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ABSTRACT

The seasonal cycle of SST observed in the eastern equatorial Pacific is poorly simulated by many ocean—
atmosphere coupled GCMs. This deficiency may be partly due to an incorrect prediction of tropical marine
stratocumulus (M Sc). To explore this hypothesis, two basic multiyear simulations have been performed using
a coupled GCM with seasonally varying solar radiation. The model’s cloud prediction scheme, which under-
predicts tropical marine stratocumulus, is used for al clouds in the control run. In contrast, in the *‘ISCCP”
run, the climatological monthly mean low cloud fraction is specified over the open ocean, utilizing C2 datafrom
the International Satellite Cloud Climatology Project (ISCCP). In this manner, the treatment of MSc clouds,
including the annual cycle, is more realistic than in previous sensitivity studies.

Robust surface and subsurface thermodynamical and dynamical responses to the specified MSc are found in
the Tropics, especially near the equator. In the annual mean, the equatorial cold tongue extends farther west and
intensifies, while the east-west SST gradient is enhanced. A double SST maximum flanking the cold tongue
becomes asymmetric about the equator. The SST annual cycle in the eastern equatorial Pacific strengthens, and
the equatorial SST seasonal anomalies migrate farther westward. M Sc-induced local shortwave radiative cooling
enhances dynamical cooling associated with the southeast trades. The surface meridional wind stress in the
extreme eastern equatorial Pacific remains southerly all year, while the surface zonal wind stress and equatorial
upwelling intensify, as does the seasonal cycle of evaporation, in better agreement with observation. Within the
ocean, the thermocline steepens and the Equatorial Undercurrent intensifies. When the low clouds are entirely
removed, the SST warms by about 5.5 K in the western and central tropical Pacific, relative to *‘ISCCR’ and
the model’s SST bias there reverses sign.

ENSO-like interannual variability with a characteristic timescale of 3-5 yr isfound in al simulations, though
its amplitude varies. The *‘ISCCP" equatorial cold tongue inhibits the eastward progression of ENSO-like warm
events east of the date line. When the specified low cloud fractionin *“ISCCP”" isreduced by 20%, the interannual
variability amplifies somewhat and the coupled model responds more like a delayed oscillator. The apparent
sensitivity in the equatorial Pacific to a 20% relative change in low cloud fraction may have some cautionary
implications for seasonal prediction by coupled GCMs.
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1. Introduction

The annual cycle in the eastern tropical Pacific has
been a topic of considerable interest in recent years.
Both components of the surface wind stress as well as
the sea surface temperature (SST) exhibit a pronounced
annual cycle in the eastern equatoria Pacific. Another
prominent feature of the annual cycle, noted by Horel
(1982) is the rapid phase propagation along the equator
of SST and zona wind seasonal anomalies. The cli-
matological annual mean states of SST and the merid-
ional components of the surface wind stress and ocean
currents in the eastern tropical Pacific are asymmetric
about the equator. There, colder SSTs are found south
of the equator and warmer SSTs north of it, while the
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meridional components of the surface wind stress and
ocean currents are directed northward at the equator
year-round.

Observational studies such as Wallace et al. (1989),
Mitchell and Wallace (1992), Wang (1994), and Nigam
and Chao (1996) have shown the important role of air—
seainteractionsin the observed annual cycle. Inthe east,
the ocean exhibits a dynamical response to the seasonal
cycle of the surface winds. Eastward of longitude
100°W, the meridional component of surface wind stress
induces coastal upwelling. The possibility of positive
feedbacks also arises. Mitchell and Wallace proposed a
positive feedback loop involving the meridional com-
ponent of surface wind stress and SST. Along the equa-
tor, the annual cycle in surface wind stress affects equa-
torial upwelling.

Among the intriguing questions is: why there should
be an annual cycle rather than a semiannual cycle on
the equator, when the antisymmetric mode of solar ra-
diative forcing is a minimum there? Also, why is the
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annual cycle on the equator more in phase with the
seasonal cycle in the Southern Hemisphere? Using the
simple linearized coupled model approach, Xie (1996)
discovered a westward propagating coupled instability
mode that is antisymmetric about the equator. The in-
stability is caused by a wind—evaporation—-SST feed-
back. In the simple coupled model of Chang (1996), the
air—sea interactions in the meridional direction are cru-
cial to the development of the pronounced annual cycle
in the near-coastal zone of the eastern tropical Pacific.
In contrast, the air—seainteractionsin the zonal direction
are largely responsible for the westward expansion of
the annual cycle along the equator.

The anomaly coupled model of Li and Philander
(1996), with linearized dynamics, can maintain an an-
nual cycle in the eastern tropical Pacific. Taking the
asymmetric annual mean states there as given, the lin-
earized meridional thermal advection term is antisym-
metric about the equator. Thus, this term contributes to
an annual cycle, whose amplitude will depend upon the
amplitude of the air—seainteractions. Their model’s SST
annual cycle in the eastern equatorial Pacific was too
weak, when evaporative flux alonewasretained. Adding
the upwelling term produced considerable amplification
and a forward phase shift. The further addition of pa-
rameterized marine stratocumulus (often referred to
hereinafter as MSc) clouds modestly enhanced the am-
plitude of the annual cycle, and dlightly retarded its
phase.

However, the linearized anomaly model approach
begs the question of what sustains the asymmetric an-
nual mean state. The fully nonlinear coupled ocean—
atmosphere general circulation model (GCM) approach
could conceivably provide more insight. Neelin et al.
(1992) reviewed the status of coupled ocean—atmo-
sphere models. Unfortunately, they found that the ob-
served SST seasonal cycle and cold annual mean SSTs
in the equatorial eastern Pacific were simulated quite
poorly by many GCMs. In an updated review, Mechoso
et al. (1995) reported some improvement. The deficien-
cies of many coupled GCMs, including the model of
Rosati et al. (1997), may be due, in part, to their un-
derprediction of subtropical MSc clouds (Browning
1994), and their inability to predict the seasonal cycle
of those clouds. MSc respond directly to SST, atmo-
spheric stability, and other factors as shown from the
observational studies of Klein and Hartmann (1993) and
others. In turn, M Sc clouds have adirect local shortwave
radiative cooling effect on SSTs, by reducing the net
shortwave radiative flux at the surface. In a nonlinear
coupled GCM, the possibility exists for positive feed-
backs between M Sc-induced shortwave radiative cool-
ing and dynamical cooling mechanisms associated with
the southeast trades. Conceivably, the strength of the
annual cycle of SSTsin thetropical eastern Pacific could
even have a nonlocal impact on other tropical phenom-
ena, including the evolution of ElI Nifio-Southern Os-
cillation (ENSO) events. Nigam (1997) has proposed a
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new feedback for the near coastal region of the eastern
tropical Pacific from March until May, that is, longwave
radiative cooling associated with M Sc clouds generates
southerly surface winds, which in turn foster the growth
of MSc.

The approach of Li and Hogan (1999) is designed to
side step the difficulties coupled GCMs may have main-
taining the time mean state. Taking a cue from the find-
ings of Li and Philander (1996), they nudged their own
coupled GCM toward the observed time mean state, by
imposing an annual mean flux adjustment. This type of
flux adjustment may be less constraining than the sea-
sonally varying type. In any case, their model responded
by generating an improved seasonal cycle and robust
interannual variability.

Three recent coupled GCM studies have explored the
role of marine stratocumulus clouds in maintaining an
asymmetric time mean state and the annual cycle. Phi-
lander et al. (1996) considered various mechanisms, in-
cluding the impact of empirically predicted M Sc cloud
fraction upon the dynamics that might explain why the
ITCZ is mostly north of the equator. The MSc cloud
fraction served as an input parameter of an empirical,
surface shortwave radiative flux correction for the
ocean, but did not directly affect the atmospheric ra-
diation. Whereas all else faled, their MSc clouds am-
plified preexisting weak asymmetries, to generate an
asymmetric SST distribution about the equator in the
eastern tropical Pacific. In their view, this seems to be
aprerequisite for successfully simulating the annual cy-
clein the eastern tropical Pacific. However, they could
not specifically address the seasonal cycle, since annual
mean solar radiation was employed.

Ma et al. (1996) specified idealized marine strato-
cumulus with a cloud fraction of 100% year-round off
the coast of Peru and studied its impact upon SST in
the eastern tropical Pacific. Their idealized Peruvian
MSc reduced the warm SST bias in the southeastern
tropical Pacific of their GCM. Yu and Mechoso (1999)
have examined the impact of seasonally varying Peru-
vian M Sc by specifying M Sc either during the first half
or during the second half of the year. The latter, more
realistic seasonal variation of the M Sc clouds appeared
to be crucial for simulating the seasonal cycles of SST
and dynamical and evaporative cooling in the eastern
tropical Pacific.

In this study, we examine the tropical response of our
coupled GCM to quasi-realistic specified M Sc (and oth-
er low) clouds versus those currently predicted by our
coupled GCM. Our strategy was guided by thefollowing
considerations. Although the complex physical pro-
cesses affecting M Sc have become somewhat better un-
derstood since the survey by Browning (1994), most
M Sc schemes, including our own, used in current cou-
pled GCMs still inadequately predict M Sc cloud fraction
and cloud optical properties. The deficiencies include
the lack of prognostic cloud water (in some GCMs),
insufficiently detailed microphysical processes such as
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drizzle formation, and incompl ete representation of mix-
ing processes across the inversion and of exchanges of
heat and moisture between the surface and the boundary
layer. Second, other biases of a coupled GCM could
adversely affect the performance of the perfect scheme
for predicting MSc. On the other hand, analyses of
cloud, derived from satellite measurements of radiation
at the top of the atmosphere, are now available.

As in Yu and Mechoso (1999), the role of MSc in
maintaining the annual cycle in the eastern tropical Pa-
cific and the mechanisms involved will be addressed. A
robust equatorial dynamical response to MSc forcing is
a significant finding. However, our approach is novel in
several aspects. First, a seasonally varying low cloud
fraction field is specified over the open ocean, utilizing
monthly mean low cloud data from the International
Satellite Cloud Climatology Project (ISCCP). With sea-
sonally varying ISCCP cloud data, the SST response
and its causes may be explored in amorerealistic setting
than has been done heretofore. Second, integrating a
different model for alonger period, that is, 23 yr, offers
some check on the robustness of results of earlier, more
idealized studies. Third, an auxiliary experiment with-
out low clouds helpsto clarify the impacts of low clouds
on the tropical thermodynamical and dynamical re-
sponses. Fourth, the interannual SST response is ex-
amined. Fifth, the sensitivity of the SST interannual
response to relatively small fluctuationsin specified low
cloud fraction is analyzed. The latter two aspects are
both of potential interest to the ENSO prediction prob-
lem.

The coupled model is briefly described in section 2.
The experimental design of the basic and auxiliary in-
tegrations, theinitial conditions and verification datasets
are mentioned in section 3. The annual mean and sea-
sonal cycle equatorial responses from the multiyear sim-
ulations are examined in section 4. The interannual var-
iability responses are described in section 5. Equatorial
cold tongue dynamics is discussed in section 6. Con-
cluding remarks are presented in section 7.

2. Description of the coupled model

The Modular Ocean Model (MOM) (Pacanowski
1995) has been coupled to a global atmospheric GCM.
The MOM (version 1) has 1° horizontal resolution (ex-
cept for ¥5° in the meridional direction between latitudes
10°N and 10°S) on astaggered B grid, 15 vertical levels,
and static stability-dependent vertical mixing based
upon a Mellor and Yamada level 2.5 turbulence closure
scheme. The configuration of the MOM employed in
the present investigation and its coupling to the atmo-
spheric GCM are described in Rosati et al. (1997).

The atmospheric GCM has evolved from the Gordon
and Stern (1982) global spectral model. The version
employed here has T30 (triangular 30) spectral hori-
zontal resolution, 18 sigma levels in the vertical, and
Gibbs-filtered orography. It incorporates most of the
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physical parameterizationsfound in Stern and Miyakoda
(1995), although a few have been modified, replaced,
or switched off. Among those retained intact are: static
stability-dependent vertical mixing, based upon a Mon-
in—Obukhov formulation in the surface layer, and aMel-
lor and Yamada level 2.5 turbulence closure scheme in
the planetary boundary layer and free atmosphere; water
bucket hydrology; and gravity wave drag.

Full radiation is calculated every 12 h, and the solar
radiation is seasonally varying but not diurnally vary-
ing. The radiative transfer algorithms are essentially the
same as documented in Gordon (1992). However, in-
stead of being a constant, that is, 0.9942, the near-in-
frared single-scattering albedo, w,,, is now a piecewise
continuous, monotonic function of zonal mean satura-
tion water vapor mixing ratio, {(q.), at the bottom sigma
level (level 18). Here w,, attains its maximum value,
0.970, for {qs) = 2.0 X 10-2. Cloud absorption is mod-
erately enhanced in the Tropics by this parameterization.
The physical basis for anomalous cloud absorption is
controversial. Observational evidence in support of it,
cited by Cess et a. (1994) has been questioned by oth-
ers. Originally, it was implemented in our atmosphere-
only model to control its tropical zonal mean net ab-
sorbed shortwave bias. In the coupled model version,
the SST cold hias in the western tropical Pacific de-
creases by ~0.5°C.

The most drastic modification is that the Arakawa—
Schubert (AS) parameterization of cumulus convection
(Sirutisand Miyakoda 1990) has replaced the moist con-
vective adjustment (MCA) scheme. With AS cumulus
convection, model-simulated SSTs are generally >2°C
warmer over the Pacific basin (Sirutis and Rosati 1996).

The diagnostic cloud prediction scheme of Gordon
(1992) was retuned for AS convection to counteract the
effect of its moister atmosphere upon the scheme.
Namely, the threshold relative humidity for stratiform
clouds was raised from 70% to 80% and the linear re-
lationship between cloud fraction and relative humidity
was replaced by a quadratic one. Even so, the upper
troposphere is more cloudy with AS than with MCA.

The algorithm for MSc cloud fraction has also been
revised, in an attempt to improve the simulation of trop-
ical MSc. In Gordon (1992), MSc low cloud fraction
was diagnosed as a linear function of dry static stability
of the most stably stratified model layer in the lower
troposphere, with relative humidity as an auxiliary pre-
dictor, based upon a relationship developed by Slingo
(1987) for the European Centre for Medium-Range
Weather Forecasts model. The revised scheme utilizes
an approach similar to Philander et al. (1996), whereby
the temperature difference between 850 hPa and the
surface is the sole predictor, and ISCCP cloud data is
used to derive the linear regression formula. Unfortu-
nately, when employed in our coupled model integra-
tions, it quickly becomes ineffective, as the developing
warm SST bias in the MSc region is associated with a
concurrent reduction in lower-tropospheric static sta-
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bility there. Constant values of cloud optical depth for
low, middle, high (anvil cirrus), and convective clouds,
that is, 7, = 9.0, 7, = 6.0, 7, = 2.5, and 7, = 18.0,
are used to calculate cloud emissivity, reflectance and
absorptance, in all integrations, as in Gordon (1992).
Also, all high clouds are assumed to be anvil cirrus (with
emissivity close to 1).

3. Experimental setup

The basic experiment consists of a pair of integra-
tions, which differ only in the treatment of low cloud
fraction over the open ocean. It is predicted in the
control integration (hereinafter CNTRL), whereas a
1984-90 “climatology” of monthly mean low cloud
fraction, derived from ISCCP C2 monthly diurnal mean
data (Rossow and Schiffer 1991), is linearly time in-
terpolated to radiation time steps for insertion into the
model in the ISCCP integration (hereinafter
“1SCCP""). The monthly diurnal mean low cloud frac-
tion is actually computed as

low = total — high — middle, (1)

where total, high, and middle denote the ISCCP C2
monthly diurnal mean total, high, and middle cloud frac-
tions, respectively. This formula is preferable to using
ISCCP C2 low cloud fraction data directly, because
shortwave radiances are a better discriminator than in-
frared radiances of marine stratocumulus clouds. How-
ever, in the ISCCP C2 dataset, only the total cloud frac-
tion is derived from both shortwave and infrared radi-
ances; its low, middle, and high cloud fractions are all
derived from infrared radiances only. Equation (1) is
consistent with the overlap assumptions used to generate
the ISCCP C2 IR-marginal total cloud amount. |ISCCP
cloud-top pressure data are employed to position the
ISCCP low clouds within the vertical column. In the
present suite of experiments, those clouds are assumed
to be one sigma layer thick, being centered at full sigma
levels. In all runs, low cloud fraction is still predicted
over land and sea ice, while middle and high cloud
fractions are predicted everywhere. Predicted low
clouds are usually one, but sometimestwo, sigmalayers
thick.

The above approach captures the essence of the *‘ sen-
sitivity of the seasonal cycle to marine stratocumulus”
problem, since the ISCCP low cloud classification ap-
plies mainly to boundary layer clouds, including M Sc.
(In contrast, clouds associated with synoptic systems
having higher tops, would tend to be categorized in
ISCCP C2 as middle clouds.) By predicting middie and
high cloud fractions, the constraint that specified cli-
matological mean low cloud fraction might impose on
equatorial interannual variability is relaxed somewhat.
Also, the sensitivity of the simulated outgoing longwave
radiation budget to clouds (which is strongest for high
clouds) may be reduced. Retaining the predicted low
cloud fraction over land should temper cloud-induced
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TABLE 1. Treatment of low clouds in various simulation

experiments.
Experiment Low cloud fraction over the open ocean
CNTRL Fully predicted by diagnostic cloud scheme.
“ISCCP” Specified from the ISCCP C2, seasonally varying
1984-90 7-yr climatology.
ISC.8 Same as “‘ISCCR”" except the ISCCP low cloud
fraction is scaled by 0.8.
NOLOW Set low cloud fraction = 0, over the open ocean.
HYB Hybrid of “ISCCP” in the eastern tropical Pacific

(120-65°W, 30°S-20°N) and CNTRL elsewhere.

differencesinthe“1SCCP"’ versus CNTRL land surface
heat budgets, since there is relatively little low cloud-
iness over land according to ISCCP. Otherwise, such
differences could potentialy affect the general circu-
lation and the oceanic response. Specification of the
same fixed cloud optical depths in both the CNTRL and
“ISCCP” experiments simplifies the analysis of the re-
sults.

Some auxiliary multiyear simulation experiments
have also been performed. In NOLOW, the predicted
low cloud fraction is reset to zero over the entire open
world ocean, including over the MSc regions, but is
retained over land and sea ice. This highly idealized
experiment provides some insight into the coupled mod-
el’'s “ISCCP” minus CNTRL dynamical response to
M Sc forcing. Additionally, comparison of the**ISCCP”
versus NOLOW SST biases in the western equatorial
Pacific suggests how sensitive our current coupled sys-
tem is to biases in (low) cloud-radiative forcing there.
HYB is ahybrid of NOLOW and ““ISCCP” Here, pre-
dicted low cloud amount is reset to zero over the entire
open World Ocean, except in the eastern tropical Pacific
domain (120°-65°W and 30°S-20°N), where | SCCP low
cloud amount is specified. HYB results will confirm
whether the impact of ISCCP clouds in the eastern trop-
ical Pacific remains qualitatively intact, when the low
cloud fraction farther west decreases substantially. The
ISCCP low cloud amount field isscaled by 0.8in 1SC.8,
to test the sengitivity of the interannual variability re-
sponse to arelatively modest change in M Sc cloud frac-
tion. Salient characteristics of thelow cloudsin CNTRL,
“ISCCPR” and auxiliary experiments are summarized in
Table 1.

All multiyear integrationswere started from 1 January
1982 initial conditions. The atmospheric initial condi-
tions were obtained from the National Centers for En-
vironmental Prediction, while the oceanic initial con-
ditions were generated by the four dimensional ocean
data assimilation (ODA) system of Rosati et al. (1995).

The CNTRL, “ISCCR"” ISC.8, NOLOW, and HYB
simulations were all integrated for 23 yr. The first 3 yr
of integration have been excluded from the calculated
climatologies due to significant model driftsin SST in
the tropical Pacific basin. The “ISCCP’ simulation
cooled in the western equatorial Pacific while the sea-
sonal cycle intensified in the east. CNTRL adjusted in
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the eastern tropical Pacific ~1 yr sooner than *‘ISCCR”’
Perhaps the model’s preferred state was closer to the
initial conditions. A warming trend in SST persisted
considerably longer in NOLOW and HYB.

We rely mainly on the Comprehensive Ocean-At-
mosphere Data Set (COADS) analysis of da Silvaet al.
(1994), for verifying SSTs and surface wind stress. The
Global Sea-lce and Sea Surface Temperature (GISST2)
analysis (Rayner et al. 1996) is also used. Top of the
atmosphere (TOA) radiative fluxes are verified against
Earth Radiation Budget Experiment (ERBE) narrow
field of view radiative fluxes (Barkstrom et al. 1990).
Surface flux components are verified against the
COADS analysis (da Silva et a. 1994) and the Pinker
and Laszlo (1992) satellite-dependent analysis of sur-
face shortwave flux. All model-simulated and verifi-
cation TOA and surface data, including SST, are sam-
pled on the atmospheric spectral model’s T30 (96 X 48)
transform grid. Ocean temperatures are verified against
the Levitus (1982) climatological atlas and the ODA.

4. Multiyear simulations: Annual mean and
seasonal cycle results

a. Clouds and radiation

In July, the largest differences in “ISCCP"’ versus
CNTRL low cloud fraction (Fig. 1) are found in the
southeastern tropical Pacific. As anticipated, the
CNTRL simulation drastically underpredicts the prom-
inent observed MSc feature off the coast of Peru. On
the other hand, the model’s cloud prediction scheme
manages to capture some of the low cloud off the coast
of California. This contrasting behavior of the two re-
gionsisrelated to SST drift, which occursin the coupled
model simulation. As noted by Philander et al. (1996),
seasonal variations in dry static stability are controlled
mainly by variations in SST in the eastern tropical Pa-
cific. Hence, asawarm SST bias developsin the eastern
tropical Pacific, the dry static stability in the lower tro-
posphere decreases. In turn, less low cloud is predicted
by the linear regression relationship between model stat-
ic stability and observed low cloud fraction. Conversely,
variations in tropospheric temperature (e.g., at 850 hPa)
play a greater role in the extratropics, thereby enabling
some low cloud off the coast of Californiato survive.

The “ISCCP” low cloud fraction exhibits a very
strong annual cycle in the southeastern tropical Pacific.
At longitude 94°W (Fig. 2), it achieves its maximum
value (>0.8) during late August, at latitude 9°S or 10°S.
A secondary maximum is found north of the equator,
near 2°N, approximately 2 months later. The minimum
valueisfound in March between the equator and latitude
10°S. North of the equator, there is much less low cloud
and perhaps a weak semiannual cycle in “ISCCR” In
contrast, CNTRL exhibits an erroneous annual cyclein
the Northern Hemisphere.

Interannual variations in monthly mean low cloud

GORDON ET AL.

2243

fraction to the west of Peru (not shown) as large as
0(0.2) were found in the ISCCP C2 dataset. While such
interannual variability does not stand out compared to
that in observed low or high cloud fraction elsewhere
in the Tropics, it could nonetheless modulate ENSO
warm and cold events.

The impact of low cloud fraction on shortwave ra-
diative fluxes represents the primary forcing in the cur-
rent sensitivity study. Although the surface shortwave
radiative flux directly affects the tropical ocean, the
TOA net absorbed shortwave (incident solar minus re-
flected solar) flux is more reliably observed. Moreove,
these two variables are interrelated. Time series of
monthly mean TOA net absorbed shortwave flux in
Nifio-1+2, (90°-80°W, 10°S-0°), are plotted in Fig. 3,
for the CNTRL simulation, the “ISCCP” simulation
(with climatological monthly mean ISCCP C2 low
clouds), and ERBE. Nifio-1+2 isimbedded in the MSc
region of the southeastern tropical Pacific. The phase
and dominance of the annual harmonic in the seasonal
cycle is considerably more accurate in *‘ISCCP’” than
in CNTRL. Clearly, realistic specification of low cloud
fraction in the MSc region has a favorable impact on
thelocal TOA shortwave balance. Weak interannual var-
iability in “ISCCP” is probably attributable to the pre-
dicted middle and high clouds. With interannually vary-
ing ISCCP low clouds, “ISCCP”’ and ERBE should
agree even more closely. Assuming that the ISCCP low
cloud fraction is realistic, the results of Fig. 3 suggest
that our specified cloud optical depthisfairly reasonable
in the MSc region too.

“ISCCP"” and CNTRL surface net shortwave radia-
tive flux fields are verified against the COADS analysis
in July (Fig. 4). These surface flux components tend to
be somewhat larger than the opposing longwave surface
fluxes. In the southeastern tropical Pacific, *‘ISCCP”
bears noticeably closer resemblance, overall, to both
COADS and the Pinker and Laszlo (1992) analysis (not
shown) than CNTRL does, especialy in summer and
autumn, when the “1SCCP”’ minus CNTRL M Sc cloud
forcing is strongest. In contrast, in other regions, for
example, in the central tropical Pacific, where the low
cloud forcing is weaker, both *“ISCCP” and CNTRL
appear to verify poorly against COADS. Even so, the
apparent negative biases in simulated shortwave radi-
ative flux in the western tropical Pacific are probably
real. Also, the SST there may be locally quite sensitive
to those biases.

b. The tropical SST and surface wind stress
responses

Contour maps of climatological annual mean SST
over the tropical Pacific basin are displayed in Fig. 5
for “ISCCR” CNTRL, and COADS. The 20-yr (1985—
2004) and 40-yr (1950-89) climatologies are employed
for the simulations and for COADS, respectively. Sur-
face wind stress arrows are superposed.
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FiG. 1. Contour maps (120°E-60°W, 50°S-50°N) of 20-yr (1985-2004) Jul climatological month-
ly mean low cloud fraction. (top) “‘ISCCR’” (middle) CNTRL, and (bottom) “ISCCP’ minus
CNTRL difference field. Top and middle panels: shading is progressive, except none for (0.4,
0.5). Bottom panel: no shading (<0), light shading (0, 0.3), and darker shading (>0.3). Contour
interval = 0.1. Negative contours are dashed. Continents are masked (no shading).

In the eastern equatorial Pacific, SSTs are nearly 2°C CNTRL. The equatorial cold tongue is stronger and ex-
colder in “ISCCP"’ than in CNTRL and, in fact, are tendsfarther westwardin‘““1SCCP” Inthe annua mean,
colder than observed. Furthermore, the annual mean both simulations display a double SST maximum flank-
east—west SST gradient in the eastern equatorial Pacific  ing both sides of the equatorial cold tongue. However,
(Fig. 5) is much more pronounced in *‘ISCCP” thanin in“ISCCPR"” the southern SST maximum does not pro-
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Fic. 2. Timeatitude sections of 10-yr (1985-94) climatological
monthly mean low cloud fraction over one seasonal cycle at longitude
94°W. Latitude range = 30°S-20°N. (top) “ISCCP" and (bottom)
CNTRL. Progressively darker shading with increasing cloud fraction,
except none from 0.4 to 0.7. Contour interval = 0.1.
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trude asfar east asthe northern SST maximum, in some-
what better agreement with COADS. Seasonally, the
latitudinal asymmetry isstrongest during boreal summer
and early autumn. The corresponding simulated tropical
precipitation patterns (not shown) exhibit similarly
shaped patterns. In NOLOW (not shown), the cold
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tongue is barely discernible. Thus, it appears that the
equatorial cold tongue and latitudinally asymmetric SST
patterns flanking it is not well sustained without realistic
tropical MSc.

Another striking feature of Fig. 5 are the cold biases
in the western tropical Pacific. They are of the order of
1.5° and 2.5°C, respectively, in CNTRL and “ISCCR”
These cold biases suggest that our shortwave cloud forc-
ing is too strong in the western tropical Pacific. Indeed,
ISCCP data indicate that our global constant value of
low cloud optical depth (» = 9) is too large for this
region, although fairly reasonable for the MSc region.
In contrast, NOLOW (not shown) exhibits a warm bias
of nearly 3°C. Lacking any MSc clouds, its warm pool
extends eastward across the Pacific, and its cold tongue
is exceptionally weak. Most of the ~5.5°C SST warm-
ing in the western tropical Pacific between ““1SCCP”
and NOLOW is associated with the local reduction in
low cloud fraction there from ~25%-30% in *‘ISCCP"
to 0% in NOLOW and corresponding ~66 W m=2 in-
crease in surface net shortwave radiation. This change
implies an apparent local sensitivity of ~1°C (11 W
m-2)~t (with other variables free to vary). However,
~1°C of the warming represents a remote response to
the reduction in low cloud fraction farther east.

Although NOLOW has weaker annual mean equa-
torial zonal SST gradients (as well as weaker surface
easterlies) than CNTRL, they do not entirely vanish.
Seager and Murtugudde (1997) have shown that a zonal
SST gradient can survive even in the presence of uni-
form surface heating. The latter is not imposed over the
equatorial Pacific in any of the above experiments. How-
ever, in NOLOW, the surface net shortwave radiative
flux is quite spatially uniform over much of the equa-
torial Pacific. Thisis not surprising considering that its
low cloud amount is zero, the cloud optical depths are
constants, and shortwave heating in our model is dom-
inated by low clouds.

Not all of the SST response in the eastern equatorial

TOA NET SW RAD

1987

1988 1989 1990

YEAR
Fic. 3. Time series of monthly mean Nifio-1+2 (90°-80°W, 10°S-0°) CNTRL, “

ISCCR” and ERBE TOA

net absorbed shortwave radiative flux (W m=2).
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Pacific (and even farther west) to changesin low cloud
amount is due to direct radiative effects. In fact, evi-
dence, including the wind stress vectorsin Fig. 5 (dis-
cussed later), suggests that more M Sc cloudiness in the
eastern tropical Pacific induces stronger trades, and
hence increased dynamical cooling through more in-
tense upwelling, as well as a stronger annual cycle of
evaporation. The enhanced equatorial upwelling extends
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across much of the equatorial Pacific, even west of the
date line, where the *“ISCCP”’ minus CNTRL differ-
ential low cloud forcing is much weaker than in the
southeastern tropical Pacific. Some hint of this dynam-
ical cooling response may beinferred from Fig. 5, where
the annual mean equatorial SST is ~1°C colder in
“ISCCP” than in CNTRL, west of the date line. In
contrast, in NOLOW, greater net longwave and evap-
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orative fluxes oppose the increase in net shortwave ra-
diation at the surface.

Seasonal SST anomalies (Figs. 6a and 6b) reverse
sign between spring and autumn in both simulations,
Yet, they are somewhat more realisticin ““ISCCP”’ than
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in CNTRL. For example, in the southeastern tropical
Pacific, the *“'ISCCP” anomalies are stronger, (though
they are weaker and located farther off the coast com-
pared to COADS). Also, the “ISCCP’ warm anomalies
(in spring) and cold anomalies (in autumn) extend far-
ther north, cross the equator, and develop more pro-
nounced equatorial tongues.

Horel (1982) showed that the westward migration of
SST anomaliesisaprominent feature of theannual cycle
in the eastern equatorial Pacific. CNTRL manages to
exhibit an annual cycle in SST (Fig. 7) in the eastern
equatorial Pacific, despite its poor simulation of MSc
off the coast of Peru. However, its annual cycle is con-
fined essentially east of longitude 100°W. In contrast,
the seasonal migration of “‘I1SCCP” SST anomalies ex-
tends much farther westward, in better agreement with
observation. Curiougly, in a linearized anomaly model
run of Li and Philander (1996), with MSc clouds, but
no nonlinear cloud—-dynamical interactions, the west-
ward phase propagation of SST anomalies was quite
weak, athough the SST anomalies were quite strong.
With no low clouds over the ocean, the NOLOW SST
seasonal cycle (not shown) is essentially zonally sym-
metric across the equatorial Pacific and lacks any annual
component in the east. A deficiency common to both
the “1SCCP” and CNTRL simulations is that the max-
imum cold anomaly centered near longitude 90°W oc-
curs approximately 6 weeks too early.

The annual mean tropical surface wind stress re-
sponse may be deduced from the surface wind stress
vectors in Fig. 5, which overlay the annual mean SST
contours. In the southeastern tropical Pacific, east of
120°W, the “ISCCP” annual mean surface wind stress
verifies better than CNTRL, by virtue of its greater am-
plitude and more northerly orientation. Similarly, in the
eastern equatorial Pacific, the orientation and strength
of the “ISCCP"’ cross-equatorial surface wind stress
verify slightly better. Moreover, “ISCCP”’ should ex-
hibit stronger south-to-north countergradient SST ad-
vection just north of the equator than CNTRL. Farther
north, the surface convergence, which may feed the con-
vection straddling the west coast of Central America, is
stronger in “ISCCP” Also, stronger easterly surface
wind stress and stronger surface divergence (which fa-
vors enhanced equatorial upwelling) prevail in
“ISCCR"” near the equator, east of the dateline, in better
agreement with COADS. On the other hand, the easterly
component of surface wind stress is too weak west of
the date line in both simulations.

c. SST, surface heat flux, and surface wind stress
responses in Nifio-3

Is the “ISCCP’ minus CNTRL SST annual cycle
response in the eastern equatorial Pacific essentially a
direct, local radiative response, or does a significant,
nonlocal positive cloud—dynamical coupled model re-
sponse occur? To help to answer this fundamental ques-
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tion, we examine the climatological mean seasonal cy-
cles of selected near-surface variablesin Nifio-3 (150°-
90°W, 5°S-5°N), a quintessential region for ENSO pre-
diction. Note that it lies outside of the primary MSc
cloud-forcing region.

Clearly, from Fig. 8, “ISCCP"’ simulates the Nifio-3
SST seasonal cycle the best. Although its annual mean
SST is ~1.5°C too cold, its annual harmonic dominates,
with quite realistic amplitude and phase. In contrast, the
CNTRL annual cycle is much weaker, and exhibits a
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slight warm bias, while NOLOW exhibits aweak semi-
annual cycle and a large warm bias in Nifio-3.
Essentially only the “ISCCP’ and COADS SST
curves exhibit an annual cycle. In contrast, al four
curves of total surface heat flux display a significant
semiannual cycle. Thus, the seasonal cycle of total sur-
face heat flux, by itself, cannot adequately explain the
seasonal cycle of SST. This is especialy true during
boreal summer, autumn, and winter, when the dynamical
effects are stronger. In early spring, the total surface
heat flux, which leads SST by about 1 month in
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“ISCCP” and COADS, has relatively greater impact.
The total surface heat flux itself has two main opposing
contributions. The first, net shortwave radiative flux
(bottom panel) is dominated by a semiannual cycle, in
stark contrast to the behavior exhibited farther east by
the Nifio-1+2 TOA net absorbed shortwave flux (Fig.
3). Conversely, the second, surface latent heat flux, is
dominated by an annual cycle, which issomewhat stron-
ger and more realistic in *‘ISCCR”

Of the three simulated total surface heat fluxes in
Nifio-3, “ISCCP” isin best, although imperfect, agree-
ment, in terms of amplitude, with COADS. The largest
discrepancy between the four curves occursduring early
boreal spring, when low cloudinessin thisregion should
be close to its seasonal minimum value. Then, the ocean
receives about 25 W m~2 more surface heat flux in
“ISCCP” than in either CNTRL or NOLOW.

The CNTRL and NOLOW deficits of total surface
heat flux during March and April occur for quite dif-
ferent reasons. On one hand, CNTRL receives ~25 W
m-2less surface net shortwave flux than either ** 1ISCCP”
or NOLOW. The reason is that CNTRL predicts too
much low cloudiness in Nifio-3 during spring (not
shown). On the other hand, NOLOW loses nearly 25
W m~-2 more surface latent heat flux to the atmosphere
than either *“ISCCP’ or CNTRL, and virtually lacks an
annual cycle. The primary cause of enhanced evapo-
ration in NOLOW must be its strong warm SST bias,
since NOLOW has weaker surface wind stresses in
Nifio-3 than CNTRL or “ISCCP”’ during most of the
year.
With regard to the zonal (7,) and meridional ()
components of the surface wind stress, all four curves
indicate negative values (i.e., easterlies), exclusively, in
Nifio-3. However, “I1SCCP"’ and COADS have stronger
easterly surface wind stresses than CNTRL, while the
easterliesin NOLOW are even weaker than in CNTRL.
None of the four 7, curves exhibit awell-defined annual
cycle, although *‘ ISCCP”’ tendsto exhibit slightly weak-
er easterlies in early spring, about 1 month earlier than
COADS and 2 months earlier than CNTRL. Conversely,
all four 7, curves exhibit well-defined annual cycles of
comparable amplitude in Nifio-3. However, only in
“ISCCR” in better agreement with COADS, does a
southerly meridional component, and hence a south-
easterly surface wind stress prevail year-round in
Nifio-3. Southeasterly cross-equatorial surface wind
stresses are conducive to upwelling through the Ekman
drift term, due to the sign change in the coriolis param-
eter across the equator. Thus, in “ISCCR” the absence
of northerlies in spring enhances equatorial upwelling,
despite weaker easterlies, at that time. A similar scenario
should apply for coastal upwelling in the extreme south-
eastern tropical Pacific. The intermediate coupled model
of Xie (1998) produces aredlistic equatorial cold tongue
only when external southerly r, forcing is turned on,
thus emphasizing its importance. Also, Bergman and
Hendon (2000) suggest that the atmospheric (i.e., TOA
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minus surface) cloud radiative forcing may beindirectly
responsible for the seasonal cycle of SST in the cold
tongue region, through its impact on the meridional
wind component.

The seasonal cycles of monthly mean Nifio-3 oceanic
vertical velocity, Wy, averaged from the surface (level
1) to a depth of 54 m (level 6), and 7, appear to be
negatively correlated, consistent with the expected re-
sponse of upwelling to wind stress. The equatorial up-
welling is clearly stronger in *“ISCCP” than in either
CNTRL or NOLOW, and only in ““ISCCP"’ doesit have
a discernible annual harmonic.

Since evaporation is proportional to the surface wind
speed, the surface evaporation weakensin *“ISCCR" as
7, approaches 0 (and the surface zonal wind stress, 7,,

relaxes somewhat) during late winter and early spring.
Not surprisingly “ISCCP” displays a stronger annual
cycle in latent surface heat flux (Fig. 8) than CNTRL.
Surface latent heat flux tends to lead 7, by 1-2 months.
The simulated seasonal cycles of Nifo-3 SST and T,
are visually correlated, with 7, leading SST by perhaps
1 month.

In short, our results suggest that MSc cloud forcing in
the southeastern tropical Pacific has a nonlocal positive
impact upon surface dynamical cooling and surfacelatent
heat flux to the west-northwest, in Nifio-3. Both mech-
anisms contribute to the maintenance of the annual cycle
of SST there, whereas locally, shortwave radiative forc-
ing elicits a semiannual response. As Yu and Mechoso
(1999) have shown, and as our annua cycle results in
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Nifio-3 suggest, the robust annual cycle aspect of the
MSc cloud forcing plays a key role. Cloud—dynamical
interactions will be discussed further in section 6.

d. Further analysis of tropical surface wind stress
and sea level pressure responses

The sea level pressure (SLP) and its relationship to
the zonal surface wind stress, 7,, constitute part of the
equatorial dynamical response. The east—west SLP gra-
dient across the central equatorial Pacific (not shown)
ismore realistic and generally moreintensein ““|SCCP”
than in CNTRL. The simulated SLP gradients are weak-
est around April. Then, as the southeastern subtropical
Pacific surface high intensifies and expands, they mi-
grate westward, more or lessin synch with therespective
seasonal migrations of SST.

The relationship between the east—west SLP gradient
and 7, in the equatorial Pacific is explored in Fig. 9.
There, scatter diagrams of contemporaneous simulated
and observed Nifio-3 minus Nifio-4 monthly mean SLP
difference A (SLP) versus Nifio-3 monthly mean 7, are
plotted. The Nifio-3 and Nifio-4 boxes are bounded by
150°-90°W, 5°S-5°N, and 160°E-150°W, 5°S-5°N, re-
spectively. For legibility, only 10 yr (years 4-13) or 120
points are represented.
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A rather robust relationship exists between simulated
surface zonal wind stress and SLP. In *‘ISCCR’" all but
one of the points fall in the upper-left quadrant. For
these points, the near-equatorial surface zonal wind
stress is easterly, while the near-equatorial sea level
pressure increases from west to east across the date line.
The highest correlation coefficient (~0.61) associated
with the best |east squaresfit was obtained for ‘' ISCCP”’
A comparable value was also obtained for *‘ISCCP”
monthly mean anomalies with respect to the 10-yr mean
monthly mean climatology. However, the correl ation co-
efficient was much lower, that is, ~0.35 when the cor-
responding *‘ISCCP’ monthly mean climatol ogieswere
regressed. One interpretation is that the timescale for
the mutual adjustment of surface wind stress and zonal
SLP gradient is relatively short. CNTRL points tend to
cluster beneath *“1SCCP’ points, where the SLP gra-
dient is weaker, and to the right, where the Nifio-3 east-
erly wind stress is weaker. In fact, some CNTRL points
even fal into the other three quadrants. CNTRL exhibits
somewhat more scatter than “ISCCR” Large scatter is
associated with weak SLP gradients. Intriguingly, both
simulated distributions exhibit a stronger relationship
than COADS. Therelatively sparse density of observed
data may be a contributing factor.

According to Lindzen and Nigam (1987), ‘“‘flows
forced directly by surface temperature are often com-
parable to observed low-level flows in both magnitude
and distribution.” Their theory may help to explain the
mutual relationships between our simulations of SST,
surface zonal wind stress, and SLP gradient in the equa-
torial Pacific. Recall that the zonal gradient of SST is
enhanced in our simulations by specifying quasirealistic
MSc clouds. The two leading terms of the atmospheric
zonal eguation of motion at the surface, that is,
—p~*(9plox) and p~tdt,/dz, are in approximate balance
near the equator, since f = 0. (Here, p = pressure, p
= density, f = the Coriolis parameter, and z = height.)
It is assumed that the (zonal) pressure gradient is con-
fined essentially to the planetary boundary layer of fixed
depth. Under those conditions, 7, should be strongly
related to the zonal gradient of SLP.

e. Equatorial subsurface temperature and zonal
current responses

L ongitude—depth sections of “ISCCR’” CNTRL, and
NOLOW 20-yr climatological annual mean ocean tem-
perature and zonal current at latitude 0.1°S aredisplayed
in Fig. 10. Clearly, the three simulations generate very
different annual mean ocean temperature cross sections.
“ISCCP” verifies best, overal, against the Levitus
(1982) ocean temperature climatology (not shown).

In the western equatorial Pacific, the warm SSTs of
NOLOW raise its heat content, whereas CNTRL and
especially “'ISCCP’ have progressively colder SSTs
and less heat content. In the eastern equatorial Pacific,
the depth of the 20°C isotherm, Z ., variesdramatically.
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The isotherms slope considerably more steeply in
“ISCCP” than in CNTRL, and over a broader longi-
tudinal domain. The “ISCCP” annual mean east—west
SST difference across the equatorial Pacific is compa-
rable to that in CNTRL, but is not confined east of the
date line. During summer into early autumn (not
shown), the east—west SST gradient over the eastern
equatorial Pacific is significantly stronger in *‘ISCCP”
thanin CNTRL. In NOLOW, the annual mean isotherms
are oriented nearly horizontally, and the east—west SST
gradient is extremely weak across the entire equatorial
Pacific. The above results are consistent with the sea-
sonal excursion of the “ISCCP’ equatorial cold tongue
and surface winds. Enhanced remote dynamical cooling,
triggered by MSc, evidently plays a role, since the
“ISCCP”’ minus CNTRL shortwave radiative cooling
response is generally confined east of longitude 120°W.
Moreover, in spring, the Nifio-3 “ISCCP’ minus
CNTRL surface shortwave radiative flux difference is
actually positive, corresponding to warming in Nifio-3,
as CNTRL generates more cloudiness than *‘ISCCP”
there.

The annual mean cross sections of ocean zonal cur-
rent at latitude 0.1°S are dynamically consistent with
the temperature cross sections. I SCCP"" has the stron-
gest (and deepest) south equatorial current (SEC), while
CNTRL and NOLOW have progressively weaker ones.
Likewise, "“ISCCP” has a deeper, more intense (west-
erly) Equatorial Undercurrent (EUC) than CNTRL; and
its core lies 20° farther west. In comparison, NOLOW
has a very weak and shallow secondary jet corein the
eastern Pacific, whereas its primary EUC jet core is
centered in the western equatorial Pacific. Seasonally
(not shown), the “ISCCP’ EUC core in the eastern
equatorial Pacific weakens by ~10 cm s~ in autumn,
but otherwise remains intact. In contrast, the CNTRL
EUC becomes shallower in boreal summer and virtually
disappears in autumn, when a shallow western branch
emerges west of the date line. The western branch of
the NOLOW EUC dominates in summer and early au-
tumn, whereas its eastern branch is slightly stronger in
winter.

The NOLOW resultsin Fig. 10 underscore two points.
First, without any tropical MSc, the surface trades and
SEC, and hence dynamical cooling, weaken substan-
tially relative to CNTRL. In turn, the east-west SST
gradient weakens. Second, with no low clouds in the
western equatorial Pacific, more shortwave radiation is
absorbed at the ocean surface, thereby warming the SST
(see section 44), and the subsurface layers.

Results from HY B (see Table 1) confirm that it is the
low clouds in the eastern tropical Pacific that have the
most impact, by far, on the intensification of the dy-
namical cooling. East of longitude 120°W, where | SCCP
low clouds are specified, asin **ISCCPR”’ the HY B equa-
torial Pacific SST and zonal surface wind stress re-
sponses (not shown) closely resemble those of
“ISCCR” Farther west, the HYB SSTs resemble those
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of NOLOW, though they are not quite as warm, sug-
gesting that enhanced dynamical cooling in the eastern
equatorial Pacific has some nonlocal influence. In any
case, the essential impact of MSc clouds in the eastern
tropical Pacific upon dynamical cooling is not invali-
dated by either warm or cold SST biases in the west,
which arise, locally, in direct response to biases in (net
shortwave) surface radiative flux.

5. Multiyear simulations: SST interannual
variability response

Monthly mean SST anomalies, that is, departures
from the respective monthly mean SST climatologies,
have been computed for the last 20 yr of integration
(1985-2004) for the *“‘ISCCR”” CNTRL, and 1SC.8 sim-
ulations and for 40 yr (1950-89) of COADS verification
data. The former period (like the latter) encompasses
several ENSO-like events, yet it excludes most of the
spinup period of the three integrations. It is reassuring
that the anomaly results from both halves of this 20-yr
period are qualitatively similar. The reader is reminded
that the specification of monthly mean low cloud frac-
tion in *'1ISCCP” (and 1SC.8) is climatological. How-
ever, interannually varying low clouds is not a prereg-
uisite for tropical SST interannual variability.

Root mean square (rms) SSTs, calculated from the
simulated and COADS SST anomalies, are displayed in
Fig. 11. In the southeastern tropical Pacific, adjacent to
the west coast of South America, the SST variability
exhibited by all three simulations is weaker than ob-
served; and east of the date line, it is substantially more
equatorially trapped. Near the equator, 1SC.8 exhibits
slightly more SST interannual variability than CNTRL,
and “ISCCP’ somewhat less. ISC.8 and especially
“ISCCP” display longitudinally broader active regions
than CNTRL. This aspect tends to compensate for the
weaker maximum intensity in “ISCCR” Also, the ac-
tivity is centered farther west in *“ISCCP” and 1SC.8
than in CNTRL. The stronger equatorial cold tonguein
“ISCCP” seems to inhibit the eastward progression of
warm ENSO-like anomalies east of the date line. For
example, in longitude-time sections of simulated month-
ly mean total SST (or SST anomalies) at latitude 1.8°S
(not shown), more warm, ENSO-like events extend all
the way across the Pacific in ISC.8 than in *“ISSCP”
During such events, the M Sc cloud forcing, while lack-
ing interannual variability, would likely still be lessin
error in 1SC.8 than in *ISCCR” by virtue of being
weaker.

The timescale of simulated SST variability found in
the longitude-time sections is characteristic of observed
ENSO events. Thisresult is corroborated by atime pow-
er spectral analysis (not shown) of monthly mean
CNTRL, “ISCCR” and ISC.8 Nifio-3 SST indices, that
is, Nifio-3 box mean SST anomalies. This analysis is
based upon a 30-yr record, that is, the simulations were
extended 10 yr to enhance the sample size. ISC.8 and
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CNTRL exhibit three dominant spectral peaks that are
quite well aligned. The two peaks near 40 months and
near 58 (or 60) months correspond to ENSO. Another
peak near 114 months may represent decadal variability.
Two ENSO peaks found in *“ISCCP’ near 52 and 70
months are weaker. Moreover, * ISCCP’’ lacks a decadal
peak.
Our model’s SST variability should be concentrated
east of the transition zone between relatively warm and
cold equatorial SSTs, where thermocline displacements
can interact very effectively with SST. But, strong, cli-
matological M Sc cloud forcing could dampen variabil-
ity, especialy in the extreme eastern equatorial Pacific.
To see whether our coupled model actually mimics the
delayed oscillator mechanism for the ENSO cycle first
proposed by Schopf and Suarez (1988), lead-lag cor-
relations between equatorial T2 anomalies and Nifio-3
SST anomalies are plotted in Fig. 12. Here, T, the
temperature averaged over the top 250 m of the ocean,
is a proxy for ocean heat content. Lead—ag correlations
have been calculated for the “ISCCR” 1SC.8, and

CNTRL simulations, based upon the last 20 yr of in-
tegration, plus an 18-yr MOM ODA, spanning 1980—
97. 1SC.8 exhibits a robust delayed oscillator response,
closely resembling that obtained by Rosati et al. (1997)
for their ODA. In both, Tz leads Nifio-3 SST, with lead
increasing from right to left, to about 10 months at
longitude 140°E. While CNTRL also resembles a de-
layed oscillator mode, itsresponseisweaker. In contrast,
the orientation of the “ISCCP’ contours is perhaps
more suggestive of a standing SST mode. ““1SCCP”
reveals considerable persistence east of the date line,
although the correlation between its Tz and Nifio-3 SST
anomalies is weaker than in 1SC.8.

Next, we look for evidence of a seasonally varying
coupled ocean—atmosphere instability in our simula-
tions. Tziperman et al. (1998) incorporated a coupled
ocean—atmosphere seasonally varying instability
strength into a delayed oscillator mechanism for the
ENSO cycle. As a result, the onset of El Nifio events
and the phase of peak anomaliesin Nifio-3 in their mod-
el became essentially phase locked to the seasonal cycle.
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Figure 13 isalongitudinal-time section of rms SST near
the equator, based upon contributions from like months
only, that is, 20 (or in the case of COADS, 40) Januaries,
Aprils, Decembers, etc. It depicts the longitudinal po-
sition and amplification of centers of rms SST activity
over the equatorial Pacific. The interannual variability
is centered near its easternmost position during boreal
spring. The springtime peak variability in the eastern
equatorial Pacific is strongest in ISC.8 and occurs 1
month earlier in ““ISCCPR"’ more in phase with the min-
imum MSc cloud forcing. For the duration of the year,
“ISCCP” exhibitsweaker variability than the other sim-
ulations. With stronger low cloud forcing, its cold SSTs
and strong trades become established more rapidly,
thereby damping variability. In al simulations, as the
action shiftswestward during summer and early autumn,
its amplitude weakens, then amplifies, again, during

‘ISCCR" (lower left) CNTRL, and (lower right) 4D ocean data

middle and late autumn. **ISCCP’" exhibits the greatest
westward shift and CNTRL the least, quite like the sea-
sonal variation of their respective equatorial cold
tongues. The peak variability is associated with the ma-
ture phase of ENSO-like events. It occursin *‘ISCCP”
and ISC.8 in the east central Pacific in late November,
a few weeks earlier than observed. It is most coherent
and intensein ISC.8 and weakest in *“ISCCPR’" A second
late autumn peak, located farther east, near longitude
110°W, in COADS, is not well simulated. The center of
rms SST activity shifts eastward during early spring, in
simulations and COADS alike. In many but not all
CNTRL and especially 1SC.8 robust ENSO events,
Nifio-3 SST anomalies seem to peak during late fall/
early winter, perhaps slightly earlier than the theory of
Tziperman et al. (1998) predicts, while the time window
for “ISCCP’ peaks is broader.
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In short, our coupled model appears to exhibit evi-
dence of three mechanisms associated with the ENSO
cyclein the equatorial Pacific. These are: 1) the delayed
oscillator, 2) SST variability whose strength (and lon-
gitudinal position) is seasonally varying, and 3) phase
locking of the onset of El Nifio events and the phase of
peak anomalies in Nifio-3 to the seasonal cycle. How-
ever, the above mechanisms appear to be influenced by
the MSc cloud forcing. Notably, “ISCCP” displays
weaker SST interannual variability and delayed oscil-
lator responses than 1SC.8 or CNTRL.

Another important finding pertaining to interannual
variability isthat our coupled system appearsto be quite
sensitive to a relatively modest 20% relative change in
the annual mean and seasonal variation of low cloud
fraction. The latter value may be only slightly weaker
than the interannual variability of observed Peruvian
MSc during boreal summer inferred from Klein and
Hartman (1993). Most of the “‘ISCCP’ minus ISC.8
differential low cloud forcing is confined to the MSc
regions of the southeastern tropical (and secondarily, to
the eastern equatorial) Pecific. For example, the absolute
differencesin *“*ISCCP’ minus|SC.8 low cloud fraction
in Nifio-1+2 and Nifio-3 are ~0.16 and ~0.06, re-
spectively, although, the corresponding changes in sur-
face shortwave radiative forcing are nontrivial. Else-
where in the Tropics, the absolute difference between

the “ISCCP” and 1SC.8 annual mean low cloud frac-
tions tends to be much smaller.

Overall, the 1SC.8 simulation may possess the best
compromise solution for the seasonal cycle and inter-
annual variability in our coupled model, although not
necessarily for the correct reason. Its somewhat weaker
MSc cloud forcing (compared to “I1SCCP’) may have
less adverse impact upon the eastward progression of
warm ENSO-like anomalies. This may help to explain
why only 1SC.8, and not *“ISCCP’ exhibits a robust
delayed oscillator mode response. Nonetheless, it is a
bit unsettling, if coupled systems are really so sensitive,
asour “ISCCP” versus | SC.8 results suggest, to a 20%
relative change in the seasonally varying MSc cloud
fraction and its annual mean. Indeed, it is quite a chal-
lenge to develop a cloud scheme capable of predicting
the MSc cloud fraction (and quite possibly low cloud
optical depth) in acoupled model, including its seasonal
variation and interannual variability, with greater ac-
curacy than 20%!

6. Equatorial cold tongue dynamics

Not only do marine stratocumulus clouds contribute
to local radiative cooling in the southeast tropical
Pacific, they also enhance dynamical cooling by
strengthening the southeast trades and hence coastal and
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equatorial upwelling, as well as evaporative cooling.
The complex suite of potential interactions involved is
depicted, schematically, by the flow chart in Fig. 14.
The middle row of boxes represent various processes
contributing to the total SST cooling in the equatorial
Pacific, indicated by the dashed arrows leading to the
bottom box and linked to surface dynamical variables,
depicted by the circles at the top. Although any of the
cooling processes in Fig. 14 could directly affect the
surface dynamical variables, only the links from the
most important radiative processes associated with M Sc
clouds, that is, reduced surface insolation and cloud-top
longwave radiative cooling, are depicted. Links between
the dynamical variables are represented as well. The
two arrow thicknesses in the flow chart (subjectively)
symbolize the relative strengths of various interactions.

We now apply this conceptual framework to the sea-
sonal cycle of SST. The dynamical feedbacks are qual-
itatively similar to those proposed by Mitchell and Wal-
lace (1992). However, we focus on their connection to
MSc clouds. Around the time of the spring maximum,

the southerly meridional surface wind stress near the
west coast of South America strengthens along with the
(north—south), SLP gradient in the southeast tropical
Pacific. Hence, dynamical cooling due to coastal up-
welling and evaporative cooling increase. The onset of
SST cooling in thisregion is conducive, locally, to more
M Sc, and hence to less surface insolation, as well asto
more cloud-top longwave radiative cooling (Nigam
1997; Bergman and Hendon 1999). Both radiative pro-
cesses further strengthen the southerly meridional sur-
face wind stress. In turn the stronger surface southerlies
induce locally stronger, more extensive dynamical and
evaporative cooling. As stronger southeast trades advect
cold water across asharper gradient, the cool SST region
expands to the northwest. Wave propagation may also
occur. Northwest expansion of the MSc follows suit,
further reinforcing the cooling. In response, the sub-
tropical southeast Pacific high and associated south-
easterly trade circulation continue to intensify. Thisfos-
ters equatorial upwelling and hence equatorial dynam-
ical (as well as evaporative) cooling and westward ex-
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pansion of the cold tongue. Reduced surface sensible
heat and net longwave radiative flux losses (not shown)
should oppose the cooling. Also, colder SSTs should
act to diminish the latent heat flux loss caused by the
stronger surface trades.

In alinearized anomaly model, the contributions of
upwelling dynamics, evaporative flux and shortwave ra-
diative flux, associated with MSc clouds, may be
summed, as Li and Philander (1996) did. They found
that each of these processes contributed to the main-
tenance of the annual cycle. Moreover, omission of the
MSc term did not have catastrophic consequences, be-
cause the annual mean surface wind and SST stateswere
specified. In contrast, in afully coupled model that poor-
ly simulates the seasonal cycle of M Sc clouds, the evap-
orative flux and upwelling dynamical terms may have
insufficient strength to sustain the annual cycle of SST
in the eastern equatorial Pacific. Thus, the impact of
MSc clouds upon dynamical cooling assumes an im-
portant role in maintaining the seasonal cycle in our
fully coupled nonlinear model.

Li and Philander (1996) maintain that the existence
of southerlies and an asymmetric distribution of SST in
the far eastern equatorial Pacific throughout the year are
crucial for maintaining an annual cycle in the eastern
equatorial Pacific. According to this view, a coupled
model should be more capable of simulating the sea-
sonal cycle, to the extent that it can achieve those re-
quirements. Indeed, annual mean correctionsto the SST
and the surface wind fields (Li and Hogan 1999) or to
the three-dimensional ocean temperaturefield (Yangand
Anderson 2000) yield improved simulations of the sea-
sonal cycle. Conversely, any fully nonlinear coupled
GCM capable of accurately simulating the annual cycle,
could hopefully simulate the annual mean state in the
eastern equatorial Pacific.

In principle, the mechanisms discussed in conjunction
with Fig. 14 should operate on anomalies as well as on
the seasonal cycle. In nature, the dynamics modulates
the seasonally varying M Sc cloud fraction during anom-
alous warm or cold ENSO-like events. In turn, inter-
annual variations in MSc help to maintain or even re-
inforce the SST anomalies (Klein and Hartmann 1993).
Thus, atrue positive feedback loop involving SSTs and
MSc cloudsis at work. Unfortunately, the ** SST to ma-
rine stratocumulus’” link of this positive feedback loop
is missing in “I1SCCR” since the climatological, sea-
sonally varying low cloud fraction is specified. Essen-
tialy, the low cloud—dynamical interaction operates
freely in only one direction (cloud to dynamics). Of
course, anomalous SSTs and surface winds may still
affect sensible and latent heat fluxes and/or produce
secondary radiative feedbacks through changes in mid-
dle or high cloud fraction.

Clearly, ENSO-like eventstill occur inour ** I SCCP”
and I SC.8 simulations, even without interannually vary-
ing MSc clouds, suggesting that other factors are more
important. The latter may include the interannually
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varying predicted middle and high clouds. Nonethel ess,
neglecting theinterannual variation of M Sc clouds could
have some adverse impact upon model-simulated ENSO
events. MSc cloud forcing should relax during El Nifio
events and, conversely, strengthen during La Nifa
events. For example, weaker M Sc forcing should favor
weaker trades, and hence warmer SST anomalies, |o-
cally, off the coast of Peru in spring, and enhanced
eastward progression of ENSO-like warm SST anom-
alies across the Pacific.

7. Concluding remarks

Multiyear simulations have been performed with a
fully coupled ocean—atmosphere GCM to examine its
tropical sensitivity to a specific model deficiency, that
is, the treatment of tropical MSc clouds. The annual
mean and annual cycle of the low cloud fraction are
both severely underpredicted in the southeastern tropical
Pacific in our control run, CNTRL. In contrast, a quasi-
realistic MSc cloud regime with improved surface net
shortwave radiative flux is achieved in “ISCCR’” by
specifying ISCCP C2 monthly mean low cloud data.

The simulated annual cycle of SST in the eastern
equatorial Pacific is favorably enhanced by quasi-real-
istic MSc clouds, although a cold bias develops in the
Nifio-3 region. In the annual mean, the equatorial cold
tongue intensifies and the thermocline steepens, while
the SST distribution in the eastern tropical Pacific be-
comes more asymmetric about the equator. Similarly,
the annual cycle of SST in the eastern equatorial Pacific
becomes more in phase with the seasonal cycle in the
southeastern tropical Pacific.

Enhanced dynamical cooling is induced both locally
and remotely by the quasi-realistic low clouds (includ-
ing their seasonal variation) in the MSc region. More-
over, the MSc cloud-induced dynamical cooling plays
an important role in maintaining the asymmetric distri-
bution of SST about the equator and the annual cycle
of SST in the eastern equatorial Pacific. Northerly sur-
face wind stresses are inhibited in the eastern equatorial
Pacific in borea spring, while southerly surface wind
stresses and upwelling intensify off the west coast of
South America, after the SST maximum occurs. In turn,
the annual cycle of surface wind speed and hence sur-
face evaporation strengthens in the southeastern tropical
Pacific. Farther west along the equator, the zonal surface
wind stress, equatorial upwelling, and the east—west
equatorial SST gradient intensify. Beneath the ocean
surface, the EUC intensifies, consistent with the steep-
ening of the thermocline. In contrast, all of the above
featuresweaken when there are no low clouds. Although
discrepancies between *'ISCCP’ and the observed an-
nual mean climate remain in the tropical Pacific, the
surface and subsurface tropical thermal and dynamical
responses to quasi-realistic M Sc clouds are quite robust.

Interannual variability responds to quasi-realistic
M Sc clouds as well. The westward extension of the cold
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tonguein *'ISCCP” relativeto CNTRL inhibitsthe east-
ward progression of its ENSO-like warm events east of
the date line. Theinterannual variability shiftswestward
with the seasonal excursion of the cold tongue. The
seasonally varying “ISCCP” low cloud fraction over
the open ocean is reduced by 20% (i.e., by =0.16, even
in the MSc region) in 1SC.8. Given a more relaxed
seasonal cycle, 1SC.8 exhibits significantly stronger in-
terannual variability than “ISCCP’ and displays a
stronger simulated delayed oscillator response. Also,
ISC.8, CNTRL, and, to a lesser extent, “ISCCP” show
some inclination for phase locking to the annual cycle.
The lack of two-way cloud—dynamical interactions
(whichwould occur if interannually varying M Sc clouds
could be well predicted), may have weakened our
“ISCCP” and ISC.8 El Nifio and La Nifia events some-
what. In any case, the apparent sensitivity of the inter-
annual variability response to a modest 20% reduction
in ISCCP MSc cloud fraction makes the dual objectives
of accurately forecasting ENSO events while maintain-
ing a realistic zonal SST gradient and annual cycle in
the east much more challenging.

Although the impact of MSc has been our primary
focus, our coupled model aso exhibits a strong SST
sensitivity in the western tropical Pacific to the removal
of low clouds. There, the SST warms ~5.5°C, trans-
forming an ~2.5°C cold bias in “‘ISCCP” into a 3°C
warm bias in NOLOW. Roughly 4.5°C of the warming
is attributed to a local decrease in low cloud fraction
(from 25%-30% to 0%) and a corresponding ~66 W
m-2 increase in surface net shortwave radiation. Our
low cloud optical depth is apparently excessive in the
western tropical Pacific. Thus, coupled modelers should
note that SST in the warm pool region may be quite
sensitive to errorsin either (low) cloud fraction or cloud
optical depth.

By isolating and correcting for a specific model de-
ficiency (instead of applying an omnibus flux adjust-
ment), this approach has aided our own coupled model
development. As an outgrowth of the present study, we
plan to examine the impact of quasi-realistic M Sc clouds
and low clouds in the western tropical Pacific on sea-
sonal ENSO forecasts by a fully coupled GCM. First,
in addition to specifying the low cloud fraction, low
cloud optical depth over the open ocean will be derived
from ISCCP D2 data. The objective is to reduce the
model’s current low cloud optical depth and shortwave
radiative flux biases in the western and central tropical
Pacific. In turn, the SST cold bias there should decrease,
based upon its sensitivity to “ISCCP"” versus NOLOW
low cloud fraction in the current model. Specification
of 1SCCP-derived low cloud optical depths is intended
as an interim fix, until a prognostic cloud water scheme,
which produces a realistic spatial distribution of cloud
optical depths, can be developed. Second, a scheme to
predict tropical M Sc cloud fraction anomalies about the
“ISCCP"” seasonally varying climatological meanisbe-
ing developed. The scheme permits two-way MSc
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cloud—dynamical interactions. The hope is that the pre-
dicted MSc cloud fraction anomalies will vary signifi-
cantly between El Nifio and La Nifia events, thereby
improving the seasonal ENSO prediction.
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