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ABSTRACT

Features associated with the Asian—Australian monsoon system and El Nifio—Southern Oscillation (ENSO)
are described in the National Center for Atmospheric Research (NCAR) global coupled Climate System Model
(CSM). Simulation characteristics are compared with a version of the atmospheric component of the CSM, the
NCAR CCM3, run with time-evolving SSTs from 1950 to 1994, and with observations. The CSM is shown to
represent most major features of the monsoon system in terms of mean climatology, interannual variability, and
connections to the tropical Pacific. This includes a representation of the Southern Oscillation links between
strong Asian—Australian monsoons and associated negative SST anomalies in the eastern equatorial Pacific. The
equatorial SST gradient across the Pacific in the CSM is shown to be similar to the observed with somewhat
cooler mean SSTs across the entire Pacific by about 1°—2°C. The seasonal cycle of SSTsin the eastern equatorial
Pacific has the characteristic signature seen in the observations of relatively warmer SSTs propagating westward
in the first half of the year followed by the reestablishment of the cold tongue with relatively colder SSTs
propagating westward in the second half of the year. Like other global coupled models, the propagation is similar
to the observed but with the establishment of the relatively warmer water in the first half of the year occurring
about 1-2 months later than observed. The seasonal cycle of precipitation in the tropical eastern Pacific is also
similar to other globa coupled models in that there is a tendency for a stronger-than-observed double ITCZ
year round, particularly in northern spring, but with a well-reproduced annual maximum of ITCZ strength north
of the equator in the second half of the year. Time series of area-averaged SSTs for the NINO3 region in the
eastern equatorial Pacific show that the CSM is producing about 60% of the amplitude of the observed variability
in that region, consistent with most other globa coupled models. Global correlations between NINO3 time
series, global surface temperatures, and sea level pressure (SLP) show that the CSM qualitatively reproduces
the major spatial patterns associated with the Southern Oscillation (lower SLP in the central and eastern tropical
Pacific when NINO3 SSTs are relatively warmer and higher SLP over the far western Pacific and Indian Oceans,
with colder water in the northwest and southwest Pacific). Indices of Asian—-Australian monsoon strength are
negatively correlated with NINO3 SSTs as in the observations. Spectra of time series of Indian monsoon,
Australian monsoon, and NINO3 SST indices from the CSM show amplitude peaks in the Southern Oscillation
and tropospheric biennial oscillation frequencies (3—-6 yr and about 2.3 yr, respectively) as observed. Lag
correlations between the NINO3 SST index and upper-ocean heat content along the equator show eastward
propagation of heat content anomalies with a phase speed of about 0.3 m s, compared to observed values of
roughly 0.2 m s—*. Composites of El Nifio (La Nifia) events in the CSM show similar seasonal evolution to
composites of observed events with warming (cooling) of greater than several tenths of a degree beginning early
in northern spring of year 0 and diminishing around northern spring of year +1, but with a secondary resurgence
in the CSM events later in northern spring of year +1. The CSM also shows the largest amplitude ENSO SST
and low-level wind anomalies in the western tropical Pacific, with enhanced interannual variability of SSTs
extending northeastward and southeastward toward the subtropics, compared to largest interannual SST variability
in the central and eastern tropical Pacific in the observations.

1. Introduction
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Though atmospheric general circulation models
(GCMs) can simulate many aspects of interannual vari-
ability associated with the Asian—Australian monsoons
and ENSO when run with observed SSTs (e.g., Kitoh
1992; Palmer et al. 1992; Sperber and Palmer 1996),
global coupled general circulation models have also
been shown to perform reasonably well in simulating
such features of the mean climate and climate variability
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Fic. 1. JJA average precipitation (mm day—*) and 850-mb wind vectors (scale vector at bottom
in m st) (a) observed from the NCAR-NCEP reanalyses for winds, and Xie and Arkin (1996)
for precipitation, 1979-95, (b) 45-yr average (1950-94) for the CCM3 run with the observed
time-evolving SSTs, (c) 45-yr average from the CSM.
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FiG. 2. (a) Precipitation and 850-mb wind vector differences, JJA, 45-yr averages for CSM
minus CCM3; (b) same as (a) except for CSM minus observations [NCAR-NCEP reanalyses for
winds, Xie and Arkin (1996) for precipitation]; (c) same as (b) except for CCM3— observations;
(d) JJA seasurface temperature differences, CSM — observations from the NCAR-NCEPreanalysis
period from 1979 to 1995; (e) JA latent heat flux differences, 45-yr averages, CSM — CCM3.
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Fig. 2. (Continued)

in those regions (IPCC 1996). The Asian—Australian
monsoon system, with its profound linkages to not only
regional but global climate (e.g., Nicholls 1984; Krish-
namurti et al. 1989, 1990; Yasunari and Seki 1992; Ju
and Slingo 1995), has been studied in global coupled
models to gain insights into mechanisms of interannual
variability (Latif et al. 1994; Meehl 1994, 1997a) and
for changes in mean monsoon conditions and alterations
in interannual variability due to an increase of CO,
(Meehl and Washington 1993; Chakraborty and Lal
1994; Lal et al. 1994). Coarse-grid coupled models have
been documented to reproduce ‘* ENSO-like" interan-
nual variability but with about half the observed am-
plitude (Meehl 1990; Lau et a. 1992; Nagai et al. 1992;
Tett 1995). More recent global coupled model versions
with improved latitudinal resolution in the equatorial
Tropics have shown somewhat higher amplitude SST
variability in the eastern equatorial Pacific (Yukimoto
et al. 1996; Roeckner et al. 1996). Changes in ENSO

effectsin such models have also been studied in relation
toincreased CO, (Meehl et al. 1993a; Knutson and Man-
abe 1994; Tett 1995; Knutson et al. 1997).

In general, coupled models without flux adjustment
have had difficulties simulating the seasonal cycle in
the eastern tropical Pacific (Mechoso et al. 1995).
Though first-order characteristics of tropical interannual
variability have been represented in global coupled
models (Meehl et al. 1994; Meehl 1995; Knutson et al.
1997), there have been deficiencies in some of the pat-
terns of the simulated interannual variability in the
Tropics associated with monsoon-ENSO relationships
(Meehl et al. 1993a).

The purpose of this paper is to describe general char-
acteristics of the mean climatology, seasonal cycle, in-
terannual variability, and patterns of variability of
Asian—-Australian monsoon and ENSO in the National
Center for Atmospheric Research (NCAR) Climate Sys-
tem Model (CSM). Since the dynamical coupling of the
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component models can significantly alter the simulation
from that in the components alone (Meehl 1997b), the
results from the CSM will be compared to a simulation
with the atmospheric model (the NCAR Community
Climate Model vesion 3) run with time-evolving ob-
served SSTs from 1950 to 1994 (simply termed
*“CCM3" here). Thiscomparison will demonstrate areas
where the coupled model simulation has been changed
due to coupling with interactive ocean and seaice com-
ponents. Both the uncoupled and coupled models will
be compared to observations—the NCAR-NCEP (Na-
tional Centers for Environmental Prediction, formerly
the National Meteorological Center) reanalyses from
1973 to 1995 and the Xie and Arkin (1996) precipitation
dataset—to assess their performance.

2. Model description and climatology

The NCAR CSM is a global coupled ocean—atmo-
sphere—sea ice-land surface model. Model details are
given elsewhere in thisissue. Briefly, the atmospheric
GCM is the NCAR CCM3 with T42 resolution (an
equivalent grid spacing of roughly 2.5° X 2.5°) and 18
levels (hybrid coordinates; see details and references
in Kiehl et al. 1998). Following Laprise (1992), a cou-
pled model with this spatial resolution can probably
resolve features closer to 4° X 4° or 5° X 5°. The ocean
isaglobal GCM with nominal 2.4° X 2.4° grid spacing
reduced to 1.2° latitude in the equatorial Tropics, with
45 levels in the vertical. The ocean GCM includes the
Gent—McWilliams mixing scheme, a K-profile param-
eterization mixed layer, and an upstream differencing
scheme (see details and referencesin Gent et al. 1998).
The sea ice is adapted from a previous version of a
global coupled model at NCAR (Meehl and Washing-
ton 1995; Washington and Meehl 1996). It has Se-
mtner-3-layer thermodynamics and a version of the
Flato—Hibler ice dynamics (see Weatherly et al. 1998
for more complete description and references). The
land surface is the land surface model (LSM) with
specified vegetation types and many surface processes
(see Bonan 1998).

The ocean is spun up with an accelerated deep ocean,
first with observations, and then with repeated forcing
from 5 yr of an atmospheric model integration (for
more details see Boville and Gent 1998). No flux ad-
justments are used and the resulting coupled surface
climate simulation is stable (no large trends in surface
variables) on the multicentury timescale. A 45-yr pe-
riod relatively early in the integration (years 16—-60) is
analyzed here, but the stability of the model indicates
that these results are also representative of other pe-
riods in the coupled integration.

The model climatology of precipitation and 850-mb
winds in the monsoon—Pacific region is shown for
June-August (JJA) in Fig. 1 for the CSM compared to
the CCM3 and observations. Most regional precipi-
tation features are qualitatively represented in both the
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CCM3 and CSM compared to observations with a
south Asian monsoon precipitation maximum, ITCZ
rainfall in the equatorial Indian and Pacific Ocean north
of the equator, and South Pacific convergence zone
(SPCZ) rainfall in the southwestern Pacific (Figs. 1a—
c). The CCM3 (Fig. 1b) has a precipitation distribution
over the Indian region that more closely resemblesthe
observations (Fig. 1a) than the CSM (Fig. 1c), partic-
ularly over the west coast and northwestern regions of
India. The cross-equatorial low-level flow iswell rep-
resented in both the CCM 3 and CSM simulations with
strong southwesterly inflow into south Asia from
across the Arabian Sea and Bay of Bengal. The CSM
has more of a zonally oriented SPCZ in the south-
western Pacific than the observations or the CCM3.

A maximum of precipitation near the Philippines
that was somewhat deficient in CCM 3 (Fig. 2c) isrees-
tablished with alarger amplitude than the observations
inthe CSM (Figs. 2a,b). Precipitation and 850-mb vec-
tor wind differences in Fig. 2 show that the CSM low-
level inflow into the Indian monsoon region is weaker
than the CCM 3 (easterly and northeasterly wind vector
anomalies over the Arabian Sea in Fig. 2a) in asso-
ciation with the reduced monsoon rainfall over the In-
dian region in the CSM (Fig. 2a). Since the CCM3
simulates greater than observed precipitation amounts
by about 6-9 mm day—* in most of the regional pre-
cipitation centers (Indian monsoon, Pacific ITCZ, and
SPCZ; Fig. 2c¢), the CSM reflects many of those same
magnitude errors but with less positive precipitation
anomaly areas over most of India (as suggested in Fig.
2a) and the additional positive precipitation anomaly
near the Philippines (Fig. 2b). Anomalous low-level
convergence into this Philippine precipitation maxi-
mum is evident by comparing the low-level wind vec-
tor differences in the CSM compared to the CCM3
(Fig. 2a). The 200-mb wind anomalies (not shown) are
consistent with the low-level anomaliesin that thetrop-
ical easterly jet over Indiais weaker in the CSM com-
pared to the CCM3 and observations.

The precipitation errors in the CSM are related to
SST errors simulated in the coupled model (Fig. 2d)
with a band of anomalously warm SSTs with values
of about 1°C near 10°N in the Pacific. These SST anom-
alies, along with the low-level wind anomaliesin Fig.
2a, are related to changes in latent heat flux between
the CCM3 and CSM. There is anomalously high latent
heat flux (i.e., greater evaporation) with anomalies of
greater than 30 W m~=2 south of India, in the Pacific
ITCZ region, in the western Pacific near the Philip-
pines, and in a zonally oriented band near the SPCZ
(Fig. 2€). There are zonally oriented anomalously
warm SSTs near 10°S with greatest positive anomalies
east of 150°W in the CSM. This type of error is a
common one in coupled models (Mechoso et al. 1995)
and could be related in part to inadequate simulation
of stratus clouds off the west coast of South America
(Ma et a. 1996). The anomalies in the regional pre-
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Fic. 3. DJF average precipitation (mm day—*) and 850-mb wind vectors (scale vector at bottom
in m s?t) (a) observed from the NCAR-NCEP reanalyses for winds, and Xie and Arkin (1996)
for precipitation, 1979-95; (b) 45-yr average (1950-94) for the CCM3 run with the observed
time-evolving SSTs; (c) 45-yr average from the CSM.
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FiG. 4. (a) Precipitation and 850-mb wind vector differences, DJF, 45-yr averages for CSM
minus CCM3; (b) same as (a) except for CSM —observations [NCAR-NCEP reanalyses for winds,
Xie and Arkin (1996) for precipitation]; (c) same as (b) except for CCM3— observations; (d) DJF
sea surface temperature differences, CSM —observations from the NCAR-NCEP reanalysis period
from 1979 to 1995; (e) DJF latent heat flux differences, 45-yr averages, CSM—CCM3.
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cipitation maxima, noted above to be about 6-9 mm
day-*, can be partly accounted for by the latent heat
flux anomalies in those same regions of around 30—60
W m —2. These would produce evaporation anomalies
of about 1-2 mm day—* locally. The remainder of the
anomalous precipitation produced in CSM compared
to the CCM3 is provided by low-level moisture flux
convergence (not shown), as evidenced by the con-
vergent vector wind anomalies near the precipitation
anomaly centersin Fig. 2a. In the SPCZ region thisis
associated with an anomalous SST gradient as evi-
denced by larger positive SST errors east of 150°W
noted previously in Fig. 2d. In particular, the large
latent heat flux differences south of Indiain Fig. 2e of
up to about 60 W m-2 are related to westerly low-level
wind anomalies of about 5-10 m st in Fig. 2a, with
the strong winds better able to remove moisture from
the surface. These low-level wind anomalies are as-
sociated with the precipitation anomaly near the Phil-

160E 180  1BOW  140W  120W

ippines mentioned above. Thus, to a first order in the
tropical Indian and Pacific regions of the CSM, the
SST errorsin the coupled model are linked to the pre-
cipitation errors via changes in latent heat flux, evap-
oration, low-level winds, and low-level moisture flux
convergence (see further discussion of these linkages
in Meehl 1997b).

For the December—February (DJF) season in Fig. 3,
the CSM again qualitatively reproduces the general
patterns of tropical precipitation in the Indian—Pacific
region, with greatest rainfall in the equatorial Indian
Ocean, Pacific ITCZ and SPCZ, and Indonesia—Aus-
tralia region, the latter associated with the Australian
monsoon (cf. Figs. 3c and 3a). However, a more zo-
nally oriented SPCZ is again evident in the southwest
Pacific in the CSM (cf. Figs. 3a and 3c) along with
anomalously large precipitation in the Celebes Sea east
of Borneo. There are also greater precipitation amounts
in the western Indian Ocean (Fig. 3c) compared to both
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the observations (Fig. 3a) and CCM3 (Fig. 3b). Both
the CCM3 and CSM simulate a shift of the precipi-
tation maximum in the Australian monsoon from north-
east Australia in the observations to northwest Aus-
tralia in the models. As in JJA in Figs. 1 and 2, the
CCM3 simulates greater than observed magnitudes of
regional precipitation, with 6-9 mm day-* anomalies
(Fig. 4c) in all the regional precipitation maxima noted
above. Thus the CSM reflects these magnitude errors
in the CCM3 in the coupled simulation (Fig. 4b) but
intensifies them by about 6 mm day—?*, particularly in
the western Indian Ocean, Celebes Sea, and SPCZ (Fig.
4a). Westerly 850-mb wind anomalies of about 5m s
northwest of Australiain Figs. 4b and 4c illustrate the
stronger than observed Australian monsoon low-level
flow in the CCM3 and CSM associated with the pre-
cipitation excesses in northwest Australia in the mod-
els. Upper-level wind differences at 200 mb (not
shown) are consistent with the low-level wind and pre-
cipitation differencesin Fig. 4 in that thereisincreased
upper-level outflow to the west of Australia in the
CCM3 and CSM compared to the observations.

As in JJA, the precipitation anomalies in the CSM
can be partly attributed to errorsin the SST simulation
and associated SST gradient and low-level wind errors,
with positive SST anomalies in the CSM of greater
than +0.5CinthelTCZ, SPCZ, Celebes Sea, and west-
ern Indian Ocean (Fig. 4d) that, along with low-level
wind anomalies, contribute to latent heat flux anom-
alies of about 30-50 W m~2in those regions (Fig. 4e).
This translates to evaporation anomalies of about 1-2
mm day—* locally or only up to about one-third of the
precipitation anomalies. Thus, as was noted for JJA
above, the remaining 4 mm day—* or so is contributed
by low-level moisture flux convergence. Though not
shown here, it can be seen that there is a significant
contribution from anomalous low-level wind conver-
gence seen in the vector differences in Fig. 4a. Asin
JJA, the elevated SSTs and low-level wind errors con-
tribute to greater latent heat flux, more evaporation,
increased low-level moisture convergence, and greater
precipitation in the regional precipitation maxima in
those areas in the CSM.

Another measure of acoupled model’s ability to sim-
ulate mean climate is the equatorial SST gradient
across the Pacific. Figure 5 shows this measure for
several global coupled models, all without flux ad-
justment, compared to observations of SSTs from the
Coupled Ocean—Atmosphere Data Set (COADS) as
shown by Mechoso et al. (1995). Note that all the glob-
al coupled models simulate SSTs cooler than observed
by about 1°-2°C but all roughly reproduce the right
SST gradient across the Pacific from about 155°E to
near 110°W. All models have more problemsin the far
western and far eastern Pacific, but the CSM more
faithfully reproduces the character of the SST gradients
in those regions.
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FiG. 5. SST gradient across the equatorial Pacific, averaged from
2°S to 2°N, for observations from COADS (solid line), three global
coupled models (see key for model identification), and the CSM (open
circles). All models do not use flux adjustment. Observed SST and
coupled model results other than CSM taken from Mechoso et al.
(1995). Note that this dataset of observed SSTsis somewhat different
from that used in Figs. 2d and 4d.

3. The seasonal cycle in the tropical eastern
Pacific

Mechoso et al. (1995) show the evolution of the
seasonal cycle of monthly SSTs along the eguator
across the Pacific and note difficulties all the coupled
models have in simulating this seasonal cycle. Thisis
a demanding test of a coupled model due to the com-
plicated coupled interactions taking place there (e.g.,
Neelin and Dijkstra 1995; Dijkstra and Neelin 1995).
Figure 6a shows monthly anomalies (the annual mean
is subtracted) from the SST observations of Shea et al.
(1990). In the first half of the year, relatively warmer
SSTs move progressively westward to be replaced by
cooler SSTs that move westward in the second half of
the year. Figure 6b shows a comparable plot from the
CSM. There is more of a semiannual signal in the
model, with the warmer SSTs in the first half of the
year moving westward about 2 months later than in
the observations. However, the reestablishment of the
cooler water occurs at about the right timein the second
half of the year but shows even stronger westward
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Fic. 6. Annual cycle of monthly mean SST (deviations from annual mean) across the Pacific averaged from 2°N to 2°S, +1°C contour
darkened, for (a) observations of Shea et al. (1990) and (b) 45-yr averages from CSM.

propagation than the observations. This type of sea-
sonal cycle, with the warm water progression delayed
about 2 months at the beginning of the year, is char-
acteristic of several of the global coupled models in
the Mechoso et al. (1995) study and appears to be a
systematic error in the current generation of coupled
models. However, the CSM captures the amplitude of
the seasonal cyclein the equatorial eastern Pacific rea-
sonably well (with maximum positive values in the
eastern Pacific of about 3°C and largest negative values
of less than —1.5°C).

The seasonal cycle of precipitation in a sector of the
eastern Pacific averaged from 150° to 100°W is shown
in Fig. 7afor the observations of Xie and Arkin (1996)
and in Fig. 7b for the CSM (long-term monthly means
with the annual mean removed). The general charac-
teristics of a stronger ITCZ north of the equator during
the second half of the year and a double ITCZ during
northern spring are reproduced by the CSM. However,
the CSM tends to produce a southern ITCZ year round,

and particularly in northern spring when it is too
strong, with the ITCZ maxima somewhat farther po-
leward than the observed (near 10°-12°S in northern
spring, and around 10°-12°N for the northern ITCZ,
compared to about 5°S and 8°-10°N, respectively, for
the observations). Mechoso et al. (1995) show that the
double ITCZ is a typical problem in global coupled
models without flux adjustment. This could be partly
related to the problems with inaccurate simulation of
stratus clouds off the coast of South America or with
details of the convective parameterization and the SST
errors that result south of the equator in the eastern
Pacific. Errors in the latitudinal position and breadth
of the ITCZ are partly related to the relatively coarse
atmospheric model resolution (Williamson et al. 1995),
though the amplitude of the seasonal cycleisonly mar-
ginally greater than the observed in the ITCZ maxima
north of the equator (annual maximum values of about
12 mm day* for the observations and 14 mm day *
for the CSM).
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Fic. 7. () Annual cycle of zonally averaged precipitation across
the eastern Pacific (150°~100°W), 6 mm day—* contour darkened; (b)
same as (a) except for 45-yr averages from CSM.

4. Interannual variability

Time series of smoothed monthly mean area-aver-
aged SST anomalies from the NINO3 region in the
equatorial Pacific (150°—90°W, 5°N-5°S) for the 45-yr
period under consideration from the CSM is super-
imposed on arecent 45-yr period from the observations
(1950-94) and is shown in Fig. 8a. The CSM is pro-
ducing roughly 55%—60% the amplitude of the obser-
vationsfor this period. Standard deviationsfor thetime
seriesin Fig. 8afor the observationsare 0.73°C (0.86°C
for the unsmoothed time series) and 0.39°C (0.49°C)
for the CSM.

A time series for the same periods of CSM and ob-
servations as in Fig. 8ais shown for the Southern Os-
cillation index [ SOI, ameasure of the sealevel pressure
(SLP) difference for Tahiti minus Darwin] in Fig. 8b.
Again the CSM has about 60% of the amplitude of the
observations. The standard deviation of the smoothed
time series of SOI in Fig. 8b for the observations is
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Fic. 8. Smoothed monthly mean time series (11-point smoother)
from the 45-yr CSM integration (dashed) and for observations for
the 45-yr period 195094, for (a) area-averaged NINO3 (5°N-5°S,
90°-150°W) SST anomalies; (b) Southern Oscillation index; (c) area-
averaged NINO4 (5°N-5°S, 160°E—150°W) SST anomalies. Model
values superimposed on observations do not imply predictability but
simply illustrate relative amplitude of variability of the CSM com-
pared to observations.

1.23 mb (1.65 mb for the unsmoothed time series) and
0.72 mb (1.30 mb) for the CSM.

Comparable time series for the NINO4 area-aver-
aged SST anomalies (5°N-5°S, 160°E-150°W) in the
central equatorial Pacific in Fig. 8c shows the CSM
and observations closer in amplitude, with the obser-
vations having a standard deviation for the smoothed
time series of 0.58°C (0.64°C unsmoothed), and 0.43°C
(0.55°C) for the CSM. As will be seen later, this is
symptomatic of greater interannual variability of SSTs
in the CSM in the western equatorial Pacific than the
east compared to observations. Current global coupled
models typically show amplitudes in these measures
less than observed (Meehl 1995) with the models sim-
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ulating either somewhat less or similar amplitude of
NINO3 SST anomalies compared to the CSM. For ex-
ample, the Hadley Centre coupled model in the United
Kingdom (Tett 1995) shows amplitudes of NINO3 SST
anomalies about half the observed, while the Meteo-
rological Research Institute model in Japan (Yukimoto
et al. 1996) is roughly comparable to the CSM. A re-
cent version of a global coupled model at the Max-
Planck Institute in Germany (Roeckner et al. 1996) has
comparable or slighter greater amplitude tropical Pa-
cific SST variability compared to the CSM.

A more challenging test of a coupled model is to
reproducethe spatial patterns of interannual variability.
Figure 9 shows the correlation of the SOI with surface
temperatures for observations, the CCM3, and the
CSM. The observations and models all show negative
correlations of up to —0.8 in the eastern tropical Pacific
and near —0.4 in the western Indian Ocean (negative
SOI, as in an ENSO event, associated with positive
SST anomalies in those areas), and positive correla-
tions of +0.4 to +0.6 over the western tropical Pacific
and near 30°N and 30°S in the Pacific (negative SOI
associated with negative SST anomalies in those ar-
eas). All of these correlations are significant at the 5%
level. As could be expected from the resultsin Fig. 8,
the amplitude of the correlations is about 20% less in
the CSM due to the lower-amplitude SOl and SST
variability.

Note in the observations in Fig. 9a the association
of negative correlations over parts of India, central
Asia, and east Asia with negative correlations over the
eastern tropical Pacific. As noted previously (Kiladis
and van Loon 1988; Meehl 1995, 1997a) a year with
negative SOI indicative of lower SLP over the eastern
Pacific and higher SLP over the Indian sector is often
associated with positive SST anomalies in the eastern
Pacific and positive land surface temperature anoma-
lies over much of south Asia. Thisisindicative of the
linkages between the Indian monsoon, the tropical Pa-
cific, and the tropospheric biennial oscillation (TBO),
whereby the following year has the opposite pattern
with negative SST anomalies in the eastern tropical
Pacific and negative land surface temperature anom-
alies over south Asia. The role of the land surface
temperature anomalies isto set up regional-scale land—
sea (or meridional) temperature gradientsthat influence
the subsequent monsoon. Thus, as outlined by Meehl
(1995, 1997a), the positive SST anomalies in the east-
ern Pacific are associated with a weak monsoon, less
rainfall, less ground wetness, and relatively warm land
temperatures. These warm land temperatures set up
increased land—sea temperature contrast for a strong
monsoon the following year and the opposite set of
anomalies. Negative correlations over parts of south
Asiain Fig. 9a are roughly —0.4 and significant at the
5% level. Inthe CCM3in Fig. 9b, the correlations over
this region drop to around —0.2 to —0.3, and in the
CSM in Fig. 9c they drop again to —0.2 or less with
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more areas of positive correlations. Thus, the CSM
appears to reproduce some of the linkages between the
south Asian monsoon and tropical Pacific SSTs (this
will be explored in greater detail below) but not all of
the land surface connections to interannual variability
in the Pacific SSTs. The indication is that the CSM
will be able to simulate the TBO but with lower am-
plitude compared to observations. This aspect of the
CSM simulation will be discussed in Fig. 14 and is
under further investigation.

Additionally, the CSM has a genera tendency to main-
tain positive correlations in the South China Sea and east-
ern Indian Ocean where the observations show negative
correlations. Positive correlations in the tropical Atlantic
in the observations and CCM3 are not reproduced in the
CSM, though the negative correlations across tropical
South America are simulated in the CSM. The area of
negative correlations in the tropical eastern Pacific is re-
duced in latitudinal extent in the CSM compared to the
observations and CCM3, consistent with the SST errors
shown in Figs. 2 and 4.

Another measure of spatial relationships of interannual
variability in the observations and CSM is given in Fig.
10, which is the correlation of NINO3 SST anomalies
with global SLP. Asin Fig. 9, the large-scale aspects of
the observed (Fig. 10a) east—west atmospheric circulation
and SSTs in the tropical Pacific—Indian Ocean region are
reproduced in the CCM 3 (Fig. 10b) and CSM (Fig. 10c).
Observations and models all show negative correlations
of around —0.8 in the tropical eastern Pacific (low pres-
sure overlies warm water) and correlations of +0.6 to
+0.8 in the western Pacific and Indian Oceans, al sig-
nificant at the 5% level. There are also negative corre-
lations in all three panels of Fig. 10 of around —0.2 to
—0.4 in the Pacific Ocean near 50°N and 50°S, and pos-
itive correlations in the northwest and southwest Pacific
of about +0.4 to +0.6. Linksto the Asian and Australian
monsoons are also evident in Fig. 10 for observations
and the model simulations with positive correlations of
around +0.6 to +0.8 lying over these regions. This re-
flects the relationship between the Southern Oscillation
(out of phase sea level pressure anomalies between the
tropical Indian—west Pacific Ocean and eastern tropical
Pacific in association with NINO3 SSTs that are high
when SLP islow over the eastern Pacific) and the Asian—
Australian monsoons (relatively high SLP associated
with suppressed precipitation and weak monsoons).

However, to better understand the rel ationship between
the tropical Pacific SSTs and the Asian—Australian mon-
soons in the model simulations, it is important to note
the longitudinal position of the zero line separating neg-
ative correlations over the equatorial Pacific and positive
correlations over the western Pacific— ndian sector. In the
observations (Fig. 10a) and the CCM3 (Fig. 10b), the
zero line lies near the date line. In the CSM it is shifted
westward to about 150°E. This is associated with a cor-
responding westward shift of the area covered by the
+0.8 contour that, in the observations, extendsfrom India
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Fic. 9. Correlation of annual mean SOI with global distribution of annual mean surface temperature for (a)
observations (NCAR-NCEP reanalyses) for the period 1979-95; (b) CCM 3 for the period 1950-94; (c) 45-yr period
from CSM.
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Fic. 10. Correlation of annual mean NINO3 SST anomalies with global distribution of sea level pressure for (a)

observations (NCAR-NCEP reanalyses) for the period 1979-95; (b) CCM3 for the period 1950-94; (c) 45-yr period
from CSM.
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Fic. 11. Normalized time series of all-India rainfall index (land points only in the area 5°-30°N, 70°-90°E, JJA), solid line, and NINO3
SSTs (JJA), dashed line for () NINO3 SST anomalies from the NCAR-NCEP reanalyses, 1979-95, and rainfall from Xie and Arkin (1996);
(b) the CCM3 integration from 1950 to 1994; (c) the 45-yr period from the CSM; (d) same as (a) except using the monsoon circulation
index (MCI; u wind anomalies at 850 mb — 200 mb over the area 0°~20°N, 40°-110°E); (e) same as (b) except using the MCI; (f) same
as (c) except using the MCI. Correlation coefficients between the two time series in each frame are given in the upper right-hand corners.

eastward to near 160°E. In CCM3 that area shrinks to a
region from around 105°E to 150°E, while in CSM the
area again extends to India in the west but only to near
130°E at the eastern limit. Thus the implication is that
the CCM 3 will have less strong associations between the
Indian monsoon and NINO3 SSTs, but it will have strong
links between the Australian monsoon and NINO3 SSTs.
Meanwhile the CSM will be opposite to the CCM 3 with
stronger links between NINO3 SSTs and the Indian mon-
soon but weaker connections to the Australian monsoon.
This aspect of the large-scale east—west circulations link-
ing the Asian—Australian monsoons and equatorial Pa-
cific SSTs will be discussed further below.

5. Connections between the Pacific and the
Asian—-Australian M onsoon

Normalized time series of two different Asian sum-
mer monsoon indices are plotted with normalized
NINO3 SST anomalies in Fig. 11 for models and ob-
servations. The Indian monsoon rainfall index (IMRI)
is precipitation averaged over India (land pointsin the
area 5°—30°N, 70°-90°E) for JJA and is comparable to
observed long-term indices for the Indian monsoon
such as the one of Parthasarathy et al. (1991). Standard

deviation of the IMRI for the CSM is 0.70 mm day 1.
An IMRI time series calculated from the Xieand Arkin
observed precipitation dataset (1979-95) for the same
grid points over India as those from the model shows
a standard deviation 13% greater than the CSM with
avalue of 0.79 mm day—*. Thisis consistent with the
general model characteristic of less than observed in-
terannual variability amplitude, though such an index
from the model should able to represent the observed
interannual linkages between monsoon strength and
tropical Pacific SSTs (e.g., Shukla 1987; Meehl 1994).
The monsoon circulation index (MCI) follows the def-
inition of Webster and Yang (1992) and is the differ-
ence of anomalous 850-mb wind minus anomalous
200-mb u wind over the area 0°~20°N, 40°-110°E. As
discussed by Webster and Yang (1992), the MCl is a
regional-scale dynamical index thought to be more in-
dicative of the strength of the monsoon over the entire
south Asian region. Both the IMRI and MCI show an
inverse relationship with NINO3 SST in observations
and models such that strong monsoons are generally
associated with negative SST anomalies in the eastern
Pacific.

Correlations in Fig. 11 are given in the upper right-
hand corners of the panels and are —0.23 for the ob-
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served IMRI (calculated from the Xie and Arkin pre-
cipitation dataset for the years 1979-95) and NINO3
SST, —0.06 for the CCM3, and —0.49 for the CSM.
The correlation for the observations is —0.56 if the
updated Parthasarathy et al. Indian monsoon rainfall
index is correlated with NINO3 SSTs for the period
1950-94, with a lower correlation of —0.37 if the pe-
riod 1979-94 is used. This latter number is for the
comparable period that produced a correlation of
—0.23 using the area-averaged gridded precipitation
from Xie and Arkin. The changes in magnitudes of the
observed correlations for different time periods are in-
dicative of secular fluctuations in the strength of the
observed east—west connections between NINO3 SSTs
and Indian monsoon rainfall. Yet the general relation-
ship of relatively cold NINO3 SSTs with strong mon-
soons seems to hold for all periods.

Even though there are errors in the simulation of
details of regional rainfall over Indiain the CSM (Fig.
1), the large-scale east—west linkages are still func-
tioning in the model as has been documented for other
coupled models (e.g., Meehl 1994). Also note that the
relationships are somewhat different for the MCI in
Figs. 11d-f. The observed correlation between MCI
(calculated from the NCAR-NCEP reanalysis data for
the period 1973-95) and NINO3 SSTs is —0.48, and
itis —0.67 for CCM3 and —0.56 for the CSM.

The greatest change in correlationsisfor the CCM3,
wherethereisalmost no relationship betweenthe IMRI
and NINO3 SSTs but a significant (at the 5% level)
negative correlation for the MCI and NINO3 SSTs. In
comparing the models from the Atmospheric Model
Intercomparison Project (AMIP), Sperber and Palmer
(1996) documented a similar phenomenon for the en-
semble of atmospheric models. The models were more
successful in reproducing the dynamical index (MCI)
but had less skill in simulating the rainfall index for
India. Sincethe CCM3 at T42 resolution isin the same
class as many of the models in AMIR, the suggestion
is that rainfall distributions are more difficult to sim-
ulate over a finite area such as India compared to a
large-scale circulation index indicative of dynamical
processes occurring over a large area of south Asia.
However, the CSM, using the same CCM 3 but coupled
to the dynamical ocean, is more successful in simu-
lating the IMRI links to NINO3 SSTs compared to the
CCM3 (correlations of —0.06 for the CCM 3 compared
to —0.49 for the CSM). The implication, which needs
to be explored further, is that a model with internal
dynamical consistency (the CSM being a coupled
ocean—atmosphere model) may be better able to re-
produce linkages between large-scale circulation and
regional rainfall regimes. There are also factorsat work
relating the location of the centers of the large-scale
east—west circulation in the observations and models.
As discussed above in relation to Fig. 10, the region
of largest correlations between sea level pressure and
NINO3 SSTs contracts in CCM3 to fall only over the
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Fic. 12. Normalized time series of Australian monsoon rainfall
index (all points in the area 15°S-0°, 110°-150°E, DJF), solid line,
and NINO3 SSTs (DJF), dashed line for (@) NINO3 SST anomalies
from the NCAR-NCEP reanalyses, 1979-95, and rainfall from Xie
and Arkin (1996); (b) the CCM3 integration from 1950 to 1994; (c)
the 45-yr period from the CSM. Correlation coefficients between the
two time series in each frame are given in the upper right-hand cor-
ners.

Indonesian region, while in CSM the center of largest
correlations shifts westward to lie partly over southern
India. This shift is associated with a westward move-
ment of the nodal line between positive and negative
correlations in the tropical Pacific.

Similar time series for an Australian monsoon index
of area-averaged rainfall for the DJF season over the
area 15°S-0°, 110°-150°E (including most areas of
maximum precipitation for that region during the Aus-
tralian monsoon season in Fig. 3) and for NINO3 SSTs
are shown in Fig. 12. The linkages between this mon-
soon regime show observed correlations of —0.75
(strong Australian monsoons being associated with
negative SST anomalies in the NINO3 region), while
the CCM3 has a correlation of —0.30 compared to the
CSM with only a correlation of —0.05. The reduced
negative correlation in the CSM isrelated to the stron-
ger than observed cold tongue extending across the
equatorial Pacific (Figs. 3 and 4). As noted above, this
is associated with a westward shift of the area of max-
imum correlations between NINO3 SSTs and SLP in
the western Pacific comparing Figs. 10a,b to Fig. 10c.
Thus, the Australian monsoon in the CSM is closer to
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Fic. 13. Correlation of Indian monsoon circulation index (MCI, u wind anomalies at 850 mb — 200 mb over the
area 0°-20°N, 40°-110°E) and global distribution of surface temperature (JJA) for (a) observations from NCAR-
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for the Australian monsoon rainfall index (all pointsin the area 15°S-0°, 110°-150°E, DJF); (e) same as (b) except
for rainfall index from CCM3; (f) same as (c) except for rainfall index from CSM.

VoLuMmE 11



JUNE 1998 MEEHL AND ARBLASTER 1373

Observations

>nTTIRT.

605 07

msgﬁi}ﬁtgf)v BN
o.zb_ﬁao[gfg

CCM3

f)

CSM

180
FiG. 13. (Continued)



1374

the nodal line of the Walker circulation, while in the
observations the Australian monsoon lies more in the
rising branch with opposite sign anomalies over the
tropical Pacific.

The spatial patterns associated with the relationships
between the Asian—-Australian monsoons and large-
scale atmospheric circulation are shown as the corre-
lation between the MCI and global surface tempera-
tures (Figs. 13a—) and the Australian monsoon index
and global surface temperatures (Figs. 13d—f). As sug-
gested by the time series correlations between the MCl
and NINO3 SSTs, there are negative correlations ex-
ceeding —0.4 for the observations, CCM3, and CSM
over the tropical Pacific. For observations and both
model simulations, there are also negative correlations
over India of around —0.3 to —0.4, indicating that
strong monsoons are associated with cold land surface
temperatures. The observations, CCM3, and CSM
show positive correlations over most areas of the north-
west and southwest Pacific, similar to the pattern for
the SOI and NINO3 SST correlations in Fig. 9.

Correlations cal culated between the Australian mon-
soon rainfall index and global surface temperatures
(Figs. 13d-f) are also consistent with the time series
resultsin Fig. 11 in that observations and both models
have negative correlations over most of the tropical
Pacific with values exceeding —0.4 in the observations
and CCM3, and with smaller-amplitude negative cor-
relations of around —0.1 to —0.2 for the CSM. All
three also show positive correlations over many areas
of the northwest and southwest Pacific, with largest
positive values (greater than +0.4) in the observations
and CCM3 over the far western Pacific and Indonesia.

The timescales of monsoon variability for the CSM
are shown in Figs. 14a,b, which are plots of the spectra
of the IMRI and MCI. There are peaks in the spectra
for both indices roughly in the timescales of the TBO
(around 2.3-2.6 yr) and ENSO (around 5 yr), though
for this 45-yr time series only the ENSO peak in the
MCI is significant at the 5% level. Spectral peaks in
the decadal, ENSO, and TBO timescales are similar to
an observed monsoon index (see Meehl 1997a), and
are also comparable to spectral peaks in observed
|arge-scal e precipitation patterns over the India—Pacific
region (Lau and Sheu 1988). The TBO and ENSO are
probably linked in various ways (e.g., Meehl 1987;
Ropelewski et al. 1992), so the model results are en-
couraging in that they suggest that the CSM is capable
of simulating at least some of these coupled processes
for these timescales. Most of the spectral peaks, though
physically notable, do not exceed the 95% significance
level consistent with the less than observed amplitude
of variability noted earlier (e.g., Fig. 8).

Meanwhile, spectra for the time series of NINO3
SSTs from the CSM (Fig. 14c) also show peaksin the
TBO, ENSO, and decadal frequencies similar to the
monsoon indices in Figs. 14a,b (and observed SST in
the eastern Pacific; e.g., Rasmusson and Carpenter
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1982) as could be expected from the linkages shown
between the Asian monsoon and eastern Pacific SSTs
above. The decadal and TBO peaks for the NINO3
SSTs are not as pronounced as those for the monsoon
index in Fig. 14a, while one of the NINO3 ENSO peaks
with a period of about 4 yr in Fig. 14b is significant
for this time series at the 95% level. Cospectra (not
shown) show large coherence between the two mon-
soon indices and the NINO3 SST index on the decadal,
ENSO, and TBO timescales. However, due to the rel-
atively weaker linkage between the Australian mon-
soon and NINO3 SSTs discussed in Figs. 10 and 12
above, the spectra for the Australian monsoon index
in Fig. 14c has spectral peaks at somewhat different
frequencies compared to the NINO3 SST spectra in
Fig. 14d, and thus there is proportionately less coher-
ence between the two (not shown).

6. ENSO-like features in the CSM

As noted earlier, the CSM simulates interannual vari-
ability in the eastern equatorial Pacific SSTs with are-
duced amplitude compared to observations (see Fig. 8).
Here we examine some of the time—space characteristics
of the associated ENSO-like variability in the CSM.
Figure 15a shows observations (1982—90; S. Tett 1997,
personal communication) of lag correlations between a
time series of area-averaged SST near the NINO3 region
(in this case 5°N-5°S, 90°-105°W, data from the Global
Sea-|ce and Sea Surface Temperature Data Set (GISST))
and vertically averaged temperature as an indicator of
heat content in the top 360 m (5°N-5°S across the Pa-
cific; datafrom NCEP analysis). The observations show
eastward propagation of upper oceanic heat content
anomalies with a phase speed of about 0.2 m s *. Pos-
itive heat content anomalies form in the western Pacific
18 months prior to the largest positive warm SST anom-
alies in the eastern equatorial Pacific (lag correlations
of greater than +0.5) and propagate eastward. At lag
0, largest positive heat content anomalies in the eastern
equatorial Pacific correspond to warmest SSTs there
(correlations of greater than +0.8). The positive heat
content anomalies are then followed by negative heat
content anomalies that also propagate from the western
to eastern Pacific. Largest negative values appear in the
western Pacific a couple months after lag 0 and move
into the eastern Pacific over the next 18 months.

A similar calculation is performed for the CSM and
is shown in Fig. 15b. Here, the time series of NINO3
SST from Fig. 8a is lag-correlated with vertically av-
eraged temperature in the top 360 m averaged from 5°N
to 5°S. There is a similar pattern to the observations,
with eastward-propagating upper-ocean heat content
anomalies with a phase speed of about 0.3 m s, some-
what faster than the observed value of about 0.2 m s—*
in Fig. 15a. Thereisgood qualitative agreement between
the CSM in Fig. 15b and the observations in Fig. 15a,
with positive heat content anomalies forming in the
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FiG. 14. (a) Spectra of JJA all-India monsoon rainfall index from 45-yr period of CSM. Red noise estimate is thin solid line, upper dashed
line is 95% significance level. Band width is denoted ““BW'’ in figure. Decadal, ENSO, and TBO peaks are noted. (b) Same as (a) except
for the monsoon circulation index (MCI). (c) Same as (a) except for the Australian monsoon index for DJF. (d) Same as (a) except for annual

mean NINO3 SSTs.

western Pacific at lag —18 months, moving eastward to
correspond to largest positive NINO3 SST anomalies at
lag O in the eastern Pacific, followed by negative heat
content anomalies that form in the western Pacific and
propagate to the eastern Pacific over the next 18 months.
The values of the lag correlations are larger in the ob-
servations with greater stippled areas of lag correlations
larger than 0.4 and maxima away from the NINO3 area
of about 0.6-0.7 compared to 0.4-0.5 in the CSM. This
is associated with the general reduction of interannual
variability in the tropical Pacific in the CSM compared
to the observations noted in Fig. 8. In spite of that

limitation, the pattern and phase speed of the heat con-
tent anomalies from the CSM compare more favorably
to the observations than several other coupled models
shown by S. Tett (1997, personal communication). In
that study, similar plots from three other coupled models
of varying configurations and resolutions show even
faster eastward propagation of heat content anomalies
than in either the observations or the CSM.

To examine the time evolution of El Nifio- and La
Nifa-like eventsin the CSM, composites are formed for
yearsin Fig. 8awhere the smoothed NINO3 SST anom-
aly first exceeds +0.5°C (for El Nifio-like events) or is
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SST/VAT CORRELATIONS
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Fic. 15. Lag correlations of time series of vertically averaged temperature (VAT, temperatures
averaged over the top 360 m, a measure of upper-ocean heat content) at each grid point across
the Pacific averaged from 5°N to 5°S with NINO3 SST, (a) observed (1982—90 from S. Tett 1997,
personal communication) and (b) CSM. Lag correlations greater than +0.4 and less than —0.4

are stippled.

less than —0.5°C (for La Nifa-like events). Using that
criteria, for the 45-yr period there are five El Nifio-like
events and four La Nifia-like events. In Figs. 16a,b,
Hovmoller diagrams (averaged along the equator) of the
time—ongitude evolution of the composite El Nifio-like
events is compared to a composite of El Nifio events
formed for the period 1979-95 from the NCAR-NCEP
reanalyses. During this time there were three EI Nifio
events (year O or the year of initiation of an event):
1982, 1986, and 1991. These events did not all conform
to the canonical evolution documented for earlier events
(Rasmusson and Carpenter 1982; Wang 1995; Trenberth
and Hoar 1996), but they do provide an indication of
the general features associated with such events.

Figure 16a shows that in the year prior to the incep-
tion to an event in the observations there are negative
SST anomalies east of the date line of several tenths of
adegree and associated easterly 850-mb wind anomalies
of about 1-2 m s~*. The transition to positive anomalies
greater than +0.5°C occurs first in the western Pacific
early in year 0. Positive SST anomalies and westerly
low-level wind anomalies become established right
across the Pacific by late northern spring. There is ev-
idence of weak westward propagation of anomalies
greater than +0.5°C from the eastern to central Pacific
in northern summer to northern winter of year O [seen
more strongly in the pre-1982 events as shown by Ras-
musson and Carpenter (1982)], with peak anomalies ex-



JUNE 1998 MEEHL AND ARBLASTER 1377

NCEP
a) Equatorial SST and 850mb Wind Anomafies
Warm Years minus Long Term Mean

S <t
R
==

auG -4(2!‘

Year O

=1 L
140£ 150€ 160€ 170E 180

Longitude —— Longitude ——
NCEP CsM ) )
C Equatorial SST and 850mb Wind Anomalies Equatorial SST and 850mb Wind Anomalies
Cold Years minus Long Term Mean Cold Years minus Long Term Mean

) 0.25
Vral <

j\n R el

DEC
NOV [y
ocT f?

SEP

Year Q Jut

o Py | (R e
3 e .‘:M;-vv#i\_.w,{ll LN

faee P s - SN

-1 su : -1 s e A\
TADE 1S0E 160€ 170E 180 170W 160W 150W 140W 130W 120W 110W 100W SOW 140€ 150€ 160E 170E 180 170W 160W 150W 140W 130W 120W 110w 100W SOW
Longitude 35 Longitude <—

Fic. 16. () Hovmodller diagram of monthly anomalies of SST and 850-mb vector wind for composite ENSO warm events from NCAR-
NCEP reanalysis for years 0 of 1982, 1986, and 1991, vector scaling arrow (m s-1) at bottom of frame; (b) same as (a) except for composite
ENSO warm events from CSM (5 years 0 defined as the first year the NINO3 SST anomaly in Fig. 8 rises above +0.5°C); (c) same as (a)
except for composite La Nifia cold events for years 0 of 1985 and 1988; (d) same as (b) except for composite La Nifia cold events from
CSM (4 years 0 defined as the first year the NINO3 SST anomaly in Fig. 8 goes below —0.5°C). Dark stippling indicates areas less than
—0.5°C, light stippling areas greater than +0.5°C.
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ceeding +2.0°C and +4 m s*. The characteristic mul-
tiyear events of the 1980s and 1990s (Wang 1995; Tren-
berth and Hoar 1996) are evidenced by a continuation
of the positive SST anomalies through northern summer
of year +1. Events from the pre-1980 period tended to
terminate in northern spring of year +1 (Rasmusson
and Carpenter 1982; Meehl 1987, 1990).

For the CSM in Fig. 16b, thereisamultiyear character
to the anomalies such that positive SST anomalies of
about +0.5°C and westerly wind stress anomaliesnearly
all the way across the Pacific with values of around 2
m st appear in northern spring of year O, similar to the
observationsin Fig. 16a. Thelargest anomaliesin excess
of +1.5°C and +4 m s* occur in the western Pacific
compared to similar magnitude anomaliesin the eastern
Pacific in the observations. Inthe CSM in Fig. 16b there
is a secondary pulse of positive SST anomalies and
westerly wind stress anomalies in northern spring of
year +1 that carries the composite events on into a
second year.

For the La Nifia or cold events, observationsin Fig.
16¢ (for years 0 of 1985 and 1988) show similar features
to the El Nifio eventsin Fig. 16abut with signsreversed.
Thus, there are positive SST anomalies the year prior
to an event associated with westerly low-level wind
anomalies. Easterly wind anomalies spreading from east
to west early in year O (with a somewhat earlier onset
than the positive SST anomalies during El Nifio events
in Fig. 16a) are associated with the negative SST anom-
alies. Peak values of anomalies during the second half
of year O east of the date line exceed —1.5°C and —4
m st SST anomalies less than —0.5°C are terminated
late in northern spring of year +1.

For the CSM La Nifia-like events in Fig. 16d , mul-
tiyear aspects of the El Nifio-like eventsin Fig. 16b are
also evident. Easterly low-level wind anomalies and
negative SST anomalies appear across the Pacific in
northern autumn of year —1; SST anomalies less than
—0.5°C become established across the Pacific during
northern spring of year O as in the observations; peak
anomaliesin excessof —1.5°C and —4 m s *areevident
during the second half of year O in the western Pacific
compared to the eastern Pacific in the observations; and
disappearance of SST anomalies less than —0.5°C oc-
curs in northern spring. A secondary pulse (as in Fig.
16b) of negative SST anomalies and easterly low-level
wind anomaliesis present and can be followed from the
eastern Pacific in February +1 to the western Pacific
in June +1, though it is not as well defined as in the
El Nifio-like eventsin Fig. 16b. In general, the seasonal
timing and evolution of the eventsin the CSM resembles
many aspects of the observed composite events, with
the biggest discrepancies occurring in the western Pa-
cificin the CSM where largest-amplitude anomalies oc-
cur, compared to the eastern Pacific in the observations.

Geographical distributions of surface temperature,
precipitation, SL P, and 850-mb winds for El Nifio minus
La Nifia events defined above for the observations are
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shown for the northern summer (JJA) season of year O
inFig. 17. Largest amplitude SST anomalies are evident
in the far eastern equatorial Pacific with differences ex-
ceeding +1.5°C (Fig. 17a). Positive precipitation anom-
aliesin Fig. 17b extend right across the equatorial Pa-
cific, with suppressed precipitation (negative anomalies)
over many regions of Australasia. However, the anom-
alies are small over India itself. Negative SLP differ-
ences cover most of the Pacific, with largest values in
excess of —2 mb in the subtropics of both hemispheres,
while small-amplitude positive SLP differences cover
much of Australasia (Fig. 17c). The 850-mb vector wind
differences show westerly anomalies over most of the
western Pacific warm pool and no clearly defined anom-
aly pattern in the Indian sector.

For the CSM in Fig. 18 (asindicated in the Hovmoller
diagramsin Fig. 17), the largest-amplitude positive SST
anomalies are established in the western Pacific (values
exceeding +1.5°C) with negative differences of around
—0.5°C in the northwest and southwest Pacific. Positive
precipitation anomalies are also greatest in the western
Pacific in Fig. 18b, with negative differences over much
of Australasia. SST anomalies in the CSM in Fig. 18a
are near zero off the west coast of South America near
the equator, while observed SST anomalies in that 1o-
cation in Fig. 17a are greater than 1°C. Though attri-
bution of these features to specific causes is beyond the
scope of this paper, we speculate that simul ation features
involving both the seasonal cycle (Figs. 6-7) and in-
terannual variability (e.g., Figs. 16-18) are in general
problematic for the CSM and the other coupled models
aswell (Mechoso et al. 1995). Thiscould relateto errors
in the mean wind field (Fig. 2) or in other coupled
processes in that region (Neelin and Dykstra 1995).

Negative SLP differences (Fig. 18c) cover most of
the Pacific as in the observations, with larger-amplitude
negative difference maxima in the Pacific displaced
somewhat poleward near 40°N and 40°S compared to
30°N and 30°S in the observations in Fig. 17c. Small-
amplitude positive differences of around 1 mb cover
most of Australasia. Stronger than observed westerly
wind anomalies (about 7-8 m s~* in the CSM compared
to 5-6 m s* in the observations) occur in the western
equatorial Pacific in the CSM, with easterly component
vector wind differences over the Arabian Sea (associ-
ated with the suppressed precipitation over south Asia
in Fig. 18b) indicative of the strong inverse relationship
between tropical Pacific SSTs and the Indian monsoon
in the CSM noted above in Figs. 10 and 11.

For the following northern winter (DJF) season in
Fig. 19, the El Nifio minus La Nifa differences for
observations show positive SST differenceswith largest
values east of the date line (over +2.5°C) and negative
differences to the north and south in the subtropics of
the Pacific. Associated with these SST differences, there
are positive precipitation anomalies in the central equa-
torial Pacific with values in excess of 12 mm day—* and
suppressed precipitation (negative differences) over
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southeast Asia to the west. SLP differencesin Fig. 19¢c
show astrong Southern Oscillation pattern with negative
values of 1-2 mb over the eastern tropical Pacific and
positive differences of similar magnitude over Austral-
asia. An enhanced Aleutian low, in this case represented
by negative differences over —10 mb in the Gulf of
Alaska, is associated with negative differences of sev-
eral mb in the southern midlatitudes near 50°S across
the southwest Pacific and Indian Oceans. The 850-mb
wind differencesin Fig. 19d show westerly vector wind
anomalies of 7-8 m s~ across most of the central equa-
torial Pacific and easterly anomalies to the west over
Southeast Asia.

The CSM in Fig. 20 shows qualitatively similar fea-
tures to the observations in the large-scal e patterns, with
some regional differences. The largest-amplitude posi-
tive SST differencesin Fig. 20a are centered near 160°E
in the western Pacific compared to the observations that
had largest values east of the date line. Associated with
those SST differences, the largest positive precipitation
differencesin the CSM in Fig. 20b are over the western
Pacific warm pool, while they are centered near the date
line in the observations in Fig. 19b. SLP differencesin
the CSM are around —0.5 mb over the eastern equatorial
Pacific in Fig. 20c, while they exceed +3 mb over the
Indian Ocean. In the observations in Fig. 19c, the neg-
ative SLP anomalies in the eastern Pacific are about
twice those in the CSM, while the positive differences
in the Indian sector are about half that of the CSM. The
deepened Aleutian low in the north Pacific in the CSM
is present in Fig. 20c as represented by maximum neg-
ative SLP anomalies of about —11 mb but shifted south
and centered near 45°N (as opposed to about 60°N in
the observations). The negative SLP differences near
50°S do not extend as far across the Indian Ocean in
the CSM compared to the observations. The 850-mb
vector wind differences are consistent with the SST and
SL P resultsin that the largest-amplitude westerly anom-
alies (about 6-7 m s—1) are centered in the western equa-
torial Pacific compared to the observations where they
are mostly east of the date line. The easterly valuesin
the Indian sector are also shifted west toward the equa-
torial western Indian Ocean.

To further illustrate the westward shift of the maxi-
mum SST variance in the CSM compared to observa-
tions, Fig. 21 shows the ratio of interannual standard
deviations for the 45-yr time series of observed SSTs
and those calculated from the CCM3 over land, and
standard deviations of surface temperatures calculated
for land and ocean from CSM. Areas greater than 1.0,
indicating the CSM is simulating greater interannual
variability of surface temperatures, are shaded. Note
maximum values greater than 2 near the equator, 155°E
in the western Pacific warm pool, consistent with the
results described above in Figs. 1620 in that the CSM
is overestimating SST interannual variability in that lo-
cation compared to the observations. There is also en-
hanced interannual variability of SSTsin the CSM ex-
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tending northeastward and southeastward from the west-
ern Pacific into the subtropics of the central Pacific.
These aspects of interannual SST variability are related
in part to the variability of the surface winds and to the
mean temperature structure in the upper ocean. Exam-
ination of upper-ocean temperature profiles (not shown)
shows that the areas of enhanced SST variability in the
CSM have colder than observed temperatures in the
thermocline, while there are warmer than observed ther-
mocline temperaturesin the areas of reduced interannual
SST variability in the eastern tropical Pacific. Thisim-
plies that the cooler thermocline waters are more easily
reached via Ekman pumping, thus contributing to larger
SST variability, while the opposite would be the case
in areas of warmer thermocline water. Additionally, in
the equatorial eastern Pacific the CSM surface u wind
has less interannual variability than the observations,
while some areas of the western Pacific (as noted in
Figs. 16-20) and in the off-equatorial tropical Pacific
have enhanced surface wind variability. Of course the
ocean temperatures and surface winds are closely cou-
pled, and further sensitivity experiments are required to
elucidate the exact combination of processesresponsible
for the patterns of SST variability in the CSM.
Though the values over ocean points are for CSM
compared to observations, the values over land are in-
dicative of the interannual variability produced in land
surface temperatures in the CCM3 compared to the
CSM. Most notable in this measure is enhanced vari-
ability over India in the CSM compared to the CCM 3,
consistent with the greater linkages between the Indian
monsoon and tropical Pacific SSTs shown in Fig. 11.

7. Conclusions

This comparison between CSM and observations
must not be taken too literally due to the small sample
from the observations and the large interevent vari-
ability. In general, the CSM without flux adjustment is
performing at alevel comparable to or somewhat better
than some other global coupled models in its class.
Some consistent features are evident in the CSM com-
pared to the CCM3 run with observed SSTs for the
period 1950-94 and observations, and can be summa-
rized as follows.

1) The CSM represents most major features of the trop-
ical Pacific-Asian—-Australian monsoon system cli-
matol ogy, with oceanic precipitation maximagreater
than observed by about 50% or more and monsoon
rainfall about 50% of the observed values. Largest
discrepancies between the CSM, observations, and
the CCM 3 simulation occur in the equatorial eastern
Indian Ocean and near the Philippines. Additionally,
the equatorial SST gradient across the Pacific in the
CSM is shown to be similar to the observed with
somewhat cooler mean SSTs across the entire Pacific
by about 1°-2°C.
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Fic. 21. Ratio of the standard deviation of annual mean surface
temperature for the CSM and CCM 3 45-yr integrations. Areas where
the ratio exceeds 1.0 (denoting more interannual variability in the
CSM compared to the observations over ocean and surface temper-
atures computed by the CCM3 over land) are stippled.

2) The seasonal cycle of SSTsin the eastern equatorial
Pacific in the CSM has the characteristic signature
seen in the observations of relatively warmer SSTs
propagating westward in the first half of the year
followed by the reestablishment of the cold tongue
with relatively colder SSTs propagating westward in
the second half of the year. Like other global coupled
models, the establishment of the relatively warmer
water in the first half of the year occurs about 1-2
months later than observed thus simulating a stron-
ger semiannual component than in the observations.
The seasona cycle of precipitation in the tropical
eastern Pacific is aso similar to other global coupled
models with this horizontal resolution in that there
is a tendency for a stronger than observed double
ITCZ year round but particularly in northern spring.
The precipitation maximum is farther poleward by
several degrees of latitude and has greater |atitudinal
extent but with a well-reproduced annual maximum
of ITCZ strength north of the equator in the second
half of the year.

3) Time series of area-averaged SSTs for the NINO3
region in the eastern equatorial Pacific show that the
CSM produces about 60% of the amplitude of the
observed variability in that region, consistent with
most other global coupled models. Global correla-
tions between NINO3 time series, global surface
temperatures, and sea level pressure show that the
CSM qualitatively reproduces the major spatial pat-
terns associated with the Southern Oscillation (lower
SLP in the central and eastern tropical Pacific when
NINO3 SSTs are relatively warmer with higher SLP
over the far western Pacific and Indian Oceans, with
colder water in the northwest and southwest Pacific).

4) Indices of Asian—Australian monsoon strength are
negatively correlated with NINO3 SSTs as in the
observations. Spectra of two Indian monsoon indices
and NINO3 SSTs from the CSM show coherent am-
plitude peaks in the Southern Oscillation and tro-
pospheric biennial oscillation (TBO) frequencies (3—
6 yr and about 2.3 yr, respectively), though only the
ENSO-related peak in MCl and NINO3 SSTsis sig-
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nificant at the 95% level. There is much less coher-
ence between the Australian monsoon index and
NINQO3 SSTs, partly due to the westward shift of the
large-scale east—west circulation in the CSM asso-
ciated with colder than observed SSTs extending
across the Pacific into the warm pool.

5) Lag correlations between the NINO3 SST index and
upper-ocean heat content along the equator for the
CSM show eastward propagation of heat content
anomalies with a phase speed of about 0.3 m s,
compared to observed values of roughly 0.2 m s 2.
Composites of El Nifio (La Nifia) eventsin the CSM
show similar seasonal evolution to composites of
observed events with warming (cooling) of greater
than severa tenths of a degree beginning early in
northern spring of year 0 and diminishing around
northern spring of year +1, with a secondary re-
surgence later in northern spring of year +1. The
CSM shows largest-amplitude ENSO SST and |ow-
level wind variability in the western tropical Pacific,
compared to the central and eastern tropical Pacific
in the observations. Enhanced interannual SST vari-
ability in the CSM also extends from the western
Pacific into the subtropics of the central north and
south Pacific.

A number of aspects of the component models in the
CSM formulation are being examined to improve fea-
tures described in this paper. For example, better sim-
ulation of boundary layer stratus in the eastern Pacific
should contribute to better SST simulation there. A com-
puted cloud liquid water scheme should also contribute
to improved coupled feedbacks between atmosphereand
ocean. Tests are also planned with aversion of the ocean
model with higher latitudinal resolution in the equatorial
region. This could improve the simulation of some of
the ENSO phenomena documented in this study aswell.
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