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Abstract. The mesosphere and lower thermosphere (MLT)1 Introduction

wind structure over Wuhan (830, 114 E) in 2000/2001

winter and over Langfang (394, 116.6 E) in 2009/2010

winter are examined to reveal the effects of stratospheric sudThe stratospheric sudden warming (SSW) event, first ob-
den warming (SSW) in mid-low-latitude MLT region. The Served by Scherhag in 1952 (Scherhag, 1952), is a spectac-
result shows that the MLT daily zonal wind over these two ular transient phenomenon in the high latitude winter which
sites reversed from eastward wind to westward wind for sev-can influence the whole global atmosphere. It is character-
eral days during the SSW events. The reversals were almod¢€d by a rapid increase of polar stratospheric temperature
coincident with the polar stratospheric temperature reachaccompanied with a deceleration or even reversal of the east-
ing its maximum at 10 hPa, 9®! and were about ten days ward zonal winds. A major warming is defined as when the
prior to the reversal of high latitude stratospheric zonal windZonal-mean temperature at 10 hPa or below increases pole-
at 10hPa, 6DN. The temporal variations of tides, gravity ward from 60 N (a reversal of temperature gradient) and the
waves and 2-day planetary waves in the mid-latitude MLT Zonal-mean zonal wind becomes westward. A minor warm-
showed different behavior during the two SSW events. Dur-ing is when the temperature gradient reverses but the zonal-
ing the 2001 SSW event, MLT diurnal tide reached its maxi- mean zonal wind does not reverse and only becomes weakly
mum when the MLT zonal wind decreased rapidly and SSweastward (Andrews et al., 1987). Major SSWs have been ob-
event began in polar stratosphere; the activity of 2-day waves§erved mainly in the Northern Hemisphere and only one or
decreased after the onset of the 2001 SSW, while the gravitV0 times in a winter, while minor SSWs may occur sev-
wave increased when the 2001 SSW developed into a majogral times in one winter and may even appear in the South-
warming. However, in the 2009/2010 winter, the semidiurnal € Hemisphere. An SSW event involves profound changes
tide and 2-day wave in MLT over Langfang reached a peakOf temperature, winds and circulation in a short time. There-
about two days earlier than zonal wind reversal at 10 hpafore, the SSW events provide a good way to investigate the
60° N; no significant features were found in diurnal tides, coupling between middle atmosphere and lower atmosphere.

terdiurnal tides and gravity waves related to the 2010 SSw The evolution of SSW events at high latitude in strato-
event. sphere is well characterized and understood from extensive

observations and research since 1952. The key mechanism
of major SSW events is the growth of upward- propagating
forced stationary planetary waves from the troposphere and
their interaction with the mean flow in the middle atmosphere
(Matsuno, 1971).

Numerous observations and case studies reported that the
MLT winds and temperatures have significant changes at
high latitude during SSW events. According to the observa-
tion at Resolute Bay, Canada (7419, 94.9 W), a reversal
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of eastward zonal winds happened several days before ten2000/2001 MLT winds data over Wuhan (39, 114 E)
perature maximum in the stratospheric polar cap during theand the 2009/2010 MLT winds data over Langfang (3%4
SSW event in February 2001 (Bhattacharya et al., 2004)116.6 E) to investigate changes in the MLT over mid-
MLT winds observed at three other stations located at Castldatitudes associated with SSW events. The prevailing winds,
Eaton, 52 N; Collm, 52 N and Esrange, 68N showed that tides, gravity waves and planetary waves during the two SSW
both zonal and meridional winds changed directions in theevents were analyzed and compared with the observations in
mesopause region when the SSW event happened (Jacobigh latitudes.

et al., 2003). A study by Hoffmann et al. (2007) showed a

short-term reversal of the mesospheric winds followed by a

period of strong eastward winds. DOWdy et al. (2007) inves-2 Data sources and data ana|ysi5 methods

tigated the response of the polar MLT atmosphere to seven

major SSWs (including the February 2001 event) by using2.1 Data sources

MF radars in the Antarctic and the Arctic. They found that on

average the zonal winds reversed 4 days earlier in the MLTThe MLT wind data used in this study were obtained from

than in the stratosphere. Wuhan (30N, 114 E) MF radar and Langfang (39.4,
In recent years, some observations were carried out at16.6 E) MF radar. The MF radar provides measurements
tropical MLT region. Observations at Tirunelveli (8.4, of the plasma drift velocity directly. In MLT below 100 km,

77.8 E) during three major SSW events showed that a re-the neutral wind is almost equal to the ion drift velocity be-
versal of zonal winds occurred several days before the oneause the ratio of ion gyro frequency to the ion-neutral colli-
set of SSWs at high latitude (Sathishkumar et al., 2009).sion frequency is much less than 1. Therefore, the MF radar
Mesospheric cooling and stratospheric warming were bothwind is taken as the neutral wind for a simple assumption
observed at the tropics during SSW events (Shepherd et al(Reid, 1983; Nozawa et al., 2002). However, above 100 km
2007). in MLT, due to the ratio becoming close to and much greater
MLT planetary wave activities during SSW events have than 1, the ion drift velocity will become much different from
also been investigated. Some case studies showed an ethe neutral winds (Oyama et al., 2012). The ion drag on the
hancement of planetary wave 1 activity in the mesospheraeutrals may induce neutral wind shear and even neutral in-
at high latitudes during major warmings (Hoffmann et al., stability (Hall and Aso, 2000).
2007). For the February 2001 SSW, the reversal of zonal Wuhan MF radar and Langfang MF radar used the “spaced
component in MLT at Castle Eaton, Collm and Esrange wasantenna” (SA) systems and employed full correlation analy-
associated with a planetary-wave oscillation with a periodsis techniques to routinely measure winds, just the same as
of 10 days (Jacobi et al., 2003). Spectral analyses of Soutthe majority of MF radars in operations around the world.
Pole OH airglow brightness measurements from the 1995Nuhan MF radar, set up at the end of 2000, aims to ob-
and 2002 winters showed amplification of the 4-day wave inserve the MLT winds from 60 to 98 km with 2 km height in-
the mesosphere preceding the onset of SSW events (Azeetarval and 4 min time interval. It operated at a frequency of
et al., 2005). 2.01 MHz with 25 kW peak transmitting power, and it was
Dowdy et al. (2007) found that the response of meso-configured with a transmitting antenna of squared dipoles
spheric gravity wave activity varied among different radar and three receiving antenna of crossed dipoles (Li et al.,
sites or different SSW events. Wang and Alexander (20092002). With Wuhan MF radar data, Zhang et al. (2004) an-
found enhanced gravity wave amplitudes in the stratospheralyzed winds and tides of winter mesopause region; Hu et
and subdued gravity wave amplitudes in the lower meso-al. (2006) made a comparison between Wuhan MF radar and
sphere during the SSW events in 2007—2008 winter. They exYamagawa MF radar. Langfang MF radar was configured
plained these variations with gravity wave propagation con-with four antennas arranged in an almost equilateral trian-
siderations. Sathishkumar and Sridharan (2009) investigatedle. Langfang MF radar operates at a frequency of 1.99 MHz
gravity wave activity with MF radar zonal winds at alti- with 64 kW peak transmitting power. It observes the MLT
tudes 84-98 km over Tirunelveli (8. W, 77.8 E). They re-  winds from 60 to 110km with a 2km height interval and
ported enhancement in gravity wave activity observed duringd min time interval. The integration time for one wind profile
2005/2006 but not during 1998/1999, and the mean meridmeasurement is 104 s. It provides MLT horizontal wind data
ional winds changed to more equatorward during 2005—200&ver since May 2009.

but remained poleward during 1998-1999. We collected Wuhan MF radar wind data in 2000/2001
However, there are few reports (until now) devoted to winter and Langfang MF radar wind data since May 2009.
the possible effects of SSW events below’ BOMLT at- Therefore, these wind data help us to reveal the relations be-

mosphere. It is believed that more observations about SSWween SSW and variability of MLT winds and waves over
events help us to understand the dynamics of stratospherimid-latitude during 2000/2001 winter and 2009/2010 winter.
warmings, to interpret upward and downward vertical cou- Forthe 2001 SSW event, the data series used to investigate
plings in the winter atmosphere. In this paper, we use thehe variations of MLT winds are from 22 December 2000 to
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15 March 2001. For the 2010 SSW event, the MLT winds Data gaps over Wuhan , 2001
data series are from 29 December 2009 to 15 March 2010. T T T TTRRTTTT
Since there is no data below 80 km in the night due to the dis- ” | | “ H [ { ‘ M‘ |
appearance of the ionosphere D layer, only horizontal winds ~ \ \‘ il \ \
from 80 to 98 km were used. = |

To reveal the evolution of these two SSW events, we used 8 | | 1
winds and temperature data from NCEP/NCAR Reanaly- : ‘
sis project from 25 December 2000 to 15 March 2001 and < 3 !
from 21 December 2009 to 15 March 2010. For more details ‘ H ‘H‘ ‘ ‘ H HI“ |
about the 2010 SSW event, the geopotential height data of 8¢ 11 LM AR LA i &
Aura Microwave Limb Sounder (MLS) were used to derive 1ot 0115 02/01 02115 O3fo1
the zonal gradient wind in the height range of 10 to 70 km Dateéﬁom
in 2009/2010 winter. The Aura satellite was launched on
15 July 2004 in a near polar, sun-synchronous orbit with a Data gaps over Langfang , 2010
period of approximately 100 min. | \‘ \ ‘ ‘ T
o (kTR |

2.2 Data analysis

The MLT daily mean winds, tides, gravity waves and 2-day %0

planetary waves were estimated from radar data. In order to£ | |

get daily mean winds over the two sites, we firstly calculated < 5° |

hourly mean winds in each 1-h bin for each height. Then

the hourly mean winds in 1-day were averaged to get the & | i

daily mean winds. Considering the data gaps due to power %101 0115 0201 0215 0301 03115

off or instrument reasons, it required at least 16 hourly mean Date(sl;?mo

winds in one day at a given height to estimate the daily mean

winds. Figure 1 shows the data gaps in hourly mean windrig. 1. (a) Data gaps in hourly mean wind data of Wuhan MF radar

data of Wuhan MF radar in 2000/2001 winter and Langfangin 2000/2001 winter an¢b) data gaps in hourly mean wind data of

MF radar in 2009/2010 winter. Black means data missing inLangfang MF radar in 2009/2010 winter. Black means data missing

that hour. in that hour.

MLT winds are mostly composed of background winds

and wavelike variations, including tides, planetary waves and

gravity waves. According to current researches (e.g. Zhang

et al., 2004; Hocke and Igarashi, 1999), tide wave with pe- 2rt 2t

riod of 24 h, 12 h are the most dominant components in MLT* ) = 40 a- cos(ﬂ Bl 024) b COS(? B 912)

region. Amplitude of the 8-h (terdiurnal) tide is also signifi- ot ot

cant (e.g. Jiang et al., 2009). However, the tide amplitudes +c- COS(@ —98> +d- COS(E —948) (1)

with periods equal to or less than 6h are relatively small

in some observations and not always found in analysis ofwhereu (¢) is the hourly mean wind, and, b, ¢, d are am-

time series (e.g. Oznovich et al., 1997; Kovalam and Vin- plitudes,f24, 612, fg, H4g are phases,is time in hour, andio

cent, 2003; Smith et al., 2004). Therefore, we suppose thais the background wind. In the right side of Eq. (1), the con-

the major periods of tides are 24 h, 12h and 8h, while thestant ‘uo” may include the background wind and long-term

6-h tide is not considered here. In this paper, diurnal tidesplanetary waves (greater than 4 days).

semidiurnal tides, terdiurnal tides and 2-day planetary waves After fitting, the root mean square (RMS) of the residual

were derived by applying harmonic fitting to the time series wind was obtained by calculating the difference between the

of hourly mean winds. The data window was 96 h (4 days) inhourly windsu (r) and the fitted value’ (r). This RMS repre-

each fitting and it shifted with a 1-h time step. It required at sents mostly gravity wave perturbations with periods longer

least 72 h of hourly mean winds in a 96-h window for a given than two hours. The RMS velocities also include contribu-

height in each fitting. The amplitudes and phases of tides antions from noise and tides with 6-h period or interacting

2-day waves were obtained by fitting Eq. (1) with the leastwaves (Haldoupis et al., 2004).

square method: The gradient wind in 2009/2010 winter was calculated
from geopotential height data of Aura MLS. The method was
similar to what Xiao et al. (2008) and Remsberg et al. (2003)
did in their papers. The main formulas are as follows:

ude (km)
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2000/2001 winter

g00H 40
Ug=——— 2 60°N,10 hPa

fa d¢ % 20

g
2 1/2 5 (@)

ugr = —M + (M?+2M x ug)*?. 3) = 0
Whereug represents the geostrophic wing, represents the -20
gradient wind,M is the tangential velocity of Earth rotation 10
and can be calculated By = a2 cosyp. g0 is the mean grav- Z o
itational accelerationf is the Coriolis parametes, is Earth = 10 |
radius (6378km)H is geopotential heighty is latitude, 2 < 20 (b)

is the Earth’s rotation rate. Here, we firstly applied the spher-
ical harmonics fitting to the geopotential height data in each
pressure level in each day, and then calculated the gradient 230
wind by formula (2) and formula (3), resulting in8x 2.5

A T=T(90°N)-T(60°N)

degree grids in the Northern Hemisphere. X 210 (c)
Since the Aura satellite is operated in the near polar, sun- = T(90°N, 10 hPa)
synchronous orbit, the obtained data are distributed near two 190 1
local times in a given day. Thus, the gradient winds derived o 80
from them just represent the averages of those local imes. & | 0°N_10 hPa Pw1
Considering the influences of the tidal waves in MLT region o 40 PW2
and the limitation of the data distribution, we adopted the =) (d)
gradient wind between 18 70 km and 20N ~ 70° N in the £ 2
analysis section. =
< o0
40
3 Results @ 20! M ]
, , E (e)
3.1 Features of the SSW event in 2000/2001 winter and I o WV\
variability of the mid-low-latitude MLT winds ol O THHAE |
NCEP wind and temperature reanalysis data at 10 hPa in the 01/01 01/15 02/01 02/15 03/01 03/15
northern polar region were used to reveal the evolution of the Dates, Dec 2000-Mar 2001

SSW events. Figure 2 shows the evolution of the 2001 SSW _ )

event and the daily mean zonal wind at 90 km over Wuhan inFl_g. 2. The evolution of the 2001 SSW even_t and daily mean zonal

the 2000/2001 winter. During the 2001 SSW event, Fig. 2awund over Wuhan(a) Zonal mean zonal wind at 80N, 10 hPa.
. (b) Zonal mean temperature difference betweeh010 hPa and

shows that the zonal mean zonal wind at B0 10hPa de- g\ 10 hpa (c) Temperature at 90N, 10 hPa.(d) Amplitudes

creased rapidly after 15 January 2001 and fl_nally reverseds spw1 (blue solid line) and SPW2 (black dotted line) at KO

after 11 February 2001, and then westward wind reached it§g hpa (e) Daily mean zonal wind at 90 km over Wuhan.

maximum on 18 February 2001. The westward wind turned

back to eastward wind after 24 February 2001. The tempera-

ture at 10 hPa over the polar region increased from 15 Jan-

uary 2001 and peaked on 2 February 2001, as shown iindicating the end of this major warming event. As seen in

Fig. 2c. The temperature difference betweeh@nd 60 N Fig. 2a, strictly according to the definition of the World Me-

at 10 hPa (Fig. 2b) peaked on 2 February 2001 and 18 Februeorological Organization (WMQO), the major warming per-

ary 2001. The polar stratospheric temperature at 10 hPa insisted from 11 February 2001 to 24 February 2001, when

creased by more than 40K within two weeks and then theboth zonal mean zonal wind and temperature gradient re-

warm conditions persisted for about 3 weeks. The ampli-versed signs. Actually, this SSW event started around 15 Jan-

tude of stationary planetary waves with zonal wave number luary 2001 and ended around late February. Bhattacharya

(SPW1) increased rapidly from early of Jan and peaked oret al. (2004) revealed the 2001 SSW event with the data

2 February 2001, while the amplitude of stationary plane-at 3.16 hPa. They reported this event began around 17 Jan-

tary waves with zonal wave number 2 (SPW2) began to growuary 2001, and reached the temperature peak around 1 Febru-

from the end of January and peaked on 15 February 2001ary 2001.

After 24 February 2001, the zonal mean zonal wind and tem- At the first peak of polar stratospheric temperature (around

perature gradient changed back to normal winter condition,1 February 2001), a zonal wind reversal in MLT over Wuhan

Ann. Geophys., 30, 9911001, 2012 www.ann-geophys.net/30/991/2012/
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Zonal wind (m/s) over Wuhan , 2001 relevant to this SSW event. The strong eastward zonal winds
] T 60 reversed to westward winds around 1 February 2001. At the
| \ ‘ same time, the eastward winds at 10 hPa decreased sharply
9 5 i and the temperature gradient reversed while the amplitude of

SPW1 reached its maximum (Fig. 2d), then the zonal winds
90 | resumed quickly to eastward. There were two other weak and
20 short-time zonal wind reversals occurring around 10 Febru-
ary 2001 and 2 March 2001. The reversal on 10 Febru-
85 | ary 2001 is likely to be due to the enhancement of ampli-
tude of SPW2 and the reversal around 2 March 2001 might
m } connect to season change. As the spring came in March, the
80 ‘ ‘ ‘ -20 zonal wind became weakly eastward or westward.
01/01 01/15 02/01 02/15 03/01 03/15 Complex day-to-day variations in the 2000/2001 winter
Dates, 2001 meridional winds over Wuhan were shown in Fig. 3b. Rel-
@ atively, the equatorward wind dominated at lower altitudes
- . and showed strong southward winds (reversals of poleward
Meridional wind (m/s) over Wuhan, 2001 wind) around 1 February and 10 February 2001 below 90 km,
\ “ concurrent with the zonal winds reversals.

Altitude (km)

o5 1 ®20 The temporal variations of horizontal winds in MLT at

— 10 higher latitudes above BN showed similar features for the
E same winter of 2000/2001 (Bhattacharya et al., 2004; Ja-
o 07 1110 cobi et al., 2003). They both observed a clear reversal of
5 10 eastward zonal winds related to the same SSW event in
= 2001. However, the temporal evolution of the zonal winds
< 85} 1H-20 and meridional winds at different stations still had differ-
‘ ' ent detailed features which should not be neglected. The

|

-30 zonal winds over Castle Eaton (58, 2° W), Collm (52 N,

|

0101 01/15 02/01 02/15 03/01 03/15 15° E) and Esrange (68N, 21° E) reversed from 14 Febru-
Dates. 2001 ary to 24 February 2001, showing a response coincident
(t;) with the major phase of this SSW. While at Resolute Bay

(74.9 N, 94.9 W), there was an apparent sharp reversal of
Fig. 3. The daily mean zongh) and meridiona{b) winds observed ~ zonal winds around 1 February 2001 and a slight reversal
at Wuhan in the height range of 80 to 98 km in 2000/2001 winter.0n 10 February 2001, almost consistent with our results. The
The black lines represent zero wind. Eastward and northward arélifferences in MLT winds among different sites may be due
positive. to latitudinal and longitudinal discrepancies. More observa-

tions and model simulations will help us to have a global

view of the MLT response to SSW events.
is clearly seen at 90km, as shown in Fig. 2e. On 22 Jan-
uary 2001, the daily mean eastward wind almost reache®.2 Features of the SSW event in 2009/2010 winter and
41msL. After several days of eastward deceleration, the variability of the mid-latitude MLT winds
zonal wind reversed into westward wind with a maximum
value larger than 16 nm$ on 31 January 2001. It means Figure 4 shows the evolution of the 2010 SSW event and
the zonal wind at 90km over Wuhan changed in 57ths the daily mean zonal wind at 90km over Langfang in
in ten days. The deceleration of the mid-low-latitude MLT the 2009/2010 winter. The 2010 SSW event started around
eastward jet coincided with the polar temperature increasindl8 January 2010 and showed similar characteristics to 2001
and SPW1 growth period. SSW event. The zonal mean zonal wind at B0 10 hPa de-

Figure 3 shows the daily mean zonal and meridionalcreased rapidly from around 18 January 2010 and finally re-

wind structure observed at Wuhan in the height range ofversed during the period of 9 February—11 February 2010
80 to 98km during the period of 22 December 2000-and 20 February—24 February 2010, as shown in Fig. 4a.
15 March 2001. In Fig. 3a, we can see that from the end ofThe westward wind peaked on 10 February 2010. The tem-
2000 to the first month of 2001, the eastward wind dominatedoerature at 90N, 10 hPa increased quickly since 18 Jan-
below 96 km and increased with decreasing altitude. Wealkuary 2010 and peaked on 29 January 2010 with the maxi-
eastward and even westward winds appeared above 96 krmum value larger than 235 K; while the temperature gradi-
Yet a pronounced reversal of the MLT eastward winds oc-ents between 90N and 60 N peaked on 22 January 2010
curred from late January to early February, which could beand kept the reversal meridional temperature gradient till

www.ann-geophys.net/30/991/2012/ Ann. Geophys., 30, 920681, 2012
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2009/2010 winter (a)Zonal wind(m/s) over Langfang,MF radar data
60 80
60°N,10 hPa o5
— 40 60
“-E ~_
= 20+ (a) § I 40
- P 90
0f E 20
101 < 85} .
—_ 0 L
= 80 -20
= -10t (b) 01/01 0115  02/01 02/15 03/01 03/15
<]
-20 A TzT(90°N)-T(60°N) (bggonal mean zonal gradlent wmd(m/s) at 40°N '
230+
_ 60 60
X 210t (©) o
*_ —~
T(90°N,10 hPa) £ 40
190°F B’ .
Q) o PW1 g 20
% wl 60°N,10 hPa P2 < 30
e]
S d 0
2 % (d) 20
o
E obe * 10 - : -20
5 01/01 0115  02/01 02/15 03/01 03/15
39 4°N 116 6'E Dates.2010
~ 40 !
n
E 20t m (e) Fig. 5. (a) The daily mean zonal wind observed at Langfang in the
. height range of 80 to 98 km arfdd) zonal mean zonal gradient wind
0 over 40 N in the height range of 10 to 70 km in 2009/2010 winter.
The black lines represent zero wind. Eastward and northward are

01/01 01/15 02/01 02/15 03/01 03/15 positive.
Dates, Dec 2009-Mar 2010

Fig. 4. The evolution of the 2010 SSW event and daily mean zonal
wind over Langfang(a) Zonal mean zonal wind at 6N, 10 hPa. .
(b) Zonal mean temperature difference betweeh010 hPa and reached its peak at 10hPa on 29 January 2010.

60° N, 10 hPa.(c) Temperature at JON, 10 hPa.(d) Amplitudes _For more details, Fig. 5a shows the_daily mean zonal
of SPW1 (blue solid line) and SPW2 (black dotted line) at g~ Wind observed at Langfang by MF radar in the height range
10 hPa(e) Daily mean zonal wind at 90 km over Langfang. of 80 to 98km during the period of 29 December 2009-

15 March 2010. In order to make a comparison, in Fig. 5b
we plotted the zonal mean zonal gradient wind obtained
from Aura MLS geopotential height data in the height range
of 10 to 70km. From Fig. 5a, it is immediately evident
February. The amplitudes of SPW1 and SPW2 of zonal windthat a significant reversal of Langfang MLT zonal winds re-
at 60 N, 10 hPa enhanced since 18 January 2010 and peakddted to the 2010 SSW event were from 24 January 2010 to
on 1 Febraury 2010, as shown in Fig. 4. It seems that theés February 2010. At the same time, the zonal mean zonal
onset of the two SSW events was accompanied by the engradient winds also decelerated and reversed in lower meso-
hancement of SPW1 and they finally developed into a majorsphere and upper stratosphere (40—70 km), and then the re-
warming after SPW 2 reached its maximum. versal height extended downward into the stratosphere (about
From Fig. 4e, an obvious reversal of daily mean zonal30km) after several days. Figure 7 shows the zonal mean
wind at 90 km over Langfang (394, 116.6 E) is found  zonal wind at the winter hemisphere on 10 January (before
at the early stage of the 2010 SSW event. The MLT eastwarddSW), 28 January (warming peak) and 10 February 2010
wind almost reached 55n$ on 12 January 2010 and then (westward wind maximum at 10 hPa, °@9). On 10 Jan-
decreased tens min about 15 days. It finally reversed to uary 2010 before SSW event, the eastward wind is the domi-
westward wind with a maximum value larger than 11Ths nant wind in middle and upper atmosphere. The eastward jet

on 27 January 2010, about the same time polar temperature

Ann. Geophys., 30, 9913001, 2012 www.ann-geophys.net/30/991/2012/
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Meridional wind (m/s) over Langfang , 2010 Zonal mean gradient wind on 10 Jan. 2010
m 20
60 40
£ 20
= 10 3 40
£ e 0
) 1o < 20 20
°
= -40
= 20 3 40 50 60 70
< 10 Latitude®)  (a)
} Zonal mean gradient wind on 28 Jan. 2010

Altitude(km)

80 | | | | -20 60 40
01/01 01/15 02/01 02/15 03/01 03/15 -
Dates, 2010
40 0
Fig. 6. The daily mean meridional winds observed at Langfang in : 20
the height range of 80 to 98 km in 2009/2010 winter. The black lines 20
o 30 4 5 60 70

represent zero wind. Northward are positive. 2

Altitude(km)

20

core peaked at about 50 km and ove? Band the eastward
wind increased with altitude at mid-low-latitude. On 28 Jan- 60 40
uary 2010, zonal wind in stratosphere and mesosphere re- 20
0
-20
On 10 February 2010, the zonal wind in lower stratosphere 20 3 4 s e 70 0
to equatorward and the reversal lasted from 24 January 201(p) 28 January 2010 ar@) 10 Febuary 2010. The black lines rep-
of stratospheric polar eastward wind, but it is about ten dayditude. The amplitudes of semidiurnal tide and the periods of

Latitude(®)  (b)
Zonal mean gradient wind on 10 Feb. 2010

versed to westward wind and the zero wind line at 70 km was 40
near 40 N. The lower mesosphere eastward wind over mid-
low-latitude was reduced greatly compared to 10 January.
reversed to westward wind while the wind in upper strato- Latitude(®)  (c)
sphere and mesosphere returned to eastward wind. The MLT . .
meridional wind over Langfang also changed from polewardFig. 7. Zonal mean zonal gradient wind da) 10 January 2010,
to 6 February 2010, as shown in Fig. 6. The MLT reversal"eSent zero wind. Eastward are positive.
process almost coincided with the stratospheric polar tem-
perature warming, SPW1 growth and the rapid deceleration
prior to the reversal in stratospheric polar zonal wind. It wastheir variations over Castle Eaton, Collm and Esrange were
a clear evolution that the 2010 SSW event started in MLT, al-alSo different from each other and from ours (Jacobi et al.,
most covered the mid-low-latitude to pole, and then extended003). At 94 km the tidal amplitude increased over Esrange

to downward and poleward. but decreased over Collm during the major phase of this SSW
event. The periods of the diurnal tidal amplitude variations

3.3 Responses of the mid-low-latitude mesospheric were about 11-14 days and 20 days over Castle Eaton and
wave activities Collm, respectively. In our result only 10-day oscillation is

visible at some heights.
Diurnal, semidiurnal and terdiurnal tides obtained from har- Figure 8 also gives amplitudes of 2-day waves and the
monic fitting of 2001 MF hourly mean wind data over Wuhan RMS velocities for gravity wave activity with periods longer
at 90 km heights were shown in Fig. 8a. The temporal varia-than two hour. From Fig. 8b, the detailed behavior suggested
tions of the tides suggested that the diurnal tide was the domgreat fluctuation in the RMS velocities mainly caused by
inant component in the 2000/2001 winter over Wuhan. Dis-gravity waves during this SSW event (between the late Jan-
tinctive day-to-day variability of tidal amplitudes was seen at uary and late February), especially the zonal component in
each height. The zonal and meridional amplitudes of diurnalMLT region. The amplitudes of the 2-day planetary waves
tides showed a clear peak around 18 January 2001. Moreoveshowed complex day-to-day variations. Relatively, the am-
the amplitudes of diurnal tides enhanced and were followedlitudes weakened after the polar region temperature rise at
by the SPW1 growth at 60N, 10 hPa after 10 January 2001. 10 hPa. However, they did not show clear variations related
The magnitude of tidal amplitude fluctuations was up to sev-to the 2001 SSW and the Wuhan MLT wind reversal.
eral tens ms! with planetary wave scale periods, suggesting  Figure 9 shows tides, 2-day waves, RMS velocities of
interactions among planetary waves and tides. However, temgravity waves and prevailing wind over Langfang at 90 km
poral spectra of tides did not show similar periods at each alheight. In the 2009/2010 winter, tidal temporal variations
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Fig. 8. Temporal variation ofa) tides,(b) gravity waves(c) 2-day waves an) prevailing winds obtained from harmonic analysis at 90 km
hourly mean winds over Wuhan during the period of 22 December 2000-15 March 2001. For the tides, diurnal, semidiurnal and terdiurnal
tides are blue, red and black, respectively.

of MLT winds over Langfang showed that semidiurnal tide  The temporal variations of tides, gravity waves and 2-day
and diurnal tide were both important components. The diur-planetary waves in MLT over Wuhan in 2000/2001 winter
nal amplitude of zonal wind was sometimes about 15fts were different from those over Langfang in 2009/2010 win-
larger than meridional component at 90 km. The diurnal andter. When the MLT winds started to decrease rapidly and
semidiurnal tides decayed when the polar stratospheric temSSW phenomenon began in Polar Regions around 15 Jan-
perature reached its maximum and the MLT zonal winds re-uary 2001, the diurnal tide showed a clear peak while the 2-
versed into westward winds over Langfang from late Januaryday wave began to decay, respectively. The activity of gravity
to early February 2010. The zonal and meridional amplitudesncreased at the late stage of the 2001 SSW event. However,
of semidiurnal tides peaked on 7 February 2010, coincidentn the 2009/2010 winter, after a depression periods around
with the zonal wind resuming into eastward wind. late January, the semidiurnal tide and 2-day waves reached
According to the gravity wave RMS velocity plot in their peaks on 7 February 2010, about two days earlier than
Fig. 9b, there were no significant distinctive variability in the zonal wind reversal at 10 hPa,”®0. No significant fea-
gravity wave activity related to the 2010 SSW event or thetures were found in other wave components relating to the
Langfang MLT wind reversals. The 2-day planetary wave of 2010 SSW event.
zonal wind was similar with the semidiurnal tides. It also
reached a minimum around late Jan and showed a clear peak
on 7 February 2010, about two days earlier than the zonaf

wind reversal at 10hPa, 60I. The meridional component .\ o 5000/2001 and 2009/2010 winter, the MLT winds
of 2-day waves was similar with the zonal one to a large ex- ; .
tent over mid-latitude reversed when the temperature at 10 hPa,
' 90° N reach the maximum. This reversal was about ten days
prior to the stratospheric winds reversal at 10 hPaNadrhe

Discussion
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Fig. 9. Temporal variation ofa) tides,(b) gravity waves(c) 2-day waves an(t) prevailing winds at 90 km over Langfang during the period
of 29 December 2009-15 March 2010. For tides wave panel: diurnal, semidiurnal and terdiurnal tides are blue, red and black, respectively.

atmosphere waves showed different variability during the The SSW events arise as a consequence of the wave-mean
two SSW events. It suggests SSW events in the winter northflow interaction when the planetary waves propagate upward
ern Polar Region have profound effects on MLT winds in theinto a critical layer (usually a critical layer is a critical line
whole Northern Hemisphere. Moreover, in reference to thesef zero wind in the upper mesosphere). First, the wave-
SSW events, their temperature gradient reversal at 10 hPamean flow interaction takes place when the upward prop-
zonal wind reversal at 1 hPa and almost together with a firsegating planetary wave encounters the critical layer in the
minimum of zonal wind at 10 hPa occurred near 2 Febru-upper mesosphere. This interaction forces the high-altitude
ary 2001 and near 28 January 2010. Though it was not a mazonal winds flow to reverse from normal eastward to west-
jor warming at these times, according to the WMO definition ward speeds (Liu and Roble, 2002; Matsuno, 1971). This
these dates might belong to the center dates of these eventsiiaversal of zonal winds decreases the height of the critical
fact. If under this definition, the response of MLT wind over layer of vertically propagating planetary waves; therefore,
Wuhan and Langfang were simultaneous with SSW events imeduces the vertical propagation of later planetary waves.
polar stratosphere. These forced planetary waves interact with the mean flow
The mesospheric response to SSW has widely been invest lower altitudes where subsequently the reversals of zonal
tigated in the high latitudes with ground measurements datavinds take place. It is believed that with strong enough
and model simulations. However, there are few observatiorand continued planetary wave forcing, the process of down-
evidences and model results show mesospheric response ward reversal will reach lower stratosphere and finally de-
the mid-low latitudes until now. It is difficult to conceive that velop into a stratospheric sudden warming event (Meriwether
the mesospheric wind will reverse in the mid-low latitudes and Gerrard, 2004). This is the reason why the reversal of
which are far from the polar stratosphere where the majorzonal winds in MLT precedes the reversal of zonal winds
warming event happens, especially almost at the same timein stratosphere, as shown in Fig. 7a, b, c. A poleward and
downward residual circulation and adiabatic warming in the
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stratosphere are also induced by the westward forcing due taomenon. There was a consistent change in the wind pat-
planetary waves in winter stratosphere. tern and some distinct feature in atmospheric waves’ be-
The above theory and corresponding simulations carhaviors over Wuhan and Langfang associated with the 2001
clearly interpret the observed MLT winds reversal at high SSW event and 2010 SSW event. The MLT zonal wind over
latitudes. But it does not mean that the reversal of winds inboth sites reversed from eastward wind into westward wind
MLT over mid-latitude during SSW event is clear. The re- when the polar temperature reached maximum at 10 hPa
versal of zonal winds in MLT region over Wuhan and Lang- and the SPW1 growth at 80, 10 hPa. However, the rever-
fang might be attributed to multiple factors. Generally, the sal of zonal wind in mid-latitude MLT was about ten days
zero wind surface of the Northern Hemisphere is near theprior to the zonal wind reversal at 10 hPa, 60 The MLT
equator in winter (Matsuno, 1970). Therefore, at mid-low- daily mean meridional wind over mid-low-latitude changed
latitude, it has a strong eastward wind in the upper stratoto more equatorward during SSWs, especially over Lang-
sphere, mesosphere and lower thermosphere, as shown fang (higher latitude) during 2010 SSW. These results were
Figs. 7a and 5. The zonal winds over Wuhan and Langfangnostly consistent with those in high latitudes MLT.
in winter MLT region are eastward in contrast to that in the  The temporal variations of diurnal tides, semidiurnal tides,
high latitudes which can allow stationary planetary waves toterdiurnal tides, gravity waves and 2-day waves in the mid-
propagate and interact with the mean flow. Thus, if planetarylow-latitude MLT showed different features during the two
waves are strong enough or/and one branch of the upwar@SW events. Over Wuhan in 2000/2001 winter, the MLT di-
SPW from high latitudes is refracted to equatorward and up-urnal tide peaked on 18 January 2001 when the stratospheric
ward, it would encounter the critical layer in MLT region zonal wind decreased quickly and SSW event started in po-
over mid-low-latitude and finally induce the winds reversal lar winter stratosphere; the activity of 2-day waves weakened
there. after the onset of the 2001 SSW, while the activity of grav-
In the nonlinear theory scheme, Yoden (1987) and Hu etity enhanced when the SSW developed into a major warm-
al. (1995) analyzed the bifurcation properties of the strato-ing. However, in the 2009/2010 winter, the semidiurnal tide
sphere and mesosphere winter system with wave-forcings and 2-day waves over Langfang peaked on 7 February 2010,
the bottom boundary. They pointed out that the SSW eventbout two days earlier than the zonal wind reversal at 10 hPa,
is a kind of catastrophe trigged by the increase of plane-60° N; the diurnal, terdiurnal tides and gravity waves over
tary wave amplitude at the bottom boundary. When the SSWLangfang showed no significant features during the 2010
event happens, the stratosphere and the mesosphere syst&8W event.
will experience an oscillation state in which the zonal winds The dynamical responses of mid-latitude MLT to SSW
might reverse sometime. The observation evidences of thisre very complicated. The possible interactions between PW,
paper prove it is possible the first time, which suggest thattides and gravity waves and their contributions to the mid-
the mid-low latitude mesosphere has the same major dynamlatitude MLT responses are not clear, and need to be investi-
ics with the polar region. The mesosphere over mid-low lat-gated deeper in our future works. The current general circu-
itude could belong to the same middle atmosphere systenation models can not reveal the observed responses of mid-
which is responsible for SSW events. latitude MLT wind reversal, which suggest that models do
The results of simulation based on TIME-GCM/CCM3 by not include all the physical processes and need to be im-
Liu and Roble (2002) did not show reversal of MLT zonal proved in the future.
winds over mid-low latitude. The reversal of zonal wind only
showed up at the high latitude between 40 and 80 km, while
the MLT wind over mid-low-latitude was still a strong east- Acknowledgementsie thank Alan Z. Liu for critical comments on
ward wind during that SSW event. But the zonal mean windthe manuscript. This work was supported by grants from National
between 50 and 80 km over mid-low latitude showed a slightNatural Science Foundation of China. The Grant No. is 41104099,
deceleration during the warming episode. 41104100 and 40774087. The authors gratefully acknowledge the
However, observations in different sites or in different 8ccess to the NCEP data and AURA MLS data.
winters during SSW events have different characteristics i, 'oPical Editor C. Jacobi thanks two anonymous referees for
details, especially about atmospheric waves. Therefore mortehe'r help in evaluating this paper.
» €SP y p ;
work needs to be carried out in order to achieve a clear and

global view of the MLT response on the SSW events.
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