed
by the analysis and results in section 3.

2. Data and Simulations

[s] The SABER instrument, aboard the Thermosphere,
Ionosphere, Mesosphere, Energetics, and Dynamics (TIMED)
satellite, measures infrared radiance coming from the Earth’s
limb in the 4.3 pm and 15 ym CO, bands to retrieve tem-
peratures over the 15-110 km altitude range with 2 km
vertical resolution. The orbital plane of the TIMED satellite
precesses slowly because of its 74 deg orbital inclination.
It takes 60 days for SABER to cover all local times [Russell
et al., 1999; Remsberg et al., 2004]. The data are sampled
at different longitudes due to the rotation of the Earth relative
to the orbital plane and at different latitudes due to the motion
of the satellite along the orbit. SABER began its observations
in January 2002. We use temperature data from 2002 to 2010
(version 1.07), and calculate zonal mean temperature for each
day. For our purpose of examining the teleconnection with
and without SSW, four northern winter months (November
through February) are desired for this study. However,
because of the TIMED 60-day yaw cycle, SABER only
covers the high northern latitudes in winter from mid January
to mid March. Consequently, the data used in this study
include the ~60-day period from mid January to mid March
for each year.

[6] The NCAR WACCM model extends from the ground
to 140 km [Garcia et al., 2007]. In this study, we use
daily mean temperature and wind profiles at each longitude
and latitude calculated using a free running simulation of
WACCM 3.5 for the period of 1953 to 2006. In WACCM
3.5, there are 66 pressure levels from 1000 hPa to 1 X
107> hPa and the model altitude intervals change with
altitude. The intervals are ~1 and 3 km at 20 and 100 km,
respectively. WACCM 3.5 employs a new scheme of gravity
wave parameterization as described in Richter et al. [2008,
2010]. According to Richter et al. [2010], WACCM3.5 does
not produce a QBO internally. QBO is imposed by nudging
the tropical wind to observations based on Balachandran
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Figure 1. Correlation patterns between the deseasonalized SABER temperature series at a reference point
(10 hPa, 76°N) and at all other latitudes and altitudes for days (left) with SSWs and (right) without SSWs.
The circle with a cross is the reference point used for the correlation calculations. White solid lines denote

the 95% significance level.

and Rind [1995]. At each latitude, zonal mean temperature is
calculated at each pressure surface. Residual circulation is
calculated using the following equation (equations (3.5.1) of
Andrews et al., [1987]):

V=v—p," (%) and W = W+ (acos ¢) ' (cosq&v;)
z b

z z

where V and W are the meridional and vertical components
of the residual circulation; v and w are the zonal mean

meridional and vertical wind velocities; v'6’ is eddy heat flux,
¢ is latitude, a is the mean radius of the Earth, and p, is
atmosphere density at the height of interest. Note that the z in
above equation is a log-pressure height, and a scale height of
7 km is used to convert the WACCM output pressure to the
log-pressure height z. As mentioned above, to examine the
correlations for different SSW periods, the four northern
winter months (November through February) are desired for
this study. Further considering the analysis for time lags of
—10 to +10 days, extra 10 days in October and in March
respectively are included to ensure that the lag analysis has
all four months of winter covered. Therefore, the simulation
data used in this study are from October 20 to March 10 for
each year. Note that tidal aliasing may be present in the
derived zonal-mean temperature of SABER, but such alias-
ing has been removed in WACCM zonal means. Since the
correlation patterns of SABER and WACCM are similar in
general as shown in Section 3, it is most likely that tides are
not a dominant factor in the correlation.

3. Analysis and Results

3.1. Teleconnection Analysis

[7] Zonal means derived from SABER data (from mid
January to mid March) are used to study teleconnection.
At each latitude and altitude (with resolutions of 4 deg and

2 km), the long-term average of daily zonal-mean temperature
for each day-of-year (DOY) is obtained by taking the average
of the 9 years of SABER data on the same DOY. The tem-
perature anomalies at each latitude and altitude for all 9 years
are then calculated as the deviations from the long-term
average of daily mean temperatures at that latitude and alti-
tude. These anomalies are used to calculate the correlations
between a chosen reference point (10 hPa, 76°N) and all
other latitudes and altitudes. All the SABER data during
northern winters are separated into two categories: category 1
contains all the episodes with SSW events (both major and
minor SSWs), and category 2 contains all the days without
SSWs. Here a SSW event is identified using the National
Center for Environmental Prediction (NCEP) temperatures
at (10 hPa, 80°N). An event with the NCEP temperature
increasing more than 25 K within three weeks is defined as
a SSW, and all days within this temperature peak are taken
as the days of this SSW. For each latitude and altitude, the
temperature series in category 1 contains the SABER tem-
perature anomalies on all days during SSWs, and all 9 years
of temperature data in category 1 are combined into one
array. All 9 years of temperature anomalies in category 2 are
combined into one array using the same methods. The major
and minor SSWs were included in the same category because
there are not enough data to calculate the correlations for
major and minor SSWs separately. Figure 1 shows the cor-
relation patterns calculated from SABER data for days with
and without SSWs, respectively. The white contour lines in
Figure 1 indicate the 95% level of significance. In general,
the regions with larger correlation magnitudes have signifi-
cant levels above 95%, while the smaller correlation regions
(close to zero) with colors close to green are insignificant.
Both cases show very similar correlation patterns for the
regions with significant levels above 95%, but the correlation
magnitudes are different. The absolute values of correla-
tion coefficients for days with SSWs are larger than for
those without SSWs. This is expected because temperature
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Figure 2. Correlation patterns between the WACCM (Oct 20—Mar 10) temperature anomalies at the
reference point (10 hPa, 80°N) and anomalies of (top row) temperature T, (middle row) vertical wind W
and (bottom row) meridional wind V associated with the residual circulations at all latitudes and altitudes
for days with (left column) major SSWs, (middle column) minor SSWs and (right column) without SSWs.
The correlation scale for T is —1 to 1 and the correlation scales for W and V are —0.5 to 0.5. The circle
with a cross is the reference point used for the correlation calculations. White solid lines denote the 95%

significance level.

anomalies are most significant during SSWs. Due to the
60-day yaw cycle of the TIMED spacecraft, SABER cannot
cover the high latitudes in both hemispheres simultaneously,
so no correlation is calculated poleward of 50°S in Figure 1.

[s] WACCM 3.5 simulation outputs during northern win-
ter (from October 20 to March 10) are employed to reproduce
the temperature correlation patterns and extend them to the
global range from —90° to +90° in latitudes. The temperature
anomalies of WACCM data from 1953 to 2006 are derived as
the deviations from a long-term average for a given day at
each latitude and altitude in a similar way as SABER, where
the long-term average at that latitude and altitude is the mean
over the 54 years of WACCM temperatures. The correlations
of temperature anomalies are between a reference point
at (10 hPa, 80°N) and all other latitudes and altitudes.
The temperature correlation patterns for days with major
SSWs, with minor SSWs and without SSWs are plotted
in Figures 2a—2c. Here SSW events are identified using
WACCM temperatures at the reference point. Temperature

increases exceeding 25 K within three weeks are defined
as SSWs, while the wind reversal at 10 hPa and 60°N is used
to separate major and minor SSWs according to the World
Meteorological Organization’s definition.

[v] Comparing the temperature correlation results between
WACCM and SABER, both show very similar patterns at
high northern latitudes with positive correlation regions from
20 to 50 km, negative correlation regions from 55 to 90 km
and positive correlation regions from 90 to 110 km. In the
equatorial areas, both SABER and WACCM show a negative
correlation region from 20 to 50 km and a positive correlation
region from 50 to 90 km. Although this equatorial positive
region in SABER has more structures than the result in
WACCM, the correlations are significant as indicated by
the 95% significant levels. A negative correlation region is
also observed in the lower thermosphere from 90 to 110 km
above the equator in WACCM, while in SABER this nega-
tive correlation is observed but the boundary of the region is
not well defined. Such complicated correlation patterns of
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Figure 3. (left) Meridional wind V and (right) vertical wind W associated with the residual circulations
computed from WACCM. The data were averaged from 1 Nov 1953 to 28 Feb 1954. The units for V
and W are m/s. Northward and upward directions are defined as positive for V and W, respectively.

SABER from 70 to 110 km in the equatorial areas are likely
due to the tidal aliasing effect as indicated by the alternated
positive and negative correlations from 70 to 110 km. The
observed temperature anomalies may contain components of
tides and this may contaminate the correlation calculated. On
the other hand, since the tides have been removed from the
WACCM zonal means, the WACCM simulations give a very
clear pattern of negative correlations in the lower thermo-
sphere above the equatorial regions. As for the high northern
latitudes, because the tidal amplitudes are generally smaller
than in the equatorial regions, the aliasing effect is likely
small enough so that SABER shows the clear positive cor-
relation in the lower thermosphere from 90 to 110 km, which
is very similar to the WACCM results. Overall the com-
parison demonstrates that WACCM resembles the SABER
temperature correlation patterns quite well, confirming
that WACCM resolves the underlying mechanisms of
teleconnection.

[10] Besides the temperature correlations, the WACCM
outputs are also used to derive the correlation patterns
between the temperature anomalies at the reference point and
the meridional (V) and vertical (W) components of the
WACCM residual circulation anomalies (Figures 2d-2i).
The circulation anomalies are derived in the same manner as
the temperature anomalies. Here northward and upward
directions are defined as positive for V and W, respectively.
The correlation patterns of W in Figures 2d—2f correspond to
the correlation patterns of temperature in Figures 2a—2c very
well but with opposite signs and smaller magnitudes for the
correlation coefficients. Note the change of the correlation
scales in Figures 2d-2i. Such a correspondence is very clear
for the three correlation regions at high northern latitudes and
two regions in the equatorial stratosphere and mesosphere.
The correlations of W versus T in the equatorial lower ther-
mosphere exhibit more structures than those of T versus T,
but in general have an opposite sign. Although the correla-
tion magnitudes are small in the southern polar region, for
the correlation regions with significance levels above 95%,
the W versus T patterns still correspond with the T versus
T patterns in opposite signs. To demonstrate the meanings
of these correlations, we take the case of positive tempera-
ture anomaly as an example. When the temperature at the
reference point increases, the positive (negative) tempera-
ture correlation represents the regions of heating (cooling).
The corresponding negative (positive) correlation regions in

the vertical wind patterns indicate the enhanced (reduced)
downwelling or reduced (enhanced) upwelling. In the mean-
time, the positive (negative) correlations in the meridional
wind patterns shown in Figures 2g—2i imply either the
enhanced (reduced) northward wind or the reduced (enhanced)
southward wind. The good correspondence between the
W versus T patterns and the T versus T patterns confirms
that adiabatic heating (cooling) controls the temperature
anomalies.

3.2. Circulation Changes in the Stratosphere,
Mesosphere and Lower Thermosphere

[11] The correlations of V versus T (Figures 2g—2i) exhibit
three cell patterns from the stratosphere to the lower ther-
mosphere. They reflect the changes of the residual circula-
tions (Figure 3) that will be discussed in this section. The
negative and positive correlation regions in the stratosphere
as displayed in Figures 2a—2c are induced by the anomalies
of the Brewer-Dobson circulation [Kérnich and Becker,
2010]. The increase of planetary wave forcing in the north-
ern stratosphere induces a stronger poleward Brewer-Dobson
circulation [Holton, 1992; Yulaeva et al., 1994], which is
displayed as the positive response regions below 60 km in the
correlation patterns of meridional wind in Figures 2g-2i.
The stronger poleward circulation leads to an increase of
downwelling (upwelling) in the northern polar (equatorial)
stratosphere region, which is shown as negative (positive)
correlations in Figures 2d-2f. Such increased downwelling
(upwelling) results in enhanced adiabatic heating (cooling)
in the polar (equatorial) stratosphere. The consequences are
positive (negative) temperature correlations below 60 km in
the corresponding regions as shown in Figures 2a—2c.

[12] Mesosphere correlation patterns in Figures 2a—2c are
mainly induced by the anomalies of the summer-to-winter
pole flow in the mesosphere. The increase of westward
planetary-wave driving in the northern stratosphere decele-
rates the eastward wind in the winter stratosphere which in
turn changes the filtering of gravity waves. Consequently,
westward gravity wave forcing is reduced and thus the
mesosphere summer-to-winter pole circulation is weakened
[Karlsson et al., 2009b; Kérnich and Becker, 2010]. The
decrease of this circulation is evident in the negative corre-
lation of the meridional wind in Figures 2g—2i. The weak-
ened circulation leads to weaker downwelling thus reduced
adiabatic heating in the northern polar mesosphere, resulting
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Figure 4. The time series of WACCM temperature anomalies (AT) (red solid line) at the reference point
and the time series of WACCM vertical wind anomaly (AW) (blue solid lines) at four chosen points in
Figure 2d. Figures 4a—4d correspond to the points a, b, ¢c and d in Figure 2d, respectively.

in the negative temperature correlation from 55 to 90 km
in Figures 2a—2c and positive vertical wind correlation in
Figures 2d-2f in the same height range. In the equatorial
mesosphere, the increasing temperature corresponds to the
enhanced adiabatic heating or reduced adiabatic cooling
associated with the negative anomalies of vertical wind
according to Figures 2d-2f. Vertical wind anomalies in the
equatorial mesosphere are manifested either as an increase of
downwelling or a decrease of upwelling, but whether or not
these anomalies of downwelling or upwelling are caused by
the meridional mesospheric circulation anomalies deserves
further study in the future. Figures 2g—2i show that the neg-
ative correlation regions of the meridional circulation in the
mesosphere extend from the northern polar region to ~50°S,
suggesting that the mesosphere response to the winter
stratosphere anomalies is a global effect. That is, the winter
stratosphere anomalies are able to cross the equator and affect
the mesosphere at southern midlatitudes through the circu-
lation, for which the underlying mechanisms need future
investigations.

[13] According to the residual circulation calculated from
WACCM (Figure 3), there is a winter-to-summer circulation
in the lower thermosphere (above 95 km). As illustrated in
Figures 2d-2i, the change of this winter-to-summer circula-
tion in the lower thermosphere responds to the temperature

anomalies in the northern stratosphere and produces the
equatorial negative temperature correlation and the positive
temperature correlation in the northern polar regions from
90 km to 120 km in Figures 2a—2c. Likely associated with the
weakening of the summer-to-winter circulation in the meso-
sphere, this winter-to-summer circulation in the lower ther-
mosphere also weakens and leads to temperature anomalies
in the corresponding regions through adiabatic heating/
cooling.

[14] The results presented here show that the modeled
temperature anomalies in the winter polar stratosphere are
correlated with temperature and circulation anomalies at all
latitudes between 15 and 110 km. Although the correlation
coefficients at the high southern latitudes are small in
Figure 2, the majority of them are statistically significant as
indicated by the significance levels being above 95%. The
small magnitudes of the southern correlation coefficients are
most likely due to the inter- and intra-annual variations of the
correlation patterns, as will be discussed in Section 3.3.
Figures 2g—2i show that all the circulations are affected by
the anomalies in the winter polar stratosphere: the Brewer-
Dobson circulation in the stratosphere, the summer-to-winter
circulation in the mesosphere and the winter-to-summer
circulation in the lower thermosphere. Changes in the circu-
lations are responsible for the correlation patterns in the
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Figure 5. Similar to Figure 2, but the correlation patterns are calculated using the vertical wind and

meridional wind smoothed over 10 days.

corresponding regions. Therefore, the temperature correla-
tion patterns can be used as a proxy to identify the range and
boundary of the circulations.

[15] To directly examine the correlations between the
residual circulation and temperature, we compare in Figure 4
the vertical wind time series taken at 4 different locations
(a, b, c and d in Figure 2d) with the temperature time series at
the reference point. The time series are formed by splicing
together segments of temperature and wind every winter
during the period of SSW, which is the same method used in
forming time series in the calculation of Figure 2. The posi-
tive or negative correlations between the anomalies of the
two quantities are convincing, and all four correlations have
the significance levels above 99%. The correlations become
even more evident when the wind data are smoothed over
10-days for every year before spliced together so short-period
fluctuations (periods of several days) are removed. The
correlation coefficients are recalculated using the smoothed
winds and the results are displayed in Figure 5. After the
smoothing, the correlation patterns are nearly identical to
the unsmoothed patterns shown in Figure 2 but with larger
magnitudes of correlation coefficients in most regions. These
tests confirm the existence of the correlations between

temperature and vertical wind derived above. Figure 5 further
suggests that the correlations exist in the multiday periods
more strongly than in the day-to-day variations.

3.3. Teleconnection Patterns Versus SSW, Inter-annual
and Intra-annual Variability

[16] According to Figure 2, the correlation patterns from
WACCM for the days with major SSWs, with minor SSWs
and without SSWs are nearly identical. In Figure 1, the cor-
relations from SABER for days with and without SSWs also
have similar patterns. These results provide evidence that
temperature anomalies during the periods of major SSWs,
minor SSWs and no SSWs are all induced by anomalies of
the planetary-wave driven branch of the residual circulation
in the winter stratosphere. The differences among these three
cases are in the amplitudes and signs of planctary wave
anomalies and temperature perturbations. Strong positive
perturbations show up as SSWs, while other perturbations
are not considered as SSW. Our results are in agreement with
a finding in CMAM by Karisson et al. [2009a] that either
sign of the vertical component of the Eliassen-Palm flux in
the winter stratosphere leads to the similar inter-hemispheric
coupling patterns.
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Figure 6. The maximum correlation coefficients for (a) temperature (T), (¢) vertical wind (W) and
(e) meridional wind (V) obtained within the time lags of —10 to +10 days. (b, d, and f) The time lags
corresponding to the maximum correlation coefficients. The insignificant points have been removed from

all plots and appear as white spots or areas.

[17] We notice in Figure 2 that the correlation magnitudes
in the SH poleward of 60°S are relatively small when com-
pared to the previous studies by, e.g., Karlsson et al. [2009a]
and Xu et al. [2009]. Several factors may have contributed to
the weak correlations in the southern polar region in the
current study, including the time lag, the different reference
point used in the current study, the intra-annual and inter-
annual variations of correlation regions. We examine these
factors one by one in the following.

[18] In previous studies, Becker and Fritts [2006] sug-
gested a time lag of ~1 month for the SH mesosphere tem-
perature anomaly to respond to the NH planetary wave
anomaly. Karlsson et al. [2009a] showed in the CMAM that
the response time of the SH temperature to the NH planetary
wave was 15-20 days while the temperature-to-temperature
response time between two hemispheres was instantaneous.
Using the MLS data, Xu et al. [2009] showed a temperature-
to-temperature response time ranging from 1 to 7 days at
different correlation regions. To study the effects of time lag
on the derived correlation patterns in Figure 2, we calculate

the correlation coefficients for the time lags ranging from
—10 days to +10 days relative to the temperatures at the
reference point. The results are displayed in Figure 6. It is
worth to point out that the time series used in Figure 6 are
formed by simply joining 54 years of winter temperature or
wind data together without separating them into different
periods of major, minor and no SSWs. Figures 6a, 6¢ and 6e
illustrate the maximum correlations obtained within the
lags of —10 to +10 days, while the associated time lags for
achieving the maximum correlations are plotted in Figures 6b,
6d and 6f. The maximum correlation patterns of T versus T in
Figure 6a are nearly identical to the patterns of Figures 2a—2c¢
with zero lags. They all show strong correlations in the NH
and equatorial regions but weak correlations in the SH
poleward of 60°S. As a result, we conclude that the time lag
is not the cause of the weak correlations in the southern polar
region plotted in Figure 2. Furthermore, the time lags shown
in Figure 6b for the regions with relatively large positive
or negative correlations are close to zero, indicating that
the temperature-to-temperature responses are instantaneous
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Figure 7. Correlation patterns of WACCM temperatures for January 1953, 1954 and 1955. (a, ¢, and e)
The reference points are located in the southern mesosphere (averaged from 50°S to 90°S and from
0.00012 to 0.004 hPa), similar to the reference point used in Figure 1a of Karisson et al. [2009a]. (b, d,
and f) The reference points are located in the northern stratosphere, marked as circles with crosses. White

solid lines denote the 95% significance level.

north of 60°S. Some large lag values show up in Figure 6b for
the regions with small correlation magnitudes. Such lags
should be discarded in the analysis because the correlations
are fluctuated around 0, resulting in meaningless lags. The
maximum correlation patterns of T versus W in Figure 6¢ and
of T versus V in Figure 6e are similar to the corresponding
correlation patterns with zero lags in Figures 2d-2f and
Figures 2g-21i, respectively. Again, the time lags have very
little effects on the correlation patterns. Interestingly, the time
lags from 100 hPa to 0.001 hPa in the equatorial and northern
hemisphere regions in Figures 6d and 6f are negative in
general, indicating that the W and V wind anomalies lead the
temperature anomaly at the reference point by 2 to 10 days.
This time lag of 2—10 days is smaller than the lag of tem-
perature response to the planetary wave anomaly (15 days to
1 month) but larger than the lag of temperature response to
temperature anomaly (instantaneous—7days) in the northern
stratosphere. Such a result is anticipated because the plane-
tary wave anomaly occurs first and induces the residual cir-
culation anomaly. The residual circulation anomaly in turn

leads to the temperature anomaly that occurs last in the
sequence.

[19] The reference point chosen in the northern strato-
sphere to calculate the correlations in the current study is
different than the southern mesosphere reference used in
previous studies. To investigate whether the reference point
plays a role in the correlation magnitudes, we calculate the
correlation patterns for January of 1953-1955 using both
reference points in Figure 7. On the left, Figures 7a, 7c
and 7e employ a reference point in the southern mesosphere
(averaged from 50°S to 90°S and from 1.2 x 10~ hPa to
4 x 102 hPa), similar to that used in Figure la of Karlsson
et al. [2009a]. The area used to calculate the reference point
is marked as a black rectangle in each plot. On the right,
Figures 7b, 7d and 7f use the same reference point in the
northern stratosphere as Figure 2. Figures 7a and 7b show
very similar correlation patterns; however, Figures 7c and
7d exhibit the opposite correlations in general. Comparing
Figure 7e with Figure 7f, while Figure 7f using the NH
stratosphere reference point gives clear correlation pattern
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Figure 8. Correlation patterns between the WACCM temperature anomalies at the reference point
(10 hPa, 80°N) and at all latitudes and altitudes for the winters from 1953 to 1958. The title of each subplot
gives the dates of data period in the format of “yyyymmdd—yyyymmdd.” The circle with a cross is the ref-
erence point used for the correlations. White solid lines denote the 95% significance level.

with large correlation magnitudes, Figure 7e using the SH
mesosphere reference point gives very small correlations
globally. The puzzling results above can be explained by the
height variations of the correlation regions in the southern
polar region. In Figure 7b, the reference point in the NH
stratosphere and the reference point area in the SH meso-
sphere (inside the black rectangle) are positively correlated,
leading to the similar correlation patterns of Figures 7a and
7b. According to Figure 7d, the temperature anomalies at two
reference points are anti-correlated; therefore, Figures 7c and
7d have opposite signs of correlation patterns. In Figure 7f,
half of the reference point area in the SH mesosphere is
positively correlated with the reference point in the NH
stratosphere while the other half is anti-correlated. Conse-
quently, Figure 7e does not show clear correlation patterns
when the reference point rectangle in the SH mesosphere is
used. Regarding the high southern latitudes, Figures 7b and
7f show that the large correlations (nearly 1) are achieved in
the SH poleward of 60°S using the single year and single
month data with the reference point in the NH stratosphere.
This means that the reference point chosen in this study is not
the cause of small correlation coefficients in the southern
polar region. Furthermore, the results shown in Figure 7
indicate the advantages of choosing a reference point in the
NH stratosphere. That is, despite some changes in the SH
polar region in Figure 7d, the patterns in the equatorial and
NH regions are stable and consistent in Figures 7b, 7d and 7f.
Such advantages can be seen even more clearly in the inter-
annual and intra-annual variations of correlation regions to be
discussed below.

[20] To study the inter-annual variations of teleconnection,
the temperature correlation patterns are calculated from
WACCM for individual years from 1953 to 2006. Regions
with significant positive and negative correlations exist
poleward of 60°S each year, but the altitudes of these regions
vary from year to year through all 54 years. Figure 8 illus-
trates the yearly correlation patterns from 1953 to 1958 as
examples. For the winters of 1953—-1954 and 1954—1955, a
positive correlation region with a significance level above
95% occurred poleward of 60°S in the altitude range of
80-90 km. However, it moved to 90—100 km in the winter of
1956-1957. For the winters of 1957-1958 and 1958-1959,
the positive correlation region was located even above
100 km. Similarly, the negative and positive correlation
regions below 80 km exhibit inter-annual altitude variations
at the latitudes poleward of 60°S. Indeed, the inter-annual
variations have shown up in Figure 7 where using the January
data and a reference point in the NH stratosphere, the corre-
lation regions in the southern polar region have different
altitudes every year, further confirming the existence of inter-
annual variations. Therefore, when averaged over multiple
years, the correlations in the SH poleward of 60°S are largely
canceled out due to the inter-annual variations. A direct
consequence is the correlations calculated in the current
study being small in the SH poleward of 60°S as shown in
Figure 2. In contrast, the positive and negative correlation
regions in the equatorial and NH regions are quite consistent
over the years, leading to the clear patterns after multiple-
year averaging. These facts also demonstrate the advantage
of stable patterns around the equator and in the NH when a
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Figure 9. Correlation patterns between the WACCM temperature anomalies at the reference point
(10 hPa, 80°N) and temperature anomalies at all latitudes and altitudes for (a) November, (b) December,
(c) January and (d) February. The circle with a cross is the reference point used for the correlation calcula-
tions. White solid lines denote the 95% significance level.

reference point in the NH stratosphere is chosen in the cor-
relation studies.

[21] In addition to the inter-annual variability, the results in
Figures 7 and 8 also indicate the intra-annual variations. The
correlation patterns for January 1955 (Figure 7f) show strong
correlations at the high southern latitudes; however, the cor-
relation patterns for the entire winter from 20 October 1954
to 10 March 1955 (Figure 8) give much weaker correlations
at the same latitudes. This difference can be easily explained
by the altitude variations from November through February,
as the correlations are largely smoothed out when 4 winter
months are combined together. To further investigate the
intra-annual variations, the monthly correlation patterns are
calculated using all 54 years of WACCM data and the results
are displayed in Figure 9. The time series used in Figure 9 are
formed via splicing together the 54 years of temperature data
in each of the months (November through February). The
intra-annual altitude variations of the correlation regions are
obvious at the high southern latitudes. Three correlation
regions with the significance levels above 95% (i.e., the
positive correlation from ~1 x 107> to 1 x 10~ * hPa, the

negative correlation from ~10 to 0.001 hPa, and the positive
correlation from about 100 to 10 hPa) in the SH poleward of
60°S all have altitudes varying from one month to another.
The intra-annual variations of correlation pattern altitudes
cause the correlations at the high southern latitudes to be
smoothed out when the correlations are calculated for all the
winter months. Therefore, the intra-annual variations likely
contribute to the weak correlations in the southern polar
region shown in Figures 2 and 5. Note that the correlation
patterns in the equatorial and NH regions are located at the
same altitudes from the stratosphere to the lower thermo-
sphere for all winter months, suggesting the advantage of
choosing a reference point in the northern polar stratosphere.

[22] In summary, the time lag is not the reason of weak
correlations at the high southern latitudes. The reference
point in the northern stratosphere has the advantage to show
stable teleconnection patterns in the equatorial and NH
regions, but it is not the cause of weak correlations in the
southern polar region. The inter-annual and intra-annual
altitude variations of the correlation regions are most likely
responsible for the weak correlations at the high southern
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Figure 10. RMS magnitudes of temperature anomalies (unit: K) during (a) major, (b) minor and (c) no

SSWs.

latitudes. It is worth to point out that time series of daily
and zonally averaged data from WACCM are used to calcu-
late the correlation patterns in this study, while Karisson
et al. [2009a] used monthly and zonally averaged data from
CMAM. The WACCM results do not necessarily represent
a difference to the teleconnection in the CMAM.

3.4. Magnitudes of Temperature Anomalies

[23] It is of interest to quantify the magnitudes of temper-
ature anomalies under different SSW conditions. We take the
time series of WACCM temperature anomalies (like the
example shown as the red lines in Figure 4) for each location
and compute its root-mean square (RMS) value. The result
represents the RMS magnitude of temperature anomalies at
that location. Such computation is repeated for major, minor
and no SSWs, respectively. The resulted global maps of
RMS magnitude versus latitude and altitude are displayed
in Figure 10. The RMS magnitudes at the northern polar
region reach local maxima around 0.1 hPa and 5 hPa. At the
southern polar MLT region, the RMS magnitudes reach a
local maximum around 0.001 hPa with values of 14, 11 and
11 K for major, minor and no SSWs, respectively. Around
equatorial regions, the RMS magnitudes of temperature
anomalies are less than 5 K below the thermosphere. In
general, the magnitudes of temperature anomalies during
major SSWs are larger than those during minor and no SSWs.
To some extent, these RMS magnitudes of temperature
anomalies indicate the temperature responses to different
SSW conditions. But cautions must be taken when inter-
preting the results, because altitude variations and annual

variations may obscure the temperature anomalies to reveal
the real temperature responses.

4. Conclusions and Discussion

[24] We have established the teleconnection patterns of
temperature anomalies in the northern polar stratosphere with
temperature or wind anomalies at global latitudes and alti-
tudes from 15 to 110 km using SABER temperature data
and WACCM simulations of zonally and daily averaged
temperatures and winds. The correlation patterns show that
teleconnection exists globally over the entire equatorial, mid-
and high-latitudes and from the stratosphere to the lower
thermosphere. Along with previous studies, these two new
data sets further demonstrate the robustness of the tele-
connection pattern and its role as an important atmospheric
coupling mechanism. The correlation patterns between the
temperature anomalies and residual circulation anomalies are
established using the WACCM simulations. The WACCM
correlation patterns reveal that temperature anomalies from
the stratosphere to the thermosphere correspond well to the
corresponding anomalies of residual circulations through
adiabatic heating and cooling. These circulation anomalies
are induced by planetary wave anomalies in the northern
polar stratosphere. Since the residual circulations have clear
responses to the anomalies and form different correlation
regions, the correlation patterns may be used as a proxy to
identify the boundaries of the circulations.

[25] A main new finding of this study is that the tele-
connection extends well into the lower thermosphere and the
thermospheric anomalies are consistent with the corresponding
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changes of the winter-to-summer lower-thermospheric branch
of the residual circulation. Although this is the first report in
which the teleconnection between the stratosphere and the
thermosphere is clearly identified, we notice that Figures 4b
and 4d in Karisson et al. [2009b] derived from MLS tem-
perature data hint some coupling between the thermosphere
and the stratosphere, thus another data set supporting our
finding. Our results demonstrate that the stratosphere per-
turbations can have strong influences on the thermosphere
via teleconnection, which may have important implications
to the thermosphere research. For example, the temperature
perturbations will lead to the changes in the thermosphere
density, affecting space weather, especially the satellite
drag. The changes in the thermospheric residual circulation
will influence the constituent transport, e.g., affecting the
[O)/[N,] ratio that can impact the ionosphere via various
processes.

[26] We have examined the teleconnection for time periods
with and without SSWs using a reference point chosen in the
northern winter stratosphere in order to be consistent with the
definition of a SSW. It is found that the teleconnection pat-
terns do not depend on the presence of SSWs. That is, the
teleconnection structures for time periods with and without
SSWs display similar patterns in SABER, and teleconnection
patterns in WACCM are nearly identical for days with major
SSWs, minor SSWs and without SSWs. Such similarities
occur in the correlation patterns of temperature versus tem-
perature and also of temperature versus residual circulation.
These results indicate that major SSWs, minor SSWs and
small temperature anomalies are likely caused by similar
mechanisms but with different magnitudes; that is, anomalies
of circulations driven by planetary waves in the winter
stratosphere.

[27] The current study using WACCM simulations dis-
covers strong inter-annual and intra-annual altitude varia-
tions of the teleconnection patterns in the southern polar
region but stable altitudes of correlation regions in the
equatorial and northern latitudes. The correlation magnitudes
in the SH poleward of 60°S are relatively small in the current
study when compared to the previous studies by, e.g.,
Karlsson et al. [2009a] and Xu et al. [2009]. Our investiga-
tions of the weak correlations conclude the following. The
time lag is not the reason of weak correlations at the high
southern latitudes. The reference point in the northern
stratosphere has the advantage to show clear and stable tel-
econnection patterns in the equatorial and NH regions when
54 years of data are combined together to calculate the cor-
relation patterns, and it is not the cause of weak correlations
in the southern polar region. The inter-annual and intra-
annual altitude variations of the correlation regions are most
likely responsible for the weak correlations at the high
southern latitudes. This is because the positive and negative
correlations are largely canceled out when the correlation
patterns are averaged over 54 years or over 4 winter months,
although single year and single month data yield large cor-
relations in the southern polar region.

[28] The time lag has very little effects on the telecon-
nection patterns as shown by the current study; however, our
time lag analysis indicates that from 100 to 0.001 hPa in the
equatorial and northern hemisphere regions, the vertical and
meridional wind anomalies lead the temperature anomaly at
the reference point by 2 to 10 days. This time lag is smaller
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than the lag of temperature response to the planetary wave
anomaly (15 days to 1 month) but larger than the lag of
temperature response to temperature anomaly (instanta-
neous—7 days) in the northern stratosphere. Such a result
suggests that the planetary wave anomaly occurs first and
induces the residual circulation anomaly. The residual cir-
culation anomaly in turn leads to the temperature anomaly
that occurs last in the sequence.

[20] We believe that the current study with SABER and
WACCM has effectively broadened and furthered our
understanding of the global teleconnection phenomena and
possible underlying mechanisms. The correlation patterns in
the region from 50°S to the North Pole are stable from year to
year, within a year and with various SSW intensities in
WACCM. It implies that the first two stages of the inter-
hemispheric coupling mechanism as outlined in Kérnich and
Becker [2010], which are responsible for the correlation
patterns northward of 50°S, are generally stable. On the other
hand, the third stage of the coupling, where the perturbation
propagates through the mesosphere and lower thermosphere
from the equator to the summer pole, is much more variable,
particularly poleward of 60°S, and this leads to the strong
inter- and intra-annual altitude variations in the southern
polar region as found by the current study. Nevertheless,
there are still considerable issues to be addressed in the future
studies and we have identified several in Section 3. Fur-
thermore, the origin of the inter-annual and intra-annual
variations of the correlation patterns in the southern polar
region deserves good attentions. One possible mechanism is
the intrahemispheric coupling proposed by Karlsson et al.
[2011]. Variations in the timing of the late-spring break-
down of the stratospheric polar vortex in the SH [Langematz
and Kunze, 2008] may influence the propagation of gravity
waves up to the mesosphere, thus adding an intrahemispheric
control from the stratosphere to the MLT temperature. This is
additional to the inter-hemispheric coupling discussed above.
When a reference point is chosen in the northern polar winter
stratosphere as we did in the current study, only if the
anomalies in the southern MLT region is mainly controlled
by the anomalies of the planetary-wave driven branch of the
residual circulation (that is, the inter-hemispheric coupling),
will the correlation regions occur with stable altitudes in the
southern MLT. It is possible that the intrahemispheric waves
within the southern polar region strongly influence the
southern MLT region, leading to the large altitude variations
of the correlation regions in different months or years. Using
a reference point in the northern winter stratosphere may help
the studies of intrahemispheric coupling by revealing the
variations of correlation regions under different dynamic
conditions.
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