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ABSTRACT

Two reanalysis datasets, one generated by the Goddard Laboratory for Atmospheres for
1982-1993 and the other generated by the National Centers for Environmental Prediction for
1982-1995, are used to examine the relationship between the Southern Oscillation (SO) and
the interannual variation of atmospheric mass. Both reanalyses show that atmospheric mass
increases (decreases) during the positive (negative) SO phase. Atmospheric mass consists of dry
air and moisture. Since dry mass is conserved, the interannual variation of atmospheric mass
results from the variation of water vapor pressure. Thus, global atmospheric hydrological pro-
cesses are analyzed to illustrate how the SO affects the interannual variation of atmospheric
mass. During the positive (negative) SO phase, water vapor is converged (diverged) toward (out
of ) the central-eastern tropical Pacific [where sea surface temperatures (SSTs) are higher (lower)
than normal] to maintain (suppress) cumulus convection in that area. An anomalous east-west
Walker circulation straddling the Dateline is driven by the anomalous cumulus convection in
this region to create positive (negative) surface pressure anomalies over the western tropical

Pacific-Indian Ocean, which result in an increase (decrease) in atmospheric mass.

1. Introduction

The southern oscillation (SO) (Walker 1923,
1924, 1928; Walker and Bliss 1930, 1932, 1937) is
an interannual seesaw in surface pressure (and
thus in atmospheric mass) between the tropical
Indian-western Pacific Ocean and most of the
tropical Pacific. The spatial structure of the SO is
often depicted in terms of the global correlation
coefficient pattern between the surface pressure
anomalies and surface pressure anomalies at an
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observational station close to the center of an SO
cell, employing as base points, e.g, Djakarta,
Indonesia (Berlage 1957) and Darwin, Australia
(Trenberth and Shea 1987). Because surface pres-
sure exhibits a seesaw between the two sides of
the Pacific following the SO, the surface pressure
difference between Tahiti (near the center of the
eastern SO cell) and Darwin (close to the center
of the western SO cell) has been adopted by the
climate research community as the Southern
Oscillation Index (SOI, W. Chen 1982) to indicate
the temporal evolution of this low-frequency cli-
mate mode.

The total atmospheric mass is measured by the
globally-integrated surface pressure. It is thus
likely that the SO signal exists in atmospheric
mass following the SO seesaw in surface pressure.
Trenberth et al. (1987) analyzed the interannual
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variation of atmospheric mass with the data gener-
ated by the Global Data Assimilation System
(GDAS) of the European Centre for Medium
Range Weather Forecasts (ECMWF) for
1978-1985. Although a warm (1982/83 winter)
and a cold (1984/85 winter) El Nifio-Southern
Oscillation (ENSO) event occurred during this
time period, the SO signal was not clearly revealed
by Trenberth et al’s (loc. cit.) analysis. This lack
of a signal may be attributed to the substantial
changes and updates in the operational ECMWF
GDAS (Trenberth and Olson 1988). Apparently,
a uniformly assimilated dataset of surface pres-
sures over a long time period is required in order
to examine the interannual variation of atmo-
spheric mass.

According to the surface pressure tendency
equation, surface pressure change is determined
by the convergence of mass into a vertical column
of atmosphere (Van den Dool and Saha 1993), a
result of atmospheric mass redistribution. The
interannual variation of atmospheric mass is pre-
sumably coupled with the SO seesaw in surface
pressure and with that of the global divergent
circulation linked to the SO. The divergent circula-
tion portrayed by GDAS data is generally sensitive
to the particular data assimilation system being
employed. Changes in assimilation systems make
it difficult, if not impossible, to use the GDAS
data of any operational center over the past one-
and-a-half decades to depict reliably the interan-
nual variation of the global divergent circulation.
Atmospheric mass consists of dry air and moisture.
Since dry atmospheric mass is conserved, the
seasonal variation of atmospheric mass results
from the variation of precipitable water (Trenberth
et al. 1987, Van den Dool and Saha 1993, Chen
et al. 1996b). The goal of this study is to explore
the cause of the interannual variation of atmo-
spheric mass. One may question whether the
interannual variation of precipitable water plays
a vital role in this variation. The lack of dynamical
constraints and the spinup problems of a GDAS
may make it difficult to answer this question
because the assimilated precipitable water may
contain the GDAS model bias. Thus, in addition
to comparing results from more than one data
assimilation system, it may be of use to verify our
analysis of precipitable water with a water vapor
dataset independent of the model bias.

The reanalysis data generated by Version 1 of
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the Goddard Earth Observing System (GEOS)
data assimilation system (DAS) (Schubert et al.
1993) and the GDAS of the National Centers for
Environmental Prediction (NCEP) (Kalnay and
Jenne 1991, Kalnay et al. 1996) became available
recently. Because of the uniformity in each afore-
mentioned assimilation dataset, we shall use the
1982-1993 GEOS data and the 1982-1995 NCEP
data to demonstrate in Section 2 a possible link
between the interannual variation of atmospheric
mass and the SO seesaw in surface pressure. A
possible coupling between the SO seesaw in sur-
face pressure and the global divergent circulation
is illustrated in Section 3. The interannual vari-
ation of some atmospheric hydrological processes
related to interannual variation of atmospheric
mass is presented in Section 4. Both a brief
comparison between the two assimilation systems
and a comprehensive comparison between hydro-
logical processes depicted by the two datasets
were made by Mo and Higgins (1996). The hydro-
logical variables of each dataset may contain the
assimilation system bias. Thus, the 1987-1992
precipitable water and the 1982-1994 precipita-
tion data generated under the NASA Water Vapor
Project (NVAP; Randal et al. 1995) and the
NOAA Global Precipitation Climatology Project
(GPCP) of the Climate Prediction Center (CPC)
(Xie and Arkin 1997), respectively, are also ana-
lyzed to verify and assess interannual variation in
the water vapor pressure and precipitation of the
assimilation datasets. Concluding remarks are
made in Section 5.

2. Interannual variation of atmospheric mass

The temporal variation of the monthly-mean
surface pressure (p,) averaged globally is domin-
ated by annual and semiannual cycles. Thus, we
isolate the interannual variations of p, by a second-
order Butterworth lowpass filter with a high-
frequency cutoff at 18 months (Chen et al. 1996a).
In what follows, a globally-averaged variable ( )
is denoted by [( )], and the lowpass filtered vari-
able () by (7). Displayed in Fig. 1 are time series
of [p,(GEOS) and [j,J(NCEP). As revealed
from the spatially-averaged departure of sea-
surface temperature (SST) from its long-term
mean, over the NINO-3 region (150°-90°W,
5°S—-5°N), two cold (1984/85 and 1988/89 winters)
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Fig. 1. Time series of the globally-averaged low-pass fil-
tered (with a 18-month cut-off time) surface pressure,
[P ][P.] computed with the GEOS-DAS data is
denoted by a dashed line, while that computed with the
NCEP-GDAS data is shown by solid line.

and three warm (1982/83, 1986/87 and 1991/92
winters) ENSO events are covered by the two
assimilation datasets used in this study. Since the
time period of available data is so short, the end
effect of the low-pass filtering may affect the
beginning and end of the [p,] time series.
Regardless of this end effect, the interannual vari-
ation signal of [ ;] is coincident with the ENSO
activity. In particular, [ p,] exhibits a positive
(negative) maximum during warm (cold) ENSO
events. Since atmospheric mass is proportional to
Ps, the interannual variation of [f,] shown in
Fig. 1 reveals that atmospheric mass increases
(decreases) during the positive (negative) SO phase.
The difference in [ p,] between positive and nega-
tive events is about 0.1 mb, which is smaller than
the difference between the summer minimum and
winter maximum of [p,] (~0.5 mb) (e.g. Chen
et al. 1996b). However, the coincidence between
interannual variation in [ f,] and the ENSO activ-
ity is unlikely to be accidental. Next, we examine
further the relationship between the interannual
variation in [ ] and the SO.

The relationship between the interannual vari-
ation in atmospheric mass and the SO is inferred
from the local correlation between [ p,] and p.,
denoted by 655, Shown in Fig. 2 is 6135 com-
puted with both the GEOS and NCEP data. In
the tropical-subtropical region, the positive and
negative values of g;; 5.5, are more or less separated
by the Dateline. In view of the alternation of [ p,]
between the positive and negative SO phases,
015,15, Teveals a seesaw of p, on the two sides of
the Dateline. Also discernible is a teleconnection
wave train extending from the western tropical
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Pacific to the middle-high latitudes of each hemi-
sphere; these resemble the Pacific-North American
(PNA) (Wallace and Gutzler 1981) and Pacific-
South American (PSA) (Mo and Ghil 1987,
Karoly 1989) patterns. The overall gy;.; pattern
resembles Trenberth and Shea (1987) with Darwin
surface pressure as a base point.

While Fig.2 shows the phase relationship
between the interannual variation of atmospheric
mass and the SO, it does not provide information
about the local amplitude of interannual variation
in p,. To accomplish this we select a positive SO
phase (86/87 winter) and a negative SO phase
(88/89 winter) with the GEOS-DAS p, for illustra-
tion (Fig. 3). Recall that the large-scale perturba-
tion of surface pressure in the tropics is an order
of magnitude smaller than that in mid-latitudes
(Holton 1992). As shown in Fig. 3, this is true
also for the interannual variation of surface pres-
sure; the maximum local amplitude of p is about
1 mb in the tropics, while it is about 3 mb in
midlatitudes. The small value of [ p,] results from
the cancellation between positive and negative
values of [ p,].

Based upon the contrast between the [ f;] time
series (Fig. 1) and the spatial structure of the
o5, (Fig 2) pattern, we conclude that atmo-
spheric mass (indicated by [j,]) increases
(decreases) during a positive (negative) phase of
the SO; i.e., during a warm (cold) ENSO event,
with a positive (negative) p, anomaly west of the
Dateline and a negative (positive) p,, anomaly
east of the Dateline.

3. Interannual variation of the global
divergent circulation

It was pointed out in the Introduction that
surface pressure change is caused by convergence
of air mass into a vertical column. The SO seesaw
of surface pressure (or atmospheric mass) may be
attributed to the redistribution of atmospheric
mass, which is induced by the interannual vari-
ation of the global divergent circulation in
response to the anomalous SST forcing in the
Pacific. In order to gain a simultaneous global
view of the interannual variation in the global
divergent circulation and interannual variations
of both [ p,] and p,, we perform empirical ortho-
gonal function (EOF) analyses of (200 mb), #(850
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Fig. 2. Distribution of the correlation coefficients between [ f,] and p, anomalies over the globe with (a) the GEOS-
DAS data and (b) the NCEP-GDAS data. Positive (negative) values of 65, 5 are contoured with solid (dashed) lines
with a contour interval of 0.2. The positive value of ay;;.5 is stippled.

mb), ,, and ;. The velocity potential (i) analyzed
here is obtained by solving the Poisson equation
(with horizontal divergence) through the spherical
harmonic method and through a triangle trunca-
tion at 31 waves. The mass flux function ¥, is
computed by a simple diagnostic approach
described in the Appendix.

Figs. 4 and 5 show the eigencoeflicient (C1)
time series and eigenvector (E1), respectively, of
the first eigenmode derived from the four afore-
mentioned variables. The percentage shown on
each panel of Fig. 4 is the total variance explained
by the first eigenmode of each variable. Results of
the EOF analyses are as follows.

(1) There are some differences between the 2
data sets in the time periods and the total variances
explained by the corresponding first eigenmodes.
However, the temporal variations of the C1 time

Tellus 49A (1997), 5

series and the E1 spatial structures in the 2 data
sets agree highly.

(2) C1 time series of all four variables are
coherent not only with themselves, but also with
the [ p,] time series. Correlations between [ p,]
time series and C1 time series of (200 mb), #(850
mb) and W, range between 0.75 and 0.9.
Apparently, the interannual variation of atmo-
spheric mass coincides with that of the global
divergent circulation.

(3) Horizontal divergence of large-scale tropical
motion reverses once vertically in the troposphere.
Thus, it is not surprising to see that E1[#(200
mb)] and E1[#(850 mb)] are opposite in their
spatial structure. In addition to the vertical
reversal in their horizontal structure, these two
eigenvectors are horizontally out of phase with
their corresponding annual-mean velocity poten-
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Fig. 3. Distribution of the GEOS-DAS p; anomalies averaged over (a) 1986/87 winter (December—February) and (b)
1988/89 winter. Positive (negative) values of p, are contoured with solid (dashed) lines with a contour interval of 0.5

mb. The positive value of p; is stippled.

tial (not shown). Apparently, the global divergent
circulation is weakened (intensified) during the
positive (negative) SO phase.

(4) The interannual variation of the east-west
Walker circulation at the Equator can be inferred
from the first eigenmode of V,, (Figs. 4c, S¢, g).
E1(),,) exhibits a wavenumber-2 structure, resem-
bling that portrayed by Kousky et al. (1984). In
particular, the most intense and well-organized
cell of E1(,,) straddles the Dateline, with two
major centers of both EI1[200 mb)] and
E1[#(850 mb)] located over the western and east-
ern tropical Pacific, respectively. As inferred from
this particular cell of E1(},,), during the positive
(negative) SO phase an upward (downward)
branch exists around 120°W and a downward
(upward) branch around 120°E in accord with the

anomalous warming (cooling) over the eastern
tropical Pacific and the anomalous cooling (warm-
ing) over the western tropical Pacific. The down-
ward branch of the anomalous east-west Walker
circulation maintains positive j; anomalies, while
the upward branch of this circulation maintains
negative p, anomalies.

(5) The spatial structure of E1(p,) resembles
that of oy; .5 (Fig. 2). A SO seesaw in j; is revealed
clearly from E1(p,) in the tropical-subtropical
region between the two sides of the Dateline. The
contrast between E1(},,) and E1(p,) shows that
in the tropical-subtropical region the positive
(negative) E1(j,) anomalies over the Indian and
Pacific Oceans are located underneath the down-
ward (upward) branch of the anomalous east-west
Walker circulation. The SO seesaw of surface

Tellus 49A (1997), 5
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Fig. 4. Eigencoefficient time series of the first eigenmodes: (a) C1[£(200 mb)], (b) C1[%850 mb)], (c) C1(¥,,] (d)
C1(p,). The C1 time series generated with the GEOS-DAS data are denoted by dashed lines, while those generated
with the NCEP-GDAS data are depicted by solid lines. The percent table shown on each panel is the total variance

explained by the first eigenmode.

pressure in this region apparently follows the
interannual variation of the east-west Walker
circulation.

(6) The PNA and PSA teleconnection patterns
stand out distinctly as E1(p;) anomalies in the
Pacific-American longitudes. Although the local
amplitude of j, is much larger in middle and high
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latitudes, the region between 30°S and 30°N occu-
pies half of the global area. Thus, the SO of surface
pressure in the tropical-subtropical region is a
major contributor to the interannual variation of
[ 7] shown in Fig. 1.

Finally, 2 comments should be made concerning
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and (d) and (h) E1(p,). Positive (negative) values of El are contoured by a solid (dashed) line with a contour interval

of 0.3 for (a), (b), (¢) and (f), 0.1 for (c) and (g), and 0.4 for (d) and (h). The positive value of E1 is stippled.

our argument that the SO of surface pressure
follows the interannual variation of the east-west
Walker circulation.

(1) As speculated by Van den Dool and Saha
(1993), the SO of surface pressure may be caused

by the El Nifio SST anomalies over the tropical
Pacific. As we shall see, the adjustment process of
surface pressure change is still accomplished by
the east-west Walker circulation.

(2) The coupling between the interannual vari-
ation of the east-west Walker circulation and the

Tellus 49A (1997), 5
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SO explains only the seesaw of surface pressure
on the two sides of the Dateline. The increase and
decrease of atmospheric mass following the posit-
ive and negative phase of the SO, respectively, are
still not explained. This is the subject of the
next section. ‘

4. Interannual variation of hydrological
processes

Atmospheric mass is comprised of dry and moist
air, ie., p,=pq—+pw, Where py; and p, are surface
pressures of dry air and water vapor, respectively.
Since the mass of global dry air is conserved, the
interannual variation of global-mean p, should
coincide with that of global-mean p,, namely,
[P, 1=[Pw]- To substantiate this argument for the
assimilated data, time series of [ p, ] computed
with the two datasets are displayed in Fig. 6. The
amplitude of [ j, J(NCEP — solid line) is about
a third to a half of the amplitude of [ j,J(NCEP)
(Fig. 1). In contrast, the amplitude of [j,]
(GOES — dashed line) varies from one-half to
one amplitude of [ ,J(GEOS) (Fig. 1). The dis-
crepancy between [ p,] and [ ps] is expected for
the following reason: because the continuity equa-
tion of an assimilation system is dry, the only way
by which the total atmospheric mass can change
in the assimilation is from the analysis increments
of sea-level pressure. Thus, there are no built-in
constraints between the assimilation in moisture
and total atmospheric mass. On the other hand,
the correlation is about 0.85 between the
[P« J(GEOS) and [, J(GEOS) time series, and
about 0.75 between the [p,J(NCEP) and
[ 5. J(INCEP) time series. Apparently, interannual
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Fig. 6. Same as Fig. 1, except for water-vapor pressure,

[Bw]-
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variations of [p,] and [p,] are more or less
in phase.

By taking the assimilation system bias into
account, the comparison between [ p,, ] and [ p, ]
time series supports the argument that the interan-
nual variation of [ f,] in the assimilation datasets
is contributed by [ p,]. If the data assimilation
system were perfect, interannual variations in [ f, ]
and [ p,] should be coincident not only in time,
but also in their amplitude. With possible system
biases, it is unlikely that both the GEOS and
NCEP datasets can satisfy this perfect condition.
Thus, we may wonder whether the actual interan-
nual variation signals of water vapor pressure are
not fully reflected by the [p,]J(GEOS) and
[ P J(NCEP) time series. In order to clarify this,
the time series of [ p, J(NVAP) is shown in Fig. 6
for comparison. Regardless of its short period of
coverage (1987-1992), the NVAP moisture dataset
includes a cold (1988/89) and a minor warm
(1991/92) ENSO event. The temporal variation of
[ wJ(NVAP) in relative agreement with those of
[PwJ(GEOS) and [p,](NCEP), although the
amplitude of [ p,, J(NVAP) is close only to that of
[ PwJ(NCEP). This comparison suggests that the
two assimilation datasets contain to some extent
the interannual variation component of water
vapor pressure.

Recall that the interannual variation of [ j,]
results primarily from the SO of p, in the Pacific-
Indian Ocean basin. However, in view of the
coherent variation of the [ p,] (Fig. 1) and [ p,]
(Fig. 6) time series, the following 2 questions are
raised.

(1) Is there a spatial oscillation of p,, coherent
with the east-west seesaw of f; on the two sides
of the Dateline following the SO activity?

(2) Presumably, the answer to Question 1 is in
the positive. How is this interannual spatial vari-
ation of p,, maintained through the atmospheric
hydrological processes and linked to the mechan-
ism responsible for the seesaw of p,?

The answer to the first question provides not
only an insight into how the interannual variation
of p, and p,, are related to each other spatially,
but also a basis upon which to search for a
possible mechanism to couple these two interan-
nual variations. On the other hand, some light
may be shed on this mechanism by our answer to
the second question.
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Fig.7. Same as Fig. 4, except for (a) C1(j,) and (b)
C1(py)-

To answer the first question, we perform the
EOF analyses of p,; eigencoefficient (C1) time
series and eigenvectors (E1) of the first leading
eigenmodes are shown in Figs. 7, 8, respectively.
The salient features of the first eigenmodes may
be highlighted as follows.

(1) CI (p,,) ime series are highly correlated not
only with each other, but also with the correspond-
ing Cl(p,) time series (Fig.4d); correlation
coeflicients range from 0.7 to 0.8. The amplitudes
of C1(p,,)s are comparable to each other, but only
about a half of those of C1(p,)s are.

(2) As revealed from E1(p,)s, the major centers
of p,(GEOS) and p,(NCEP) anomalies are located
slightly east of the Dateline and enclosed by the
horseshoe-shaped p, anomalies of opposite sign.
It may be inferred from the contrast between
E1(p,)s and E1(p,) (Figs. 5d, h) that there are
out-of-phase seesaws of p; and j,, in the tropical
Pacific (associated with the SO).

(3) Although the major anomalies of
E1(p,)(NVAP) (Fig.8e) are centered at the

Dateline, the structure of this -eigenvector
resembles  those of E1(,)(GEOS) and
E1(p,)(NCEP).

Since the interannual variation components
depicted by the first eigenmodes of three p,, data-
sets are so coherent, it would be unimaginable
that the interannual variation component of water
vapor pressure is not contained in the two assim-
ilation datasets.

To understand the cause of the [ p,, ] interannual
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~ variation, one may argue that the global-mean

water-vapor budget, ie, OJ[p,]/0t=g[E—P],
should be explored to illustrate the effect of
[E—P]. With this approach, we actually face
somewhat of a predicament: (1) There are no
specifications of initial precipitation and evapora-
tion, and no special constraint on the initial
moisture condition in any assimilation system.
The spinup caused partly by the initial imbalance
between p,, and E—P makes it unlikely for the
hydrological processes contained in the assimila-
tion data to reach a balance with the global-mean
water vapor budget. (2) Even with a perfect assim-
ilation dataset (in which this balance exists) avail-
able, we can only speculate about the link between
the SO and the interannual variation in [, ]
through a comparison between the SO activity
and temporal variation in either [ p,,] or [E—P].
There is no way for us to disclose the link between
the interannually spatial seesaws of j,, and p,, on
the two sides of the Dateline in accordance with
the SO activity. Nevertheless, this predicament
may be resolved by a different approach. Recall
that [ p, ] is a global average of p,,. Conceivably,
the cause of the interannual variation in [ f, ] can
be revealed through the mechanism causing the
interannual variation of p, associated with the
SO activity.

As shown previously, the interannual variation
of p, occurs primarily in the central tropical
Pacific. Thus, the hydrological processes that
maintain this interannual variation may be illus-
trated through the analysis of the water-vapor
budget:

op ~
L +gVQ=g(E—P), (1)

where

lfps
== Vqdp;
g qap

o

q, V, p, and p are specific humidity, velocity vector,
surface pressure and pressure, respectively. Water
vapor flux Q may be split into rotational (Qg) and
divergent (Qp) component, i.e., Q =Qg + Qp. Chen
(1985) introduced the potential function of water
vapor flux, yp, so that divergence of water vapor
flux and divergent water vapor flux can be
expressed by:

V-Q=V-Q,=V?, and Qp=Vy,, respectively.

Tellus 49A (1997), 5



VARIATION OF ATMOSPHERIC MASS AND THE SOUTHERN OSCILLATION

2 e

0° 60°E 120°E
(© E1[py](GEOS)

60°N

30°N B

120°W

B80°W 0°

EQR

30°s |5,

60°S

1 e 1
120°W BO°W o°

90°S 1 |
0° 60°E

120°E 180°

553

) El[gy
T—L |

1 4
0° 60°E 120°E 180° BO°W 0°
(d) E1[py](NCEP)

o -

120°W

Fig. 8. Same as Fig. 5, except for (a) E1(J,) and (b) E1(p,,). Contour interval of every chart is 0.3.

Thus, eq. (1) may be written as

9w

a (2)

+gV*i,=g(E—P).
Without any phase change, water vapor is only a
passive atmospheric constituent, and Qy, is driven
primarily by the lower-tropospheric divergent cir-
culation. Since the global divergent circulation is
often depicted with velocity potential y, Qp, and
Xo should have spatial structures similar to those
of divergent wind vectors 1, and x, respectively,
in the lower troposphere.

Based upon the argument of the previous para-
graph, y, is a variable with which we can link the
global divergent circulation to the regional
source/sink of water vapor and to the maintenance
of local water vapor. Following the last two sec-
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tions, we perform the EOF analysis of 7,; Cl(fo)
and E1(%,) are presented in Figs. 7, 8, respectively.

(1) The Cl(j,) time series are well correlated
with CI1[#(850 mb)] and CI(p,); correlation
coefficients are around 0.8. The interannual vari-
ation of yx, represented by the first eigenmode
follows closely those of (850 mb) and p,.

(2) The spatial structure of E1(j,) resembles
that of E1[%(850 mb)] (Figs. 5b, f). As inferred
from the comparison between these two eigenvec-
tors and E1(p,,), it becomes clear that the lower-
tropospheric divergent circulation converges water
vapor toward (diverges water vapor out of) the
central-eastern tropical Pacific region during the
positive (negative) SO phase to maintain (deplete)
water vapor over the positive (negative) maximum
P, region.
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The EOF analysis of 7, made here so far stresses
only the local maintenance of the f, interannual
variation through the anomalous convergence/
divergence of water vapor flux. According to eq.
(1) or (2), (E—P) is an integrated part of the
water vapor budget. What may be the role played
by g(E — P) in maintaining locally the interannual
variation of p,? We may be able to answer this
question with the EOF analysis of g(E—P).
However, it was pointed out by Ramage and Hori
(1981) and Deser and Wallace (1990) that the
enhanced precipitation in the central tropical
Pacific during the warm ENSO events is main-
tained by large-scale water-vapor flux conver-
gence, instead of by local enhanced evaporation.
Comparing (E — P) and water vapor flux between
the 1987 and 1988 winter with the two assimilation
datasets, Mo and Higgins (1996) showed that their
result supported this finding. In our EOF analysis,
the first several leading eigenmodes of
g(E—P)(GEOS) and gP(GEOS) highly resemble
each other except for a spatial phase reversed in
their eigenvectors. This resemblance indicates that
only P instead of (E— P), is a vital variable to the
interannual variation of atmospheric hydrological
processes. Since Kalany et al. (1996) cautioned
about the quality of P(NCEP), we thus focus our
analysis only on P(GEOS). The assimilation pre-
cipitation data may contain significant model bias.
We thus include the EOF analysis of P(GPCP)
for verification. Results are presented in Fig. 9.
The C1 time series of P(GEOS) and P(GPCP)
(with amplitudes of about 0.5~ 1 mm day~?!) are
highly correlated with C1(p,,) and Cl(yp) time
series of the two assimilation data. The spatial
structure of E1(P)s exhibits a predominant anom-
aly center in the central-eastern tropical Pacific as
shown by Ropelewski and Halpert (1987). Note
that precipitation is a sink of atmospheric water
vapor. The coherent structure of E(p,) and E1(P)
indicates that water vapor converged toward the
P anomaly center during the warm ENSO events
may be removed by precipitation.

Results of the EOF analyses of atmospheric
mass, global divergent circulation and hydrolo-
gical processes obtained in this study are summar-
ized in the schematic diagrams shown in Fig. 10.
We shall use these diagrams to answer the 2nd
question posed previously. During the positive SO
phase (Fig. 10a), the warm SST anomalies in the
central-eastern tropical Pacific may induce the
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anomalous east-west Walker circulation straddling
the Dateline (Fig. 5¢, g); the upward (downward)
branch of this anomalous circulation is located
east (west) of 180°, as indicated by solid arrows.
This anomalous circulation thus converges
(diverges) water vapor toward (out of) the
center — eastern (western) tropical Pacific to
enhance (suppress) cumulus convection. The latent
heat released by convection [as implicated by
[(E—P)>0] is fed back to maintain the anomal-
ous east-west Walker circulation. As indicated in
Fig. 10a, this anomalous circulation accumulates
airmass by its downward branch over the western
tropical Pacific and depletes airmass by its upward
branch over the central-eastern tropical Pacific.
The entire situation depicted by Fig. 10a is
reversed during the negative SO phase (Fig. 10b).
The local maintenance of the j, anomaly center
west of the Dateline (Figs. 5d, h) and of the p,
anomaly center east of the Dateline (Figs. 8c, d)
is accomplished by the anomalous east-west
Walker circulation. Consequently, the local signa-
tures of p, and p,, anomalies in the tropical Pacific
are reflected in the coherent interannual increases
(decreases) of the global-mean atmospheric mass
and water vapor pressure associated with the
positive (negative) SO phase.

5. Concluding remarks

The Southern Oscillation is an interannual
seesaw of surface pressure (p,) between the eastern
Pacific and the western Pacific-Indian Ocean.
Several questions concerning the interannual vari-
ation of atmospheric mass are raised in this study.

(1) Does the SO signal exist in the global
atmospheric mass?

(2) If the SO signal exists in atmospheric mass,
what is its local signature and how is it coupled
between the eastern and western Pacific?

(3) Since dry atmospheric mass is conserved,
the SO signal of global atmospheric mass should
be caused by the interannual variation of moisture.
How is this linked to local variations of atmo-
spheric hydrological processes and of surface
pressure?

To answer these three questions, we analyzed
the p, and moisture data generated by the GEOS-
DAS for 1982-1993 and the NCEP-GDAS for

Tellus 49A (1997), 5
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Fig. 10. Schematic diagrams of the anomalous east-west
Walker circulation straddling the Dateline during (a) a
positive SO phase and (b) a negative SO phase with p,,
P, and (E — P) anomalies indicated on the bottom of the
circulation. The direction of the anomalous east-west
Walker circulation is indicated by arrows. The warm
and cold SST anomalies during both the positive and
negative SO phases over both the western and eastern
tropical Pacific are also labeled underneath the zigzag
line (which represents the sea surface). The vertically
integrated mass and water vapor convergence (diver-
gence) are represented by V-M<O(V-M>0) and
V-0 <0(V-0>0), respectively. Note that V-M is defined
in terms of the surface pressure tendency equation:
0p,/0t=—gV-M(=-g | V-vdp).

1982-1995, as well as the divergent circulation
and atmospheric hydrological processes depicted
by these two datasets. Because of the assimilation
system bias, our analyses of water vapor pressure
and precipitation also included the 1987-1992
precipitable water and precipitation generated by
the NASA Water Vapor Project (NVAP) and the
NOAA Global Precipitation Climatology Project
(GPCP) of the Climate Prediction Center for
comparison. The major findings and answers to
the three questions are as follows.

(1) A clear SO signal emerges from time series
of the globally-averaged low-pass filtered (with a
18-month cut-off time) surface pressure, [ ;1. The
[p,] time series is coincident with the SST
(NINO3) index, with correlation coefficients
between the time series of these two indices being
0.85 for GEOS and 0.82 for NCEP, respectively.

(2) The interannual increase (decrease) of the
global atmospheric mass results from the local
signature of the surface pressure change, dis-
playing an increase (decrease) over the western
Pacific and an opposite change over the central-
eastern Pacific. This contrast of the east-west
surface pressure change is maintained by an anom-
alous Walker circulation that is driven by
enhanced or suppressed convection over the cent-
ral-eastern Pacific.

T.-C. CHEN ET AL.

(3) The interannual variation of globally-
integrated water-vapor pressure, [ f, ], is coherent
with that of [ j, ] for the following reason: water
vapor is converged (diverged) toward (out of) the
central-eastern tropical Pacific to maintain (sup-
press) cumulus convection there during the posit-
ive (negative) SO phase, and in turn maintains the
east-west Walker circulation which sustains the
major positive (negative) p, center west of the
Dateline.

The findings of this study may not be fully
accepted without addressing the following
concerns.

(1) In view of having only limited SO phases
available for this study, the results obtained here
may be considered tentative. The NCEP/NCAR
reanalysis for 1957-1996 was scheduled to be
available by the end of 1997. The completion of
this reanalysis data may allow confirmation of the
tentative conclusions of this study.

(2) Because of the possible model bias in the
moisture fields of the two reanalysis datasets, the
NVAP precipitable water data were applied for
verification of our analysis; variations of [ p,]s
and spatial structures of p,s generated from the
three data sources are comparable. This compar-
ison suggests that the interannual variation of p,
may be depicted by the reanalysis data. On the
other hand, the short-period of the NVAP precipit-
able water provides only a limited verification.
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7. Appendix
In this study, velocity potential (x), which is a
mass flux function, is used (rather than horizontal

wind vectors) to depict the global divergent circu-
lation on a horizontal plane. Although the east-
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west Walker circulation may be portrayed in terms
of vectors (up, w) on a longitudinal-height plane,
it would be more proper for us to link this
circulation to velocity potential; this is done by
introducing a mass flux function g, [as proposed
by Newell et al. (1974)] to construct the east-west
Walker circulation. By neglecting meridional
divergence, the continuity equation averaged over
a latitudinal zone between latitudes ¢, and ¢, may
be approximated as,

— 4+ — =
ox 0p

where up, is zonal divergent wind and
A 1

(23
O=G=sn),, Q%

09
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Based upon this approximated continuity equa-
tion, we introduce a mass flux function

Po
l//m: f ﬁD dp’

4

where p,=1000 mb. A positive (negative) value of
V., represents a counterclockwise (clockwise)
circulation. As revealed from our analysis (not
shown) with the GEOS and NCEP data, the east-
west Walker circulation portrayed with 1,
resembles that portrayed with the employing
vectors(tip, @).
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