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Abstract

Temperature observations at 20–90 km height and 5–151N during the winter of 1992–1993, 1993–1994 and 2003–2004,

from the Wind Imaging Interferometer (WINDII) and Microwave Limb Sounder (MLS) experiments on the Upper

Atmosphere Research Satellite (UARS) satellite and the Sounding the Atmosphere using Broadband Emission

Radiometry (SABER) experiment on the Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics (TIMED)

satellite are analyzed together with MF radar winds and UK Meteorological Office (UKMO) assimilated fields.

Mesospheric cooling is observed at the time of stratospheric warming at the tropics correlative with stratospheric warming

events at middle and high latitudes. Planetary waves m ¼ 1 with periods of 4–5, 6–8, 10 and 12–18 days are found to

dominate the period. Westward 7- and 16-day waves at the tropics appear enhanced by stationary planetary waves during

sudden stratospheric warming events.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

While extensive studies have been conducted on
the effects of sudden stratospheric warmings (SSW)
on the upper mesosphere and the MLT region at
high and mid-latitudes (e.g. Whiteway and Cars-
well, 1994; Walterscheid et al., 2000; Hoffman et al.,
e front matter r 2007 Elsevier Ltd. All rights reserved

stp.2007.04.009

ing author. Tel.: +1416 7362100;

5626.

ess: mshepher@yorku.ca (M.G. Shepherd).
2002; Manson et al., 2006), there are only few
reports on the possible effect of SSW on the tropical
middle atmosphere and the coupling between the
tropical and high-latitude middle atmospheres dur-
ing such events (Fritz and Soules, 1970; Mukherjee
and Ramana Murty, 1972; Mukherjee et al., 1987;
Sivakumar et al., 2004; Kodera, 2006). Using
observations from the Nimbus 3 satellite, Fritz
and Soules (1970) were the first to show that the
perturbations in the stratosphere at the higher
latitudes are related to those at the tropics: the
.
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SSW at high latitudes in winter were accompanied
by simultaneous cooling in the tropical winter
stratosphere and in the summer hemisphere.1

Mukherjee and Ramana Murty (1972) examined
the effects of possible SSW on the middle atmo-
sphere using rocket-sonde data from Thumba
(8.51N, 761E) from December 1970 to March 1971
and found that occasional warmings do occur at
these latitudes in the upper stratosphere and meso-
sphere, consistent with the observations of intense
mesospheric cooling at high latitudes (Quiroz, 1969;
Labitzke, 1972; Gregory and Manson, 1975; Hirota
and Barnett, 1977; Mirabø et al., 1984; Delisi and
Dunkerton, 1988). More recently, such intense
mesospheric cooling was also reported by Waltersc-
heid et al. (2000) and Cho et al. (2004), and was
found to be closely associated, but preceding in time
the warming in the stratosphere.

Mukherjee et al. (1987) also examined the
dynamics of the tropical stratosphere and meso-
sphere in the winter of 1984–1985 employing weekly
rocket temperature profiles and radar winds at
Thumba (91N) The period was marked by a minor
stratospheric warming followed by a major strato-
spheric warming event registered at high latitudes.
At the tropical lower mesosphere, deep cold and
warm temperature anomalies2 were observed prior
to the major stratospheric warming, which was
observed about 2 weeks later, accompanied by a
cold anomaly in the mesosphere. The zonal winds
were strong easterlies3 in the upper stratosphere and
the lower mesosphere.

In a recent study, Sivakumar et al. (2004) also
examined the stratospheric warming effects at low
latitudes employing Rayleigh lidar temperature
observations from Gadanki (13.51N, 79.21E). They
reported a stratospheric warming event at low
latitudes about a week after a major stratospheric
warming was registered at high latitudes, with a
temperature increase of �18K above the tropical
winter mean values at 45 km height.

It is well established now that the coupling
between high and tropical latitudes is not restricted
only to stratospheric warming effects. Signatures of
such equatorial and low-latitude phenomenon as
the quasi-biennial oscillation (QBO) have also been
1For more on stratospheric sudden warmings, please see

Andrews et al. (1987).
2Temperature anomaly is a deviation from the mean tempera-

ture field.
3By ‘‘easterly’’ we denote the westward zonal wind, and by

‘‘westerly’’—the eastward zonal wind.
observed at middle and high latitudes (e.g. Gray
et al., 2001 and references therein). It has been
suggested that the QBO can trigger the stratospheric
warming events (Labitzke, 1987) (for more on QBO,
please see Baldwin et al., 2001). Labitzke (1987)
investigated inter-annual variability of the SSW and
showed that more major stratospheric mid-winter
SSW occurred in the easterly phase of the strato-
spheric QBO (westerly phase of the mesospheric
QBO) and that the relatively few major mid-winter
SSW observed in the westerly phase of the QBO
took place only when the sunspot number was
high. These results suggest that the QBO influences
the cooling in the polar MLT region associated with
the SSW.

While most of the reports concerning the state of
the winter tropical middle atmosphere (stratosphere
and mesosphere) are based on ground-based and
rocket observations from the Indian subcontinent,
satellite missions like the Upper Atmosphere
Research Satellite (UARS) (Reber et al., 1993),
and the Thermosphere, Ionosphere, Mesosphere
Energetics and Dynamics (TIMED) (Yee, 2003)
provide the opportunity to investigate the state of
the tropical middle atmosphere on a global scale.

Here we report the results from the analysis of
satellite temperature observations from the Wind
Imaging Interferometer (WINDII) (Shepherd et al.,
1993), the Microwave Limb Sounder (MLS) experi-
ments on UARS and the Sounding the Atmosphere
using Broadband Emission Radiometry (SABER)
(Mlynczak, 1997; Russell et al., 1999) experiment on
TIMED, combined with ground-based MF radar
(c) zonal and meridional winds from Tirunelveli
(8.71N, 77.81E). The UK Meteorological Office
(UKMO) assimilated temperature and winds data
have also been considered. The MFR winds data are
obtained at a site very close to those used in the
work of Mukherjee and Ramana Murty (1972),
Mukherjee et al. (1987) and Sivakumar et al. (2004),
and together with satellite observations in the same
5–151N latitude range allow parallels to be drawn to
those earlier reports in the interpretation and
discussion of our results.

Manney et al. (2005) examined stratospheric
zonal mean wind data from 26 Arctic winters, from
1978 to 2004 and showed that the period from 1989
to 1998 did not have any major SSW, while there
were seven major SSW in the period from December
1998 to April 2004. Thus we will examine the
possible effects on the tropical mesosphere by minor
SSW employing temperature and wind observations
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from the WINDII and MLS experiments on UARS
and the MFR for the periods of December
1992–March 1993 and November 1993–February
1994, employing temperature observations. The
effects of the major SSW during November
2003–March 2004 are examined using SABER
temperatures and MFR winds.

The presentation is organized as follows: A brief
description of the respective data sets used in the
analysis is given in Section 2. These include
temperature data from the WINDII and MLS
experiments on UARS, the SABER experiment on
TIMED, MFR winds and UKMO assimilated
temperature and winds data. The results obtained
are presented in Sections 3–5 and discussed in
Section 6, followed by a summary in Section 7.

2. Observations and data analysis

2.1. WINDII temperature data

The WINDII temperature data are derived from
the solar Rayleigh scattering radiances observed at
the limb at a wavelength of 553 nm. The retrieval
procedure and the data validation have been
discussed elsewhere (Shepherd et al., 2001, 2004).
The WINDII temperatures from November 1991 to
April 1997 provide global coverage from 501S to
721N over an altitude range from 70 to 95 km.
Orbital constraints and instrument viewing geome-
try limit the WINDII global coverage between yaw
periods from 421 in one hemisphere to 721 in the
other and the reverse as a yaw of the satellite takes
place approximately every 36 days. As a result, the
latitude range 421S–421N is viewed all the time
independently of the yaw. The WINDII tempera-
tures are retrieved from FOV1 observations, e.g.,
451 from the UARS orbit track. The measurements
sample horizontal segments of 25 km and are
integrated along the line-of-sight direction over a
distance of roughly 400 km. On a single day
WINDII completes 15 orbits while the Earth rotates
beneath it thus providing a full longitudinal cover-
age over a given latitude circle. Each subsequent day
of measurements corresponds to a 20min change in
local time, due to the 571 orbital inclination. Thus
about 36 days of observations are required to
provide full daytime local time coverage for the
latitude range of 7421 around the equator.

The daily zonal mean temperatures are obtained
by binning the observations on a given day into 101
latitude bins and represent an average of 15 orbits
per day. Usually there are three images per orbit
within the 101 latitude bin yielding about 45
measurements in a zonal average. Measurements
are separated for the ascending or descending
WINDII passes because their local times are
different. For each latitudinal band there is one
data point and one local time for each day of
observations corresponding to the average value.
Each daily zonal mean value corresponds to the
mean local time at which the satellite orbit crossed
the 101 latitude bin and thus contains the tidal
contribution at that particular local time.

The choice of the period for this study was to
some extent dictated by the availability of data,
both satellite and ground-based. The most regular
WINDII temperature observations were for the
period of January 1992–April 1994 and January
1995–April 1997. An earlier study of the seasonal
variability of the mesospheric temperatures using
WINDII data (Shepherd et al., 2004) established
very strong variability at the tropics, which was
coupled with variability in the zonal winds and
resulted from the effect of the QBO at these
latitudes as discussed by Shepherd et al. (2005).
The WINDII analysis for the present study employs
data from December 1992–March 1993 and No-
vember 1993–February 1994. The temperature data
are binned in a 101 latitude band from 5–151N to
provide daytime daily zonal mean values in the
height range from 70 to 95 km. There are gaps in the
WINDII observations between January 31 and
February 12, 1993 and January 5–25, 1994.

2.2. MLS temperature data

The MLS temperature data (Wu et al., 2003)
analyzed here are derived from the MLS 63GHz O2

emissions observations (Barath et al., 1993) on the
UARS and cover the height range of 20–90 km. The
instrument views 901 to the UARS orbit, which
leads to a latitude coverage on a given day from 341
in one hemisphere to 801 in the other. Similar to
WINDII, the latitude range of 7341 around the
equator is near-continuously observed by MLS
independently of the yaw. Descriptions of the
experimental technique, instrument sampling, the
retrieval algorithm and information on precision
and validation are provided in Wu et al. (2003). The
estimated precision of a single MLS temperature
profile from 20 to 90 km height is �2–15K with the
larger error at higher altitudes. The vertical resolu-
tion of the MLS temperature varies from 6km in
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the stratosphere to �10 km in the upper meso-
sphere. Comparisons with other data sets suggest a
cold bias of 10–15K above 80 km but this is not
expected to significantly affect the temperature
variations that are examined here. In the current
study, MLS daily zonal means values of the
temperature at 5–151N latitude band are used.
These daily zonal means are calculated separately
considering the ascending and descending part of
the MLS orbit. As in the WINDII case this leads to
sampling only one local time on either the ascending
or the descending part. While WINDII observes
only in daytime, the MLS provide both daytime and
nighttime observations within a given latitude band.
The MLS temperature data are for the same period
of interest as WINDII, namely December
1992–March 1993 and November 1993–February
1994. Strictly speaking, WINDII and MLS do not
look at the same volume of air at the same time.
However, as we consider daily zonal mean values,
the differences are expected to be negligible.

2.3. SABER temperature data

In this study, we have also employed kinetic
temperatures measured by the SABER experiment
(Mlynczak, 1997; Russell et al., 1999) on board the
TIMED satellite. SABER measures daytime and
nighttime Earth limb emission vertical profiles in the
near to mid-infrared over the range of 1.27–17 mm.
The kinetic temperatures in the MLT region are
deduced from 15 mm CO2 emissions and account for
the non-LTE conditions in this altitude region
(Mertens et al., 2001, 2002). The SABER orbit is
nearly sun-synchronous and has an inclination of
731 with respect to the Earth’s equator. SABER
orbits the Earth in about 90min providing around
100 temperature profiles during that time. The local
time observed by SABER for given latitude in a day
is almost the same, and it takes about 60 days to
obtain full diurnal cycle coverage. The satellite is
yawed every 60 days and over each yaw period
SABER alternatively observes a latitude range from
531 in one hemisphere to 831 in the other. The
routine temperature retrieval covers the altitude
regime from 10 to 105 km with a vertical resolution
of �2 km and resolution along the track of
�400 km. Data may be downloaded from http://
saber.larc.nasa.gov. The SABER temperature errors
of data version v1.06 are not yet routinely provided.
Preliminary estimates give an accuracy of 3K and a
precision of 2K at the latitude range of 80–100 km
(http://www.asd, http://www.larc.nasa.gov/saber/
ASDsaber.html). In the analysis that follows,
temperature profiles from the ascending and des-
cending part of the TIMED orbit for the latitude
range of 5–151N are used separately to produce
daily zonal mean temperature values in the height
range from 20 to 100 km. SABER samples only two
local times within a day of observations at these
latitudes with the local time difference between the
ascending and descending parts of the TIMED
orbits is 9 h at the most. Therefore, combining all
available data within the latitude band would not
cancel out the tidal influence on the observations.
The daily zonal mean temperature time series
comprise the period of November 2003–March
2004 when a major SSW was observed at Northern
high and mid-latitudes.

2.4. MFR wind data

Mesospheric wind data obtained from the partial
reflection MFR operating at Tirunelveli (8.71N,
77.81E) have been utilized in the present study for
the periods of December 1992–February 1993,
November 1993–February 1994 and November
2003–March 2004.4 There is a gap of 12 days in
the 2003–2004 data set, from January 20 to January
31, 2004, when the MFR facility underwent
upgrading. The MFR wind observations cover the
altitude range from 70 to 98 km and are daily mean
values obtained from 1-h-averaged data accumu-
lated on a daily basis. At altitudes above 80 km, full
24-h coverage of wind measurements is possible,
while below 80 km there may be some gaps in the
observations during night hours giving a rise of the
standard deviation of the data from 0.2m s�1 above
82–84 km to as much as 3m s�1 at the bottom of the
MFR altitude range during winter (Rajaram and
Gurubaran, 1998). As the data extend over the 24-h
diurnal cycle, the daily-mean values above 80 km
are practically free of tidal influence.

2.5. UKMO data

We have also used stratospheric fields of daily
(at 12:00 UTC, Coordinated Universal Time) zonal
mean temperature, and zonal and meridional wind
components provided by the UK Meteorological
Office (UKMO) from the British Atmospheric Data

http://saber.larc.nasa.gov
http://saber.larc.nasa.gov
http://www.asd
http://www.larc.nasa.gov/saber/ASDsaber.html
http://www.larc.nasa.gov/saber/ASDsaber.html
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Centre (BADC) website at http://badc.nerc.ac.uk.
These data have global coverage with 2.51 latitu-
dinal and 3.751 longitudinal steps and are available
for 22 pressure levels from 1000mbar to 0.316 hPa
(�0–55 km) with a 1-day temporal resolution
(Swinbanks and O’Neill, 1994a; Swinbank and
Ortland, 2003). In the current study, we employ
zonally averaged data at 1 hPa (�45 km) over the
latitude band of 7.51N, 101N, and 12.51N, centered
at 101N, for the periods of October 1992–April
1993, October 1993–April 1994 and October
2003–April 2004, for consistency with the satellite
data used in the current study. The UKMO analyses
well represent the major features of atmospheric
circulation (Swinbank and O’Neill, 1994b; Orsolini
et al., 1997). Systematic errors in the model are
reported to be small except near the upper boun-
dary where they are attributed to shortcomings of
the parameterizations of gravity-wave drag and
radiation.

2.6. Data analysis

To examine the planetary wave variability in the
upper mesosphere (70–90 km) during the periods of
interest, the data sets were subjected to standard
spectral analysis including the Lomb–Scargle peri-
odogram (Scargle, 1982; Hocke, 1998), and Morlet
wavelet (Torrence and Compo, 1998). The analysis
was carried our separately for the mesosphere and
stratosphere with a sampling grid of 1-day resolu-
tion, as described below.

The wavelet approach is a favored tool for
analyzing time series in which the assumption for
stationarity does not hold. The wavelet is simple
and closely resembles the modulated planetary wave
‘‘packets’’, which are frequently observed in the
MLT variability (e.g. Pancheva and Mukhtarov,
2000). Decomposing the time series into time–
frequency space, the wavelet transform is able to
determine both the constituent frequencies and how
these frequencies vary with time, producing a two-
dimensional time–frequency image (e.g. Torrence
and Compo, 1998).

In the stratosphere, the analysis of the UKMO
assimilated data fields employed a somewhat more
complex method of data processing as described by
Fedulina et al. (2004). In brief, a Fourier transform
based on a least mean squares approach was
performed to separate data into large-scale (zonal
wave number m ¼ 0–2) zonal modes for each
latitudinal circle. The time series with daily values
of temperature, zonal and meridional winds for the
cosine and sine terms5 for each mode and latitude
were constructed. These time series were subjected
to Fourier analysis to obtain sets of statistically
significant maxima in power spectra. Using a least
squares approach and information about the
periods existing in the time series, the amplitudes
and phases of each harmonics are calculated for two
longitudes shifted by a quarter of longitudinal wave
length. Then, using the values of amplitudes and
phases obtained at these longitudes, each harmonic
is separated into westward- and eastward-propagat-
ing waves. New time series were generated combin-
ing only westward- or eastward-propagating waves
with periods less than 20 days. Finally, a wavelet
analysis using the Morlet mother wavelet was
applied to these time series to investigate variability
of the traveling planetary wave activity in the upper
stratosphere.

One problem with the wavelet transform is that it
requires regularly spaced data points in the time
series under consideration, i.e., there should be no
gaps in the data. The gaps in the time series
considered were filled with a linear interpolation
between the neighboring data points. While this
prevents the time series from a discontinuity which
otherwise could be interpreted by the wavelet as a
legitimate periodicity it does not introduce new
spectral characteristics to the experimental data set
and therefore preserves the original planetary wave
spectra.

3. The winter mesosphere/stratosphere at 5–151N

In February 1993, an SSW event was observed at
high and mid-latitudes when the stratospheric
temperatures increased by 25K (e.g. Whiteway
and Carswell, 1994; Walterscheid et al., 2000;
Hoffman et al., 2002). In the mesosphere the effect
of the SSW was expressed as a cooling trend, which
at high latitudes reached maximum cooling of—
25K on Days 410–4116 (February 13–14, 1993)
about a week before a warming trend was observed
in the high-latitude stratosphere as seen in the
NCEP and lidar data. The cooling continued at a
slow rate until Day 418 (February 21, 1993), when a

http://badc.nerc.ac.uk
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warming trend commenced in the mesosphere. The
warming in the mesosphere began at the same time
as the stratosphere began to cool and recover to its
pre-warming state.

The SSW events in February–March 1993 at mid-
latitudes at 551N were examined in detail by
Hoffman et al. (2002) (their Table 2). Two warming
events, on Day 415 (February 18, 1993) and Day
433 (March 8, 1993) were associated with the
reversal of temperature gradient at 30 and 10 hPa
pressure levels, enhanced heat flux and the reversal
of the zonal mean wind at 1 hPa (�45 km). In the
mesosphere, these events were observed 2 days
earlier—on Day 413 (February 16) and Day 431
(March 6, 1993).

Four minor SSW events were also observed during
the 1993–1994 winter season: on Days 349, 367, 380
and 416 (December 15, 1993, January 2 and January
15, 1994 and February 20, 1994, respectively)
(Naujokat et al., 1994; Hoffmann et al., 2002). The
effects of these events were observed 2 days earlier in
the mesosphere at 551N. In the mesosphere, the
strong minor warming registered on January 3, 1994
was associated with zonal wind reversal from
westerlies to easterlies, extending over the entire
mesosphere, similar to the minor warming in
February 1993 (Hoffmann et al., 2002, their Fig. 4).
Fig. 1. Height–time cross-section of mesospheric temperatures observed

The day number is calculated from January 1992.
The effects of these events on the tropical middle
atmosphere are examined as follows.
3.1. November 1992– April 1993

The temperature perturbations observed at the
tropics in the winter of 1992–1993 and their relation
to the zonal mean winds at middle and low latitudes
to a great extent have been discussed by Shepherd et
al. (2007). In brief, the period of December
1992–March 1993 was examined in terms of daily
mean values of zonally averaged temperatures
obtained from the WINDII and MLS experiments
at 5–151N. Ground-based meteor and MFR winds
obtained at 541N and 91N, respectively, were also
considered.

The mesospheric temperature field observed by
WINDII and expressed in terms of daily zonal mean
temperatures over the latitude range of 5–151N,
centered at 101N for December 1992–March 1993 is
shown in Fig. 1. A temperature cooling of the order
of 7K below the mean value (192K) can be seen at
�85 km from Day 360 (December 25, 1992) to
about Day 385 (January 19, 1993) before descend-
ing and forming a second cold anomaly at
about 78 km on Day 397 (January 31, 1993). The
by WINDII over the period from December 1992 to March 1993.



ARTICLE IN PRESS
M.G. Shepherd et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 2309–2337 2315
mesospheric cooling registered around Days
410–411 (February 13, 1993) at mid-latitudes could
not be traced directly in the WINDII observations
since there was a gap of about 2 weeks in the first
half of February 1993. As was already mentioned in
Section 2.1 although the height–time cross-section
of the mesospheric temperatures in Fig. 1 represents
all available WINDII data for the period of interest,
the daily mean profiles are for different local times
and the data have not been de-trended for tidal
influence.

Another SSW event identified by Hoffmann et al.
(2002), on March 8, 1993 (Day 433) appears to be
well within the period of the cold temperature
anomaly seen in Fig. 1, with downward progression
of about 1 kmd�1 and a temperature difference of
about 10K at 78 km. These temperature anomalies
extend both vertically and in time into the cold
temperature anomaly associated with coupling of
the QBO and the semi-annual oscillation at these
latitudes and at equinox, as was discussed at length
by Shepherd et al. (2005).

The temperature observations from the MLS
experiment on UARS for December 1992–March
1993 over the height range from 20 to 90 km were
also examined. Height–time cross-sections were
produced combining MLS temperature profiles for
the same local times on the same days as those from
WINDII and the results of this mapping are shown
in Fig. 2a and b; thus only the daytime MLS
observations are considered in this presentation.
Although MLS has much coarser height resolution
in the upper mesosphere than WINDII, the main
signatures can easily be traced including the large
cold anomalies seen already by WINDII between
Days 360–380 and Days 420 and 440 (Figs. 1 and
2a, respectively). The MLS cold anomaly around
Days 360–380 extends down to 70 km with its
temperatures comparable to those observed by
WINDII. There is also very good correspondence
between the perturbations observed by the two
experiments in the Days 420–440 period with cold
mesospheric anomalies observed at the time when
the SSW at middle and high latitudes (Day 433,
March 8, 1993) was observed.

In the stratosphere (Fig. 2b), the stratopause
appears at about 50 km height, with three warming
periods: Days 360–370 (late December, 1992–early
January 1993) and somewhat stronger warming
periods around Days 410 and 420–460 (the end of
February–March, 1993) consistent with the SSW
events observed at 551N (Hoffman et al., 2002). The
enhancement seen at the stratopause is much
weaker, only �10K in comparison with what has
been observed at middle and high latitudes. The
correspondence between the warm temperature
anomalies in the stratosphere and the cold tempera-
ture anomalies in the mesosphere is quite apparent
(Fig. 2b). As both data sets have not been de-
trended for tidal bias a legitimate question to ask is
whether these anomalies do not simply reflect
different phases of the diurnal tide. While from
general theoretical considerations the diurnal tide is
not expected to be strong in the stratosphere, in the
mesosphere it can have a considerable influence on
the observations depending on season. However,
general theoretical considerations and experimental
work (Forbes, 1982; Forbes and Wu, 2006) also
show that the amplitude of the diurnal tide during
winter solstice and at the tropics is not very strong.
We will return again to this discussion later in this
presentation.

The differences in magnitude of the temperature
anomalies registered by WINDII and MLS are not
surprising considering the different vertical resolu-
tion and data precision between the two experi-
ments as discussed in Section 2. However, the
important point is that both data sets reflect cooling
above 70 km throughout the mesosphere, which
correlates with the warming of the stratosphere over
the same period of time.

The MFR daily mean zonal winds at Tirunelveli
(8.71N) in the altitude range from 70 to 98 km
shown in Fig. 3 display what would be considered a
typical mesospheric winter wind structure with
strong westerly winds with wind speeds of as much
as 40m s�1, extending up to 82–85 km before
reversing to easterlies, if it was not for the
perturbation seen between Days 356 and 390
(December 21, 1992–January 24, 1993). There
appears to be a deceleration of the westerly zonal
wind extending from 70 to 84 km. A strong wind
shear is centered at �77 km around Day 350 when
the wind speed decreases from 40 to �5m s�1 over a
period of 2–3 days and stays weak and easterly over
a period of 3 weeks (Days 355–375) between 75 and
85 km, before reversing again to its normal winter
westerly pattern. Above 84 km, the daily mean zonal
wind is easterly throughout the entire period except
for the wind reversal around Day 350 and again
around Day 380, a westerly signature above the
wind deceleration and easterly reversal at around
80 km. Similar to the WINDII temperatures the
almost constant vertical shear suggests that these
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Fig. 2. Daily-mean zonal temperatures from MLS in an altitude-height cross-section at 5–151N from December 1, 1992 to March 30,

1993—the data sampling as that for WINDII. (a) 70–90 km, height range; (b) 30–70 km height range (see text for details).
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changes in the direction of the MFR zonal wind
have happened simultaneously at all altitudes, from
70 to 98 km. As the MFR data are averaged over the
entire diurnal cycle the wind shear seen here cannot
result from tidal effects and changes in the local
time as could have been suggested by looking only
at the temperature data. There is a downward
progression that can be traced both in the easterly
winds starting at �95 km height on Day 335 and
ending at 70 km on Day 390 or in the westerly
winds—starting at �90 km height on Days 355–360
and ending on Day 415 at 70 km with a rate of
the descent of 0.35 kmd�1suggesting an upwelling
during the period of Days 355–380. Below 80 km on
occasion, there are gaps in the hourly observations
from which the daily mean zonal wind values are
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Fig. 3. Height–time cross-section of mesospheric daily mean zonal wind velocity observed at Tirunelveli at 8.71N over the period from

December 1992 to February 1993.
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produced and there the data could contain some
tidal bias reflected in the slight downward progres-
sion of the signatures observed. However, this
cannot explain the pattern seen in Fig. 3 above
77–80 km. The vertical wavelength of the perturba-
tion during the period is about 40 km. Some further
acceleration of the easterly winds at 87 km is also
observed at the end of January 1993 (around Day
397) and February 21 (Day 418). The latter is
concurrent with the time of the minor SSW
observed at 551N and the cold temperature anoma-
lies observed by WINDII and MLS.

There is a good correspondence between the cold
temperature anomalies around Days 415–440 (Feb-
ruary 18–March 15) and the MFR westerly winds
observed around Days 397 and 420, which are
consistent with the signatures of SSW effects on the
mesosphere. The downward propagation of the cold
temperature anomaly and, for that matter the
easterly zonal wind, suggests an upwelling and
adiabatic cooling, consistent with the effects on the
mesosphere of the interaction of a transient
planetary wave with the stratospheric jet (Liu and
Roble, 2002) over the period of Days 360–390
(December 25 1992–January 26 1993).

The descent of 7 km between the two WINDII
temperature anomalies, seen in Fig. 1, has a very
good correspondence with the easterly zonal wind
signature during the same period below 85 km,
shown in Fig. 3. However, the wind perturbation
appears 5 km lower than the cold temperature
anomalies, more in agreement with the MLS
temperature observations for the same period
(Fig. 2a).

Shepherd et al. (2007) found the cross-correlation
between the zonal mean winds at 551N and 101N to
be 0.52 with a time lag of 15 days for the
perturbations observed at the tropics.
3.2. November 1993– February 1994

The WINDII mesospheric daily zonal mean
temperatures for the period of November
1993–February 1994 are shown in Fig. 4. Cold
temperature anomalies were observed around Day
320 (November 16, 1993), Day 355 (December 21,
1993) and Day 392 (January 27, 1994). The anomaly
around Day 320 is possibly associated with the
reversal of zonal mean flow during the transition
between fall and winter, often observed at mid- and
high latitudes (e.g. Shepherd et al., 2004, Fig. 13).
The other two anomalies appear about a week after
the minor SSW events were observed at 551N.
Unfortunately, there are no WINDII data at these
latitudes for the period between Days 370 and 390,
so it is impossible to follow the temporal develop-
ment of this anomaly.
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Fig. 4. Height–time cross-section of mesospheric daily zonal mean temperature at the latitude range of 5–151N from WINDII (left panel)

over the period from November 1993 to February 1994. The day number is calculated from January 1993.
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There is a good correspondence between the cold
temperature anomalies seen in the WINDII data
and those observed by MLS, in spite of the
difference in height resolution and data precision.
The cold temperature anomaly seen around Day
395 and 83 km can also be traced in the temperature
data from the MLS experiment, both in the meso-
sphere and stratosphere, Fig. 5a and b. As before,
for consistency of the comparison with the WINDII
observations, the MLS profiles given in Fig. 5a are
daily zonal mean values at the same local times as
WINDII. The daytime MLS cold anomaly begins
around Day 385 and lasts until about Day 405
descending to about 75 km. It is followed by a
warming around Day 410 similar to WINDII
although lacking the level of detail seen in the
WINDII data. The cooling in the mesospheric
temperatures around Day 395 appears at the
beginning of the stratospheric warm anomaly
shown in Fig. 5b, which lasts until Day 440 (spring
Equinox, March 20, 1994); it peaks around Day 416
(February 20, 1994) at the same time as the minor
SSW was observed at 551N. This is also true for the
temperature enhancement following December sol-
stice, Days 360–370. This also concerns the other
cold temperature anomalies seen in November 1993
and mid-December.

The height–time cross-section of the MFR daily
mean zonal wind, shown in Fig. 6, indicates some
planetary wave activity with the westerly phase
descending over time with the rate of 4 km/day. The
westerly zonal winds are not very strong, of the
order of 10–15m s�1 and in general are weaker than
those observed during the same period in 1993.
Some increase in the westerly winds may be seen at
�85–90 km around Days 325, 355 and possibly 395,
which might correspond to the cold temperature
anomalies seen in the daily zonal mean temperature
data, but no definite parallels can be drawn. Except
for the easterly anomaly at Days 304–320 (first half
of November) at 75–85 km, the zonal wind is predo-
minantly westerly and possibly reverses to easterlies
above about 90 km.

Examining the mesospheric temperature and
MFR zonal wind fields, it is not surprising that in
this particular case the cold temperature anomalies
seen in the satellite data both by WINDII and MLS
do not correspond directly to the easterly phase of
the zonal mean wind, in the way it was seen in the
January 1993 observations. Other reports also
indicate that the zonal wind and temperature
perturbations during the winter of 1993–1994 were
weaker than those observed during the 1992–1993
winter season (Rajaram and Gurubaran, 1998;
Manney et al., 1994) possibly related to the phase
of the QBO cycle at these latitudes (e.g. Shepherd
et al., 2005; Sridharan et al., 2003). In addition,
while the satellite data are zonally averaged, the
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Fig. 5. Same as in Fig. 2, but for November 1993–February 1994.
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MFR winds are only at a single location along the
latitude range used in the comparison. Thus local
perturbations do not necessarily agree with the
zonal mean over this latitude range.

3.3. November 2003– March 2004

The effect of SSW on the low-altitude mesosphere
was further examined employing temperature data
from the SABER experiment on the TIMED
satellite for the period of Days 305–440 (November
1, 2003–March 15, 2004). A major warming was
registered at high latitudes in the stratosphere,
beginning in early January 2004 which led to nearly
2 months of vortex disruption with high-latitude
easterlies in the middle to lower stratosphere
(Manney et al., 2005). The temperatures at 2 hPa
were lower than usual in both January and
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Fig. 6. Height–time cross-section of daily mean zonal wind velocity observed at Tirunelveli at 8.71N over the period from November 1993

to February 1994.
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February 2004 while February was the coldest in the
26-year record, over three standard deviations
below the average).7

At mid-latitudes, the beginning of December 2003
was marked by a minor SSW in the middle and upper
stratosphere over Central and Eastern Asia
(601E–1601E), when the temperature increased by
25–30K with a peak of 240K at 1201E–1601E
(Gordienko et al., 2007, Fig. 6). Another area of high
temperatures (240K) over Europe and Western Asia
developed into a major warming in the beginning of
January, after which the middle stratosphere returned
to normal winter conditions. At the end of January, a
new warming pulse developed at the middle strato-
spheric levels. The disturbed temperature pattern
continued for almost 4 weeks. A final warming is
observed at the beginning of March 2004.

In the tropical mesosphere (70–90km height), the
temperature field as seen by SABER exhibits
significant variability with height and over time as
can be seen in Fig. 7a and b marked by cold
anomalies (�175K) around Days 320–340 (Novem-
ber 15–December 5, 2003), seen in 7b, for the
descending data set. The cold anomaly deepens with
height above 80km and extends throughout Days
305–380 (December 1, 2003–January 15, 2004. The
7(http://www.cpc.ncep.noaa.gov/products/stratosphere/winter_

bulletins).
variability range in the ascending data is larger for
the descending sub-data set as can be seen in Fig. 7a.
There is a deep cold anomaly in early November,
�Day 315, extending down to at least 60km, which
is likely a result of the fall/winter transition of the
mesosphere and the reversal of the zonal mean flow.
However, with the exception of the small tempera-
ture inversions around Days 327 and 341 the cold
December anomaly seen in the descending data,
Days 340–360 is also seen here but is�10K higher in
magnitude. Both ascending and descending cross-
sections show warm temperature anomalies
around Days 360–370 and another around Day 375
(December 25, 2003–January 4–9, 2004) extending
portion of the orbit to about 80km. At higher
altitude, these warm anomalies are replaced by cold
ones. If it were not for the temperature inversions
seen around Days 326 and 341 in the ascending and
those around Days 400–410 in the descending data
set the two data sets show very similar patterns of
warming of the mesosphere at the end of December
and early January, followed by mesospheric cooling
which reaches down to �70km and lasts till the end
of the period considered, March 15, 2004, with
temperatures of �175K. As in the earlier data and
also the results reported by Mukherjee et al. (1987),
we see a pattern of cooling and warming of the
mesosphere before the cold temperature anomaly
corresponding to the SSW sets in.

http://www.cpc.ncep.noaa.gov/products/stratosphere/winter_bulletins
http://www.cpc.ncep.noaa.gov/products/stratosphere/winter_bulletins
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Fig. 7. Daily-mean zonal temperatures from SABER in an altitude-height cross-section at 5–151N from November 1, 2003 to March 30,

2004. (a) at altitudes from 70 to 90 km, ascending part of the orbit; (b) at altitudes from 70 to 90 km, descending part of the orbit; (c) at

altitudes from 30 to 70 km, ascending part of the orbit; (d) at altitudes from 30 to 70 km, descending part of the orbit. The day number is

calculated from January 2003.
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In the stratosphere, the warm anomaly around
Days 360–370 has a maximum of 245K and its
effect extends well into the mesosphere and toward
the lower stratosphere as can be seen in Fig. 7c.
Another warm anomaly of 245K around Day 411
(February 15, 2004) is seen in both ascending and
descending data and in Fig. 7c and d and corres-
ponds to the cold anomaly seen at the same time in
the mesosphere. A comparison between the peak
stratopause temperatures observed by MLS in
1992–1993 and 1993–1994, and by SABER in
2003–2004 also shows that the 2003–2004 winter
stratopause was about 30K colder.

The time of these temperature anomalies corre-
lates well with the SSW registered at middle and
high latitudes, from which the one at the beginning
of January 2004 is a major event. Thus what was
seen as a possible connection during the SSW events
from the early 1990s observed in the WINDII and
MLS data, here becomes most apparent through the
SABER observations. There also seems to be a
more rapid response of the tropical middle atmo-
sphere to the SW events observed at mid-latitudes in
comparison with the response seen in the 1992–1993
observation, for example—possibly related to the
strength of the SSW perturbation.

According to the MFR wind observations at
Tirunelveli, the daily mean zonal wind at 84–98 km,
shown in Fig. 8, reversed from a relatively weak
easterly in November 2003 to westerly in early
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December 2003 when a minor SSW was observed at
these longitudes at middle and high latitudes. The
westerly zonal wind peaks around mid-December
reaching a maximum of 25–30m s�1 and decelerated
before reversing again to easterly winds at the end
of December–early January 2004 when the major
SSW event was observed at middle and high
latitudes as shown by the NCEP and UKMO
assimilated data (e.g. Gordienko et al., 2007) and
also seen in SABER temperatures. There is a gap in
the MFR observations from January 19 until the
end of January 2004 but in spite of that the daily
mean zonal wind remains easterly until mid-March
2004. The easterly winds were not strong,
0–20m s�1 except for the period around Day 440,
when they reached the rate of 43m s�1 at 86–88 km
height. This is also the time of the last SSW event
(Gordienko et al., 2007). There is a very good
correlation between the cold mesospheric anomalies
observed by SABER during this period, the warm
stratospheric temperature anomalies and the east-
erlies enhancements as can be seen in Figs. 7 and 8.

4. Planetary wave activity in the mesospheric

temperature and wind fields

4.1. December 1992– April 1993

The Morlet wavelet of the WINDII temperatures
at 86 km over the period of December 1992–March
Fig. 8. The daily mean zonal wind at Tirunelveli, (8.7
1993 revealed the presence of a 4- and 7-day wave in
early December and a 16-day wave present through-
out the entire month peaking around December
solstice, Day 355. Toward mid-January an 8-day
wave is also detected. All these have amplitudes of
�4K. Another 4-day wave is observed in mid-
February and a 14–16-day wave is also detected in
March 1993 (Fig. 9a). Because of the gaps in the
WINDII data in the 5–151N latitude band, no wave
structures were observed between Days 380 and 405,
as well as no short-period waves have been
identified.

With the MLS data arranged in the same local
times as WINDII, there is a very good correspon-
dence between the planetary wave signatures seen in
the MLS temperature wavelet at 86 km (Fig. 9c) and
those revealed in the WINDII data (Fig. 9a). This
similarity can be traced in the signatures from Days
335–380 (December 1992–early January 1993) with
a 14-day wave extending through the period and
accompanied by 8-day and weaker 4-day waves
around Days 370–380 (early January). The remain-
ing period of interest is dominated by a 16-day wave
with a peak around Day 420 (February 23, 1993),
similar to WINDII. The amplitude of the waves
identified in the MLS data is about a factor of 2
smaller than those seen in the WINDII data.

In the stratosphere at 50 km (Fig. 9e), the
planetary wave activity remains similar although
much weaker to that seen in the mesosphere by the
1N, 77.81E) for November 2003 till March 2004.
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two instruments. Four-day and 11-day waves can be
seen on Days 360–390 (the end of December
1992–early January 1993); a 4–5-day wave around
Day 410 and a 14–16-day wave around Days
420–430 (February 23–March 6, 1993) are also
observed. These similarities indicate the coupling of
the two regions (stratosphere and mesosphere).

With respect to the MFR zonal wind data at
86 km, the observed planetary wave signatures are
stronger but their periods are mostly between 2 s
and 12 days as can be seen in Fig. 9g. A 5-day wave
with an amplitude of 14m s�1 dominated the period
before December solstice (�Day 350) and is also
accompanied by a 9–11-day wave with amplitudes
�6m s�1 (Fig. 9f). The period between Days 370
and 410 is dominated by a strong 10-day wave and
amplitude of 11m s�1, centered at around Day 385
(January 19, 1993), accompanied also by a 2-day
wave with amplitude of 9m s�1. However, no
correspondence between these planetary wave sig-
natures and those seen in the temperature data can
be seen.

At the time of the minor SSW around February
18, 1992 and the warming in early March, 1993
(Days 412–433), a 16-day wave can be seen both in
the WINDII and MLS temperature wavelets at 86
and 50 km. Some long-period waves also appear to
be present in the MFR zonal wind wavelet around
Days 410–420, but its development cannot be
followed further for lack of observations.

4.2. December 1993– February 1994

The correlation between the WINDII and MLS
observations and planetary wave activity reflected in
these observations can also be seen over the
period of November 1993–February 1994 given in
Fig. 9b,d and f. The WINDII temperatures at 86 km
from November 1993–February 1994 revealed a
strong 3-day wave in mid-November 1993 (Day
320), with amplitude of 5K coupled with a
7-day wave. The November and the late-January–
February interval appears more dynamically active
with signatures of 7- and 15–20-day periods around
Day 325 and 4–5, 10 and possibly 18-day around
Days 385–415. Their amplitudes are comparable of
the order of 5K (Fig. 9b). No planetary wave
activity is observed between Days 345 and 390,
partly resulting from the lack of observations as was
shown in Fig. 4.

On a first glance, the MLS temperature wavelet at
86 km (Fig. 9d) differs from that seen by WINDII,
mostly in the range between Days 340 and 380,
when WINDII does not show significant planetary
wave activity—only signatures of 3- and 8-day
periods and amplitudes of the order of 1K can be
seen. However, the signatures observed by MLS
during the entire periods are weaker than WINDII
which makes the 3–4 day wave seen around Day 360
only slightly stronger. The 14-day wave and
amplitude of 2K around Day 355 appears in the
WINDII data as well, but coupled with other
longer-period waves, which are not observed by
MLS. Finally there is a good agreement between
WINDII and MLS toward the end of the period,
February 1994 when long-period waves of �18 days
are observed. In the stratosphere, at 50 km
(Fig. 9f) the planetary wave activity is very
weak but still showing 6-, 11- and 18-day signatures
at the end of January 1994, Days 390–400, which
still can be traced in the mesosphere both in
WINDII and MLS.

The wavelet of the daily mean zonal wind
observed at Tirunelveli at 86 km in 1993–1994
shown in Fig. 9h shows 7- and 14-day wave around
Day 330, similar to what is seen in the tempera-
tures and a strong 13-day wave around Days
360–370 similar to that seen by MLS but with a
different phase.

It appears that there is a delay of about 2 weeks in
the peak of the planetary waves seen at 101N and
the minor SSW reported by Hoffmann et al.
(2002). The dominant planetary wave signatures
observed in the time interval of Days 350–420
(December 15, 1993–February 15, 1994) are a 7-, 16-
and 18-day waves.

4.3. November 2003– March 2004

The Morlet wavelets for the ascending and
descending parts of the SABER orbits at 86 and
50 km are shown in Fig. 10a–d. In the mesosphere, a
strong 7-day wave is observed around Days
370–380, both in the ascending and descending data
sets, following the temperature enhancements seen
in the stratosphere at the beginning of January
2004. This wave appears together with 9–12 day
waves, which extend to the end of January–early
February, 2004 (�Day 400). There are series of 2–3
day wave outbursts throughout the period and at
both altitudes, which might result from the sam-
pling of the data rather than being a real planetary
wave. This is particularly apparent in the tempera-
ture wavelets at 50 km (Fig. 10c and d), as there are
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no observational evidence that 2-day wave exists in
the stratosphere. It is interesting that the amplitude
of the waves observed at 86 and 50 km are
practically identical. To examine the origin of these
waves and their possible relation to the SSW events,
we turn now to the spectral analysis of the UKMO
stratospheric assimilated data.

5. Planetary wave activity in UKMO stratospheric

assimilated fields

Wavelet spectral analysis has also been applied to
the UKMO stratospheric assimilated fields of
temperature, zonal and meridional winds at 1hPa
pressure level (�50 km height) to examine the large-
scale planetary wave activity at the tropics during
the period of October–April of 1992–1993,
1993–1994 and 2003–2004. The data are examined
for the presence of stationary, traveling planetary
waves, westward- and eastward-propagating with
wave numbers m ¼ 1 and 2. As in the satellite data
analysis, only planetary waves with periods of 2–20
days are considered. A summary of the quasi-
stationary planetary waves and traveling planetary
waves identified at 1 hPa pressure level is given in
Tables 1 and 2, respectively.

The temperature wavelet for the period of
October 1992–April 1993 for westward-propagating
waves with wave numbers m ¼ 1 and 2, respectively,
are shown in Fig. 11a and b. Here we are concerned
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with the period corresponding to the available
WINDII, MLS and MFR data, namely December
1992–March 1993. The amplitudes of temperature
planetary waves at 1 hPa are quite weak, and well
below 1K. The zonal mean temperatures indicate a
westward-propagating m ¼ 1 wave with a period of
Table 1

Quasi-stationary planetary waves at 1 hPa

Season Zonal wave number Parameter A

Dec 1992–Mar 1993 m ¼ 1 T 1

0

0

Zonal wind 1

1

6

4

m ¼ 2 T 1

1

0

0

0

Zonal wind 7

2

2

2

Nov 1993–Feb 1994 m ¼ 1 T 2

1

1

Zonal wind 2

7

1

m ¼ 2 T 1

1

0

0

Zonal wind 7

7

5

3

5

Nov 2003–Mar 2004 m ¼ 1 T 5

2

2

1

Zonal wind 3

6

2

m ¼ 2 T 2

1

1

Zonal wind 7

1

1

5

7

�7.5-day and an amplitude of 0.5K around
December solstice 1992, possibly coupled with 12-
day wave (Fig. 11a). This is similar to the 7–12-day
signature centered at around Day 370 in the MLS
wavelet at 50 km (Fig. 9e) although no 14–16-day
waves are observed at the end of February, seen in
mplitude Phase (deg) Time interval

K 240 End November–early December

.9K 330 Mid-February

.9K 270 Mid-March

4m s�1 290 Mid-November

2 m s�1 150 Early December

m s�1 180 End January

.5m s�1 180 Early March

K 130 December solstice

K 110 End January

.6K 140 �10 February

.4K 65 End February–early March

.7K 160 March equinox

m s�1 160 Early December

m s�1 110 End January

m s�1 10 Mid February

.5m s�1 120 Early March

.1K 300 First half December

K 295 First half January

.5K 330 March equinox

1m s�1 190 November–early December

m s�1 60 End January

2m s�1 150 March equinox

K 125 Mid-November

.4K 120 Mid-December

.5K 120 First half February

.6K 140 Early March

m s�1 140 End November

m s�1 120 Mid December

m s�1 100 10 January

m s�1 145 Mid-February

m s�1 90 Mid-March

K 90 Mid-December

K 355 January

K 80 End January/February

.9K 80 Mid-March

0m s�1 230 End November–early December

m s�1 20 First half January

0m s�1 150 End February

.5K 10 December

.9K 165 January

K 20 Second half February

m s�1 20 Early December

0m s�1 80 End December

6m s�1 150 Second half January

m s�1 10 Early February

m s�1 65 Mid-March
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Table 2

Traveling planetary waves at 1 hPa

Season Zonal wave

number

Parameter Westward wave Time interval Eastward wave Time interval

Dec 1992–Mar 1993 m ¼ 1 T 7.5d, 12d December 5–10d Dec–Feb

Zonal wind 14d, 6–7d Dec–Jan 14d November

Meridional wind 14d, 3–4d January 10d, 5–16d January–February

m ¼ 2 T 3d Late January 3d Jan–Feb

3–5d Late February 12d Dec–Jan

10–12d February–March

Zonal wind 9d December 6d December

5d, 9–10d January

18d February–March

Meridional wind 12–16d Mid January 2d Late January

12–16d, 5d Mid February

Nov 1993–Feb 1994 m ¼ 1 T 9d Mid December 14d Early December

16–18d January 7.5d January

10d February 4d February

Zonal wind 8d, 12d Late December 14d December

10d Late Feb–Mar

Meridional wind 10d January/late

February

5d Early January early

February

4d December 8d, 14–16d November

m ¼ 2 T 6d, 10d Late Dec 9–17d Nov–Dec

14d Late Jan 5d Jan, Feb

7d February

Zonal wind 5d Dec–Jan, Feb 9–16d November

12d Late December

Meridional wind 6d Dec–Jan 6d November

14d Late December

Nov 2003–Mar 2004 m ¼ 1 T 7d December 7d November

14d Nov–Dec 16–18d December

10d Feb–Mar 10d February

Zonal wind 12–18d Nov–Dec 16d November

7d Late December 7d January

9d February 8–12d February

Meridional wind 8d Late December 8d December

8d Late February 10d February

14d–16d November

m ¼ 2 T 8d, 10–12d Late December 14d (12–16d) Late Dec

6d February, March

Zonal wind 7d Late December 7–12d Nov–Dec

18d February–March

Meridional wind 8d Late December 8–10d Nov–Dec

6d February, March 9d February–March
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the satellite data. The westward-propagating m ¼ 2
wave is also weak with a 3d signature and an
amplitude of 0.5K, centered at the last decade of
January 1993 (Fig. 11b). A very weak 9–12-day
signature is also observed through February and
March 1993. The eastward-propagating m ¼ 1 and
2 waves (not shown here) are also very weak.

The planetary wave activity in the temperature
field during the period of November 1993–Febru-
ary1994 for wave numbers m ¼ 1 and 2 is illustrated
by Fig. 11c and d. The period was marked by the
presence of westward-propagating m ¼ 1 waves
with periods of 9–10 days at the end of December
1993 and early January, 1994 and the second half of
February, 1994, as well as a 16-day wave centered at
mid-January 1994. A westward m ¼ 2 planetary
wave with a period of 10 days was also observed at
the end of December and appeared coupled with a
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7–12 day wave at the end of January–early
February, 1994 (Fig. 11d).

The wavelet of the zonally averaged zonal wind
field at the 1hPa pressure level during October
1992–April 1993 is shown in Fig. 12a and b.
A westward-propagating m ¼ 1 wave with a period
of 14 days and an amplitude of 6.5m s�1 appears in
mid-January, 1993 and is the dominant feature from
December 1992 to March 1993. Another perturba-
tion with a period of 6–7-day and amplitude of
�3.5m s�1 is present following December solstice
1992 until the end of January 1993. The eastward
m ¼ 1 planetary waves are weak with an amplitude
of less than 1m s�1 through the entire period.

Weak 8-day and 12–13-day westward m ¼ 1
waves with an amplitude of 6m s�1 were observed
in the zonally averaged zonal wind field at the end
of December 1993, while a strong 10-day wave with
an amplitude of 9m s�1 dominated the period
between late February and early March, 1994
(Fig. 12c and d). The end of December 1993 and
early January 1994 are also perturbed by a strong
5-day westward wave with m ¼ 2 and amplitude of
13m s�1, as can be seen in Fig. 12d.

The UKMO assimilated temperature, zonal and
meridional winds at 1 hPa pressure level for the time
interval of October 2003–April 2004 were also used
to analyze the large-scale planetary wave activity
during that period and the results are presented in
Fig. 13, for m ¼ 1 and Fig. 14, for m ¼ 2. As can be
seen the period from mid-December 2003 to early
January 2004 is marked by a strong westward-
propagating planetary wave activity in all three
fields (Fig. 13a,c and e). The dominant wave m ¼ 1
has a period of 7–8 days. Other perturbations with a
period of about 14-day are also seen in late
November and early December 2003, while a 10-
day m ¼ 1 wave is also seen at the end of February,
2004. There is a very strong correlation between the
planetary waves seen in the temperature field and
those in the zonal and meridional winds; however,
their amplitudes are weak, only of a few degree
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Kelvin and m s�1, respectively. The eastward-
propagating m ¼ 1 waves are comparable in
magnitude with their westward counterpart and
generally indicate waves, peaking at the same times
and periods as the westward-propagating signa-
tures. This is most apparent in the eastward m ¼ 1
zonal and meridional winds shown in Fig. 13d and
f, respectively.

A similar pattern is observed also in the m ¼ 2
wavelets for the westward- and eastward-propagat-
ing signatures as shown in Fig. 14. A very strong
wave with a period of 7–8 days is observed at the
end of December 2003 dominating the planetary
activity in the three fields, as can be seen in Fig. 14,
left column. Other 6–8 day signature can also be
seen at the end of February and mid-March 2004
(these are the times of the SSW events). In
comparison with the eastward m ¼ 1 and 2 waves
during the winters of 1992–1993 and 1993–1994, the
eastward m ¼ 2 waves in November 2003–March
2004 are very prominent. This is not surprising
considering the strength of the SSW observed. For
the temperature, the most dominant signature is a
14-day wave at the end of December, at the same
time when the m ¼ 1 waves peak. However, the
zonal and meridional wind fields are dominated by a
7–11-day wave at the end of November, 2003.
Another 18-day and 10-day waves are present at the
end of February–early March 2004 in the zonal
and meridional winds, respectively (Fig. 14, right
column).

Finally, to put in context the planetary wave
variability and its possible relation to the SSW
events and to aid the discussion on this relationship
examples of the stationary planetary waves with
m ¼ 1 and 2 for the 2003–2004 winter season are
given in Fig. 15.

6. Discussion

The dynamics of the winter mesosphere (November–
February) is marked by considerable gravity wave
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activity and events of SSW, which in turn are coupled
with planetary wave activity in the mesosphere and
appear as cold temperature anomalies. As was first
described byMatsuno (1971) and further elaborated on
and demonstrated by Liu and Roble (2002), the key
mechanism for the generation of SSW is the growth of
upward-propagating planetary waves from the tropo-
sphere and the interaction between the transient wave
and the mean flow. Matsuno’s (1971) model also
showed that there is a mesospheric cooling accompany-
ing the SSW, which was also experimentally observed.
The interaction decelerates and/or reverses the westerly
winter stratospheric jet and induces a downward
circulation in the stratosphere and upward circulation



ARTICLE IN PRESS

5

10

15

20

P
e

ri
o

d
 (

d
a

y
s
)

5

10

15

20

P
e

ri
o

d
 (

d
a

y
s
)

5

10

15

20

P
e

ri
o

d
 (

d
a

y
s
)

5

10

15

20

P
e

ri
o

d
 (

d
a

y
s
)

5

10

15

20

P
e

ri
o

d
 (

d
a

y
s
)

5

10

15

20

P
e

ri
o

d
 (

d
a

y
s
)

NOV DEC DEC JAN

2003/2004 2003/2004

OCT NOV FEB MAR APRAPRMARFEBJANOCT

NOV DEC DEC JAN

2003/2004 2003/2004

OCT NOV FEB MAR APRAPRMARFEBJANOCT

NOV DEC DEC JAN

2003/2004 2003/2004

OCT NOV FEB MAR APRAPRMARFEBJANOCT

Meridional wind, m=2,  westward, 10N,  1 hPa Meridional wind, m=2, eastward, 10N,  1 hPa

Zonalwind, m=2, eastward, 10N,  1 hPaZonal wind, m=2,  westward, 10N, 1 hPa

Temperature, m=2,  westward, 10N,  1 hPa Temperature, m=2, eastward, 10N,  1 hPa
a b

c d

e f

Fig. 14. Traveling planetary waves, westward (left column) and eastward (right column) with wave number m ¼ 2 for 2003–2004 in the

zonally averaged UKMO assimilated data for: (a,b) temperature field; (c,d) zonal wind field and (e,f) meridional wind field.

M.G. Shepherd et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 2309–2337 2331
in the mesosphere, which in turn leads to adiabatic
warming/cooling in the stratosphere/mesosphere, re-
spectively. The main mechanism for planetary wave
amplification is considered to be the resonant wave
(wave 1 and wave 2) amplification under winter
conditions (Liu and Roble, 2002, and the references
therein). As was shown so far, there is a cooling of the
tropical mesosphere at the time of the SSW, similar to
what has been observed at middle and high latitudes
and generally consistent with Matsuno’s model.

One shortcoming of the satellite mesospheric
temperature data is that they are biased by the
presence of migrating tides depending on the local
times at which the daily zonal mean temperatures are
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obtained. In the WINDII case determining the diurnal
tide, contribution cannot be done since these are only
daytime observations. In the MLS and SABER cases,
such determination requires different format of the
data processing as it will take about 36 and 60 days,
respectively, to obtain full 24-h local-time coverage. In
this it is helpful to consider the results of Forbes and
Wu (2006) on the retrieval of tidal parameters from
the MLS temperature observations. According to that
study, the diurnal tidal amplitude and phase in
January at 101N and 86km height are of the order
of 4.5K and �8h, while for the semi-diurnal tide they
are 2.4K and 1.5h, respectively. However, as we
consider only planetary waves with period greater
than 2 days, this tidal bias should not affect the results
from the wavelet analysis.
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It is well accepted now that stationary and
traveling waves with the same zonal wave number
when present together would interfere and this
interference will result in transient fluctuations of
the wave amplitude with time (Smith, 1985, and
references therein). Smith (1985) has shown that
when traveling and stationary waves interfere in the
lower stratosphere they will do so throughout the
upper stratosphere and the lower mesosphere and
the amplitude will grow simultaneously at all
altitudes as the waves come into phase with each
other. As Salby (1981) has shown, the amplitude,
phase and frequency of the free wave, including the
16-day wave, all depend on the background wind
and therefore would not be expected to remain
constant during an SSW. The relationship between
the stationary wave and the traveling wave m ¼ 1 is
best illustrated by the results obtained from the
analysis of November 2003–March 2004 data
shown in Fig. 12, Figs. 13, 14 and 10. However,
the results presented suggest that at the 5–151N
latitude band the interaction between the stationary
wave and the westward traveling waves at the time
of the SSW events leads to an enhancement more of
the 7-day wave m ¼ 1 rather than longer period
waves like the 16-day wave, although signatures
with 12–20 day periods are also observed. All these
signatures are consistent with the effect of SSW on
the tropical mesosphere and in particular on the
mesospheric temperature field.

Quasi-stationary planetary-scale waves (SPW) are
dominant features of the winter hemisphere. The
first report on the presence of SPW at the tropical
mesosphere was by Venne et al. (1988) employing
temperature observations from the pressure mod-
ulator radiometer. Smith (1996, 1997) and Wang et
al. (2000) examined the global distribution of
stationary planetary waves in the zonal and
meridional winds fields observed by the high-
resolution Doppler interferometer (HRDI) and
WINDII on UARS and showed that the SPW are
present throughout the winter mesosphere. Wang et
al. (2000) showed that the amplitude of zonal wind
SPW zonal wave number m ¼ 1 and 2 at 90 km
height, which is the closest in height to the meso-
spheric temperature observations and 101N does
not exceed 5 and 3m s�1, respectively during the
period of December/January 1992–1993 and
1993–1994. The SPW m ¼ 1 was weaker throughout
the entire meridional/height cross-section and no
conclusions could be made for the SPW at 90 km
and at the tropics.
The wavelet analysis applied to the data con-
sidered revealed the presence of a variety of
planetary-scale perturbations from which west-
ward-propagating waves with periods of 5-, 7-, 10-
and 14–16 days are most frequently observed. As
the modeling works of Salby (1981) and Forbes et
al. (1995) have shown, these periods are associated
with the atmospheric manifestation of the first three
Rossby normal modes of zonal wave number 1
((1,2), (1,3) and (1,4) or 5-, 10- and 16-day waves,
respectively) in winter. As Salby (1981) has shown,
the westward-propagating 16-day wave is expected
to manifest itself within a large band of periods
from 12 to 20 days, as a result of the interaction of
the traveling planetary waves with the background
zonal mean flow or stationary planetary waves (e.g.
Smith, 1985; Forbes et al., 1995).

In the stratosphere during the three winter
seasons considered, westward-propagating signa-
tures at 1 hPa with m ¼ 1 and period of 14 days
(or 12–16 days) were often observed in December–-
January in all three assimilated data fields (tem-
perature, zonal and meridional winds) as was shown
in Figs. 11–14 and summarized in Tables 1 and 2.
This is likely to be a signature of the 15-day
westward-propagating m ¼ 1 wave which prevails in
the Northern hemisphere winter with a maximum in
December–January (e.g. Fedulina et al., 2004 and
references therein). During the periods of December
1992–March 1993 and November 1993–February
1994 westward-propagating waves with m ¼ 1 and 2
and periods of 4–6-day are also observed in
December, January and February in agreement
with the results of Fedulina et al. (2004), who after
analyzing 10 years (1992–2001) of the UKMO
assimilated 1 hPa data have shown that this
signature is associated with the first symmetric
normal mode of the 5-day wave which is know to
have a life time of 20–40 days. The 5-day wave has a
minimum at 101N during solstices, which can
account for the small amplitudes determined by
the wavelet analysis.

According to Garcia et al. (2005) in the winter of
2003–2004, the planetary waves in the stratosphere
were eastward propagating with wave numbers
m ¼ 1 and 2, a period of 7.1–14.4 days, and
amplitude of 1K (1.2 and 1K, respectively). In the
MLT region only waves with periods of 3–3.8 days
were detected. Planetary waves with wave number
m ¼ 2 and period of 1.7–1.9 days and amplitude of
3K were also present in the PW spectrum from
SABER, for the periods considered by Garcia et al.



ARTICLE IN PRESS
M.G. Shepherd et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 2309–23372334
(2005). All these waves were identified as Kelvin
waves. In general, there is a good correspondence
between the planetary wave signatures identified in
our analysis and those reported by Garcia et al.
(2005).

In the upper mesosphere, the wave associated
with the horizontal structure of the (1,1) mode is
found to occur at periods between 6 and 7 days,
although is commonly known as a ‘‘5-day wave’’. In
the satellite temperatures at 86 km no 5-day wave
was observed over the two winter seasons of
1992–1993 and 1993–1994, while a 4–6-day pertur-
bation centered on Day 350 (preceding December
solstice) appears as the dominant feature in the
MFR zonal wind with an amplitude of 15m s�1.
This is consistent with the results of Wu et al. (1994)
and Talaat et al. (2001) showing that the 5-day (1,1)
wave in the upper mesosphere wind field does not
display large amplitudes near the solstice periods.
Their analysis using observations from the HRDI
experiment on UARS at 95 km showed a 5-day
wave in November 1992 and 1993 at 101N with
amplitude of �15m s�1.

The periods of Days 320–350 and 390–440 show
signatures of mesospheric temperature inversions in
the SABER observations between 77 and 85 km for
the ascending and 80–90 km for the descending data
sets, shown in Fig. 7a and b. These temperature
inversions most likely result from the diurnal tide
bias since as was mentioned earlier both data sets
contain profiles with local time covering the entire
diurnal cycle and thus will be affected by the tidal
phase and that particular local time as have been
described in detail by Meriwether et al. (1998) and
Meriwether and Gerrard (2004). However, not all
local times are sampled during the ascending or
descending part depending on the orbit position
along the globe. This can potentially lead to over-
sampling of given local time and thus tidal phase in
comparison with other local times. The observed
temperature inversions can also result from the
dynamical interaction of gravity waves with the
mean flow as experimental (e.g. Leblanc and
Hauchecorne, 1997) and model (e.g. Hauchecorne
and Maillard, 1990) results have shown. On the
other hand, recent model results (Sassi et al., 2002)
have shown that the magnitude of the inversions
highly correlates with the amplitude of vertically
propagating planetary waves, while gravity waves
play an essential indirect role by setting up a critical
line in the upper mesosphere where Rossby waves
beak in the mesospheric surf zone. Therefore in the
wavelet analysis, waves with periods of less than
48 h are deliberately not considered.

The MFR wind wavelet for the season of
1993–1994 indicate strong 12–16 day wave through-
out the month of January 1994 with an amplitude of
7.5m s�1 (Fig. 9(g) which seems to result from the
short reversals of the background zonal mean flow
above �80 km from westward to eastward, shown
in Fig. 6. These results are consistent with the results
by Luo et al. (2002). These authors show a peak in
the 16-day wave amplitude of 7m s�1 at 86–87 km in
early January 1994 and again at the end of February
and early March 1994 (their Fig. 5) at equatorial
latitudes (Christmas Island, 21N).

7. Summary

Results have been presented on the possible
effects of SSW events on the tropical mesosphere
for the period of December 1992–March 1993,
November 1993–February 1994 and November
2003–March 2004 at 5–151N. Five data sets for
these periods, from WINDII, MLS, SABER, MFR
and the UKMO were analyzed to examine the daily
mean temperature, zonal and meridional winds
structure in the mesosphere and their relationship
to perturbations observed in the stratosphere. All
three satellite data sets contain some tidal bias due
to their orbit configurations and sampling. This
tidal bias is expected to be more significant in the
upper mesosphere where the tidal amplitude max-
imizes. In order to make the results more consistent
the MLS data were arranged according to the same
date and local time as WINDII. The results
obtained are in very good agreement in spite of
the differences in the vertical resolution of the two
data sets. All three satellite data sets showed the
presence of cold temperature anomalies at the time
of temperature increase in the tropical stratosphere,
correlative in time with the SSW observed at middle
and high latitudes. This cooling of the mesosphere
was preceded by short cold- and warm-temperature
anomalies in the mesosphere, while no significant
changes were observed in the stratosphere. The
presence of tidal bias in the mesospheric data could
in general lead to some degree of warming and
cooling depending on the tidal phase at the local
time of the respective observations, but from what
we now know about the temperature tides at the
tropics and solstice the tidal effect is not sufficient to
account for the observed temperature changes. In
the stratosphere where there is no tidal bias, the
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temperature enhancement concurrent with the time
of the SSW can still be traced in the MLS and
SABER height–time cross-sections.

The spectral analysis applied to the temperature
and wind data both for the stratosphere and
mesosphere showed very good correlations between
the peak of stationary waves with zonal wave
number m ¼ 1, the enhancement of the westward-
propagating planetary waves and the onset of the
SSW event. This was most clearly seen in the
wavelet results for the 2003–2004 major SSW event.
The most pronounced traveling wave in the strato-
sphere for this period was a westward 7-day m ¼ 1
wave, which peaked in late December 2003 in all
three fields. A long-period 12–18 day wave preceded
the 7-day wave peak.

These results are consistent with the main pattern
of stratosphere/mesosphere coupling observed at
middle and high latitudes during SSW events and
add to the better understanding of the global effects
of these SSW on the tropical mesosphere.
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