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Abstract. Temperature changes in the tropics, especially in1 Introduction
the tropical tropopause layer, are investigated at the time of a

major stratospheric sudden warming (SSW) event that startegthe tropical tropopause layer (TTL; defined here as the trop-
on about 16 January 2009. During the SSW, the temperajcs petween 150 and 70 hPa) is an important region in strato-
ture in the tropical upper stratosphere declined and the coldpheric physics and chemistry because of its role as a gate-
anomaly propagated downward, while the tropics betweenyay to the stratosphere. The coldness in the TTL, especially
150 and 100 hPa started to cool from 18 January, prior to an the cold-point tropopause (which is the coldest region in
temperature drop at 70hPa. We performed thermodynamithe TTL), controls the large-scale distribution of water va-
cal and dynamical analyses with ERA-Interim data. During por in the stratosphere by dehydration of the air entering the
the SSW event, the tropical stratosphere was cooled by Upstratosphere (Holton and Gettleman, 2001; Hatsushika and
welling, and the upwelling was induced by wave forcing in yamazaki, 2003; Fueglistaler et al., 2005). Thus, spatial
the northern extratropical stratosphere. However, the stratoynq temporal variations in the TTL have been examined in

spheric wave forcing generated only weak upwelling in the any previous studies (e.g., Highwood and Hoskins, 1998:
tropics below 100 hPa. During the cooling period at aroundryegiistaler et al., 2009).
18 January, tropical ascent was the main contributor to cool- The TTL temperature is affected by processes in the tro-
ng .Of the tropics between 150. and 100 hPa. SUb.Sequenﬂyposphere and in the stratosphere, especially through the cir-
vertical convergence of the vertical heat flux, which is closely : . A
tied to the convection structure. resulted in a aradual de_culat|on. Mean stratospheric poleward flow, which is driven
: " ' . 9 by the dissipation of vertically propagating Rossby and grav-

crease in temperature within the tropical uppermost tropo- . 7 . ;
sphere. Waves that had same source region with the upwar ity waves, induces upwelling in the tropics and downwelling

P L 9 P in the extratropics to conserve mass (the so-called Brewer—
propagating waves that caused the SSW event, propagat

. . obson circulation) (Yulaeva et al., 1994; Haynes et al.,
from Alaska to the tropics of eastern South America and eaStj_ggl; Plumb and Eluszkiewicz, 1999). The zonal mean

ern Africa at around 100 hPa, and dissipated in these area?émperature in the TTL is considered to be controlled by

the associated wave forcing drove the tropical ascent betwee\pvave forcing of the extratropical stratosphere. which is re-
150 and 100 hPa. 9 p phere,

ferred to as the “stratospheric pump” (Holton et al., 1995).
Tropical waves also drive a residual circulation in the TTL.
Kerr-Munslow and Norton (2006) suggested that dissipa-
tion of quasi-stationary waves in the upper troposphere and
lower stratosphere generated by deep convection induces up-
welling in the TTL, resulting in a reduction in TTL tem-

Correspondence tc. Yoshida perature. Based on this result and model calculations, Nor-
BY

(kohei@ees.hokudai.ac.jp) ton (2006) reported that seasonally varying tropical Rossby
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waves generate an annual cycle in upwelling and therefor Data and methods
also in temperature. As an effect other than upwelling,

Yoshida and Yamazaki (2010) suggested vertical conver2.1 Data

gence of vertical heat fluxy’6’ (see Sect. 2.2 for detail),
which is closely tied to tropical convection structure, plays

We used a 6-hourly dataset of European Centre for Medium-
arole in heat budget in the TTL. Range Weather Forecasts (ECMWF) ERA-Interim (Sim-

Stratospheric sudden warming (SSW) is one of the mosflons et al., 2006; Uppala et al., 2008). The period of anal-
dramatic phenomena in the stratospheric atmosphere. ThESIS was from 1 December 2008 to 31 March 2009. The

strong planetary-scale waves induce violent meridional cir-norizontal resolution of the ERA-Interim data is 1.6 1.5
culation in the winter hemisphere of the stratosphere (Mat-" latitude and longitude and it has 37 levels (see Sect. 2.6 for
detailed levels in the upper troposphere and the stratosphere).

suno, 1971). The relationship between the tropical tropo- , e
sphere and the SSW has been discussed in several studie@terpolated outgoing long-wave radiation (OLR) data were

Kodera (2006) suggested that meridional circulation changéPt@ined from the Climate Diagnostic Center (CDC) of the
associated with the SSW in Arctic regions produces a lower\ational Oceanic and Atmospheric Administration (NOAA)
temperature in the equatorial lower stratosphere, which leadé-i€Pmann and Smith, 1996). The data presented in this
to a seesaw pattern of convective activity, an enhancement gfaPer are smoothed using a 3-day running average, unless
convective activity near the equatorial Southern Hemispheretated otherwise.

(10° S—equator) and a suppression in the tropics of the North- : :
ern Hemisphere (G\N-15° N). Kuroda (2008) suggested that 2.2 Transformed Eulerian Mean equations

tropical convection tends to be enhanced during SSW du€r, giagnose the zonal mean thermodynamic balance, quan-
to nonuniform meridional propagation of the planetary waveyjiative analysis was performed by the transformed Eulerian

around the tropopause, associated with upward propagatiog,aan (TEM) equations in log-pressure coordinates (see An-
of the planetary wave to the stratosphere. These phenomengeays et al. 1987):

may influence the TTL.

A strong SSW event occurred in the second half of Jan-36 vra0 90 — 139 — 04
uary 2009. Manney et al. (2009) provided an overview of 5; =~ 54 Yy T 00z pov'0 0,
dynamics and transport during the 2009 SSW, based on ob-
servations by the Aura Microwave Limb Sounder (AMLS).  _ L 0 (pom); 1)
The occurrence of very large wave-2 during the SSW in 2009 £0 92
is consistent with vortex split. Harada et al. (2010) reported
that the total amount of upward Eliassen-Palm (EP) fluxfor_ 1 3 Vo _, _ 1 9 Ve )
wave 2 was the strongest since the boreal winter of 1978/79" =V 0007 ro A W= +aCOS¢ 3 cosp 8. )’ @

and the remarkable development of the upper tropospheric

ridge over Alaska played an important role in the onset ofwhere the overbar denotes the zonal mean, the prime is the

SSW during January 2009. departure from the zonal mean, subscripts denotes partial dif-
The aim of this paper is to reveal how various factors (e.g. ferentiation,a is the radius of Earthy is potential tempera-

wave activity in the stratosphere, tropical convection, andture, ¢ is latitude, po = psexp(—z/H) is the reference den-

meridional propagation of waves in the northern extratrop-sity, H = 7050 m is the constant scale heigl,is diabatic

ics) affected the TTL in the case of the SSW event in Januanheating,v* is the residual mean meridional wind, amd is

2009. The remainder of this paper is organized as followsthe residual mean vertical wind. The diabatic heating term is

Section 2 provides a description of the dataset and analyealculated from the residual in Eq. (1). The second term on

sis methods. Section 3 shows the temperature structures &Be right-hand-side is vertical advection, and the last (fifth)

observed in the period of interest, and the associated theiterm is vertical convergence of the vertical heat flux. The

modynamic budget calculated from ERA-Interim data. Thefirst and fourth terms on the right-hand-side can be neglected

nature of the forcing that causes the circulation in the TTL because they are minor compared with the other terms.

is evaluated in Sect. 4, and the structure of wave activity is The EP flux was analyzed to evaluate eddy forcing in

described in Sect. 5. In Sect. 6, we consider the questiongesidual mean circulation (see Andrews et al., 1987):

that arose in the preceding sections. Finally, the main results

. . — (#) @) () (2)
are summarized in Sect. 7. F= (07 Y+ FY+F; ) (3)
ou v'e’ —
Fl(¢) = poacosp—u—v_ ,F2(¢) = —poaCospu’v’, (4)
9z 0,
v'6’

, Fy) = —poacospu’w’, (5)

F{¥ = poacosp? —
0,
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where¢ = f — (acosp)—l(ﬁcos(p)¢, is the zonal mean ab- gas constant, ang is sine latitude. The eastward resid-

solute vorticity, f is the Coriolis parameter, anH is EP
flux.

ual forcing term is calculated from the residual in Eq. (7).

The total eddy forcing is represented by the diver- Except for the terms of the residual mean circulation, EP

gence/convergence (westerly/easterly acceleration) of the ERux divergence, and vertical convergence of vertical heat

flux.

2.3 Wave activity flux

flux, Egs. (7-11) are essentially the same as those used by
Plumb (1982), Haynes and Shepherd (1989), and Kuroda and
Kodera (2004).

We can obtain a diagnostic equation f@i by using

To examine the behavior of the three-dimensional wave acgqs, (7-11), as follows:

tivity associated with the circulation in the midlatitude and

tropics, we calculated the wave activity flux vectadF(

9 | 1—p2aa*
vector) for quasi-geostrophic disturbance, as proposed bm w2 ap

Plumb (1985).
The F vector can be given by

F®
Fs=| F®
F
V2 et 2
=pCcosp —u/v’+ﬁma(%%/) ; (6)
2&2§|n¢ [U/T,_ ZQaéinZ:p n (T/q’/)]

whereS = aT/8z+/<f/H is the static stability (the caret in-

dicates the regional average over the area betwe®N ahd
75° N), p = pressure/1000 hPa, aflis the Earth’s rotation

rate. Longitudinal integration of'; corresponds to the EP

flux in spherical quasi-geostrophic form.

2.4 Diagnosis of upwelling

4Q%a%p 9%a*

RT  93p2
_ 2Qap 92 ‘/1_M2(}5+)—()
~ RT dudp nw

(12)

10 [1-p2(080 N oF
Fou| w2 \du o)
Equation (12) is easily solved if all variables are expanded
by a zero zonal wavenumber, zero frequency Hough function

®,(u), or its associated functioB, () (e.g., Plumb, 1982;

Haynes and Shepherd, 1989; Kuroda and Kodera, 2004), as
follows:

=) 0;0,(1n), 0= 0,0,(), E=)_E,0,(1),(13)
F=Y FyBu(1), X=) X, Bu(1). (14)

By using Egs. (12) and (13), Eq. (12) is degenerated into an
ordinary differential equation with respect o

To examine the response of residual mean circulation to ex- 22 s . N
ternal forcings, such as wave forcing and diabatic heating,4$2°¢“p d*w, byt = 2Qap (an +an>
dp ~ dp

the residual mean vertical wind was estimated by a diagnos- RI

tic model using simplified TEM equations;

— —2Quit = X, 7

o 7y + (7)
9P

2Qui=—=y/1—pu?—, 8)
au

9P RT

Tt )

p p

19/1—u20*  9a*

1oViTpV | oW —0, (10)

a o ap

aT -

dp2 " "n T TRr

_EFn(Qn'i'En)» (15)
whereg, is then-th eigenvalue of the zonal Hough function.
Equation (15) is a diagnostic equation; henggjs obtained
by substituting the observed external forcings into the right-
hand-side of Eqg. (15). Because of the linearity in Eq. (15),
we can separately estimate the contribution of each external
forcing and each forced region to residual mean vertical wind
(hereafter, we describe these operations as a TEM model).
We can also include observed boundary values in Eq. (15)
by treating it as an external forcing. The lower and upper
boundary values of observed residual mean vertical velocity
are expanded by using a Hough function, and these are sub-
stituted into differential terms. Treating the differential terms
as a kind of external forcing, the effect of observed bound-
ary values can be considered in the TEM model; however, it

whereo* is the residual mean vertical wind in pressure coor-should be noted that the observed boundary values may have

dinates,F is divergence of the EP flu¥ is eastward resid-

ual forcing, E is vertical convergence of the vertical heat

flux, ' = —aTp/dp +« To/ p is static stability,R is the ideal

www.atmos-chem-phys.net/11/6325/2011/

errors related to topography.
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2.5 Refractive index

()
The square of the refractive index, which characterizes the
tendency for stationary wave propagation, as given by Mat-
suno (1970) and developed by Andrews et al. (1987) and Hu
and Tung (2002), is presented in spherical quasi-geostrophic
form as follows:

hPa]

[}

- 2 2

2 99 k f
n , )= — — — , 16 b

(@ 9=7 <acos¢) <2NH> 1w
where
20 1 [ (acosp) A H
Gp=""comp- | ——L| —L(p ) @n &

a a cosp [y o N<),
is the meridional gradient of the mean potential vorticity and o o
k is the zonal wavenumber. Stationary waves with zonal 008 ¢
wavenumbek are able to propagate in regions whefe> 0
and are refracted toward a region of Iarg%r Fig. 1. Time-altitude section of zonal mean temperature (K; con-
tours) and its anomaly (K; color shading) averaged ¢ag70° N—

2.6 Vertical interpolation 90° N and(b) 10° S—-1C@ N. The anomaly is the deviation from the

4-month (DJFM) mean. White contours show the anomaly of the
To yield the detailed vertical structure, vertical spline inter- zonal mean temperature, with contour intervals of 3 Kahand
polation was performed in the upper troposphere and thé.3Kin(b). Black contour interval is 3K. Data are smoothed using
stratosphere. We interpolated onto the following pressured 5-day running average.
levels: [175], 162.5, [150], 137.5, [125], 112.5, [100], 90,
80, [70], 60, [50], 40, [30], [20], 15, [10], [7], 6, [5]. 4, [3], .
2.5,[2], 1.5, 1.2, and [1] hPa, where brackets denote original F19ure 2a—e compares the zonal mean temperature and the
pressure levels. To avoid analytical error, the interpolation€Sidual mean vertical wind at various layers from 150 to

was performed after eddy terms had been calculated at ori 10hPa in the tropics, andi Fig. Zf__j shows the major terms
inal pressure levels. in the TEM thermodynamic equation at the same altitudes

as those in Fig. 2a—e. The upward flow results in a marked
decrease in 10 hPa temperature around 19 January (Fig. 2a),
3 Temperature changes and heat budget and vertical advection has a strong influence on the 10 hPa
potential temperature during this period (Fig. 2f). The tem-
Figure 1 shows time—height sections of the zonal-mean temperature change due to vertical advection at 70 hPa, which
peratures averaged over’a-90° N and 10 S-10 N, and  zchieves a minimum value on 26 January, is weaker than that
their anomalies calculated from the mean of the period fromgt 10 hPa (Fig. 2b, g). There is no evidence of large rate of
1 December 2008 to 31 March 2009. A rapid increase intemperature changes at 100 hPa after 26 January (Fig. 2c).
10 hPa temperature occurs in the Arctic region from 18 Jan'On 18 January, the tempera‘[ure declines in response to ver-
uary, and the warm anomaly propagates downward (Fig. 1a)ical advection between 150 and 100 hPa (Fig. 2c—e, h—j).
Atthe same time, the 10 hPa temperature in the tropics show$hese changes are not synchronized with those at 70 hPa.
a drastic decline and the cold anomaly propagates downwarth addition, after 18 January, cold temperature anomalies
(Fig. 1b). Around 26 January, rate of the temperature chang@etween 150 and 125 hPa persist for 1-2 weeks under the
reaches its peak at 70hPa (maximum rate of temperaturgyfiuence of vertical convergence of the vertical heat flux
decrease~0.34Kday '). The temperature drop between (Fig. 2i, j). This aspect is discussed in Sect. 6. These obser-
150 and 125 hPa occurs around 18 January, which is largefations indicate that the temperature changes between 150
than that at 70 hPa (maximum rate of temperature decreasgnd 100 hPa appear not to be caused by vertical advection
at 125hPa;-0.4 K day ). There is no clear relationship be- associated with the stratospheric process, although the cool-
tween the temperature anomalies in the tropical stratosphergyg is caused mainly by vertical advection. In Sects. 4 and 5,
and in the tropical troposphere. In the stratosphere we see thge examine the forcings that induced tropical ascent between
usual signature of an evolving SSW from January through150 and 100 hPa.
early March. In the troposphere the temperature anomalies
oscillate on a much shorter time scale that appears unrelated
to what transpires above 100 hPa. To identify the cause of
the temperature change in the tropics, we performed a heat
budget analysis.

Atmos. Chem. Phys., 11, 6326336 2011 www.atmos-chem-phys.net/11/6325/2011/
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Fig. 2. Time series of (left) zonal-mean temperature (K; black lines), residual mean vertical wind(hniise lines), and (right) major

terms in the transformed Eulerian mean (TEM) thermodynamic equation averaged 98N (K d—1). (a, f) 10 hPa(b, g) 70 hPa(c,

h) 100 hPa(d, i) 125 hPa, ande, j) 150 hPa. The terms in the TEM thermodynamic equation consist of potential temperature change (black
lines), vertical advection (blue lines), vertical convergence of vertical heat flux (green lines), and diabatic heating (red lines). Other terms are
not shown. Data are smoothed using a 5-day running average.

4 Tropical upwelling generated by external forcing Table 1. List of regions where external forcings are imposed.

To evaluate what and where forcing induces upwelling in the

tropics, we estimate the residual mean vertical wind gener- _"°rced region Forced region in detail
ated by external forcing, using the TEM model introduced Al regions 90 S-9C N, 975-1.2hPa
in Sect. 2. The vertical flow is estimated for each forcing  Global stratosphere 9G-90 N, 80-1.2hPa

and each region. The external forcing consists of EP flux ~Northern hemispheric stratosphere . EQ=8080-1.2hPa
divergence, eastward residual forcing, diabatic heating, and 2?;’;2?:2)233:?}2?:”0 stratosphere %S;_)gg NS%;EE;OPﬁPa
vertical heat flux convergence. The forced regions are classi- northern hemispheric troposphere  EQ28D 9'75_90 hPa
fied into seven regions (Table 1). We compare the observed southern hemispheric troposphere  °$3-EQ, 975-90 hPa
and calculated residual mean vertical wind.

Figure 3 shows the residual mean vertical wind in the
tropics between 200 and 10 hPa. When the boundary value
is zero at the top and bottom, although diagnosed tropi-
cal upwelling is smaller than observed in the TTL, its tem-  Figure 4 shows the residual mean vertical wind in the trop-
poral variation is similar through January (Fig. 3a and b).ics averaged between 50 and 20hPa. When the boundary
Global forcing above 80 hPa generates most of the tropivalue is zero at the top and bottom, although the diagnosed
cal upwelling above 70 hPa (Fig. 3c). Global forcing below upwelling is smaller than observed, its temporal variation is
90 hPa induces time changes in the tropical upwelling belowsimilar (gray line in Fig. 4a) to the observed one. When the
100 hPa (Fig. 3d). Although stratospheric forcing associated®?bserved boundary values are included, the estimated ver-
with SSW appears to drive tropical upwelling above 70 hPa/tical flow resembles the observed flow, although it overes-

it does not drive tropical upwelling below 100 hPa strongly. timates by approximately 0.2mm% The estimated verti-
cal flow from global forcing above 80 hPa (blue solid line

www.atmos-chem-phys.net/11/6325/2011/ Atmos. Chem. Phys., 11, 63262011
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w" from all forcing (a) 15 w* based on all forcing
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cing above 80 hPa

w* based on forcing above 80 hPa

[mm/s]
o
2

_O’%gg SJAN 7JAN QAN 11JAN 13JAN 15JAN 17JAN 19JAN 21JAN 23JAN 25JAN 27JAN 290AN

Fig. 4. Time series of residual mean vertical wind (mni in the
tropics averaged over 50-20 hPa, based on all forcing$.Ob-
servations (black thick-solid line), forcing in the all regions (gray
solid line), all regions including observed boundary values (red thin-
solid line), global troposphere (green solid line), and global strato-
sphere (blue solid lineXb) Forcing in the global stratosphere (blue
solid line; same as Fig. 4a), northern hemispheric stratosphere (blue
dashed line), and southern hemispheric stratosphere (blue dotted
in Fig. 4) shows good agreement with the observed tempotine). See Table 1 for details.

ral variation. In contrast, the vertical flow estimated from

global forcing below 90 hPa (green line in the figure) indi-

cates minor variability and is not in good agreement with opserved boundary values are included, the mean estimated
observed variations. The global forcing above 80hPa in—ajue is closer to the mean observed value, but the estimated
duces the bulk of the temporal variation between 50 andemporal variation differs slightly from that observed.

forcing above 80NPa. the setimated vertcal flow performs. FI9UTE 5D compares the residual mean vertical velociy
pretty well in reconstructing the observed temporal variationazgeﬁéfswbgg :? IE : ! itgof:]%s%]()e&% ;?;mggdw&z;naet”? y,_:g:gi__
(Fig. 4b; blue dashed line). Thus, the TEM model performsspheres_ The maximum on 18 January is caused mainly

well in rgprodu_cmg t_he temporal variations, and the nOrth'by northern hemispheric forcing below 90 hPa (green dashed
ern hemispheric forcing above 80 hPa generates most of thﬁ'ne) and the second peak on 9 January is driven by southern
tropical upwelling in the stratosphere. In the northern hemi'hem’ispheric forcing below 90 hPa (green dotted line). Thus
spheric forcing above 80 hPa, divergence of the EP flux (esbn 18 January, upwelling in the tropics between 150 and
peciaIIyFl(Z)) controls tropical ascent in the stratosphere (notqng hpa is generated mainly by northern hemispheric forc-
shown). ing below 90 hPa.

Figure 5a compares the observed residual mean vertical rigyre 6 compares the residual mean vertical wind calcu-
wind with that calculated from all external forcings in the |ated by each component of northern hemispheric forcing be-
TEM model, averaged between 150 and 100 hPa in the tropy,, 9o hPa. The mean vertical flow is driven by diabatic heat-
ics. The observed values show a maximum at 2.4 mhos ing (purple dash-dotted line in the figure) and vertical diver-

18 Jaquary, for the values estl_mated from forcings in bOt.h thegence osz(Z) (blue dotted line; associated with the vertical
all regions and the global region below 90 hPa. In addition, omentum flua’e’). Because of small temporal variation
these estimated vertical flows are very similar to the observed" um fAwa’w?). u P variatl

variation throughout January, although underestimated. | in contribution of the diabatic heating, diabatic upwelling
the case of global forcing ai)ove 80 hPa, the tropical as- alanced with infrared radiative relaxation did not have large

cent is weakly driven during January (blue line in Fig. 5a). impact on the temporal variation of tr_op_ical L_Jpwelli_ng be-
This finding indicates that tropical ascent is driven by global tween %50 and 100 hPa. .Temporal vananogs in vertical flow
forcing below 90 hPa throughout January (green solid line).2€ mainly forced by vertical divergence Bf” (red dashed
Therefore, the stratospheric pump has only a minor influencdn€). especially around 18 January. Temporal variations in
on vertical flow between 150 and 100 hPa. The estimated valthe divergences of;”’ and F}” influence the upward flow
ues are systematically smaller than those observed. When treround 17 January and 15 January, respectively. Inﬁ%@t,

Fig. 3. Time-altitude section of the residual mean vertical wind
(mms-1; color shadings and contours) based on all forcitta)
Observation,(b) forcing in all regions,(c) forcing in the global
stratosphere, an(tl) forcing in the global troposphere. Contour
interval is 0.2 mms?. See Table 1 for detail.

Atmos. Chem. Phys., 11, 6326336 2011 www.atmos-chem-phys.net/11/6325/2011/
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Fig. 5. As for Fig. 4, except for residual mean vertical wind (pyrple dash-dotted line). Estimated vertical wind by other forcings

(mm shin the tropics averaged over 150-100 hik@) Observa- s not shown because of its small value. See Table 1 for detalils.
tions (black thick-solid line), forcing in the all regions (gray solid

line), all regions including observed boundary values (red thin-solid
line), global troposphere (green solid line), and global stratosphere (@) (b)

(blue solid line).(b) Forcing in the global troposphere (green solid ° ~ : ‘ ® ‘
line; same as), northern hemispheric troposphere (green dashed 11 = = o1
line), and southern hemispheric troposphere (green dotted line). See §g 300 S S i §g e
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Figure 7 shows anomalies of the estimated vertical flow
from divergence of the EP flux above 80 hPa and from ver-
tical dlvgrgence OFl(Z) above 80 hPa on 18 January. These ms1d—1) and of the generated residual mean vertical wind us-
anomalies are calculated from the mean value for Januaryng the EP flux divergence above 80 hPa (color shading; mim's
2009. There is a small anomaly of stratospheric circulationg,'; g January 2009a) forcing in the southern hemispheric strato-
due to very weak divergence of the EP flux in the South-gphere angb) northern hemispheric stratosphere. (Bottga)and
ern Hemisphere above 80 hPa (Fig. 7a). A strong negativey). same aga) and (b) except forF{z) component only. These
anomaly of EP flux divergence at high latitudes in the up-anomalies are the deviation from the mean value for January 2009.
per stratosphere generates a large anomaly in stratospher@ntour interval is 4 ms! d=1. Divergences of the EP flux and
circulation (Fig. 7b). A downwelling anomaly is induced at F£{*) below 90 hPa are not shown. See Table 1 for details.
high latitudes and an upwelling anomaly is induced south
of 5° N. In the tropics and high latitudes, the anomaly of
the residual mean vertical wind decays with decreasing altitropical ascent is generated in the lowermost stratosphere
tude. The stratospheric wave forcing generates only a negli¢rig. 7d).
gible tropical ascent{0.1 mms™) below 70hPaon 18 Jan-  Figure 8 s the same as Fig. 7, but for forcing below 90 hPa.
uary. Southern hemispheric forcing above 80 hPa due to thesonyergence of the EP flux at arourfds, 150 hPa induces a
vertical divergence of,” is too weak to generate a strong positive anomaly of vertical flow in the tropics between 200
anomaly of stratospheric circulation (Fig. 7c). Forced by and 150 hPa and at around°1® 125hPa (Fig. 8a). Eddy
the vertical divergence oFl(Z) in the northern hemispheric forcing in the southern hemispheric troposphere has a small
stratosphere, stratospheric circulation intensifies broadly, eseffect on the TTL, but has a large effect below 150 hPa.
pecially in the extratropical upper stratosphere, and weakConvergence of the EP flux at around°bin the upper

Fig. 7. (Top) Anomalies of the EP flux divergence (contours;

www.atmos-chem-phys.net/11/6325/2011/ Atmos. Chem. Phys., 11, 63262011



6332 K. Yoshida and K. Yamazaki: Tropical cooling in the case of stratospheric sudden warming

(b) (a)
50
701

02JAN2009 (b) 10JAN2009

1001 : g =N
150] ; :
=2001 |

3004

; . . . - 500 1= : . . A 1%
20S 10S EQ 10N 20N 20S 10S EQ 10N 20N 0.1
(c) (d) no
50 50 o
701
1001
150]
2001
3004

(il

%0075 165 €a 10

500

20s 10S EQ 10N 20N 20s 10S EQ 10N 20N

. . L . Fig. 9. Latitude-height section of the Eliassen—Palm (EP) flux (vec-
Fig. 8. As for Fig. 7, except for (left) forcing in the southern hemi- to?S' 52, the Egp flux divergence (color shadin ( Tﬁl)sd_l)(

spheric troposphere and (right) northern hemispheric troposphere.” ™ ! verger ) r%u !
Contour interval is 0.5 msl d=1. Divergences of the EP flux and and the residual mean vertical wind (contours; mmjson (a) 2

(2) . January 2009b) 10 January 2009¢) 18 January 2009, ar(d) 26
F;™ above 80 hPa are not shown. See Table 1 for details. January 2009. The EP flux is divided by the reference density, and

the vertical component of the EP flux is multiplied by 300.

troposphere and lower stratosphere generates a strong, broad
upwelling anomaly in the tropics between 500 and 100 hPgyens before the peak of the SSW. Equatorward EP flux di-
(Fig. 8b). In particular, remarkable tropical ascent is inducedyerges vertically at around 20!, which causes convergence
around 250 and 125 hPa due to convergence of the EP flux. of the vertical component of the EP flux at around 200 hPa,
The vertical convergence (ﬁfl(Z) ataround 15N, 100hPa  15° N and 100 hPa, AN. As shown in Fig. 8, convergence
generates a positive anomaly of the estimated vertical flongf the EP flux (especially'fl(“) around 18N, 100 hPa is
in the tropics between 150 and 100 hPa, while vertical conthe main contributor of tropical upwelling between 150 and
vergence ofFl(Z) around 18S, 150 hPa generates a positive 100hPa. On 26 January, upward flow occurs in the trop-
anomaly of estimated vertical flow in the tropics at aroundics below 150 hPa. At the same time, the equatorward EP
200 hPa (Fig. 8c, d). Vertical convergence‘éf) drove large  flux decreases in the subtropical troposphere (Fig. 9d). In
part on tropical upwelling anomaly between 150 and 100 hPghese cases, wave propagation from the extratropical tropo-
(the other part driven by convergences K)j‘b ) and FZ(Z)). sphere to the tropics is contributed B\f“’ ) (associated with
Vertical convergences dFl(Z) at around 15N, 100 hPa and the meridional eddy momentum fluxv’) andFl(Z) (associ-
15° S, 150 hPa are the main factor in inducing tropical ascentated with the meridional eddy heat flux9’) (not shown).
at around 125 and 200 hPa, respectively. In next section, w&quatorward EP flux from the midlatitude troposphere ap-
investigate wave activity that caused the tropical upwellingpears to be coincident with upward EP flux in the midlatitude
in detail. troposphere and stratosphere.
Figure 10 shows a time-altitude section Ef) in mid-
latitudes and a time-latitude section 5* averaged over

125 and 100hPa. From 10 January to 16 Januﬂﬁ), is
5.1 Eliassen-Palm flux amplified in the mid-latitude troposphere, which causes the
SSW event (Fig. 10a). At the same time, the equatorward EP
Figure 9 shows latitude-height sections of the EP flux, itsflux is intensified between 125 and 100 hPa (Fig. 10b). These
divergence, and the residual mean vertical wind. Before the;omponents of the EP f|u)F§¢) andF:EZ)) may be excited by
SSW occurred, the vertical component of the EP flux is weakihe same wave source. To examine the wave activity in detail,

in the extratropical troposphere and stratosphere, and equiis necessary to investigate not only the meridional field but
torward EP flux is weak in the subtropics of northern hemi- 5isg the three-dimensional field.

spheric upper troposphere (Fig. 9a, b). Thus, convergence of

the EP flux is small around 1%, 125hPa. On 18 January, 5.2 Three-dimensional wave activity flux

upward flow &4 mms1) occurs broadly in the tropical up-

per troposphere (Fig. 9c). Tropical upwelling at 100 hPa onTo investigate the wave behavior in detail, we calculated
18 January is larger than that on 26 January, and it hapthe three-dimensional wave activity flux, as proposed by

5 Wave activity around the TTL
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Fig. 10. () Time-altitude section of the first vertical component of
the Eliassen-Paim (EP) fluk,® averaged over 4N-7C° N. (b) 80 O A e 0200
Time-latitude section of the second meridional component of the

EP flux FZS@ averaged between 125 and 100 hPa. ) )
Fig. 11. Maps of the horizontal component of Plumb’s (1985) 3-D

wave activity flux (vectors; is=2) and vertical component (color
shading; M s—2) averaged between 125 and 100 hP4a)ri2 Jan-

Plumb (1985). Figure 11 shows the time evolution of uary 2009,(b) 15 January 2009(c) 18 January 2009, ang) 21
Plumb’s (1985) wave activity flu¥’; averaged between 125 janyuary 2009. Vectors and colors are multiplied bygcos

and 100 hPa. On 12 January, the amplitude of wave activity

flux is weak in the boreal mid-latitudes (Fig. 11a). On 15 Jan-

uary, wave activity over Alaska is blooming, and horizontal Because the mean westerly flow extends to the tropical
wave activity fluxes toward the tropical areas of the easterrupper troposphere over the eastern Pacific and Atlantic dur-
Pacific and Atlantic are amplified (Fig. 11b). Due to down- ing the boreal winter and spring (referred to as the “west-

ward wave activity flux around the northwestern Pacific, theerly duct”), the equatorward-propagating waves are able to
longitudinal integration of vertical component of the wave enter the tropics (e.g., Webster and Holton, 1982; Kiladis

activity flux, which corresponds to the vertical component of and Weickmann, 1997). Harada et al. (2010) showed that
the EP flux, is negative around ?IR. On 18 January, strong wave activity over Alaska developed and intensified wave-2

upward and southeastward wave activity fluxes are furtherstructure in the northern high-latitudes during 15-20 January,
more excited over Alaska (Fig. 11c). This upward wave ac-and suggested that it played an important role in the SSW
tivity flux apparently dominates the vertical component of that occurred during January 2009. Thus, wave activity over
the EP flux at high latitudes. In addition, the southeastwardAlaska has two roles; the equatorward EP flux between 125
wave activity flux propagates toward the tropical eastern Paand 100 hPa entering the tropics caused tropical upwelling
cific, and the eastward wave activity flux propagates fartherbetween 150 and 100 hPa, and the upward EP flux in the ex-
toward the tropical eastern Atlantic. In the tropical easterntratropics caused the SSW event.

Pacific/Atlantic, the waves propagate upward. The upward

wave activity flux in the tropical eastern Pacific and Atlantic

has a large influence on the vertical component of the EP flux

(not shown). Subsequently, the horizontal and vertical wave

activity flux decays over Alaska, and upward wave activity

flux in the tropical area of the eastern Pacific and Atlantic

also diminishes (Fig. 11d).
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6 Discussion
Fig. 13. (a)Latitude-altitude section of refractive index for station-
6.1 Tropical convection ary waves in zonal wavenumber 5 in the Western Hemisphere (color
shading). Vectors denote the EP fluxs72) on 18 January(b)

In Sect. 3, we reported that vertical convergence of the verlatitude-altitude section of western hemispheric mean zonal wind

tical heat qux,—pgla(,oow/Q/)/az, resulted in reduced heat- I(m s 1. Data .ave.raged from 10 to 17 ._]anuary are usgd tp calc.u-
ing in the tropical uppermost troposphere from 12 to 26 Jan-ate the refractive |ndgx and th.e.z.onal yvmd. The refractive |nde)§ is
. . . . expressed by a logarithmic unit; imaginary values of the refractive
uary. The vertical heat flux is strorllgly Imk_e_d to Iocf':lllzed index are masked. The EP flux is divided by the reference density,
convection around the western tropical Pacific. Yoshida and,q e vertical component of the EP flux is multiplied by 300.
Yamazaki (2010) suggested that the concentration of local-
ized convection, such as the deep convection in the tropical
western Pacific, warms the tropical uppermost troposphergical heat flux diminishes (Fig. 12d, h). This result corre-
and cools the upper TTL via vertical convergence of the ver-sponds to the decay of heating by vertical convergence of the
tical heat flux. vertical heat flux in the tropical uppermost troposphere. The
Figure 12 shows the time evolution of OLR and the ver- time evolution of convection is consistent with variations in
tical heat fluxw’6’ in the tropics. Before the SSW event, vertical convergence of the vertical heat flux in the tropical
convection is gradually concentrated and intensified in theuppermost troposphere.
SPCZ, and negative value of the vertical heat flux is ampli- Our results accord with several studies. Ahead of the cy-
fied at around 100 hPa (Fig. 12a, b, e, f). The strong negativelonic anomaly in the westerly duct, ascent occurs and static
value of the vertical heat flux results in enhanced divergencestability is reduced, which is consistent with the interpreta-
in the lowermost stratosphere and enhanced convergence tion that equatorward-propagating waves force the convec-
the tropical uppermost troposphere. With the onset of thetion (Kiladis, 1998; Matthews and Kiladis, 2000). In fact,
SSW event, convection is observed to decay near the tropicahe region in which the equatorward-propagating waves en-
western Pacific and to intensify over tropical South Amer-ter appears to generate a lower OLR (see Figs. 11 and 12).
ica (Fig. 12c). At the same time, the negative value of theHence, during the SSW event, the equatorward-propagating
100 hPa vertical heat flux decays, resulting in weakened heatvave activity may cause not only circulation change in the
ing in the tropical uppermost troposphere (Fig. 12g). Sub-TTL, but convection change. Further study is required on
sequently, the more tropical convection extends zonally, thehis topic.
greater the degree that the negative value of the 100 hPa ver-
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6.2 Wave propagation toward the tropics 4. Equatorward-propagating waves at around 100 hPa,
which had same source region with the upward-

The results presented in Sects. 4 and 5 indicate that wave propagating waves that caused the SSW event, traveled

propagation originating over Alaska has an influence ontrop-  from Alaska to the tropical areas of eastern South Amer-

ical ascent in the uppermost troposphere on 18 January. To  jca and eastern Africa, entered the tropical lowermost

generate tropical ascent in the uppermost troposphere, dissi-  stratosphere, and dissipation of the waves drove the

pation of the waves must have its maximum above the up-  tropical upwelling between 150 and 100 hPa on around

permost troposphere. To investigate why the waves prop- 18 January.

agate toward the tropical lowermost stratosphere, we cal-

culated the refractive index for a stationary wave of zonal AcknowledgementsVe thank Y. Kuroda for useful discus-

wavenumber 5, based on the mean field of the Western Hemisions. We also thank anonymous reviewers for helpful com-

sphere averaged from 10 to 17 January (Fig. 13a). Bewments. Interpolated OLR data were obtained from the Web
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