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ABSTRACT

Atmospheric circulation cells associated with the El Nifio-Southern Oscillation (ENSO) are described and
examined using the NCEP-NCAR reanalysis field and the NCEP sea surface temperature (SST) from January
1950 to December 1999. The divergent wind and pressure vertical velocity are employed for the identification
of atmospheric circulation cells. The warm phase of ENSO shows positive SST anomalies in the equatorial
eastern Pacific and along the east coast of Asia and the west coast of North America, and negative SST anomalies
in the off-equatorial western Pacific and in the central North Pacific. Associated with this SST anomaly distribution
are variations of atmospheric zonal and meridional circulation cells over the Pacific. The equatorial zonal Walker
circulation cell is weakened, consistent with previous schematic diagrams. The anomalous meridional Hadley
circulation cell in the eastern Pacific showsthe air rising in the Tropics, flowing poleward in the upper troposphere,
sinking in the subtropics, and returning back to the Tropics in the lower troposphere. The anomalous Hadley
cell in the western Pacific is opposite to that in the eastern Pacific. The divergent wind and vertical velocity
also show a midlatitude zonal cell (MZC) over the North Pacific. The mean MZC is characterized by the air
rising in the central North Pacific, flowing westward and eastward in the upper troposphere, descending in the
east coast of Asia and the west coast of North America, then returning back to the central North Pacific in the
lower troposphere. The anomalous MZC during the mature phase of El Nifio shows an opposite rotation to the
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mean MZC, indicating a weakening of the MZC.

1. Introduction

In a semina paper, Bjerknes (1969) postulated an
atmospheric circulation cell in the zonal-vertical plane
over the equatorial Pacific, which he named the ** Walker
circulation” since this circulation is part of the global
Southern Oscillation phenomenon defined earlier by Sir
Gilbert Walker (1923, 1924, 1928). The Walker circu-
lation cell is characterized as the air ascending in the
equatorial western Pacific, flowing eastward in the upper
troposphere, sinking in the equatorial eastern Pacific,
and returning toward the equatorial western Pacific in
the lower troposphere. Bjerknes also visualized a close
relation among the Southern Oscillation, east—west sea
surface temperature (SST) contrast in the equatorial Pa-
cific Ocean, and the thermally driven Walker cell. Since
then, the zonal Walker circulation cell has been rec-
ognized to be associated with the interannual phenom-
enon of the El Nifio—Southern Oscillation (ENSO) that
has been intensively studied (e.g., Philander 1990;
McCreary and Anderson 1991; Neelin et al. 1998).
Schematic diagrams of the Walker circulation cell dur-
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ing ENSO are well known (e.g., Webster and Chang
1988; McPhaden et al. 1998). However, how the Walker
circulation cell evolves during ENSO from data has not
been well studied, probably because of a lack of ob-
servational data. The Walker circulation cell associated
with ENSO has been shown little quantitatively.

The atmosphere also has meridional circulation cells:
the Hadley cell and the Ferrel cell (e.g., Trenberth et al.
2000; and references therein). The Hadley circulation
cell is aso thermally driven, located in the tropical and
subtropical regions. The heated tropical air rises and
flows aloft toward the subtropical region whereit cools,
sinks, and flows back to the tropical region. The Ferrel
cell is an extratropical meridional circulation cell char-
acterized by the air ascending in the extratropical region
and descending in the subtropical region. Unlike the
Walker and Hadley cells, the Ferrel cell is a thermally
indirect cell. The Ferrel cell isforced mostly by transient
baroclinic eddy activity through associated poleward
heat and momentum transports (e.g., Holton 1992). Lit-
tle is known about how these atmospheric meridional
cells vary during the evolution of ENSO. Also, astrong
zonal wind speed core, called the “‘jet stream,” is lo-
cated just below the tropopause in the extratropics. Pre-
vious studies (e.g., Horel and Wallace 1981) suggested
that ENSO teleconnections link the jet stream with
ENSO.
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The recently available data of the National Centers
for Environmental Prediction—National Center for At-
mospheric Research (NCEP-NCAR) reanalysis field
(Kalnay et al. 1996) provide an opportunity to study the
atmospheric circulation patterns associated with ENSO.
The present paper uses the NCEP-NCAR reanalysis
field and the NCEP SST data (Smith et al. 1996) to
describe and investigate how the Walker cell, the Hadley
cell, the Ferrel cell, and the jet stream vary during the
evolution of ENSO. Additionally, the combination of
atmospheric divergent wind and vertical motion data
shows an atmospheric zonal cell in the midlatitudes of
the North Pacific. The rest of the paper is organized as
follows. Section 2 introduces the data used in this paper.
Section 3 shows the annual variability of the atmo-
spheric circulation patterns. Sections4 and 5 show com-
posites and temporal variations of the atmospheric cir-
culation associated with ENSO, respectively. Section 6
provides a discussion and summary.

2. Data

The major data source in this study is the NCEP-
NCAR reanalysis field from January 1950 to December
1999. The NCEP-NCAR reanalysis field uses a state-
of-the-art global data assimilation system on a 2.5° lat
X 2.5° long grid (see Kalnay et al. 1996 for details).
Variables used in this study are monthly atmospheric
horizontal wind velocity, vertical velocity, and velocity
potential at levels of 1000, 925, 850, 700, 600, 500,
400, 300, 250, 200, 150, and 100 mb. The vertical com-
ponent of wind field in the NCEP-NCAR reanalysis
field is pressure vertical velocity. In our presentation,
we multiply the pressure vertical velocity by —1, so
positive values of the vertical velocity indicate an up-
ward movement of air parcels. Since we are interested
in tropical atmospheric circulation and northern mid-
latitude atmospheric circulation associated with the Pa-
cific ENSO, the analyses in this paper are shown from
20°S-60°N to 100°E-80°W. Although our analyseswere
performed globally, our focus herein is on the Pacific.
Results associated with Atlantic climate variability are
reported in a companion paper (Wang 2002, manuscript
submitted to J. Climate).

Horizontal wind velocity can be divided into a non-
divergent (or rotational) part and a divergent (or irrota-
tional) part (e.g., Mancuso 1967; Krishnamurti 1971;
Krishnamurti et a. 1973): v = v, + v, = kK X V¢ +
V ¢, where ysis streamfunction and ¢ isvelocity potential.
Thefirst part does not contribute to atmospheric divergent
fields associated with atmospheric vertical motion (it is
nondivergent). It iswell known that the Walker and Had-
ley cells are thermally driven, associated with atmo-
spheric convergence-divergence. Atmospheric heating
associated with convection induces atmospheric conver-
gence—divergence that drives atmospheric vertical motion
and circulation. Therefore, what it mattersto atmospheric
cells associated with atmospheric convergence—diver-
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gence is the divergent part of the wind athough the ro-
tational part is usualy larger. In the search for evidence
of atmospheric circulation cells, it is essential not only
to isolate the divergent part of the wind but also to as-
certain the continuity following the flow between the
centers of upward and downward motion (e.g., Krish-
namurti et a. 1973; Hastenrath 2001). The analyses of
the divergent wind and vertical motion are prerequisites
indispensable for the identification of atmospheric cir-
culation cells. Following these, we will mainly focus on
the distributions of atmospheric vertical motion and the
divergent component of the wind when we discuss at-
mospheric circulation cells. Newman et a. (2000) com-
pared the 200-mb wind divergence fields from the
NCEP-NCAR, the European Centre for Medium-Range
Westher Forecasts (ECMWEF), and the National Aero-
nautics and Space Administration (NASA) reanalyses.
Although the details of the divergence fields are different
among these analyses, basic patterns are reasonably con-
sistent (also Trenberth et al. 2000).

Monthly SST data are also used in this study. SST
data are taken from the NCEP SST data set on a 2° lat
X 2° long grid from January 1950 to December 1999.
These SST fields were produced by using a spatial in-
terpolation method employing empirical orthogonal
function analysis (see Smith et a. 1996 for the detailed
description). With all of these data, we first calculate
monthly climatologies based on the full record period
(1950—99) and then anomalies are obtained by subtract-
ing the monthly climatologies for each dataset from the
data.

3. Annual variability

To better understand anomaly variations of atmo-
spheric circulation cells, we first consider annual vari-
ability of tropospheric circulation patterns. Figure 1
shows the boreal winter (January) climatologies of tro-
pospheric circulation. Centers of low (high) velocity
potential are associated with divergent outflow (con-
vergent inflow) winds. Figures la—c show that diver-
gence (convergence) at the upper troposphere corre-
sponds to convergence (divergence) at the lower tro-
posphere, associated with upward (downward) vertical
motion at the midtroposphere (three levels of 200, 500,
and 850 mb are chosen as representative of the upper,
mid-, and lower troposphere, respectively). Centers of
upper-tropospheric divergence and lower-tropospheric
convergence in the equatorial region just west of the
date line are characterized by strong upward velocity at
the midtroposphere with maximum upward velocity in
the off-equatorial regions. The equatorial eastern Pacific
is associated with upper-tropospheric convergence, |ow-
er-tropospheric divergence, and midtropospheric down-
ward vertical motion. All of these are consistent with
Pacific climate features of the western Pacific warm pool
and the equatorial eastern Pacific cold tongue. Associ-
ated with these patterns is the east—west circulation cell
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Climatologies (January)
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Fic. 1. The boreal winter (Jan) climatologies of tropospheric circulation patterns: (a) 200-mb velocity potential (10° m?
s~1) and divergent wind (m s1); (b) 850-mb velocity potential (106 m? s—*) and divergent wind (m s~1); (c) 500-mb vertical
velocity (10~* mb s—1); (d) zonal-vertica circulation by averaging divergent wind and vertical velocity between 2.5°S and
2.5°N; (e) meridional-vertical circulation in the eastern Pacific by averaging divergent wind and vertical velocity between
150° and 100°W; (f) total zonal wind in the eastern Pacific between 150° and 100°W; (g) meridional-vertical circulation in
the western Pacific by averaging divergent wind and vertical velocity between 120° and 170°E; (h) total zonal wind in the
western Pacific between 120° and 170°E. The vertical velocity is taken the negative of the pressure vertical velocity in the
reanalysis, i.e., positive values indicate an upward movement of air parcels. Positive values are shaded.
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along the equator—the Walker circulation cell, as shown
in Fig. 1d. The air ascends in the west, flows eastward
in the upper troposphere, sinks in the east, and returns
toward the west in the lower troposphere. Figure 1c also
clearly shows manifestation of the intertropical con-
vergence zone (ITCZ) in the eastern Pacific around
10°N, with a narrow band of upward vertical motion in
the midtroposphere. The South Pacific convergence
zone is also indicated around 10°S near the date line.
In the midlatitude, Fig. 1c showsupward vertical motion
in the central North Pacific and in the west coast of
Canada, and downward motion in the east of Asia and
in the west of the United States. An east—west band of
downward motion in the midtroposphere along 20°N
manifests the subtropical high.

Assuggested by Figs. 1a—c, the meridional circulation
in the western Pacific is different from that in the eastern
Pacific. Thus, we separately plot meridional-vertical cir-
culations in the east (150°-100°W) and in the west
(120°—170°E) as shown in Figs. le-h. In the east, the
tropical circulation has two meridional cells with moist
air rising in the ITCZ (Trenberth et al. 2000), then di-
verging northward and southward in the upper tropo-
sphere, and descending over the regions to the subtrop-
ical high and the equatorial eastern Pacific cold tongue
(Fig. le). Thus, associated with the south Hadley cell,
vertical motion near the equator in the eastern Pacific
is downward. The extratropics of the Northern Hemi-
sphere (NH) shows the classic Ferrel cell, with upward
motion in the high latitudes and downward motion in
the midlatitudes. In the west, a single Hadley cell is
shown up, with the air rising in the tropical region,
flowing poleward in the upper troposphere in both hemi-
spheres, and returning to the Tropicsin the lower north-
ern troposphere (Fig. 19). The Ferrel cell is relatively
weak in the NH midlatitudes of the western Pacific.
Total zonal wind shows a core of maximum westerly
wind (the jet stream) just below the tropopause around
200 mb in both the eastern and western Pacific (Figs.
1f and 1h). The jet stream in the eastern Pacific, being
extended from the midlatitudes to the equatorial region,
is much weaker than the one in the western Pacific. The
lower troposphere of the equatorial eastern Pacific
shows easterly wind, whereas westerly wind appears
south of the equator in the western Pacific.

The boreal summer (July) climatologies of tropo-
spheric circulation are shown in Fig. 2. During that time,
the centers of upper-tropospheric divergence and lower-
tropospheric convergence in the western Pacific shift to
the NH. Corresponding to the northward shift of the
convergence—divergence centers in the western Pacific
is upward motion covered from the equatoria to the
northwestern Pacific. The zonal Walker circulation cell
becomes well organized in the boreal summer (Fig. 2d).

Associated with the northward shiftsduring the boreal
summer, the meridional cells seem to also have a north-
ward shift. In the eastern Pacific, the Ferrel cell is lo-
cated at higher latitudes compared with the boreal winter
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(Figs. 1e and 2e¢). In the western Pacific, maximum up-
ward motion associated with the Hadley cell has moved
to the NH from the Southern Hemisphere (SH), con-
sistent with the northward shift of convergence—diver-
gence centers shown in Figs. 2aand 2b. Both the eastern
and western Pacific show cross-equatorial flows from
the SH to the NH at the surface. Figures 2f and 2h show
that tropical easterly wind extends from the lower to
upper troposphere. The jet stream weakens and moves
northward during the boreal summer.

The lower- and upper-tropospheric divergent wind
fields and the midtropospheric vertical velocity in Figs.
1 and 2 suggest a midlatitude zonal cell (MZC). Based
on Figs. 1 and 2, we plot circulation features of zonal-
vertical section between 37.5° and 42.5°N (a combi-
nation of divergent wind and vertical velocity, similar
to the Walker and Hadley cells). The results for January
and July are shown in Figs. 3a and 3b, respectively.
During the boreal winter, the MZC shows that the air
rises in the central North Pacific, diverges eastward and
westward in the upper troposphere, descends over re-
gions of the west coast of North America and the east
coast of Asia, then flows back to the central North Pa-
cific in the lower troposphere. In the boreal summer, the
MZC extends westward and the descending motion
branch of the MZC over the east coast of Asia disap-
pears. The MZC shows upward motion in the central
Pacific and the east coast of Asia, and downward motion
in the west coast of North America.

4. Composites of anomalous circulation cells

During 195099, there are seven significant EI Nifio
events (1957/58, 1965/66, 1972/73, 1982/83, 1986/87,
1991/92, and 1997/98) for which the SST anomaliesin
the Nifio-3 region (5°S-5°N, 150°-90°W) exceed 1°C
(Fig. 4). The maximum Nifio-3 SST anomalies for each
warm event occur during the calendar months from No-
vember to January except for the 1986/87 event that
has double peaks with the major one in the boreal sum-
mer. This indicates a robust tendency for mature phase
of El Nifio to occur toward the end of the calendar year
(e.g., Rasmusson and Carpenter 1982). Because of this
ENSO phase locking to the seasonal cycle, it is useful
and meaningful to derive a composite for better under-
standing of the evolving nature of atmospheric and oce-
anic variables during different phases of ENSO.

We consider the EI Nifio pattern evolution over six
phases. antecedent (August—October of year —1), onset
(November of year —1-January of year 0), development
(March—-May of year 0), transition (July—September of
year 0), mature (November of year O—January year +1),
and decay (March-May of year +1). Note that year O
refers to the El Nifio year, and year —1 and year +1
refer to the previous and subsequent years of the El
Nifio year, respectively. Rasmusson and Carpenter
(1982) defined the first five phases, and considered the
time span from March to May of the El Nifio year to
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Climatologies (July)

z
=3
-2l
g
S
~ -
L2
N
-
12
o
-
2
12
o
=
E
=]
W —
w)
- =
« L
2 g
gl -
S
21 S
— -
g
b= | 2
@ g
w v
£ 2 2 £ £ £ = & g~
o w) - “ N —

XEEERE]

SENEEEREERE
Vo T ETTTEY

AL A

100E 120E 140E 160E 180 160W 140W 120W 100W SOW

otential and div. wind at 200
’
;

73 (DS DR W ' WP, L [
B AL TN N T DY
Plae s Newidgrode s v o a s

- “rEry >Ry AR &S 3.

sk, ) PR o

Z Z Z Z Z Z o ¥ ¥

s S D

R % F 8% 8 = 5

T e . e~ P

i

~7 2
|t . 4‘\\l|vlvlvlv/'///.v\\‘*
.m " PN N — b .
R ..M
N e L I
wn N e e B
o ettt R R B
W. ' T T e N NS Y "Lz
H “N\\qﬂ\\vllvlﬁlrlr//r...z
0.+ \\\\\HH“I’/’/I’I« MM =
H IR TSN R
} frr el ITTT NI
~. FLTTTEINN 2 A[S
} VTR YA A
t faoa SRR
=y \ A A A A A A
&l \NSZfxxws s /i@
0 N A A RIE:
NN ,,o\\\\\\\\\\\\.
wlt .If\s\u\\\b\\»\\\\\ S
1R N v e e vy B
af ,,‘.!\\\.\\‘\\\\\\\4 -
~ N e sy
HIS (AR DRI S A P
E- RIL I SRS -
= v~ RENEREDERENEDES I -1
=\ ——— v 4
15118 e e e = += = e v b A4
.ﬂ,unns\tltlf,'IOlfifv..-rM
I EE e N e L 3
] DR S T
| RENERIDEDEREREE RGN
| PR AN SRR -
S P N L
N AP IP R I
=y v P S TR R
S AN
2 2 2 2 = 2 P
E E ] £ E £ 5
s S S S S S S
n S " S 0 S
— o - w) [ o =
—
DI Y A = AR, A S A m
»ra%acacevyy ~wwy vt ave?
S VRPRION £ A0S
ST TPPIZRELs A S
N SN =
AL CC O/ DS
55 AN - SUSDBDPANN =3
O TALL S LD ]
B s AT -
il 2 AN R AR RN NT] 1 =
= FLLI IV 12
g T f g
m« il ARLS ~ e
s e
«<f NGRS TS
) } | T TiTisrs| =
= s 18 “;2:
£l : B et
45 LY R s
2. ARERAT) SIS i
k=] Ay VE SRt A e
[ S e csu ey
& ‘S Setabet SCRESNRR RSN P2 .w
A mnayanas sttty i <
— Bt ottt L 0 R S -
] N W e 1
=k e Lo
5 vecvqdAy 3
° e AR
2 ~ W rved PR S m
3} [
> -
= N, CES N @
% w34
= W 4.r/l W
7.3}
Z e & &7
-] -

Climatologies (July)

— 5.0 m/s (10" mb/s)

AN SN v v

N S e - -

[ F4
* " N 3
,.”'»v..‘.“““
4.«4n»».-“““‘
N A U A .M
NI A A A N
\ A I I B

//MM¢‘»\‘\\““.V

////foi\x\\\\.‘»‘ rw

//4/ bl g A A A A A A A A -

4!"!\\\\\\\\\\\}

AN N SN S v v v v s r s s s

NN P Z

NN =

Y Y v e L L s g

AT T T T A A U S TN

NN N N e v e v e s ws s rs

- - v
Sy
~

~

N

20N

10N

A U arara——

N

NN e

N

NN

R A A A

B e o T R L T R R R
T
108 0

100mb-!g!: Hadley circulation (120E-170E)

250mb 1
400mb 1
550mb

/

+

+

v

\

\

AN T
700mb{\ \ x~ - *

850mb 1

208

1000mt

PRI IR
< v v
PR

PR P S o i

LA AV AV A VA A i & S i

- .

AR A NI A A AP P
]
]
)
+
'
’
+
+
.
~

’
”

TN NN
N w

R e GGG o )

P i ey )

e

L A e d d

P A O e
PR A e g

- e

~
Kl

R R N
N N

850mb

Hadley circulation (150W-100W) — 3.0 m/s (10" mb/s)

“< << < Nr >l eaaA AN P s Y

(e)

a8 T S b st — 4 b > v by v

R N
0

100mb

: zonal vel city (150W-100W)

E E £ E %
S % £ 7 B
= N w [

850mb

0

Fic. 2. Asin Fig. 1, but for the boreal summer (Jul).



404

Climatology of the Mid-latitude Zonal Cell
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Fic. 3. Climatologies of the MZC in (a) the boreal winter (Jan)
and (b) the boreal summer (Jul). The divergent wind and vertical
velocity are averaged between 37.5° and 42.5°N.

be the **peak phase”’ because the South American coast
reached its peak warming during that period for the El
Nifio events between 1949 and 1976. However, the El
Nifio events evolve differently after 1977 (e.g., Wang
1995; Trenberth and Stepaniak 2001). The coasta
warmings for the El Nifio events between 1977 and 1992
occur in the boreal spring subsequent to the El Nifio
year rather than in the boreal spring of the El Nifio year
(Wang 1995). The 1997/98 EI Nifo develops in both
the central Pacific and the South American coast during
the spring of 1997 (Wang and Weisberg 2000). In view
of these changes, the peak phase of Rasmusson and
Carpenter (1982) is changed to the development phase
(also in Wang 1995, and Wang and Weisberg 2000). In
fact, the Nifio-3 SST anomaly index shows that March—
May of the El Nifio year is a development stage of El
Nifio (Fig. 4). The decay phaseisalso added for showing
the atmospheric circulation cells during the time of El
Nifio termination. With these definitions, the SST anom-
alies for six different phases of ElI Nifio are shown in
Fig. 5 and the atmospheric circulation anomaly patterns
for different phases are shown in Figs. 6-11. In the
composite calculations, we have excluded the 1986/87
El Nifio since its phase evolution with respect to the
seasonal cycle is at odds with all others.

The antecedent phase exhibits La Nifia conditions
(Fig. 58). Observed are cold SST anomaliesin the equa-
torial eastern and central Pacific, warm SST anomalies
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in the tropical western Pacific, and warm SST anomalies
in the central North Pacific. The atmospheric circulation
anomalies in Fig. 6 show that centers of upper-tropo-
spheric convergent inflow and of lower-tropospheric di-
vergent outflow are located in the tropical eastern Pa-
cific, associated with anomalous descending motion in
the midtroposphere. Upper-tropospheric anomalous di-
vergent outflow, lower-tropospheric anomal ous conver-
gent inflow, and midtropospheric anomal ous ascending
motion are in the far tropical western Pacific. Corre-
spondingly, the Walker circulation shows the air anom-
alously ascending in the far equatorial western Pacific,
flowing eastward aloft, and descending in the equatorial
eastern Pacific. The anomalous meridional circulation
in the eastern Pacific shows two cells: the Hadley cell
and the Ferrel cell. The Hadley cell is characterized by
astrong downward motion in thetropical Pacific, where-
as the Ferrel cell shows ascending motion in the North
Pacific (Fig. 6€). The anomalous Hadley circulation in
the western Pecific displays a strong upward motion in
the tropical South Pecific (Fig. 6g). During that time,
the tropical upper troposphere in both the eastern and
western Pacific shows zonal westerly wind anomalies,
whereas the tropical lower troposphere exhibits zonal
easterly wind anomalies (Figs. 6f and 6h).

During the onset phase (Fig. 5b), the tropical Pacific
gtill remains with cold SST anomalies over the equa-
torial eastern and central Pacific and weakly warm SST
anomaliesin the western Pacific, while the central North
Pacific shows intensification and eastward extension of
warm SST anomalies. Associated with these SST pat-
terns are lower- (upper) tropospheric divergent outflow
(convergent inflow) in the equatorial eastern Pacific,
lower- (upper) tropospheric convergent inflow (diver-
gent outflow) in the far equatorial western Pacific, and
lower- (upper) tropospheric convergent inflow (diver-
gent outflow) around 25°N, 160°W (Figs. 7a and 7b).
The Walker circulation shows a strong anomal ous sub-
sidencein the equatorial eastern and central Pacific (Fig.
7d). The anomalous Hadley circulation cellsin the east-
ern Pacific and the western Pacific show descending and
ascending motion, respectively, in the Tropics (Figs. 7e
and 7g). During the onset phase, both the eastern Pacific
and the western Pacific display anomalous descending
motion in the midlatitudes (between 30° and 40°N for
the eastern Pacific and between 25° and 35°N for the
western Pecific). Total zonal winds in the lower tro-
posphere of the western Pacific reverse to westerly
anomalies from easterly anomalies of the antecedent
phase. These lower-tropospheric westerly anomaliesin
the tropical western Pacific herald the development of
El Nifio since they can induce eastward-propagating
downwelling Kelvin waves that cause a subsequent
warming in the central and eastern Pacific (e.g., Wyrtki
1975; McCreary 1976; Busalacchi and O'Brien 1981;
Philander 1981).

El Niflo begins to develop after the reversal of the
lower-tropospheric wind anomalies in the western Pa-
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FiG. 4. SST anomalies in the Nifio-3 region (5°S-5°N, 150°-90°W) for the seven most sig-
nificant EI Nifio events from 1950 to 1999. The numbers —1, 0, and + 1 in parentheses represent
the previous year of the El Nifio year, the El Nifio year, and the subsequent year of the El Nifio

year, respectively.

cific (Fig. 5c). Equatorial warmings occur both in the
equatorial central Pacific and in the far eastern Pacific,
with large warm SST anomalies in the far eastern Pa-
cific. Cold SST anomalies appear southwest of the North
Pacific warm SST anomalies. Corresponding to this de-
velopment of El Nifio are changes of atmospheric cir-
culation patterns. The tropical western Pacific shows
lower- (upper) tropospheric anomalous divergent out-
flow (convergent inflow) and the eastern Pacific exhibits
lower- (upper) tropospheric anomalous convergent in-
flow (divergent outflow). The anomalous Walker cir-
culation cell starts to reverse sign, showing an anom-
alous ascending motion in the equatorial eastern Pacific
(Fig. 8d). During that time, the anomalous Hadley cir-
culation cells in both the eastern and western Pacific
also begin to reverse their circulation patterns (Figs. 8e
and 8g). The eastern Pacific shows anomal ous ascending
motion in the equatorial region and in the midlatitude
along 30°N, whereas the western Pacific has anomalous
descending motion in the equatorial region and in the
midlatitude. The lower-tropospheric westerly anomalies
in the western Pacific are further developed (Fig. 8h),
and lower-tropospheric zonal wind anomalies in the

eastern Pacific also reverse to westerly anomalies (Fig.
8f). Upper-tropospheric easterly wind anomalies start to
appear in both the western and eastern Pacific during
that time (Figs. 8f and 8h).

Following the development and reversal of atmo-
spheric circulation pattern anomalies, the transition
phase (Fig. 5d) shows alarge-scale warming in the equa-
torial eastern and central Pacific and cold SST anomalies
in the tropical western off-equatorial Pacific. SST anom-
alies in the central North Pacific have now switched
sign from warm to cold. Atmospheric velocity potential
anomalies show two centers over the Pacific: one with
lower- (upper) tropospheric convergent inflow (diver-
gent outflow) in the equatoria eastern Pacific and the
other with lower- (upper) tropospheric divergent outflow
(convergent inflow) just to south of the equator in the
far western Pacific (Figs. 9a and 9b). Correspondingly,
the midtroposphere shows anomal ous ascending and de-
scending motions in the equatorial eastern and western
Pacific, respectively. The anomalous Walker circulation
completely reverses sign from La Nifia conditions, with
the air rising in the equatorial eastern Pacific, flowing
westward al oft, sinking in the equatorial western Pacific,
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El Nino Composite of SST Anomalies
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FiGc. 5. Pacific SST anomaly composites during (a) the antecedent phase of El Nifio, (b) the onset phase of El Nifio, (c) the development
phase of El Nifio, (d) the transition phase of El Nifio, (e) the mature phase of El Nifio, and (f) the decay phase of El Nifio.

208
100E

and returning back to the eastern Pacific in the lower
troposphere. The Hadley circulation in the eastern Pa-
cific shows an anomalous ascending motion near the
equator (Fig. 9e), whereas in the western Pacific it dis-

plays an anomalous descending motion in the region
just south of the equator and an anomalous ascending
motion near 10°N (Fig. 9g). During that time, lower-
tropospheric westerly wind anomalies in the tropical
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Development Phase: Mar(0)-May(0)
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Transition Phase: Jul(0)-Sep(0)
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western Pacific continue to develop and in both the west
and east, upper-tropospheric equatorial easterly wind
anomalies are further strengthened (Figs. 9f and 9h). In
the midlatitudes, westerly wind anomalies are centered
in the upper troposphere just below the tropopause.

In the mature phase (Fig. 5€), the equatorial eastern
Pacific shows maximum anomalous warming, whereas
the off-equatorial western Pacific and the central North
Pacific show cold SST anomalies. Warm SST anomalies
begin to develop along the east coast of Asia and the
west coast of North America. During that time, upper-
tropospheric velocity potential anomalies show two ad-
ditional centers: onewith divergent outflow near Mexico
and the other with convergent inflow near 35°N, 170°E
(Fig. 10a). This pattern is consistent with that of Mestas-
Nufez and Enfield (2001) who obtained an ENSO pat-
tern based on positive minus negative phases of aglobal
ENSO reconstruction of the Nifio-3 SST anomaly index.
Associated with these midlatitudinal divergent/conver-
gent fields are midtropospheric anomalous descending
motions in the central North Pacific and anomalous as-
cending motions near the east coast of Asiaand the west
coast of North America (Fig. 10c). The equatorial east-
ern Pacific shows anomal ous ascending motion, whereas
the tropical western Pacific displays maximum anom-
alous descending motions in the off-equatorial western
Pacific. Thisdistribution of midtropospheric vertical ve-
locity anomalies is consistent with the ENSO western
Pacific anomaly patternsidentified previously in surface
oceanic and atmospheric variables (Wang et al. 1999;
Wang 2000). The zonal Walker and meridional Hadley
circulation cells are now fully developed during that
time (Figs. 10d, 10e, and 10g). In the eastern Pacific,
lower-tropospheric equatorial westerly wind anomalies
and upper-tropospheric equatorial easterly wind anom-
alies, and upper-tropospheric midlatitudinal westerly
anomalies are fully strengthened (Fig. 10f). This wind
distribution is consistent with the 200-mb wind com-
posite of Arkin (1982) who suggested a pair of anom-
alous anticyclones straddling the equator during the ma-
ture phase of El Nifio. Interestingly, an easterly wind
anomaly jet appears in the upper troposphere along
50°N. In the western Pacific, upper- and lower-tropo-
spheric equatorial winds have now switched to westerly
and easterly wind anomalies, respectively (Fig. 10h).
The switch (to equatorial easterly wind anomalies) of
lower-tropospheric wind anomalies in the western Pa-
cific is important to the evolution of ENSO since they
can force eastward-propagating upwelling Kelvin waves
that help terminate El Nifio (e.g., Tang and Weisberg
1984; Philander 1985). The western Pacific also shows
an easterly (westerly) wind anomaly jet located just be-
low the tropospause along 30°(50°N).

With the formation of lower-tropospheric equatorial
easterly wind anomalies over the western Pacific, warm
SST anomalies in the equatorial eastern Pacific begin
to decay, whereas the cold SST anomaliesin the central
North Pacific and the warm SST anomalies along the
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east coast of Asia and the west coast of North America
continue to develop (Fig. 5f). During the decay phase,
atmospheric cells are similar to those in the mature
phase but with weak amplitudes. Lower-tropospheric
equatorial easterly wind anomalies over the western Pa-
cific are further increased (Fig. 11h) and the equatorial
westerly wind anomaly jet of the lower troposphere over
the eastern Pacific is further strengthened (Fig. 11f).

Anomalous MZC for the onset and mature phases of
El Nifio are shown in Figs. 12a and 12b, respectively.
Associated with the central North Pacific warming dur-
ing the onset phase (Fig. 5b), Fig. 12a shows anomalous
ascending motion around 160°W and anomalous de-
scending motion west of the date line. Since North Pa-
cific SST anomalies during the mature phase reverse to
cold anomalies from warm anomalies (Fig. 5e), the
anomalous MZC aso reverses sign (Fig. 12b). Asso-
ciated with cold SST anomalies in the central North
Pacific and warm SST anomalies in the east coast of
Asia and the west coast of North America during the
mature phase, Fig. 12b shows the air anomalously sink-
ing in the central North Pacific, flowing westward and
eastward in the lower troposphere, rising in the east
coast of Asia and in the west coast of North America,
and then returning back to the central North Pacific al oft.
Recalling the annual cycle of the MZC (Fig. 3a), we
see that the MZC is weakened during the mature phase
of El Nifio.

5. Temporal variations of anomalous circulation
cells

In the previous section, we showed atmospheric cir-
culation composites for the six different phases of El
Nifio. Next, we consider whether or not these atmo-
spheric circulation patterns are evident in every warm
event over the period of record. The time series for
evolution of the Walker and Hadley circulation cellsare
first calculated. Consistent with composites in section
4, we calculate the 500-mb vertical velocity anomaly
difference between the equatorial eastern Pacific (5°S—
5°N, 160°-120°W) and the equatorial western Pacific
(5°S-5°N, 120°-160°E) as an index of the Walker cir-
culation, the 500-mb vertical velocity anomaly differ-
ence between the central North Pacific (25°—35°N,
170°E-150°W) and the equatorial eastern Pacific (5°S-
5°N, 160°-120°W) as an index of the Hadley circulation
in the eastern Pacific, and the 500-mb vertical velocity
anomaly difference between the western North Pacific
(25°-35°N, 110°-150°E) and the equatorial western Pa-
cific (5°S-5°N, 120°-160°E) as an index of the Hadley
circulation in the western Pacific. These indices are
compared with the Nifio-3 SST anomalies, as shown in
Fig. 13. Both the Walker and Hadley circulation cells
are evident in every El Nifio—La Nifia event. The max-
imum correlations of the Walker circulation and the east-
ern Pecific Hadley circulation with the Nifio-3 SST
anomalies are —0.79 and 0.75, respectively at zero lag
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Decay Phase: Mar(+1)-May(+1)
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Anomalous Mid-latitude Zonal Cell

(a): onset phase [Nov(-1)-Jan(0)] — 1.5 m/s (10" mb/s)
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Fic. 12. Anomalous MZC for (a) the onset phase of El Nifio and
(b) the mature phase of El Nifio. The divergent wind anomalies and
vertical velocity anomalies are averaged between 27.5° and 32.5°N.

and are significant at the 99% level. For the western
Pacific Hadley circulation, the maximum correlation is
—0.56, with the Nifio-3 SST anomalies|eading the Had-
ley index by 2 months.

To measure the anomalous MZC, we calculate the
time series of the 500-mb vertical velocity anomaly dif-
ference between the regions of the western North Pacific
(25°-35°N, 110°-150°E) and the central North Pacific
(25°=35°N, 170°E-150°W). The anomalous MZC index
is compared with the Nifio-3 SST anomalies, as shown
in Fig. 14. When the equatorial eastern Pacific iswarm,
the MZC is weakened. The maximum correlation of
—0.46 (above 99% significant level) occurs when the
Nifio-3 SST anomalies|ead the MZC index by 2 months.
Also shown is that the duration of the anomalous MZC
is shorter than that of El Nifio. The reason for this may
be due to ENSO teleconnections (to the midlatitudes)
that occur primarily during the NH winter (Horel and
Wallace 1981), whereas El Nifio warm events last at
least one year.

The zonal wind anomaly composites in Figs. 6-11
show a significant lower-tropospheric variation in both
the equatorial western and eastern Pacific. The indices
of the 850-mb zonal wind anomalies in the equatorial
western Pacific (5°S-5°N, 120°-170°E) and in the equa-
torial eastern Pacific (5°S-5°N, 150°-100°W) are shown
in Figs. 15a and 15b, respectively. The maximum cor-
relation of 0.56 occurs when the western Pacific zonal
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wind anomalies lead the Nifio-3 SST anomalies by 4
months, whereas the maximum correlation between the
eastern Pacific zonal wind anomalies and the Nifio-3
SST anomaliesis0.67 at the zero month lag. Theleading
relationship between the western Pacific wind anomalies
and the Nifio-3 SST anomalies suggests that the western
Pacific is an important region for initializing El Nifio
(e.g., Wang and Weisberg 2000; Wang 2001). The zonal
wind anomaly composites (e.g., Fig. 10f) also display
a strong ENSO signal in the upper troposphere of the
equatorial eastern Pacific. In Fig. 15c¢, the 200-mb zonal
wind anomalies in the equatorial eastern Pacific (5°S—
5°N, 150°-100°W) are compared with the Nifio-3 SST
anomalies. When the equatorial eastern Pacific iswarm
(cold), the upper troposphere of the equatorial eastern
Pacificis associated with easterly (westerly) wind anom-
alies. The calculation shows that the maximum corre-
lation of —0.72 occurs when the Nifio-3 SST anomalies
lead the upper-tropospheric wind by 2 months.

During El Nifio—La Nifa events, the atmospheric
westerly jet stream tends to move meridionally. The
composite of Fig. 10f suggests that the jet stream may
be measured by an index of the 200-mb zonal wind
anomalies in the region of the eastern North Pacific
(20°=30°N, 150°-100°W). Figure 16 compares the jet
stream index with the Nifio-3 SST anomalies. The max-
imum correlation of 0.70 occurs when the Nifio-3 SST
anomalies lead the jet stream index by 2 months. El
Nifio (La Nifia) corresponds to westerly (easterly) wind
anomalies in the upper troposphere of the midlatitude
Pacific, associated with the equatorward (poleward) dis-
placement of the jet stream.

6. Discussion and summary

Using the recently available atmospheric and oceanic
data, the present paper describes and examines the sea-
sonal and interannual variability of the atmospheric cir-
culation over the Pacific where the largest of three major
tropical heat sourcesis located (tropical western Pacific
heat source). The others reside over the Amazon and
Africa and are associated with Atlantic climate vari-
ability, which is discussed in a companion paper (Wang
2002, manuscript submitted to J. Climate). The tropical
western Pacific heat source is farthest north and west
in the boreal summer, and farthest south and east in the
boreal winter. Associated with this seasonal movement
of the heat source are seasonal variations of the equa-
torial zonal Walker cell, the tropical meridional Hadley
cell, the extratropical meridional Ferrel cell, and the
extratropical zonal MZC. The jet stream is strong and
southernmost in the boreal winter, whereas it weakens
and moves northward during the boreal summer.

Based on the data presented in this study, the mean
state and anomaly of the equatorial zonal Walker cell,
the tropical meridional Hadley cell, the extratropical
meridional Ferrel cell, and the extratropical zona MZC
are summarized in Fig. 17. Unlikein the western Pacific
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Anomalous Hadley and Walker Circulations

(a): Walker Circulation
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Fic. 13. Comparison of the Nifio-3 SST anomalies with (a) the Walker cell index, (b) the eastern Pacific Hadley cell index, and (c) the
western Pacific Hadley cell index. The Walker cell index is defined by 500-mb vertical velocity anomaly difference between the equatorial
eastern Pacific (5°S-5°N, 160°-120°W) and the equatorial western Pacific (5°S-5°N, 120°-160°E). The eastern Pacific Hadley cell index is
defined by 500-mb vertical velocity anomaly difference between the central North Pacific (25°-35°N, 170°E—150°W) and the equatorial
eastern Pacific (5°S-5°N, 160°-120°W). The western Pacific Hadley index is defined by 500-mb vertical velocity anomaly difference between
the western North Pacific (25°—35°N, 110°-150°E) and the equatorial western Pecific (5°S-5°N, 120°-160°E). All of the time series are 3-

month running means. The y represents the correlation coefficient.

Anomalous Mid-latitude Zonal Cell (MZC)
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FiG. 14. Comparison of the Nifio-3 SST anomalies with the MZC index. The MZC index is defined by 500-mb vertical velocity anomaly
difference between the western North Pacific (25°-35°N, 110°-150°E) and the central North Pacific (25°-35°N, 170°E-150°W). All of the

time series are 3-month running means. The vy represents the correlation coefficient.
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Zonal Wind Anomalies

(a): 850-mb zonal wind anomalies in the west
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Fic. 15. Comparison of the Nifio-3 SST anomalies with (a) 850-mb zonal wind anomalies in the equatorial western Pacific (5°S-5°N,
120°-170°E); (b) 850-mb zonal wind anomalies in the equatorial eastern Pacific (5°S-5°N, 150°-100°W); (c) 200-mb zonal wind anomalies
in the equatorial eastern Pacific (5°S-5°N, 150°-100°W). All of the time series are 3-month running means. The +y represents the correlation
coefficient.

that shows a single Hadley cell, the mean meridional upper troposphere, and descending over the regions of
circulation in the eastern Pacific shows three cells: two  the subtropical high and the equatorial eastern Pacific
Hadley cells and one Ferrel cell. The tropical northand cold tongue. The atmospheric cells vary with the inter-
south Hadley cells are characterized by the air rising in  annual phenomenon of ENSO. During the mature phase
the ITCZ, diverging northward and southward in the of El Nifio, both the Walker circulation cell andtheMZC

Anomalous Jet Stream at 200 mb
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FiG. 16. Comparison of the Nifio-3 SST anomalies with the jet stream index. The jet stream index is defined by 200-mb zona wind
anomalies in the eastern North Pacific (20°-30°N, 150°-100°W). All of the time series are 3-month running means. The y represents the
correlation coefficient.
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(a): Mean State of Atmospheric Cells
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(b): Anomalous Atmospheric Cells during the Mature Phase of El Nino
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Fic. 17. Schematic diagrams summarized (a) mean state of at-
mospheric circulation cells and (b) anomalous atmospheric cells dur-
ing the mature phase of El Nifio. Shown are the equatorial zonal
Walker cell, the merdional Hadley cell in the western Pecific (WP),
the meridional Hadley and Ferrel cells in the eastern Pacific (EP),
and the MZC. The schematic diagrams are drawn, based on the data
presented in this study.

are weakened. The anomalous Hadley cell in the eastern
Pacific during the mature phase of El Nifio shows the
air rising in the tropical region, flowing northward in
the upper troposphere, descending in the midlatitude,
and returning to the Tropics in the lower troposphere.
The anomalous Hadley cell in the western Pacific has
an opposite rotation as that of the anomalous Hadley
cell in the eastern Pacific.

Since the pioneering work of Bjerknes (1966 and
1969), ENSO has been recognized as an interannual
phenomenon involved ocean—atmosphere interactions
associated with the Pacific Walker circulation (e.g., Phi-
lander 1990; Neelin et al. 1998). The data-derived var-
iation of the Walker circulation shows that interannual
east—west motion of the Walker circulation cell, asso-
ciated with large changes in atmospheric convection,
plays an important role in the evolution of ENSO. Dur-
ing El Nifio (SST is warming in the equatorial eastern
and central Pacific), the tropical western Pacific heat
source associated with lower-tropospheric convergence,
upper-tropospheric divergence, and midtropospheric as-
cending motion, moves eastward. This eastward move-
ment weakens the Walker circulation cell that then
weakens the |lower-tropospheric equatorial easterly trade
winds (the low branch of east-west air exchange in the
Walker cell) and thus further increases SST in the equa-
torial eastern and central Pacific. This positive ocean—
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atmosphere feedback associated with the zonal Pacific
Walker circulation cell is a key for the development of
the Pacific El Nifio.

The anomalous Hadley circulation cellsin the eastern
Pacific and in the western Pacific behave oppositely.
During El Nifio, the eastern (western) Pacific Hadley
cell shows a clockwise (counterclockwise) rotation with
anomalous ascending (descending) motion in the Trop-
ics and anomalous descending (ascending) motion in
the subtropics. Thisis consistent with SST-related heat-
ing that is a driving force for the Hadley circulation
(e.g., Holton 1992). EI Nifio shows positive SST anom-
aliesin the equatoria eastern Pacific and negative SST
anomaliesin thetropical western Pacific. Corresponding
to this SST anomaly distribution are lower-tropospheric
anomalous convergence (divergence), upper-tropo-
spheric anomalous divergence (convergence), and mid-
tropospheric anomal ous ascending (descending) motion
in thetropical eastern (western) Pacific. Thus, the anom-
alous eastern (western) Pacific Hadley cell shows the
air rising (sinking) in the Tropics, flowing poleward
(equatorward) in the upper troposphere, sinking (rising)
in the subtropics, and flowing equatorward (poleward)
in the lower troposphere.

TheHadley circulationisoriginally referred to aglob-
a zonal mean meridional circulation (e.g., Oort and
Yienger 1996; Trenberth et al. 2000; and references
therein), whereas the meridional circulation in thisstudy
is regional. Since ENSO is characterized as a strong
east—-west contrast phenomenon, a global zonal mean
may have shortcomings. For example, Oort and Yienger
(1996) calculated the global zonal mean streamfunction
by using the zonal mean meridional wind component
from 1964 to 1989. They chose the maximum stream-
function in the Tropics as a measure of the strength of
the Hadley circulation. Based on their calculations, they
concluded a positive correlation relationship between
the Hadley cell and ENSO. However, the 1982/83 El
Nifio is not consistent with their conclusion. This may
be simply due to the strong east—-west asymmetry as-
sociated with ENSO. Our analysis shows that the anom-
alous Hadlley cells in the eastern and western Pacific
have opposite signs.

In comparison with the anomalous Hadley circulation
cell, the anomalous Ferrel circulation cell associated
with ENSO is weak and is not well organized. The
reason for this may be due to different driving mech-
anisms for the Hadley and Ferrel cells. The tropical
Hadley cell is a thermally driven cell, whereas the ex-
tratropical Ferrel cell is an indirectly thermally driven
cell. The Hadley cell is forced by diabatic heating, but
the Ferrel cell is forced mostly by transient baroclinic
eddy activity through associated poleward heat and mo-
mentum transports (e.g., Holton 1992). Since El Nifio
is associated with tropical SST-related heating, the trop-
ical Hadley cell isthusclearly shown up during El Nifio.

The divergent wind and vertical motion of the NCEP—
NCAR reanalysis field show the MZC in the North Pa-
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cific. The mean MZC is characterized by the air rising
in the central North Pacific, diverging westward and
eastward in the upper troposphere, descending over the
regions of the east coast of Asia and the west coast of
North America, then flowing back to the central North
Pacific in the lower troposphere. The MZC is strong and
easternmost in the boreal winter. The MZC aso varies
with El Nifio, showing a weakening of the MZC during
the mature phase of El Nifio. Since the main impact of
El Nifio to the extratropics is likely to be felt during
the winter months (Horel and Wallace 1981), the du-
ration of the MZC is observed to be shorter than that
of El Nifio. In addition, we should keep in mind that,
like the Walker and Hadley cells, the MZC in this paper
isidentified by the divergent wind and the pressure ver-
tical velocity. If we aso consider the rotational wind
(e.g., see Figs. 1f and 1h), the MZC is not a closed cell.

Earlier ENSO studies mainly focused on the ENSO
eastern Pacific anomaly patterns (e.g., Rasmusson and
Carpenter 1982), probably because interannual anom-
alies are large in the eastern/central Pacific and ENSO
is developed from the far eastern Pacific for the events
before the 1980s. Recently, Wang et al. (1999) and Wang
and Weisberg (2000) emphasized the western Pacific
anomaly patternsin addition to the eastern Pacific anom-
aly patterns. During the warm phase of ENSO, warm
SST and low sea level pressure (SLP) anomalies in the
equatorial eastern Pacific and low outgoing longwave
radiation (OLR) anomalies in the equatorial central Pa-
cific are accompanied by cold SST and high SLP anom-
aliesin the off-equatorial western Pacific and high OLR
anomaliesin the off-equatorial far western Pacific. Also,
while the surface zonal wind anomalies over the equa-
torial central Pacific are westerly, those over the equa-
torial western Pacific are easterly. The present analysis
shows that the western Pacific patterns are also mani-
fested in the troposphere. The mature phase of El Nifio
shows anomalous ascending motion in the equatorial
eastern Pacific and anomal ous descending motion in the
off-equatorial western Pacific. The western Pacific
anomaly patterns are robust features of ENSO and are
independent of datasets. Herein, our analyses also point
out how important the western Pacific isin the evolution
of ENSO. The lower-tropospheric wind anomalies in
the equatorial western Pacific are significantly correlated
with the Nifio-3 SST anomalies, with western Pacific
wind anomalies leading the Nifio-3 SST anomalies by
4 months. This suggests that the western Pacific is an
important region for initiating and terminating El Nifio.
Thisis also consistent with the unified ENSO oscillator
(Wang 2001) that suggests that the ENSO mechanisms
of the delayed oscillator (Suarez and Schopf 1988; Bat-
tisti and Hirst 1989), the western Pacific oscillator
(Weisberg and Wang 1997; Wang et al. 1999), the re-
charge—discharge oscillator (Jin 1997), and the advec-
tive—reflective oscillator (Picaut et al. 1997) may all be
operated.
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