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ABSTRACT

Two 15-year atmospheric GCM integrations are conducted with the lower boundary over the tropical Pacific
being forced by observed month-to-month sea surface temperature (SST) changes during the period 1962-76.
A descriptive account is given on selected aspects of the 30-year model climatology, as well as the anomalous
model behavior through the life cycles of El Nifio-Southern Oscillation (ENSO) episodes centered in the years
1965, 1969 and 1972. These model results are compared with available observations reported in the published
literature. Particular attention is devoted to the timing of various simulated meteorological phenomena with
respect to the spatially and temporally evolving SST forcing, and to the climatological seasonal cycle.

An assessment is made of the capability of the model to simulate the seasonal dependence of various cli-
matological features relevant to ENSO. The phenomena examined include the flow field and rainfall in different
monsoon regions, the planetary scale waves in the extratropics, and the low-level convergence zones in the
tropical Pacific Basin.

The evolutionary response of the model atmosphere in a typical ENSO event is examined using time series
of selected circulation indices, composite charts and Hovméller diagrams. As the warm SST anomaly appears
in the eastern equatorial Pacific during the boreal spring and subsequently spreads across the ocean basin, a
well-defined sequence of meteorological events is evident in the model atmosphere. The most notable atmospheric
response over the tropical Pacific Basin includes weakening of the east-west surface pressure gradient and
easterly trades, eastward displacement of the South Pacific Convergence Zone, southward displacement of the
Intertropical Convergence Zone, above normal precipitation at and east of the date line, and below normal
precipitation over the Indonesian Archipelago. The strongest anomalies are simulated in the northern winter
following a warming off the Peruvian coast. The model response in this mature stage is characterized by tro-
pospheric warming throughout the entire tropical zone, and by the appearance in the tropical upper troposphere
of a pair of Pacific anticyclones straddling the equator. These anticyclonic centers appear as the starting points
of well-organized wave trains spanning the midlatitude zones of both hemispheres. The Northern Hemisphere
wave pattern in the Pacific-North American sector bears a strong resemblance to that reported in recent ob-
servational studies.

The warm Pacific SST anomaly tends to be replaced a year later by a cold anomaly. The polarities of me-
teorological anomalies simulated during the cold phase of the ENSO cycle are mostly opposite to those occurring
during the warm phase,

Time series analysis of different circulation indices, as well as comparison between simulated amplitudes of
atmospheric variability in this experiment and in a “control” experiment without any prescription of interannual
SST variations, indicate that the impact of equatorial Pacific SST anomalies on the tropical circulation is much
greater than that on the flow patterns in middle latitudes. In particular, the temporal variance of 200 mb height
in this perturbed SST experiment is larger than the corresponding quantity in the control experiment by a factor
of 2-6 over the tropics; whereas the same SST fluctuations are much less effective in enhancing the variability
in middle and higher latitudes. Moreover, perturbations in the equatorial Pacific SST are more strongly correlated
with circulation changes in the tropical atmosphere than with changes in the extratropics.
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1. Introduction

Recent observational studies have demonstrated that
the interannual variability of SST in the tropical Pacific
has a strong impact on the global atmospheric circu-
lation. Bjerknes (1966, 1969) was among the first in-
vestigators to suggest that El Nifio episodes developing
off the Peruvian coast may be linked to planetary scale

circulations in both zonal and meridional planes. The.

association between SST anomalies in the Pacific and
short-term climate changes within the tropical zone
was substantiated by Krueger and Gray (1969); Wright

(1977); Julian and Chervin (1978); Pan and Oort
(1983), and others. These studies indicate that warm
and cold water episodes tend to be associated with dis-
tinct phases of an east-west “seesaw” in sea level pres-
sure spanning the tropical Indian and Pacific Oceans.
The large-scale zonal circulation implied by this seesaw,
referred to as the Southern Oscillation by Walker and
Bliss (1932), exerts a marked influence on the patterns
of surface trade winds, precipitation and upper-level
flow in the tropics. In recent years, many investigations
on tropical phenomena associated with El Nifio-
Southern Oscillation (ENSO) were expedited by the
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availability of gridded operational analyses covering
the tropics (e.g., Arkin, 1982). Use was also made of
measurements of outgoing longwave radiation to infer
regions of enhanced and suppressed convective activity
during ENSO episodes (e.g., Heddinghaus and Krueger,
1981; Lau and Chan, 1983).

The observational evidence presented by Horel and
Wallace (1981), van Loon and Madden (1981), van
Loon and Rogers (1981), Chen (1982b), and others
have further demonstrated that not only do SST
anomalies play a significant role in the tropical circu-
lation, they are also associated with characteristic flow
patterns in middle and high latitudes. Hence a global
perspective is evidently called for while examining the
atmospheric response to changing conditions in trop-
ical oceans.

By analyzing surface data collected along various
shipping lanes over the equatorial Pacific during the
past three decades, Rasmusson and Carpenter (1982)
reconstructed the temporal and spatial evolution of
various oceanographic and meteorological parameters
in the course of a typical ENSO episode. It was shown
that the ENSO cycle is characterized by well-defined
antecedent, onset, growth, mature and decay phases.
These distinct stages of development are perhaps best
described in terms of concomitant changes in the at-
mospheric circulation as the SST anomaly spreads
across the central tropical Pacific. Salient circulation
changes linked to the evolution of the warm phase of
such episodes include:

¢ gradual reduction in the strength of surface easterly
trades over the equator,

¢ enhancement of low-level convergence and pre-
cipitation along the central and eastern equatorial Pa-
cific, and suppression of precipitation over the In-
donesian Archipelago, and

e falling sea level pressures over the eastern South
Pacific, and rising sea level pressures over the Indo-
nesia-North Australian sector.

Results from empirical studies by Rasmusson and
Carpenter (1982), Horel and Wallace (1981) and others
also suggest that the timing of different phases in a
typical ENSO episode is closely linked to the clima-
tological seasonal cycle. For instance, positive SST
anomalies in the 1960s and 1970s first appeared along
the South American coasts in the boreal spring, and
eventually spread across the tropical Pacific during the
following seasons. It is during the latter stage, which
coincides with the Northern Hemisphere winter, when
strong tropical precipitation anomalies and strong
teleconnections with the extratropics occur. A com-
prehensive understanding of the phenomena associated
with ENSO must therefore take into account the con-
tinuously changing oceanic conditions as these episodes
evolve, and the role of the seasonal cycle in modulating
various stages of development.

The rapid expansion of our empirical knowledge of
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circulation features related to ENSO has stimulated
extensive research on large-scale air-sea interaction
using numerical models. The large variety of general
circulation model (GCM) experiments aimed at sim-
ulating the atmospheric response to anomalous SST
forcing have been reviewed in a recent article by Shukla
and Wallace (1983). These authors have also presented
new resuits on the impact of Pacific SST anomalies on
the atmospheric circulation simulated by the GLAS
climate model. Findings from a similar experiment us-
ing the NCAR community climate model were re-
ported by Blackmon et al. (1983). Other model inves-
tigations on ENSO were also conducted recently at the
Canadian Climate Center (Boer, 1985), the Laboratoire
de Météorologie Dynamique (Michaud and Sadourny,
1984) and the U.K. Meteorological Office (Palmer and
Mansfield, 1984). Thus far, many of the modeling ef-
forts have been devoted to simulating the stationary
atmospheric response to a prescribed SST anomaly
which is temporally fixed. The spatial patterns of the
SST anomaly used in these experiments are either
highly idealized or derived from composites of several
events at their respective mature phases. Moreover,
with the notable exception of the study by Boer (1985),
most of these sensitivity studies are based on model
integrations of limited durations (typically several
months), or conducted in a model environment set at
perpetual solstice conditions. In either case, influences
of the climatological seasonal cycle have not been fully
taken into account.

In light of the substantial empirical evidence de-
scribed earlier in this section, an attempt is made in
the present investigation to relax two restrictions in-
herent in most previous modeling studies on ENSO.
First, the spatial pattern of the tropical Pacific SST
forcing imposed at the lower boundary of the model
is allowed to change continuously with time, in the
same manner as observed during the 15-year period
from 1962-76. Second, the model is subjected to ex-
ternal forcings which evolve through complete seasonal
cycles. The present numerical experiment hence facil-
itates a more incisive assessment of the fidelity of GCMs
in simulating the global atmospheric circulation at each
individual phase of an ENSO episode. Diagnosis of
this model run would also shed new light on the sea-
sonal dependence of various meteorological features
associated with ENSO. It needs to be demonstrated
that the current generation of atmospheric GCMs is
capable of simulating a realistic response to perturbed
SST conditions before one can proceed with confidence
to study the ENSO phenomena using even more so-
phisticated tools, such as air-sea coupled models. The
present study thus represents an intermediate step in
our quest for a full understanding of the highly inter-
active processes taking place during ENSO.

Some preliminary results from this study have been
presented in Lau and Oort (1985), in which global
teleconnection patterns and time series depicting the
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temporal correlation of the simulated, pressure and
zonal wind fields with the prescribed SST forcing in
the tropical Pacific were compared with observations.
Barnett (1985) has also examined the low-frequency
variability of the sea level pressure field in this exper-
iment using complex empirical orthogonal functions.
Much of the present article is devoted to a phenome-
nological description of the anomalous model behavior
in different stages of an ENSO cycle. By comparing
the statistics for this sensitivity experiment with those
derived from a run with no SST anomalies imposed,
an assessment is also made of the impact of tropical
Pacific SST changes on the amplitude and spatial
modes of atmospheric variability in different geo-
graphical regions.

A brief outline of the experimental design of this
study is given in Section 2. The long-term model cli-
matology and its seasonal dependence is examined in
Section 3. Time series of selected circulation indices
depicting various aspects of anomalous model behavior
are displayed in Section 4. Global patterns of the sim-
ulated precipitation, geopotential height, horizontal
wind vector and streamfunction fields in selected
phases of an ENSO life cycle are displayed in Section
5. The temporal evolution of various circulation fea-
tures appearing in the model atmosphere is further il-
lustrated using Hovmoller diagrams in Section 6. The
impact of SST fluctuations in the tropical Pacific on
atmospheric variability in the tropics and extratropics
is discussed in Section 7, followed by some concluding
remarks in Section 8.

2. Experimental design

The global atmospheric GCM used in the present
study has been developed at GFDL, and is basically
similar to the version described by Manabe et al. (1979),
Manabe and Hahn (1981) and Lau (1981). The same
model has been used by Keshavamurty (1982) to in-
vestigate the atmospheric response to idealized Pacific
SST anomalies during the northern summer. Horizon-
tal variations in the model atmosphere are represented
spectrally in terms of spherical harmonics, with rhom-
boidal truncation at 15 wavenumbers. There are nine
sigma levels in the vertical direction. Realistic conti-
nent-ocean contrast and orography are incorporated
at the lower boundary. The sea surface temperature is
prescribed, whereas the surface temperature over land
is determined diagnostically assuming zero heat storage
in the ground. Essential model physics includes moist
convective adjustment, snow-albedo feedback, radia-

* tive processes, soil moisture and a comprehensive hy-
drologic cycle. The solar radiation arriving at the top
of the model atmosphere is regulated according to the
seasonal cycle. The cloud cover is prescribed and is
assumed to be a function of height and latitude only.

In the model integrations described here, the SST
conditions in the tropical Pacific basin between 30°N
and 30°S (i.e., the region depicted by light shading in
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Fig. 1) were constrained to follow the observed SST
variations during the 15-year period from January 1962
to December 1976. In Fig. 2 is shown the time series
of the departure from normal of SST averaged over
the region extending from 4.5°S to 4.5°N, 176.25°E
to 138.75°W (i.e., the strip indicated by heavy shading
in Fig. 1). It is seen from this figure that the 15-year
time span considered here encompasses four complete
ENSO events, with warm SST anomalies along the
central equatorial Pacific peaking toward the end of
1963, 1965, 1969 and 1972. In between these individual
warm events are periods of cold anomalies, such as
those occurring at the end of 1964, 1970 and 1973.

Within the shaded zone in Fig. 1, the temporal
changes of SST were reconstructed by adding the cli-
matological observations documented by the U.S. Na-
val Oceanographic Office to the data for SST anomalies
in 1962-76. The data for SST anomalies were compiled
at the Climate Analysis Center (CAC), and were made
available to us through the kind arrangements of
E. M. Rasmusson and T. H. Carpenter. Details on the
data source and analysis methods used are described
in Rasmusson and Carpenter (1982). The original data
set from CAC, which consists of monthly mean values
with a resolution of 2° in both the zonal and meridional
directions, was reanalyzed on a coarser 4.5° X 7.5°
latitude-longitude mesh so as to be compatible with
the model Gaussian grid. The time series at each grid
point was then smoothed using a 1:2:1 filter. Daily val-
ues were computed by linear interpolation between the
monthly averaged observations, with the assumption
that the data for the 15th day of each month is equal
to the monthly mean value for that month. The GCM
integrations were conducted through the entire 15-year
period by updating the tropical Pacific SST conditions
every model day. At oceanic grid points lying outside
of the region depicted by light shading in Fig. 1, the
SST values were prescribed to evolve through 15 iden-
tical annual cycles, as inferred from the observed cli-
matology provided by the U.S. Naval Oceanographic
Office. Hence, no interannual variability has been in-
troduced in the SST of the world oceans other than
the tropical Pacific.

Altogether two 15-year integrations were conducted
in the manner described above. The only distinction
between these two experiments is that they start from
different initial atmospheric conditions. This pair of
integrations hence represents two independent realiza-
tions of the model climate subjected to the same se-
quence of changing boundary forcing. The rationale
for repeating the 15-year integration a second time is
to double the size of the data sample, so that the sta-
tistical significance of various simulated features is en-
hanced. Comparison between data from the two in-
dividual runs would also provide information on how
reproducible the model response is to a given set of
SST conditions. The two sets of atmospheric initial
conditions used in the present study were derived from
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FIG. 1. Light shading indicates the region where observed sea surface temperature variations
during 1962-76 are imposed at the lower boundary of the model. Dark shading indicates the
region selected for computing the spatial averages of sea surface temperature presented in Fig. 2.
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the 1 January data for two randomly selected years in
the extended model experiment previously analyzed
by Manabe and Hahn (1981) and Lau (1981). The latter
experiment, which has a total duration of 17.75 model
years, was conducted with essentially the same GCM
as described here, except that no interannual variability
in the SST conditions has been imposed anywhere in
the world oceans.

3. Seasonal dependence of the 30-year model clima-
tology

In view of the strong relationship between the evo-
lution of an ENSO episode and the regular annual cy-
cle, we shall first examine the model performance in
simulating the seasonal dependence of various clima-
tological circulation features. The presentation here is
devoted to those meteorological parameters that are
most directly associated with ENSO phenomena. All
results shown in this section are based on 30-year av-
erages of the pair of 15-year model integrations de-
scribed in Section 2.

a. 950 mb wind

In Fig. 3 is shown the climatological distribution of
the horizontal wind vectors at 950 mb during (a) Jan-

~

SST ANOMALY (°C)
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T
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F1G. 2. Temporal variation of sea surface temperature anomaly

averaged over the region from 4.5°S to 4.5°N and from 176.25°E
to 138.75°W (indicated by dark shading in Fig. 1) during 1962~76.

uary and (b) July. Regions of horizontal convergence
are depicted by shading. The letters “H” and “L” in-
dicate the locations of high and low centers in the cor-
responding sea level pressure fields. The latter patterns
{not shown) are almost identical to those presented by
Manabe and Hahn (1981, their Figs. 4.1 and 4.2) based
on a different long-term run with the same GCM.

The most pre-eminent features in Fig. 3 are the sea-
sonal reversal of the surface wind direction associated
with the monsoonal circulations in south and east Asia,
northern Australia, and western Africa situated be-
tween 5° and 20°N. The circulation over much of the
tropical Pacific and Atlantic is dominated by the
northeasterly and southeasterly trades. These two trade-
wind systems meet each other near the equator, form-
ing well-defined intertropical convergence zones
(ITCZs). Notwithstanding the coarse resolution of the
model grid (approximately 4.5° in latitude), it is still
possible to discern seasonal migration of the ITCZs in
the meridional direction, with much of the convergence
zones in January (Fig. 3a) being located south of their
corresponding July (Fig. 3b) positions. Such seasonal
shifts are particularly marked over the Indonesia~Aus-
tralian and South America-Atlantic sectors.

In January, the easterlies over the tropical Pacific
south of the equator are interrupted near the date line
by the South Pacific Convergence Zone (SPCZ) ex-
tending southeastward from North Australia-New
Guinea toward the midlatitude South Pacific (see thick
dashed line in Fig. 3a). An analogous feature extending
southeastward from the Brazilian coast at about 25°S
is also evident in the South Atlantic during January.
In July (Fig. 3b), the SPCZ appears to be weaker, and
easterlies prevail over virtually the entire equatorial
Pacific Basin, except for the region of weak circulation
east of the Philippines, where the easterly trades meet
the southwesterly summer monsoon over South Asia.

The circulation and convergence characteristics of
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F1G. 3. Arrows depict the climatological vector wind field at 950 mb. Scale of arrows is given
at the upper right corner of each panel. Light and dark shading indicates convergence exceeding
0 and 2 X 107® 57", respectively. Arrows are not shown over land surfaces lying above the 950
mb level. “H” and “L” indicate positions of the high and low centers in the climatological sea
level pressure field. All data shown are based on averages over the calendar months of (a) January
and (b) July for 30 simulated annual cycles. Dashed line in panel (a) indicates the location of the

South Pacific Convergence Zone.

the surface flow noted above may be compared with
the observed climatology documented by Oort (1983,
Fiche F-23) for the entire globe, and by Wyrtki and
Meyers (1976, Figs. 1 and 2) and Rasmusson and Car-
penter (1982, Figs. 4 and 5) for the tropical Pacific.
Whereas most of the principal features are discernible
in both observed and simulated atmospheres, it is worth
noting that the model ITCZ in the South America-
Atlantic sector is located slightly south of the observed
position, and that the observations portray a more
marked seasonal change in the meridional position of
the Pacific ITCZ.

b. 200 mb streamfunction

The rotational component of the time-mean flow
at 200 mb is depicted by the global distribution of the
streamfunction in Fig. 4, for the (a) December-Feb-
ruary and (b) June-August seasons. In constructing
these figures, the zonal mean for each latitude circle
has been removed from all data points along that circle.

The patterns of the streamfunctions in both seasons
may be compared with the observed geopotential height
distributions presented by Wallace (1983, Figs. 2.2 and
2.7 for the Northern Hemisphere and Figs. 2.13 and
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FIG. 4. Distributions of the departure from zonal symmetry of the climatological streamfunction
at 200 mb, as obtained by averaging wind data over the seasons of (a) December-February and
(b) June~August for 30 simulated annual cycles. Contour interval 2.5 X 10° m? s~'. Shading
indicates negative values. The rotational flow component circulates in a clockwise fashion around
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maxima, and in a counterclockwise fashion around minima.

2.17 for the Southern Hemisphere), noting that a con-
tour interval of 60 m in geopotential height is approx-
imately equivalent to a contour interval of 6 X 10 m?
s~! in the streamfunction field at 45° latitude. In the
wintertime Northern Hemisphere (Fig. 4a), the am-
plitude of the simulated stationary trough over eastern
Canada is weaker than its observed counterpart. In the
summertime Northern Hemisphere (Fig. 4b), the sim-
ulated trough in the Atlantic sector is displaced too far
west of its observed position, and there is little evidence
in the simulation of the cold trough over eastern Can-
ada and the North Atlantic ridge, as noted by White
(1982) and Wallace (1983).

In the wintertime Southern Hemisphere (Fig. 4b),
the observations indicate an abrupt change in the lon-
gitudinal phase of the perturbations at about 45°S,
whereas the transition Zone for the simulated atmo-

sphere is located at 60°S. In both winter and summer
seasons, the simulated stationary wave amplitude in
the high latitudes of the Southern Hemisphere is sub-
stantially weaker than that observed.

In summary, the GCM is capable of simulating the
streamfunction field in the wintertime Northern
Hemisphere with a reasonable degree of fidelity;
whereas some discrepancies between model and ob-
servations exist in the Southern Hemisphere and in the
summertime Northern Hemisphere.

¢. 200 mb velocity potential

In Fig. 5 are shown the simulated distributions of
the velocity potential at 200 mb during the (a) Decem-
ber-February and (b) June-August seasons. The di-
vergent flow component and the horizontal divergence
are respectively given by the gradient and Laplacian of
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FIG. 5. As in Fig. 4 except for the velocity potential at 200 mb and with the zonal mean values
retained. Contour interval 1 X 10° m? s~!. Divergent flow component is directed perpendicular

to the contours towards higher values.

the fields shown here. The velocity potential is therefore
a convenient indicator of the pattern of large-scale di-
vergent motions. The pattern for the DJF season (Fig.
~ 5a) is dominated by a dipole-like structure over the
tropical Pacific, with a center of minimum just east of
New Guinea, and a maximum elongated in the merid-
" jonal direction and situated at approximately 100°W.
During the JJA season (Fig. 5b), the center of minimum
over the western Pacific is located north and west of
its DJF position, whereas much of the South Atlantic,
South America and South Africa are under the influ-
ence of a broad maximum in the velocity potential
field.

The model results shown here may be compared
with the observed patterns for single seasons, as pre-
sented by Krishnamurti (1971, Fig. 1), Krishnamurti
et al. (1973, Fig. 1), Lau (1984a,b) and Sardeshmukh
and Hoskins (1985). The position of the minimum over
the western Pacific, as simulated by the model, is dis-
placed considerably east of that depicted by Krishna-

murti’s charts, but agrees well with the positions in-
ferred from FGGE Level III-B analyses (Lau 1984a,b),
and from operational analyses produced by ECMWF
(Sardeshmukh and Hoskins, 1985). During the DJF
seasons, the divergent flows associated with the ITCZs
over the equatorial oceans; as well as the outflow cor-
responding to intense convective activity over Indo-
nesia, central Africa and South America, are generally
stronger and show up more clearly in the observed pat-
terns than in the simulation. The observed velocity
potential fields generally possess a more detailed struc-
ture in the meridional direction; whereas the longitu-
dinal phase of the model patterns in Fig. 5 exhibit little
variation with latitude.

d. Precipitation

The 30-year mean distribution of simulated precip-
itation is shown in Fig. 6 for (a) January and (b) July.
The heaviest rainfall in January is seen to occur within
the ITCZs over the equatorial oceans, the Indonesian



NOVEMBER 1985

NGAR-CHEUNG LAU

1977

PRECIPITATION

(a)

JANUARY

rvrrrrryryvyrrrrrrJrrrryvrrrrrvrrrrorrrry rrr

U0 Y W W T S N WA VU N N |

180

JULY

120 | 60W 0

90s /...\.—.’—./?.

PO warwar S U W T S ST ST S TS T T e e ul

LR L

o] 60E 120
EE>03cm a' EE>1.0cm d!

180

120 60w 0

FIG. 6. Distributions of the climatological precipitation rate, as obtained by averaging over the
calendar months of (a) January and (b) July for 30 simulated annual cycles. Contour interval 0.1
cm d~'. Light and dark shading indicate precipitation rates exceeding 0.3 and 1 cm d™/, respectively.

Archipelago, the Congo Basin and Brazil. Also evident
in Fig. 6a is the enhanced precipitation accompanying
the SPCZ (see dashed line in Fig. 3a). The pattern in
the wintertime Northern Hemisphere extratropics is
characterized by the elongated maxima spanning the
Pacific and Atlantic at approximately 40°N. These
midlatitude rainbelts coincide with the preferred tracks
of migratory synoptic scale storms (e.g., see Lau, 1981,
Fig. 2). In July (Fig. 6b), the rainfall maxima in the
tropics,are shifted northward relative to their January
positions. There is also evidence of enhanced precipi-
tation along the wintertime cyclone tracks at 50°S (e.g.,
see Trenberth, 1981, Fig. 17b). Both Figs. 6a and 6b
indicate that dryness prevails over the eastern oceans
in the summer hemisphere, when the local surface cir-
culation is dominated by anticyclones (see Fig. 3).
The model patterns shown here may be compared

with the global climatological rainfall charts compiled
by F. Méller and reproduced in Manabe and Holloway
(1975, Figs. 13 and 14). More recently, Dorman and
Bourke (1979, Figs. 5 and 7; 1981, Figs. 5 and 7) have
documented the precipitation patterns over much of
the Pacific and Atlantic on the basis of ship observa-
tions. The distribution of rainfall in the tropics may
also be indirectly inferred from data on outgoing long-
wave radiation as collected by satellites (e.g., see Hed-
dinghaus and Krueger, 1981, Fig. 3). Whereas most of
the observed large-scale features and their seasonal
movements are reproduced by the model, it is seen
that the simulated ITCZs are not as clearly identifiable
as their observed counterparts. In particular, the GCM
severely underestimates the - precipitation along the
ITCZ over the Atlantic and eastern Pacific. Another
notable discrepancy is the much heavier precipitation
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over the Tibetan Plateau in the model atmosphere,
especially during the summer season.

e. Seasonal migration of the I TCZ over the Eastern
Pacific

The seasonal dependence of the latitudinal position
of the climatological ITCZ over the eastern Pacific is
examined in greater detail in Fig. 7, which depicts the
time-latitude distribution of the 30-year mean (a) 950
mb horizontal convergence and (b) precipitation. The
patterns shown here are based on model data averaged
over the longitudinal zone extending from 108.75°W
to 131.25°W. This particular zone is chosen here by
virtue of its proximity to the sites where typical warm
SST anomalies associated with ENSO episodes first
appear during the boreal spring (see Rasmusson and
Carpenter, 1982, Fig. 19). Arguments presented by
Philander (1983) also suggest that the subsequent evo-
lution of these warm water episodes crucially depends
on the meridional position of the local climatological
ITCZ in the northern spring. In both figures annual
mean values have been subtracted from the data for
individual calendar months to obtain deviations.

Figure 7 indicates that low-level convergence and
precipitation exhibit a well-defined annual cycle within

950mb CONVERGENCE
a) 10875°- 131.25°W
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the zone between 15°S and 5°N, with the maximum
occurring in March-April and the minimum in Sep-
tember-October. The surface convergence and precip-
itation associated with the ITCZ in this region hence
reach their southernmost extent during the northern
spring. In regions located immediately north of 5°N,
the phase of the annual cycle in 950 mb convergence
is almost exactly opposite to that in the Southern
Hemisphere tropics (Fig. 7a). The phase relationships
shown here are in agreement with the spatial depen-
dence of observed annual cycles, as documented by
Horel (1982, Fig. 4) for surface wind convergence, and
by Dorman and Bourke (1979, Fig. 10) for precipita-
tion. However, the amplitude of the annual cycle in
the simulated surface convergence (Fig. 7a) is only
about 50% of the observed value.

Inspection of diagrams similar to Fig. 7 but with the
annual means retained (not shown) indicates actual
southward migration of maxima in precipitation and
surface convergence during the northern spring, and
actual northward retreat of these maxima 6 months
later. The annual cycle depicted in Fig. 7 hence reflects
the seasonal displacement of the Pacific ITCZ in the
meridional direction, rather than the presence of geo-
graphically-fixed features with seasonally varying am-
plitudes. At 5°S, the amplitude of the seasonal cycle
in convergence and precipitation (1 X 107¢ s™! and
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0.07 cm d7!, respectively), is quite comparable with
the corresponding annual means (approximately 1
X 1076 s~'and 0.1 cm d7}).

4. Time series of selected circulation indices of the
model atmosphere

In Fig. 8 are shown the variations of selected model
parameters during the entire length of the two 15-year
simulations. Some of the indices displayed here are
chosen to depict the circulation characteristics in cer-
tain key regions, where anomalous model behavior is
particularly prominent. Other model indices shown are
constructed in a manner similar to that prescribed in
selected observational studies. The circulation indices
presented in Fig. 8 include:

o SST averaged over the equatorial Pacific from
4.5°S t0 4.5°N, and from 176.25°E to 138.75°W. The
variation of SST anomalies has already been shown in
Fig. 2, and is identical in the two 15-year runs examined
here.

® Zonal wind at 200 mb and 950 mb, averaged over
the equatorial Pacific from 4.5°S to 4.5°N, and from
168.75°E to 146.25°W,

e Precipitation averaged over the equatorial Pacific
from 4.5°S t0 4.5°N, and from 176.25°E to 138.75°W.

e The Southern Oscillation Index, as obtained by
subtracting the 1000 mb height at Darwin from the
corresponding value at Tahiti (see Chen, 1982a for an
assessment of various sea level pressure indices used
in the observational literature). In constructing the
model index, the locations of Darwin and Tahiti are
assumed to correspond to the 15° (longitude) X 9°
(latitude) patches centered at (13.5°S, 131.25°E) and
(18°S, 146.25°W), respectively.

e The 200 mb height index for the tropics, as ob-
tained by a linear combination of 200 mb height values
at five tropical locations, i.e., 0.20Z* (Nairobi)
+ 0.23Z* (Darwin) + 0.23Z* (Nandi) + 0.25Z* (Hilo)
+ 0.27Z* (San Juan), where Z* denotes the departure
from normal of the height values for a given month,
as normalized by the standard deviation of the local
height fluctuations for that calendar month. The def-
inition of this index follows that devised by Horel and
Wallace (1981, Eq. 1), and serves as a convenient in-
dicator of the thickness between 1000 and 200 mb
along the tropical belt. In constructing the 200 mb
height index using model data, the locations of Nairobi,
Darwin, Nandi, Hilo and San Juan are assumed to be
the 15° (longitude) X 9° (latitude) patches centered at
0°, 41.25°E; 13.5°S, 131.25°E; 18°S, 176.25°E; 18°N,
153.75°W; and 18°N, 63.75°W, respectively.

¢ The 700 mb height index for the PNA pattern, as
obtained by the expression Z* (54°N, 116.25°W)
—15[Z* (45°N, 161.25°W) + Z* (31.5°N, 86.25°W))].
This definition follows that used in the study by Horel
and Wallace (1981) for portraying the intensity and
polarity of the characteristic circulation pattern over
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the North Pacific-North American sector. Averages of
the model data over 15° (longitude) X 9° (latitude)
patches centered at the locations indicated in the above
formula are used to compute the PNA index.

All indices displayed in Fig. 8 are constructed on
the basis of anomalies, as obtained by subtracting the
long-term mean for a given month from the model
data for the same calendar month in individual years.
The smooth curves superimposed on the raw time series
are computed using the 15-point Gaussian filter de-
scribed in Pan and Oort (1983, Fig. 5). Some time series
for the first integration, with the monthly anomalies
being normalized by the standard deviations, have been
compared with the corresponding observations during
the 1962-76 period by Lau and Oort (1985).

The time series in Fig. 8 illustrate the strong influence
of the Pacific SST conditions on the circulation in the
model tropics. For both 15-year runs, the warm water
prescribed in the central equatorial Pacific towards the
end of 1963, 1965, 1968, 1969 and 1972 is accompa-
nied in the model atmosphere by below-normal 200
mb westerlies, above-normal 950 mb westerlies, and
above-normal precipitation near the region of forcing,
negative Southern Oscillation Index in sea level pres-
sure, and above-normal 200 mb height throughout the
tropics. Model response of the opposite sense is also
evident in the cold water episodes during the northern
winters of 1964/65, 1966/67, 1970/71 and 1973/74.
Various model anomalies are seen to be of comparable
amplitude in different events, especially in those epi-
sodes centered at the 1965, 1969 and 1972 El Nifios.
The apparent lack of correspondence between various
tropical indices on monthly time scales (see the thin
curves in Fig. 8), and the much higher coherence
among these same indices for periods longer than a
year (as portrayed by the thick smooth curves), are
consistent with the cross-spectral calculations presented
by Trenberth (1976) and Rasmusson and Carpenter
(1982) using station observations. The two 15-year in-
tegrations exhibit notable differences in the detailed
month-to-month variations. However, the low fre-
quency response is highly reproducible in the separate
model runs.

The correspondence between the SST forcing and
the PNA index is seen to be much less discernible than
that pertaining to the tropical indices discussed in the
preceding paragraph. Whatever signal might exist in
the PNA time series are obscured by the high degree
of month-to-month variability inherent in the extra-
tropical circulation. Interpretation of the linkage be-
tween the PNA pattern and anomalous oceanic con-
ditions is further complicated by the strong seasonal
dependence of the midlatitude response to tropical
forcing, as will be evident from the composite charts
in Section 5, and from the correlation statistics to be
discussed presently.

The above discussions pertaining to the time series
in Fig. 8 may be quantified by considering the simul-
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using a 15-point Gaussian filter.

taneous temporal correlation coefficients between the
SST fluctuations and various circulation indices, as
listed in Table 1. The statistics presented here are all
obtained using seasonally averaged values. In addition

to computing the correlations using all four seasons of
the year, the corresponding values based on model data
for only the northern summer and the northern winter
in each 15-year integration are also shown, so as to
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TABLE 1. Correlation coefficients (%) between SST variations in the equatorial Pacific and different circulation indices displayed in Fig.
8 (see definitions in text), as computed using seasonally averaged data for all 4 seasons of the year (first row), and for the northern summer
(second row) and northern winter (third row) only. Statistics listed in the left (right) column under each circulation index are obtained using

data for the first (second) 15-year model run.

200U 950 U Precip SOI 200 Z PNA
Year —84 —81 89 90 85 84 . =79 =75 . 66 67 42 32
JJA -82 -74 86 95 84 67 —66 —-81 57 26 9 14
DIJF -93 -93 87 91 91 90 —84 =72 717 85 53 45

delineate the seasonal dependence of such statistics. As
a guide to assessing the statistical significance of the
correlations tabulated here, application of Student’s t-
test to a sample size of 15 indicates that the threshold
absolute values for the coefficients at the 95 and 99%
confidence levels are 0.44 and 0.59, respectively.

Inspection of Table 1 confirms the strong relation-
ship noted earlier between the indices for SST, zonal
wind in the lower and upper troposphere, precipitation,
sea level pressure and 200 mb height. The generally
high level of correlation between SST variations and
different tropical indices do not seem to exhibit any
systematic seasonal dependence, with the exception in
the case of the 200 mb height index, which shows a
minimum correlation in the northern summer. When
compared with the tropical circulation indices, the
midlatitude PNA pattern exhibits a much weaker as-
sociation with the SST variations. The correlation be-
tween the PNA and SST indices is considerably higher
in winter than in summer.

The circulation statistics for the SST, precipitation,
Southern Oscillation, 200 mb height and PNA indices
in the northern winter compare favorably with the cor-
responding observed values published by Horel and
Wallace (1981, Table 1). In particular, the latter study
also yields a relatively weak correlation (0.46) between
the observed wintertime SST and PNA indices. The
lack of seasonal dependence in the correlation between
the SST, precipitation and Southern Oscillation indices
in the model atmosphere is substantiated by the data
compilations of Wright (1977, Table 4 and Fig. 30).

5. Composite charts of model anomalies in a typica
ENSO episode .

The overall regularity and quasi-cyclic behavior of
the model response to various El Nifios in the 1962-
76 period, as is evident from the time series displayed
in Fig. 8, suggest that the construction of composite
charts is a useful approach for describing the evolution
of the simulated circulation in different phases of a
typical ENSO episode. The epochs chosen for con-
structing these composite charts are those encompass-
ing the El Nifios in 1965, 1969 and 1972 (see Fig. 2).
Since two independent GCM integrations have been
conducted using the changing SST conditions for the
same 15-year period, the composites shown here are

averages over altogether six events. Data for the 1963
event are not used in view of its relatively weaker in-
tensity and its proximity to the 1965 event. The oc-
currence of the 1976 event near the end of the 15-year
period precludes its inclusion in this composite analysis.
Following the convention adopted by Rasmusson and
Carpenter (1982, hereafter referred to as RC) the label
0 is used to denote an El Nifio year, the labels —1 and
+1 are used to denote the years preceding and following
an El Nifo year, respectively, and so forth.

Composites of the anomalies in various parameters
have been computed for each of the months during
the 33-month period from June of year —1 to February
of year +2. The model anomaly during a given month
is defined as the departure from the 30-year climatology
for that particular calendar month. Special emphasis
is placed on the model behavior during the two-year
period extending from the northern spring of year 0,
which corresponds to the initiation of the warm SST
anomaly off the Peruvian coast, to the beginning of
year +2, when the cold SST anomaly spreads across
much of the equatorial Pacific.

Statistical significance tests have been performed on
the anomalous features appearing in some of the com-
posite charts. These significance levels are determined
by Student’s t-statistic (e.g., see Chervin and Schneider,
1976), which is essentially the ratio of the anomaly
strength to the square root of the “combined” variance
of the data sample in question. The combined variance
is in turn related to the standard deviation of the entire
30-year data sample as well as the variability among
the six cases used in constructing the composite anom-
aly. In applying the #-test to the patterns in panels (b),
(d) and (f) in Figs. 9, 10, 11, 12 and 14, the number
of events incorporated in each seasonal composite (i.e.,
N; in Chervin and Schneider’s notation) has been set
equal to 6, the total number of seasons incorporated
in the climatology (V, in Chervin and Schneider’s no-
tation) has been set equal to 30, and the number of
degrees of freedom has been set equal to 30 — 2 = 28.
For the special case of the SST composites [panel (a)
in Figs. 9, 10, 11, 12, 14 and 15}, since the conditions
prescribed at the lower boundary are identical in the
two 15-year runs, the values of N, and N, have been
set equal to 3 and 15, respectively, and the correspond-
ing number of degrees of freedom is 15 — 2 = 13. Since
all streamfunctions differing from one another by an
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arbitrary, spatially invariant constant satisfy the same a. March (0)-April (0)-May (0)
Poisson’s Equation, the statistical significance of 200 :

mb height anomalies is used instead to assess the con- In Fig. 9 are shown the distributions of the anomalies
fidence level of features appearing in the 200 mb  of(a) SST, (b) precipitation, (c) 950 mb horizontal wind
streamfunction composite. vector (arrows) and divergence (shading), (d) 1000 mb
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FI1G. 9. Composite charts of departures from 30-year climatology of (a) sea surface temperature, contour interval 0.5°C, (b) precipitation
rate, contour interval 0.05 cm d~!, (¢) horizontal wind vector at 950 mb, drawn according to scale at lower right corner, (d) 1000 mb height,
contour interval 2 m, (e) horizontal wind vector at 200 mb, drawn according to scale at lower right corner, and (f) streamfunction at 200
mb, contour interval 1 X 10°® m? s™!, as constructed using simulated data for the period of March (0)-May (0) (see text for explanation of
symbols) in 6 individual ENSO episodes. Light, medium and dark shading in panels (a), (b), (d) and (f) indicate anomalies exceeding the
90, 95 and 99% significance levels, respectively, according to Student’s t-test. The significance of the 200 mb streamfunction field [panel (f)]
is tested on the basis of 200 mb height anomolies (see text for details). Light and dark shading in panels (c) and (¢) indicate divergence and
convergence, respectively, with magnitudes exceeding 2 X 10~7 s7!, For the sake of clarity, the zero-contours in panel (b) are omitted in
some regions, and the positive and negative precipitation anomalies are identified by pluses and minuses, respectively.



NOVEMRER 1985

height, (e) 200 mb horizontal wind vector (arrows) and
divergence (shading), and (f) 200 mb streamfunction,
as obtained by averaging model data for the 3-month
periods centered on April of all 6 El Nifio years (year
0). Precipitation, SST, 1000 mb height, and 200 mb
height anomalies which exceed the 90%, 95% and 99%
significance levels according to Student’s t-test are in-
dicated by various degrees of shading in panels (a), (b),
(d) and (f), respectively. The same format will be used
in Figs. 10, 11, 12 and 14 for displaying composite
charts based on other time periods.

The positive SST anomalies just off the Peruvian
coast reach their maximum strength during this season
(Fig. 9a), and the climatological ITCZ over the eastern
Pacific migrates to its southernmost position (Fig. 7).
A tongue of low sea level pressure anomaly is simulated
over the tropical South Pacific (Fig. 9d). The circulation
accompanying this negative pressure anomaly is char-
acterized by stronger than normal westerly surface flow
along much of the Pacific Basin immediately south of
the equator (Fig. 9¢). The anomalous 950 mb circu-
lation immediately north of equatorial Pacific exhibit
a distinct northerly component, so that above-normal
low-level convergence prevails along the equator and
in regions farther south, whereas below-normal con-
vergence prevails in regions farther north (Fig. 9c).
These circulation features suggest a southward shift of
the Pacific ITCZ in this period, a result also pointed
out in the observational studies of Ramage (1975) and
RC (their Fig. 19). This finding is further substantiated
by the composite chart for precipitation (Fig. 9b), which
exhibits a positive spatial correlation with the surface
convergence field over the Pacific Basin.

The features in Fig. 9d lying in the Northern Hemi-
sphere extratropics may be qualitatively compared with
the corresponding composite charts presented by Chen
(1982b, Fig. 13) using observed 700 mb height data for
the period from 1951 to 1979. Both the observed and
simulated patterns are characterized by below-normal
heights over the midlatitude Pacific, the eastern Atlantic
south of 40°N and Europe, and above-normal heights
over Greenland and much of Canada.

The anomalous circulation at 200 mb in the model
atmosphere (Figs. 9¢ and 9f) may be compared with
the corresponding composite charts compiled by Arkin
(1982, Fig. 9) using tropical NMC wind analyses for
the 1969, 1972 and 1976 events. The anticyclonic cir-
culation centered at approximately 20°S, 180°W is
discernible in both the model and observed patterns.
However, the cyclonic cell in the North Pacific is dis-
placed too far west of the observed position, and con-
siderable discrepancies exist over Eurasia.

b. June (0)-July (0)-August (0)

The composite charts for the northern summer of
the El Nifio years are shown in Fig. 10. This period is
marked by a rapid expansion of the Pacific SST anom-
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aly along the equator (Fig. 10a). The simulated precip-
itation near the equatorial South American coast,
which has been above normal in the previous season
(see Fig. 9b), is now seen to be near normal (Fig. 10b).
Comparison between Figs. 9b and 10b also indicates
that the precipitation over the equatorial Pacific near
the date line has increased, and that continued dryness
prevails in Indonesia, the western portion of the tropical
Pacific, the Indian Subcontinent, and the highlands in
western China. The subtropical features in Fig. 10b
bear some resemblance to those in the composite pre-
sented by Lau and Chan (1983, Fig. 3a) on the basis
of observed outgoing longwave radiation, and in the
teleconnection chart presented by Wright (1977, Fig.
18) using rainfall records at selected stations. The neg-
ative precipitation anomaly over India is only signifi-
cant at the 70-80% level in this simulation. It is, how-
ever, worth noting that Rasmusson and Carpenter
(1983) and Shukla and Paolino (1983) have presented
convincing empirical evidence on the suppressed sum-
mertime rainfall over that region during El Nifio years.

The negative sea level pressure anomaly over the’
eastern portion of the subtropical South Pacific (Fig.
10d) has somewhat weakened since the previous sea-
son; whereas the sea level pressure in the Indonesia—
North Australian sector has risen considerably. The
anomalous east—-west surface pressure gradient over the
western portion of the tropical North Pacific is seen to
be accompanied by local intensification of anomalous
950 mb westerlies (Fig. 10c). The overall pattern in
Fig. 10d is in good agreement with the observed tele-
connection charts based on various indices of the
Southern Oscillation for this season, as presented by
Wright (1977, Fig. 10).

The most prominent features in the 200 mb com-
posite charts (Figs. 10e and 10f) are the pair of anti-
cyclones on both sides of the equator, with easterly
wind anomalies between 140°W and 160°E in the deep
tropics, and westerly anomalies in the subtropical
North and South Pacific. Above normal equatorial
westerlies prevail east of the warm SST anomaly, and
extend eastward across South America, the Atlantic
and central Africa to the Indian Ocean. The presence
of these features is substantiated by the observational
composite presented by Arkin (1982, Fig. 10).

¢. September (0)-October (0)-November (0)

This period is characterized by amplification of the
warm SST anomaly in the eastern and central equa-
torial Pacific, and by diminution of the anomaly near
the South American coast (Fig. 11a). Below normal
rainfall prevails over Central America and the northern
portion of South America (Fig. 11b). The dry zone
extending southeastward from the Solomon Islands
(located at approximately 10°S, 160°E), which ap-
peared in the composites for the previous two seasons,
is still evident in this period. To the northeast of this
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FIG. 10. As in Fig. 9 except for the period of June (0)-August (0).

dry zone is a belt of enhanced precipitation with a sim-
ilar orientation. These features are consistent with the
northeastward displacement of the observed SPCZ
during this period (RC).

The near-surface circulation over the equatorial Pa-,

cific is characterized by a strong westerly wind anomaly
west of 120°W, and by an easterly anomaly farther
east (Fig. 11c). Low level convergence prevails over
much of the warm SST anomaly. The afore-mentioned
dry zone located southeast of the Solomon Islands is
characterized by low-level divergence. Immediately east

of this dry zone the anomalous surface flow is distinctly
cyclonic.

-Over the Pacific Basin between 30°S and 30°N, the
anomalous sea level pressure field (Fig. 11d) is char-
acterized by above normal values west of the date line,
and below normal values farther east. In agreement
with the observed 700 mb height composite charts for
this period (Chen, 1982b, Fig. 11), the pressure over
much of the North Pacific and eastern Europe is below
normal, while the Alaska~west Canadian sector is
characterized by positive height anomalies.
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FIG. 11. As in Fig. 9 except for the period of September (0)-November 0).

In the 200 mb composite charts (Figs. 11e and 11f), indicating that perturbations along the wave path are
the pair of Pacific anticyclones straddling the equator characterized by an equivalent barotropic structure.
is now firmly established. A well-defined Southern
Henysphere wave train comppsed of alternating cy- d. December (0)-January (+1)-February (+1)
clonic and anticyclonic centers is seen to emanate from
the central equatorial Pacific. The individual centers, In Fig. 12 are shown the composite charts for the
most of which exceed the 95% significance level, lie northern winter following El Nifio, which is referred
along a curved path advancing towards the South At-  to as the mature phase by RC. The enhanced precip-
lantic through the Drake Passage region. These centers itation along the equatorial Pacific now advances west-
are also accompanied by statistically significant anom- ward to almost 150°E (Fig. 12b). The zonal axis of this
alies of the same polarities at 1000 mb (Fig. 11d), thus elongated anomaly tends to lie slightly south of the
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FIG. 12. As in Fig. 9 except for the period of December (0)-February (+1).

equator. Located east of the main anomaly are two
narrow bands of above normal rainfall extending to-
wards the subtropics. One of these bands is oriented
southeastward and is associated with the northeastward
shift of the SPCZ noted in the previous subsection.
The other band lies in the Northern Hemisphere, and
is directed toward Central America and the Gulf of
Mexico. The southern two-thirds of Brazil is under the
influence of a strong positive precipitation anomaly.
Most of the simulated features identified above are
consistent with analyses of the observed outgoing long-

wave radiation, as performed by Heddinghaus and
Krueger (1981, Fig. 9) and by Lau and Chan (1983,
Fig. 2a). The pattern of Fig. 12b in the tropics also
agrees with the teleconnection chart presented by
Wright (1977, Fig. 16) for precipitation during the
. northern winter. The enhancement of simulated rain-
fall over northern Mexico and the U.S. Gulf coast is
substantiated by the observational records analyzed by
Rasmusson and Wallace (1983, Fig. 1).

The anomalous 950 mb westerlies in the western
and central equatorial Pacific attain their maximum
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strength in this period (Fig. 12¢). The wind vectors in
this region are distinctly oriented toward the Southern
Hemisphere, and are accompanied by strong anoma-
lous convergence south of the equator along a zone
extending from New Guinea to 120°W. The southerly
surface flow over eastern China and the predominately
offshore circulation along the east coast of Australia
are consistent with the observed weakening of the
monsoons in those regions (see RC, section Se).

The 1000 mb height anomalies at both ends of the
seesaw across the subtropical Pacific have amplitudes
of more than 8 m (equivalent to 1 mb in sea level
pressure) and generally exceed the 99% significance
level (Fig. 12d). A belt of significant positive values is
simulated along 20°N between the Philippines and
165°W. The presence of this feature in the observed
atmosphere is supported by the teleconnection chart
compiled by Wright (1977, Fig. 8) for the northern
winter. The pattern in Fig. 12d may also be compared
with its observed counterparts as presented by van
Loon and Madden (1981, Figs. 11 and 14), Trenberth
and Paolino (1981, Fig. 8a), and Pan and Oort (1983,
Fig. 11d). In the Northern Hemisphere, both observed
and simulated results indicate that the mature phase
of ENSO (referred as the “low/wet” seasons in van
Loon and Madden’s study) is characterized by negative
pressure anomalies over the eastern portion of the
North Pacific, the northern portion of Asia and eastern
North America, and by a positive anomaly over North
America centered at about 50°N, 100°W. The observed
pattern in the North Atlantic is dominated by a dipole-
like structure, with a positive anomaly centered at the
Norwegian Sea, and a negative anomaly in the middle
latitudes. These polarities are seen to be reversed in
the dipole appearing in the simulation (Fig. 12d). It is,
however, worth noting that van Loon and Madden
(1981, Figs. 3 and 4) have examined the meteorological
anomalies associated with ENSO episodes occurring
in four nonoverlapping subperiods of the last century.
Their results indicate that the polarities of the sea level
pressure anomalies over much of the extratropical
North Atlantic were not uniformly the same during
different subperiods, thus implying considerable vari-
ability of the observed atmospheric response in that
region.

In the Southern Hemisphere, the model and obser-
vations yield negative pressure anomalies over the sub-
tropical South Pacific as well as the oceanic regions
lying between Australia and Antarctica. In the polar
cap south of 50°S, a positive pressure anomaly is dis-
cernible in the observations presented by van Loon
and Madden (1981, Fig. 11) as well as in the model
simulation. The intensity of the anomalies in the model
atmosphere is somewhat weaker than the observed
values reported by van Loon and Madden.

At 200 mb, the Pacific anticyclones on both sides of
the equator (Figs. 12¢ and 12f) attain their maximum
intensity in this season. Upper level divergence is seen
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to prevail over the central equatorial Pacific. A mean-
dering westerly current dominates the circulation in
the equatorial zone lying outside of the central Pacific.
The simulated pattern in the tropics agrees well with
the composite compiled by Arkin (1982, Fig. 7) based
on observed data.

The circulation in the Northern Hemisphere extra-
tropics is organized about a wave train extending
northeastward from the equatorial Pacific to North
America, and then southeastward to the Atlantic sector.
The locations of the cyclonic centers in the North Pa-
cific and southeastern United States, and the anticy-
clonic center over western Canada, agree with the lo-
cations of the centers of action associated with the ob-
served Pacific-North American (PNA) pattern studied
by Wallace and Gutzler (1981), Horel and Wallace
(1981), and Chen (1982b). Inspection of the composite
charts for various seasons in year 0 (Figs. 9-12) indi-
cates that the PNA response is essentially a wintertime
phenomenon in the model atmosphere. The apparent
seasonal dependence of this extratropical signal is con-
sistent with the correlation statistics displayed in the
last two columns of Table 1. The equivalent barotropic
character of the PNA signal can be seen from the strong
resemblance of the anomaly patterns at 1000 mb (Fig.
12d) and 200 mb (Fig. 12f).

The differences between the observed and simulated
response over the North Atlantic in the middle and
upper troposphere (Fig. 12f) are similar to the differ-
ences at the 1000 mb level noted earlier. Specifically,
the polarities of the simulated height anomalies over
the Greenland-Iceland sector and the midlatitude At-
lantic are opposite to those in the observed patterns.
However, Chen (1982b, Fig. 8) has shown that the ob-
served composite of height anomalies over the North
Atlantic do not pass the 95% significance test, and the
evidence presented by Rogers (1984, Fig. 12) suggests
that the north-south seesaw pattern over the North
Atlantic (often referred to as the North Atlantic Oscil-
lation) is not well correlated with the Southern Oscil-
lation. The 200 mb pattern in the Southern Hemi-
sphere extratropics is also suggestive of a wave train in
the South Pacific-South Atlantic sector. The individual
centers associated with the latter phenomenon are not
as well defined as those simulated in the previous season
(Fig. 11f).

The shape and relative size of the extratropical wave
perturbations examined here is more faithfully de-
scribed in the polar stereographic charts in Fig. 13,
which show the composites of the 500 mb height
anomaly during the mature phase in the (a) Northern
and (b) Southern Hemisphere. The statistical signifi-
cance of various features in these patterns is again de-
picted by shading. The pattern of Fig. 13b in the Pacific
and Indian Ocean sectors is in good agreement with
the teleconnection chart presented by Mo and White
(1985, Fig. 14b) using Australian analyses of the 500
mb height, and with the composite chart presented by
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F1G. 13. Composite charts of the departure from 30-year climatology of 500 mb
height in the (a) Northern Hemisphere and (b) Southern Hemisphere, as constructed
using simulated data for the period of December (0)-February (+1) in 6 individual
ENSO episodes. Contour interval 5 m. Light, medium and dark shading indicates
anomalies exceeding the 90, 95 and 99% significance levels, respectively, according to
Student’s t-test.
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van Loon and Rogers (1981, Fig. 7) using analyses of
the zonal geostrophic wind at 500 mb.

The performance of other GCMs in simulating var-
ious ENSO phenomena in the mature phase has been
documented by Blackmon ef al. (1983), Shukla and
Wallace (1983), Michaud and Sadourny (1984), Palmer
and Mansfield (1984) and Boer (1985). The findings
reported in these studies generally indicate that the
current generation of models is capable of reproducing
such essential features as precipitation changes and the
sea level pressure seasaw over the tropical Pacific, as
well as the PNA pattern in the midlatitudes.

e. December (+1)-January (+2)-February (+2)

The boreal spring of year (+1) sees a considerable
weakening of the positive SST anomaly over the central
equatorial Pacific, as well as the appearance of a cold
anomaly just off the Peruvian coast (see RC, Fig. 23).
The latter feature subsequently spreads across the Pa-
cific. The circulation changes occurring in year (+1)
are illustrated in Fig. 14, which contains a set of com-
posite charts for the December (+1)-January (+2)-
February (+2) season.

It is seen from Fig. 14a that much of the equatorial
Pacific is now under the influence of an elongated neg-
ative SST anomaly. The precipitation pattern (Fig. 14b)
indicates suppressed rainfall over the equatorial Pacific
east of 160°E, and enhanced rainfall over New Guinea,
the northeastern portion of Australia and much of the
subtropical Pacific at 20°N.

The circulation near the surface (Fig. 14c¢) is char-
acterized by anomalous easterlies and horizontal di-
vergence along the central equatorial Pacific, as well
as by convergence over Indonesia. These circulation
changes are accompanied by the intensification of the
surface anticyclone over the South Pacific, and lowering
of the surface pressure over the western portion of the
subtropical North Pacific, Indonesia, Australia and the
Indian Ocean (Fig. 14d).

The 200 mb circulation over the tropical Pacific is
organized about the pair of elongated cyclones strad-
dling the equator (Figs. 14e and 14f). The wave train
spanning the North Pacific-North American sector
bears some resemblance to the PNA pattern noted in
the previous winter (Figs. 12e and 12f), except that the
polarities of the individual cyclonic and anticyclonic
centers are reversed. Observational results presented
by Horel and Wallace (1981, Fig. 10) suggest a similar
sign reversal in the PNA Index after the 1963, 1969
and 1972 El Ninos. The pattern in Fig. 14f is also in-
dicative of a weak Southern Hemisphere wave train
extending from the tropical Pacific across the southern
tip of South America towards the Atlantic.

6. Hovmoller diagrams of simulated anomalies in a
typical ENSO episode

In this section the temporal and spatial evolution of
various model features in the course of a composite
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ENSO episode is examined in further detail with the
aid of Hovmoller diagrams, which depict the variations
of selected parameters at certain fixed latitudes as a
function of time and longitude. The ordinate of the
diagrams shown here corresponds to the time span
from June of year —1 to February of year +2, as defined
using the convention adopted in Section 5. The values
for a given month along the ordinate represent averages
of data for that month over six ENSO episodes. Anom-
alies are then computed by subtracting from these
monthly values the 30-year climatology for the corre-
sponding calendar months. The statistical significance
of the anomalous features is ascertained by following
the same procedure used in connection with the com-
posite charts, except that Student’s t-test is now applied
to monthly instead of seasonal values.

In Fig. 15 are shown the Hovmoller diagrams for
the monthly anomalies of (a) SST, (b) precipitation,
(c) 950 mb zonal wind, (d) 1000 mb height, (¢) 200
mb zonal wind and (f) 200 mb height. With the ex-
ception of panel (d), these patterns describe the model
behavior within the equatorial zone between 4.5°N and
4.5°S. The zone for displaying the 1000 mb height data
(Fig. 15d) is chosen to be the latitude belt between 9°S
and 18°S. Located within this particular zone are the
stations of Darwin (12.4°S, 130.9°E) and Tahiti
(17.5°S, 149.6°W), which have been used in con-
structing the Southern Oscillation Index for sea level
pressure presented in Fig. 8. The light, medium and
dark shading in Fig. 15 indicate anomalies that exceed
the 90, 95 and 99% significance levels, respectively.

The appearance of surface water with above normal
temperature off the South American coast and the sub-
sequent spread of the warm anomaly towards the cen-
tral Pacific in year O is delineated in Fig. 15a. Also
apparent in this pattern is the evolution of the cold
anomaly in year +1.

The precipitation composite in Fig. 15b is charac-
terized by a positive anomaly center extending from
135°W to the date line during the second half of year
0. Dryness is seen to prevail in the Indonesian sector
(120°-160°E) through much of the period from the
beginning of year O to the first half of year +1. In the
vicinity of the Line Islands, which lie just north of the
Equator between about 155° and 160°W, the simulated
precipitation changes are in agreement with the ob-
served temporal evolution of the Precipitation Index
for that region as presented by RC (their Fig. 16).

The Hovméller diagram for zonal wind at 950 mb
(Fig. 15¢) indicates that the reversal of the anomalous
flow over the Pacific Basin from easterlies to westerlies
typically takes place in the beginning of year 0. This
region comes under the influence of surface easterly
anomalies again in the second half of year +1. The
zonal wind anomalies over South America and the
surrounding waters tend to be directed opposite to the
anomalies near the date line. For a given season and
a given location, the zonal wind anomaly at 200 mb
(Fig. 15e) tends to have a polarity opposite to that of
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FIG. 14. As in Fig. 9 except for the period of December (+1)~February (+2).

the corresponding anomaly at 950 mb. The most no-
table feature in the 200 mb diagram is the strong
anomalous easterlies near the date line at the end of
year 0, and the strong anomalous westerlies over the
equatorial Indian and Atlantic Oceans during the same
period.

The model results for 1000 mb height (Fig. 15d)
indicate that the sea level pressure anomaly over the
South Pacific east of the date line changes from positive
to negative values near the end of year —1. Above nor-
mal pressure returns to this region in the second half
of year +1. These model changes are in general agree-

ment with the observed evolution of the sea level pres-
sure anomaly at Tahiti during nine ENSO episodes, as
documented by van Loon and Shea (1984, Fig. 4), ex-
cept that the first observed pressure minimum occurs
about two to three months later than is simulated in
the model.

The simulated sea level pressure over the western
portion of the South Pacific (130°-180°E) remains be-
low or near normal prior to May of year 0, and then
attains above normal values through the next 12
months. Below normal pressures prevail again in the
second half of year +1. The timing of these simulated
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pressure changes compares favorably with the obser-
vational records published by van Loon and Shea
(1984, Fig. 4) for Darwin.

Figure 15d suggests that a significant negative
anomaly signal is simulated first in the eastern portion
of the South Pacific in May of year 0, about two to
three months before the arrival of the positive pressure
signal in the western portion. This simulated time lag
between the opposite ends of the east-west pressure
seesaw associated with the Southern Oscillation has
been noted in observational studies by Trenberth
(1976, Fig. 6), Horel and Wallace (1981) and RC (their
Fig. 15).

The most striking feature in the evolution of the
- simulated 200 mb height at the equator (Fig. 15f) is
the zonally symmetric positive anomaly occurring at
the end of year 0 and the beginning of year +1. This
highly significant response is followed 12 months later
by a similar phenomenon with the opposite polarity.
The strong seasonal dependence of the pattern in Fig.

15f is consistent with the higher correlation between
the SST and 200 mb height indices during Northern
Hemisphere winter (Table 1). This model result is sub-
stantiated by the data records at various stations located
within the equatorial belt, as analyzed by Angell and
Korshover (1978), Newell and Weare (1976) and Horel
and Wallace (1981). Horel and Wallace have pointed
out that since the 200 mb height is a good indicator of
.the thickness between 1000 and 200 mb in the tropics,
and thus of the temperature averaged over the entire
tropospheric column, the phenomenon described here
implies a uniform warming of the tropical troposphere
in the northern winter following the appearance of
above normal SST off the South American coasts.
However, contrary to the finding reported in the ob-
servational study by Pan and Oort (1983), the model
results indicate no significant temporal lag between the
equatorial SST fluctuations at 130°W and the tropo-
spheric temperature of the tropical belt (cf. Figs. 15a
and 15f).

7. Impact of tropical Pacific SST anomalies on at-
mospheric variability

Manabe and Hahn (1981) and Lau (1981) have an-
alyzed the data from a 15-year integration with a GCM
almost identical to that used here but with no inter-
annual SST variability imposed. The previous results
from this “unperturbed” experiment (hereafter referred
to as the “control” run) hence serve as a convenient
yardstick for assessing the impact of tropical Pacific
SST fluctuations incorporated in the experiments ex-
amined in the present study (hereafter referred to as
the “perturbed” runs). In the present discussion, we
shall distinguish influences on the tropics from those
on the extratropics.

a. Tropical response

It was noted in Lau (1981, Fig. 24b) that no signal
of the east-west seesaw in the sea level pressure field
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over the tropical Pacific and Indian Oceans is detectable
in the control run. Manabe and Hahn (1981, Figs. 5.6
and 5.7) have further pointed out that the standard
deviations of monthly averaged 1000 mb heights in the
tropics of the control experiment are considerably lower
than the observed values. On the other hand, it is dem-
onstrated in the present study that a prominent sig-
nature of the Southern Oscillation is present in the
composites when SST anomalies are introduced in the
tropical Pacific. As was done in Lau (1981), the 1000
mb height data from the perturbed runs examined here
have also been analyzed using empirical orthogonal
functions. The results reveal that one of the principal
modes of variability (not shown) is characterized by
an east-west dipole pattern resembling the composite
charts displayed here (e.g., see Fig. 12d) and the tele-
connection chart presented in Lau and Oort (1985,
Fig. 2b).

The incremental variance of 1000 mb height attrib-
utable to SST variability in the tropical Pacific is por-
trayed in Fig. 16a, which shows the ratio of the variance -
of monthly averaged 1000 mb height in the perturbed
experiments to the corresponding quantity in the con-
trol run. Only data for the months of December, Jan-
uary and February are used in the computations. The
variance for the control run is based on history tapes
for 10 years of the 17.75-year simulation. The variance
for the perturbed runs is based on records for the entire
30-year period. As a crude indicator of the statistical
significance of the ratios mapped in Fig. 16, we note
here that, according to the F-Tables (Panofsky and
Brier, 1958), the variances for the perturbed run would
be larger than that for the control run at the 95% con-
fidence level if the ratio in question is larger than 1.95.
The above test is conducted with the assumption that
each 3-month season has two independent data sam-
ples, so that the numbers of degrees of freedom in the
estimation of the variance quantities in the numerator
and denominator of the ratio considered here are ap-
proximately 60 and 20, respectively. Inspection of the
pattern in Fig. 16a reveals that the ratio is larger than
unity over a large fraction of the tropics, with significant
maxima over the Indonesian Archipelago, the eastern
tropical Pacific, and portions of the Indian Ocean lying
west of Australia. These centers of enhanced variability
share approximately the same locations with the prin-
cipal 1000 mb height anomalies appearing in the com-
posite charts shown in Section 5.

In the upper troposphere, Lau (1981, Fig. 24a) has
indicated that the dominant mode of variability in the
300 mb height field over the tropics of the control run
exhibits a zonally symmetric pattern, with maximum
amplitude near the equator. Whereas this mode bears
a considerable resemblance to the model response at
200 mb near the end of year O in the perturbed runs
(see Fig. 15f), the standard deviations of monthly mean
geopotential heights in the tropical upper atmosphere
of the control run were found to be less than the ob-
served values by a factor of 2-3 (see Manabe and Hahn,
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FIG. 16. Distributions of the ratio of variances of geopotential heights at (a) 1000 mb and (b}
200 mb in the perturbed experiment to the corresponding values in the control experiment, as
computed using the monthly means for December-February. Contour interval 0.5. Thick contours
correspond to ratios equal to 1. Shading indicates values larger than 2.

1981, Fig. 5). The extent to which this model deficiency
is remedied by the imposition of SST anomalies may
be inferred from Fig. 16b, in which the ratio of the
variances of 200 mb height in the perturbed and control
runs is mapped. It is seen that the variance within al-
most the entire tropical belt in the perturbed run is
substantially higher than that in the control run, with
the ratio attaining values as large as 4-6 over the central
equatorial Pacific.

In summary, the collective findings based on the
control and perturbed GCM experiments are indicative
of the importance of SST fluctuations in determining
both the amplitude and characteristic spatial pattern
of interannual variability in the tropical atmosphere.
Influences of SST conditions on the spatial structure
are most marked near the surface, whereas amplitude
enhancement is strongest in the upper troposphere.

b. Extratropical response

The variance statistics presented by Manabe and
Hahn (1981, Figs. 5.6-5.10) indicate that the “natural”
variability in the extratropics of the control experiment
is already comparable with the observed values. Lau
(1981, Figs. 5~10) provided further evidence that, even
in the absence of variable SST forcing, the model at-
mosphere exhibits recurrent meteorological anomalies
which resemble the PNA pattern in many respects. This
characteristic pattern accounts for only about 20-25%
of the spatially integrated variance of the extratropical
500 and 1000 mb height fields in both the control and
perturbed experiments. The fraction of the variance
associated with the PNA pattern that is in turn attrib-
utable to SST variations in the tropical Pacific, as es-
timated by squaring the wintertime values in the last
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two columns of Table 1 in the present paper, is also
found to be quite small (less than 30%). It hence appears
that the impact of equatorial Pacific SST anomalies on
the circulation in the extratropics is considerably
weaker than in the tropics, and that physical and dy-
namical processes in addition to those directly asso-
ciated with SST anomalies may also be linked to the
occurrence of the PNA pattern. These notions are
reinforced by the ratios of variances displayed in Figs.
16a and 16b. It is seen that this ratio does not differ
significantly from unity in most of the extratropical
zones, with the possible exception of northern and
western Canada. In particular, the patterns in Fig. 16
indicate no significant amplitude enhancement of the
variability in the perturbed runs over the central North
Pacific and the southeastern United States, which cor-
respond to two of the three extratropical centers of
action associated with the PNA pattern.

8. Concluding Remarks

The primary objective for constructing the compos-
ite charts in Sections 5 and 6 is to delineate those aspects
of the model response that are common to different
ENSO episodes. That such a composite approach is
meaningful for much of the warm phase (year 0) and
the peak of the cold phase (end of year +1) is affirmed
by the high significance levels of the model features
appearing in these periods. On the other hand, -it is
noteworthy that much weaker statistical significance is
obtained for simulated anomalies occurring in year —1
and the beginning of year 0, which correspond to the
period prior to the onset of the warm phase (Fig. 15).
One of the contributing factors to the relatively feeble
signals in this period could be the occurrence of a pro-
nounced positive SST anomaly in the central equatorial
Pacific in 1968 (Fig. 2), which is classified as “year —1”
in the present composite scheme, since it happens to
precede the 1969 El Nifio. The composite phenomena
in year —1 must hence be interpreted with some cau-
tion. .

Difficulties encountered in applying the composite
procedure, such as those pertaining to the 1968/69
event mentioned before, suggest that it is equally im-
portant to investigate the differences between individual
El Niifio events. History tapes for the pair of 15-year
integrations examined here, which can provide only
two model realizations for each El Nifio, are probably
insufficient for studying the steady model response to
individual anomalous SST episodes. A detailed inves-
tigation of the variability among different ENSO cycles
would therefore.entail several additional long-term in-
tegrations similar to those described here, and prefer-
ably with an even more extended duration so as to
incorporate the unusual 1976/77 and 1982/83 events.

In comparing the model results with observations,
it is necessary to bear in mind that the observed at-
mospheric anomalies represent the net response to a
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variety of internal and external forcing mechanisms in
the global climate system, of which sea-air interaction
over the tropical Pacific is just one particular compo-
nent. Since Pan and Oort (1983, Fig. 8b) have shown
that SST fluctuations in the equatorial Pacific are pos-
itively correlated with SST changes in the tropical At-
lantic and Indian Oceans, some of the observed ENSO
phenomena might be responding to SST anomalies
present in the latter regions. The discrepancies between
model and observations could hence be partially ac-
counted for by the absence of SST variability outside
the tropical Pacific in the model integrations. The ex-
tent to which these discrepancies may be remedied by
imposing SST changes everywhere in the World
Oceans, and by incorporating more realistic model
physics (such as a fully interactive cloud parameter-
ization), remains to be ascertained by actual experi-
mentation.

In another diagnostic work using complex eigen-
vectors, Barnett (1985) has described the Southern Os-
cillation as part of a global-scale propagating mode in
sea level pressure. By applying the same analysis tool
to the present GCM simulation, he further demon-
strated that, whereas the model is capable of repro-
ducing the opposing pressure changes over the South
Pacific and the Indonesia—-Australian sector, it does not
exhibit some of the propagation characteristics seen in
the observations. Hence the relationship between the
global signal revealed in Barnett’s study and various
forcing mechanisms requires further study.

A qualitative approach has been adopted in the
present paper in describing various phenomena asso-
ciated with ENSO. In order to identify the nature of
various processes operating in the ENSO cycle, and to
interpret the differences in model response during in-
dividual episodes, more incisive diagnoses of the model
data are evidently called for. In view of the complex
array of highly interactive processes incorporated in a
GCM, diagnostic studies based on model history tapes
alone might not be adequate for achieving a thorough
understanding of the simulated phenomena. Such
analysis needs to be supplemented by experiments with
a hierachy of simplified mechanistic models aimed at
dissecting the interrelationships among the thermal,
dynamical and hydrological components of the climate
system in different stages of development during an
ENSO episode.

The primary objective of the perturbed runs is to

.demonstrate that, given a set of realistic conditions at

the air-sea interface which are evolving both in space
and in time, and in the presence of the seasonal cycle,
the current generation of GCMs is able to simulate
various facets of the atmospheric response with an ac-
ceptable degree of fidelity. Since the model atmosphere
does not exert any influence on the oceanic conditions
in the present experiment, a full understanding of the
underlying causes for the onset, maintenance and
breakdown of the SST anomalies themselves is beyond
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the scope of this study. An attempt at such an under-
standing must await the diagnosis of extended integra-
tions with fully interactive ocean-atmosphere coupled
models. However, the results presented in the preceding
sections indicate that, once the warm and cold SST
anomalies are established and spread across the equa-
torial Pacific, the GCM is capable of simulating me-
teorological features which are in reasonable agreement
with observations in such aspects as amplitude, spatial
pattern and seasonal dependence. The present simu-
lation, in conjunction with the success reported by
Philander and Seigel (1985) of ocean GCMs in gen-
erating realistic anomalies when subjected to prescribed
changes in the wind stress at the upper boundary, offer
encouraging signs that coupled atmospheric-ocean
models might eventually be an effective tool in com-
prehending the full realm of natural phenomena as-
sociated with ENSO.
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