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Abstract

The roles of zonal and meridional wind stress and of surface heat flux in the sea-
sonal cycle of sea surface temperature (SST) are examined with a primitive equation
(PE) model of the tropical Pacific Ocean. While a variety of previous numerical and
observational studies have examined the seasonal cycle of SST in the eastern tropical
Pacific, it is noteworthy that different mechanisms have been invoked as primary in each
case. These studies also reach different conclusions concerning the relative importance
of the different components of surface forcing. Here, we perform a series of numerical
experiments in which different components of the surface forcing are eliminated and
the resulting upper ocean variability is compared with that of the climatological ex-
periment. The model used for these experiments reproduces a realistic climatological
seasonal cycle, in which SST emerges as an independent quantity. We find that the dif-
ferent cases all produce qualitatively reasonable seasonal cycles of SST, although only
the most complete model is also able to reproduce the seasonal cycle of near surface
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currents, tropical instability waves (TIWs), and net surface heat fluxes consistent with
historical observations. These results indicate that simply reproducing a qualitatively
accurate seasonal cycle of SST does not necessarily allow meaningful conclusions about
the processes that control the seasonal cycle of SST to be made. The results described
here also suggests that a model simulation must at least reproduce all the documented
near surface kinematic features of the equatorial Pacific cold tongue region reasonably
well, before accurate inferences can be made from model experiments. This provides
useful guidelines to current efforts to develop and evaluate more complex fully coupled
air-sea models and shows that results for simple or intermediate ocean models that do

not have this level of fidelity to the observations will be difficult to interpret.

1. Introduction

The seasonal cycle and interannual variation of tropical Pacific sea surface temperature
(SST) has been the focus of considerable research, as work continues to try to under-
stand and to predict the El Nifio-Southern Oscillation (ENSO) phenomenon. The known
influence of ENSO on global seasonal climate anomalies makes it, and by association,
the seasonal cycle of SST, much scrutinized features of global coupled models that are

currently under development and evaluation (e.g. de Szoerke and Xie 2008.)

It has long been known that the eastern equatorial Pacific exhibits a strong annual
cycle in SST (range of ~5°C, peak in March) and a much weaker semi-annual cycle (range
of 20.5°C, Levitus 1987). Unlike most ocean regions, however, the relative strengths of

these cycles in the equatorial Pacific can not explained by local top-of-the-atmosphere



solar radiation variability, which is dominated by the semi-annual cycle at the equator
(downward peaks at the March and September equinoxes.) Thus, the relatively strong
annual cycle of SST in the eastern equatorial Pacific must predominantly arise from

something other than the local effects of seasonal changes in sun-earth orbital geometry.

Since SST is the primary oceanic variable that affects the atmosphere, there has
been much interest in trying to understand its variations. Efforts to model seasonal
and interannual SST changes have been made with ocean and coupled air-sea models of
different levels of complexity (discussed in detail below.)

The different models encourage upper ocean temperature budgets to be done in dif-
ferent ways and, where direct comparison of results is possible, this seems to produce
different SST budgets. In the context of the high resolution PE model, results are
particularly sensitive to the depth over which averaging is done to define SST (e.g. a
choice of 20 m often yields quite different results from one of 50 m.) Results also appear
to be sensitive to the near surface configuration of the ocean model; e.g. in the case
of the coupled air-sea model used by Wang and Fu (2001) that explicitly defines the
mixed layer depth, it appears that seasonal changes of the model mixed layer depth are

important to the seasonal cycle of SST.

Surface heat flux depends on the SST as well as atmospheric variables such as wind
speed, air temperature and humidity and cloud cover. Fully coupled air-sea models
allow for the simultaneous computation of SST and these atmospheric variables. Con-

siderable success has been made in producing such models, though certain problems,



such as finding a physically realistic parameterization of atmospheric convection and
cloud cover persist (Arakawa 2004). Coupled models provide a useful set of consistent
surface fluxes and SST, but the upper ocean variability predicted in such models is often
significantly influenced by wind stress errors produced from the atmospheric model (e.g.
de Szoerke and Xie 2008, DeWitt and Schnieder 1999) Also, the computational costs as-
sociated with the fully coupled models often prevent multiple deterministic experiments
from being run, as is done here. This study is thus complementary to current efforts to
improve the simulation of the seasonal cycle of SST and ENSO in fully couple models,

such as those submitted for inclusion in the recent Intergovernmental Panel on Climate

Change Fourth Assessment Report (IPCC ARA4.)

To examine the mechanisms for the seasonal cycle of SST in the eastern equatorial
Pacific, we use an ocean model forced with observed winds and surface heat fluxes that
are specified from the model SST and an imposed climatological atmosphere. Since we
wish to determine the effects of ocean currents from our model simulations, and ocean
currents are driven by winds, using observed wind stress fields is possibly advantageous
in this case. On the other hand, care must be taken that the imposed surface heat flux
condition does not introduce inconsistencies between oceanic heat advection and surface
heat flux, as described by Seager (1995a). To do this, we specify as a “compatibility”
condition that any computed parameters that figure into the surface boundary with the
atmosphere,that are not imposed directly (e.g., SST, surface heat flux), must be con-

sistent with data'. A model that produces realistic currents, a realistic vertical density

!Tn the absence of a complete coupled model, imposition of a more complicated surface heat flux boundary
condition to an ocean model (e.g., Kessler et al. 1998; Seager et al. 1988) does not change this. Rather it just creates
a more subtle compatibility condition.



structure, and atmospheric parameters that are in “the ballpark” or better may be said
to be self-consistent. It is sensible and meaningful to use subsurface velocity and tem-
perature fields from such a model to speculate about oceanic balances and processes. So
long as the model’s temperature gradient fields agree with observations, it is reasonable
to diagnose the role of ocean advection in an PE ocean model that integrates observed
wind stress. The subsurface conditions are what is obtained from this exercise, and they

are, after all, the things that are the most difficult to measure.

However the near-surface temperature budgets are done, no simple story has evolved
to explain how the Pacific warms and cools (either seasonally or interannually), except
in the early ocean warming stage of ENSO events (when anomalous zonal advection
appears to be a primary warming mechanism, driven either by local or remote reduc-
tions in the easterlies). In the seasonal cycle, SST variations appear to result from small
imbalances among much larger heat equation terms, particularly nonlinear advection,
surface heat flux and vertical mixing. But can we say what combination of circum-
stances (model and boundary conditions) together make analysis of processes affecting
SST meaningful? And if we can reach this state, what can we say about where we are

right now in our understanding of these processes?

In this study, the roles of zonal and meridional wind stress, as well as surface heat
fluxes, in the upper ocean seasonal cycle are explored with a physically realistic PE
model of the Pacific. The climatological seasonal cycle experiment described by Har-

rison et al. (2000) is the starting point for a series of numerical experiments in which



different components of the surface forcing are eliminated and the resulting upper ocean
variability is compared with that of the climatological experiment. The wind fields used
are always based on the climatological wind stress field of the tropical Pacific. We ex-
amine the relative importance of the surface heat flux, and zonal and meridional wind
stress in driving the near-surface seasonal cycle in the extreme eastern Pacific (east of
95°W), in the western Pacific (west of the dateline) and in the predominant trade wind
region (95°W-180°W). Previous numerical and observational work is examined in Sec-
tion 2. Our numerical model is described in Section 3. Because the surface heat flux
boundary condition is critical in this context, in Section 3 we discuss the role of our
surface heat flux boundary condition in the near-surface heat equation. In Section 4 we
compare the results from a series of numerical experiments. Section 5 is a discussion of

the main results.

2. Background

Numerical Model Experiments

In an attempt to gain insight into the underlying processes that control SST evolution,
in particular the role of meridional wind stress in the seasonal cycle, Philander and
Pacanowski (1981) carried out a numerical study using idealized meridional wind stress
patterns, with no zonal wind stress and an idealized horizontally uniform density field in
a rectangular domain. The numerical model was the same PE model as is used here, but

with slightly different parametrization for horizontal diffusion. For their experiments,



the surface heat flux was defined to be proportional to the difference between SST and a
reference temperature (25°C). They found that they could produce a modest equatorial
cold tongue with a constant stress field. Confining the stress to the eastern part of
the basin and adding a periodic component produced some variation in equatorial and
near-"coastal” SST while maintaining a cold tongue. They inferred that ”SST variations
observed in the eastern equatorial Pacific Ocean on seasonal time scales may to a large
extent be due to the variability of the local meridional winds”, i.e., meridional stress
alone may be a substantial factor in both seasonal and interannual SST variation in the
equatorial eastern Pacific. A similar model was later used by Philander et al. (1987) to
study upper tropical Pacific circulation. In this case, both components of wind stress

were applied to the model.

Takeuchi (1988) studied the seasonal variation of the cold water tongue in the east-
ern tropical Pacific SST, with a Bryan-type 10-level PE model (Bryan 1969; see also
Gordon and Corry 1991 for results from a similar model.) A Haney-type surface heat
flux parameterization was employed (Haney, 1971), where the heat flux is proportional
to the difference between SST and a constant reference temperature (30°C everywhere
except near the southern and northern boundaries, where it is set to 12°C in order to
supply cold water at the edges of the domain). There was no seasonal variation in ther-
mal forcing; the only seasonal forcing was supplied by the wind stress. Based on his
model results, Takeuchi concludes that ”"the main portion of the cold water tongue is
supplied by meridional wind stress-forced upwelling along the eastern boundary several

hundred km south of the equator. The upwelled water is advected equatorward along



the coast, the cold water then extends westward along the equator carried by strong
westward surface currents. It is a rather surprising conclusion that equatorial upwelling

does not contribute to the seasonal variation of SST”.

Seager et. al. (1988) studied the tropical Pacific SST climatology with a simple
linear 1 1/2-layer model for velocity, but with a nonlinear temperature equation in the
upper layer, and with a surface heat flux parameterization that does not include air
temperature and humidity. As with several of the other model studies mentioned here,
the sensible heat flux is proportional to the difference between SST and a reference
temperature. The latent heat flux is parameterized with the surface wind and SST,
and solar heating is a function of cloud cover, latitude and (constant) surface albedo.
The major elements of the seasonal development of the SST field are seen in the model
results. They find that the cold tongue is primarily due not to coastal upwelling or
advection of cold water from the south, but to a maximum of cloud cover which induces
a minimum of surface heating. They state that: ”during northern hemisphere fall, when
the SST is a minimum, there is a strong cooling due to (equatorial) upwelling, which
overpowers the surface heating. The model indicates that zonal and meridional advec-

tion aid the cooling but have significant effects only when the tongue is most developed”.

Harrison (1989a) performed a series of numerical hindcasts of the 1982-83 ENSO, for
the purpose of exploring which aspects of the tropical surface wind stress field are impor-
tant in determining SST within the waveguide during 1982-1983. The numerical model

used in the Harrison study was the same PE model that is described in the present work,



but the model parameterized the surface heat flux in terms of only the wind speed and
the SST; the surface heat flux parametrization assumed constant radiation, but allowed
sensible and latent heat flux variations. They found that ”meridional wind stress plays
a nontrivial, but not dominant role, in the 1982-83 model behavior”. Meridional stress
could be neglected with very little impact on the upper ocean equatorial temperatures
or zonal currents; zonal wind stress appeared to control the evolution of the near-surface
ocean hindcast. See also Seager et al. (1989), Latif (1987) and Harrison et al. (1990)
for 1982-83 hindcast SST studies using differently configured primitive-equation (PE)

ocean models.

Motivated by reports from Seager and Blumenthal (1994) that, in the Cane-type
model (Cane 1979) described by them, “inadequate treatment of mixed layer/entrainment
processes in upwelling regions of the eastern tropical Pacific leads to a large and sea-
sonally varying error in the model SST”, Chen et al. (1994) used an ocean model
configured with a variable depth well-mixed upper layer and several deeper isopycnal
layers to study the seasonal cycle of SST in the tropical Pacific. In this case, surface
fluxes were specified according to the method of Seager et al. (1988). Chen et al. also
emphasize the importance of ocean mixing processes, reporting that “It is found that the
large SST annual cycle in the eastern equatorial Pacific is, to a large extent, controlled
by the annually varying mixed layer depth which, in turn, is mainly determined by the
competing effects of solar radiation and wind forcing.” The effects of upper ocean model

configuration were also discussed by Chang (1994a.)



Koberle and Philander (1994, KP94 hereafter) studied the processes that control
seasonal SST variation in the tropical Pacific (20S to 20N) with a PE model similar to
the one used here. Seasonally varying wind stress and surface heat flux was applied to
the model based on climatological atmospheric conditions and model SST. It was found
that this model generally reproduced realistic seasonal SST variations when all surface
forcing components were applied. Experiments, similar to some described in the present
study, were then performed in which the seasonal variations were alternately removed
from surface heat flux and wind stress fields, prior to model integration. Effects of these
perturbations varied with location, but analysis of the upper ocean (0-50m depth) heat
budget in the eastern equatorial Pacific (defined here as 4°S to 4%rcN and 104°W to
86°S,) led authors to conclude that, essentially, “...the seasonal cycle variations in heat
flux are balanced by seasonal variations in the upwelling of a steady stratification plus
the steady upwelling of a seasonally varying stratification.” In this case, the season-
ally varying stratification is caused by “heat fluxes that modulate mixing processes in
the ocean,” as opposed to thermocline depth variations, which are said to play a more
important role in causing interannual SST variability. The authors also conclude that,
elsewhere in the study region, the upper ocean seasonal cycle is essentially caused by
net surface heating. Experiments described in the present study revisit the relation-
ship between effects of surface heat and momentum fluxes, but expand upon the study
of KP94 by separately considering the effects of zonal and meridional components of
wind stress. This was not done in KP94. Also, unlike KP94, the present study focuses
only on the near-equatorial region, where oceanic Kelvin waves are prominent features

of ocean adjustment to wind stress variations. The conclusions reached in the present
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study (discussed below) are in many respects different from those reached by KP94.

Li and Philander (1996) report results from a simple, coupled ocean-atmosphere
model, consisting of a Lindzen-Nigam type atmosphere (Lindzen and Nigam 1987) cou-
pled to a Cane-Zebiak type ocean model (Cane 1979; Zebiak and Cane 1987; see also
Chang 1996 for a study using a similar model.) Their model is an anomaly model forced
by incoming solar radiation with cloud fraction specified as a simple function of model
SST. Annual mean SST and wind fields must be specified to the model prior to inte-
gration. Experiments were performed that depended on splitting the solar forcing and
time-mean model states in to parts that are symmetric and asymmetric about the equa-
tor. Authors conclude that it is the asymmetric state that is mainly responsible for the
strong annual cycle of SST in the equatorial Pacific; because of time-mean meridional
contrasts in eastern equatorial Pacific SST, “the northward winds at the equator will
be intense toward the end of the northern summer, relaxed toward the end of southern
summer.” In their model, modulation of evaporation by these meridional winds drives
an annual cycle of SST at the equator of modest amplitude, that “can be augmented
by next taking into account the dynamical response of the ocean to the winds.” The
authors state that the meridional advection of temperature is “of central importance” to
the dynamic response in the eastern equatorial Pacific (e.g. 100°W,) and that “the verti-
cal advection of temperature is important primarily because it magnifies the meridional
temperature gradient.” It is also found that the seasonal cycle in eastern equatorial SST
is also augmented by seasonal changes in cloud cover in this model. Interested readers

can also consult Giese and Carton (1994), for a coupled-model perspective. In this case,
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it was concluded that the coupled Pacific system has a “timescale that allows the annual

cycle to be amplified preferentially.”

Kessler et. al. (1998, K98 hereafter) report results from a upper ocean GCM of
the tropical Pacific. The model consists of a surface wind-forced sigma-layer tropical
PE GCM developed by Gent and Cane (1989), with a surface mixed layer formulation
developed by Chen et. al. (1994a,b; see also Kraus and Turner, 1967 and Price et. al.,
1986) as its upper layer. Their surface heat flux boundary condition was based on the
heat flux formulation of Seager et. al., (1988), which requires only cloud cover and wind
speed as input. Solar radiation intensity was modulated by cloud fraction, which was
adjusted empirically from the observed values to make the mean model SST agree with
Levitus (1982). K98 examined the effects of holding meridional and zonal winds at their
annual mean values (for dynamics but not for wind mixing or turbulent surface heat
flux,) finding that suppressing meridional variability had little effect on the amplitude of
the annual cycle in the equatorial region defined by them as the “eastern equatorial Pa-
cific” (120°W and 90°W) and within a few degrees of the equator, and that suppressing
zonal wind variability resulted in relatively larger differences from the full forcing runs,
but that “rms SST differences from the standard run were not too much larger than the
constant meridional wind case”. K98 conclude that, to first order, the three-dimensional
ocean advective terms in the cold tongue region tend to cancel each other in the annual
cycle and ”the variations in SST can be described as simply following the variation of

net solar radiation at the sea surface (sun minus clouds)”.
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Borovikov et al. (2000) studied the surface heat balance in the equatorial Pacific us-
ing a reduced-gravity model (Schopf and Loughe 1995) consisting of a well-mixed upper
layer, and nearly-isopycnal lower layers. Both climatological and interannual variations
were discussed. Surface heat flux was specified using the atmospheric mixed-layer model
of Seager (1995b,) forced with observed, seasonally varying winds (from two sources),
air temperature, specific humidity, solar forcing and cloud cover. The character of the
surface heat budget was found to depend substantially on longitude. Borovikov et al.
summarize that “In the western Pacific the annual cycle of SST is primarily in response
to net surface heat flux. In the central basin [165W-110W] the magnitude of the zonal
advection term is comparable to that of the net surface heat flux. In the eastern basin
the role of zonal advection is reduced and the vertical mixing and advection are more

important.”

Fu and Wang (2001) used a coupled ocean-atmosphere model of intermediate com-
plexity to study the seasonal cycle of SST in the equatorial Pacific. They found that, in
the absence of an annual variation in the zonal wind, the annual range of SST averaged
over much of the eastern equatorial Pacific (4°N-4°S, 120°-90°W) was only reduced by
about 20%. Whereas, when the annual variation of the meridional winds was removed,
the amplitude of the annual cycle was reduced by a factor of about 50%. They find
that, in this region, meridional wind affects SST mainly by changing evaporation, en-
trainment, meridional advection, and the mixed layer depth. They also conclude that
the “seasonal cycle of the zonal wind component plays a major role in reproducing the

westward progression of annual warming.”
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Table 1 summarizes the numerical model studies of the seasonal cycle of the eastern

tropical Pacific ocean described above. The type of model used, the forcing imposed at

the surface, and the conclusion about what primarily drives the seasonal cycle of SST

are listed for each study. While the seasonal cycle of SST is reproduced quite credibly

in every case, the forcing used and the conclusions reached vary widely.

Table 1: Summary of numerical model studies of the seasonal cycle of the

eastern tropical Pacific ocean. The type of model used, the forcing imposed

at the surface, and the conclusion about what primarily drives the seasonal

cycles of SST are listed for each study. While the seasonal cycle of SST is

reproduced quite credibly in every case, the forcing and the conclusions reached

vary widely.

Authors Date Model Used Forcing Used Conclusions Reached
Philander and | 1981 PE(MOM) idealized meridional wind meridional stress alone
Pacanowski stress; no zonal wind stress; produces SST seasonal cycle,
surface heat flux proportional meridional stress alone
to difference between SST and including cold tongue
reference temperature
Seager et al. 1988 linear 1%-layer seasonal wind stress forcing; cold tongue is primarily due to
model for sensible heat flux proportional to the | variations of cloud cover;
velocity; difference between SST and a equatorial upwelling yields
nonlinear reference temperature: latent heat strong cooling, zonal and
temperature flux parameterized with the surface meridional advection have
equation in the wind and SST; solar heating a significant effects only when
upper layer function of cloud cover and latitude the tongue is most developed
Takeuchi 1988 Bryan-type 10- seasonal wind stress forcing; Haney- equatorial upwelling does not
level PE model type surface heat flux contribute to SST seasonal cycle
parameterization was employed; cold water tongue is supplied by
heat flux is proportional to the meridional wind stress-forced
difference between SST and a upwelling and advection along
reference temperature the eastern boundary; westward
surface currents carry cold water
westward along the equator
Harrison 1989a | PE(MOM) seasonal wind stress forcing; surface meridional stress can be
heat flux parameterized in terms of neglected with little impact on
only the wind speed and the SST; SST cycle; zonal stress appeared
constant radiation to control the evolution of the
near-surface ocean hindcast
Koberle and 1994 PE(MOM) seasonal wind stress forcing; eastern equatorial SST seasonal

Philander

heat fluxes from bulk formula
model SST and observed
atmospheric fields

cycle controlled by local wind-
induced upwelling and modulation
of upwelling by surface

heat fluxes

Continued on Next Page. ..




Table 1 — Continued
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Authors Date Model Used Forcing Used Conclusions Reached
Chang 1994a lé-layer reduced seasonal wind stress forcing; wind-driven ocean dynamics
gravity model climatological heat flux forcing and surface heat flux forcing
for velocity; two with surface relaxation to are important to the eastern
mixed layer climatological SST equatorial SST seasonal cycle;
configurations response to heat flux forcing
is larger for variable mixed
layer depth case; westward
propagations of equatorial
seasonal cycle depends on
dynamical response to wind;
unclear if meridional or
zonal component dominates
Chen et al. 1994 reduced gravity seasonal wind stress forcing; annual cycle of SST in
PE model; variable heat flux as in Seager (1988) eastern equatorial Pacific
depth mixed layer controlled largely by annually
with hybrid mixing; varying mixed layer depth;
8 lower sigma mixed layer depth controlled
layers by solar forcing and wind mixing
Li and 1996 Cane-Zebiak specified time average conditions ; eastern equatorial SST seasonal cycle
Philander type ocean specified solar forcing ; surface driven mainly from effects of meridional
coupled to solar forcing depends on SST via winds on asymmetric mean state;
Lindzen-Nigam cloud parameterization; latent heat effects of meridional ocean advection and
atmosphere flux from model SST, winds and meridional wind-induced latent heat flux
empirically determined-near surface variability mainly drive annual cycle,
humidity with some contribution from cloud effects
on solar forcing
Chang 1996 Cane-Zebiak specified time average conditions ; eastern equatorial SST seasonal cycle
type ocean seasonally varying solar forcing influenced by zonal and meridional
coupled to assuming constant cloudiness coupling; strong annual SST signal in
Lindzen-Nigam near-coastal region mainly from meridional
atmosphere coupling; westward expansion of annual
variations due to zonal interactions
Kessler et al. 1998 sigma-layer seasonal wind stress forcing; heat SST seasonal cycle can be
tropical PE flux computed from only cloud described as simply following
GCM cover and wind speed; solar the variation of net solar
radiation was modulated by cloud radiation at the sea surface
fraction and adjusted empirically
Borovikov 2000 reduced gravity quasi- | seasonal wind stress forcing; character of surface heat budget
et al. isopycnal model heat fluxes from Seager (1995b) highly dependent on longitude;
methods; specified air temperature, no simple explanation for seasonal
humidity, solar forcing and cycle; details of heat budgets
cloud cover depend on wind stress used
Fu and Wang 2001 2%—1ayer PE fully coupled forcing Seasonal cycle of SST in

atmospheric
model, coupled
to an ocean with
mixed layer,
thermocline and
motionless deep
layer

over the tropical Pacific,
except cloud amounts are
specified for longwave
and shortwave radiation

in the eastern equatorial
Pacific is primarily due

to the effects of meridional
wind on entrainment and
latent heat flux

Observational Studies

The annual cycle of SST and winds in the equatorial Pacific was documented by Horel

(1982,) who described a longitudinal change in the phase of the annual cycle of SST such
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that the warmest waters near the Peru coast appear in March, while further west, the
warmest, temperature occur progressively later and with diminished amplitude. Horel
found that the annual cycle in surface wind is dominated by meridional migrations of
the trade wind belts, with seasonal flow directed into the summer hemisphere (relative
to the annual mean,) and found that the annual cycle in meridional wind is larger that
that of the zonal wind. Mitchell and Wallace (1992), after scrutiny of oceanic and atmo-
spheric data and motivated by the Philander and Pacanowski (1981) results, raised the
question of the importance of the meridional stress in tropical Pacific SST evolution. In
particular, they speculate that the increase in the northward surface winds in response
to the onset of the northern summer monsoon may be instrumental in reestablishing
equatorial cold tongues. Tozuka and Yamagata (2003) have also suggested that the
meridional wind mechanism described by Mitchell and Wallace (1992) is a key pace-
maker of the annual cycle in the tropical Pacific, though based on analysis of several
observed surface marine variables, Wang (1994) has argued against the hypothesis that
monsoonal winds, driven by land heating, cause the near-coastal seasonal evolution of
eastern equatorial SST. Based on their analysis, Nigam and Chao (1996) argued that,
while the equatorial annual cycle in SST is largely generated by meridional wind induced
coastal upwelling west of 110°W, east of here, the “SST annual cycle is driven largely
by the coupling of zonal winds and SSTs through equatorial upwelling and zonal SST

gradient.”?

Wang and McPhaden’s (1999) analysis Tropical Atmosphere Ocean Array (TAO)

2This led Nigam and Chao (1996) to propose a “westward expansion hypothesis” for the seasonal cycle, with
similar dynamics to the “slow SST mode” proposed by Neelin (1991), to explain interannual SST variability (see also
Chang and Philander 1994 and Xie 1994 for alternative “westward expansion” hypotheses.
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buoy array show that the heating of the mixed layer by surface heat fluxes at 0°,110°W
is mainly balanced by cooling due to the effects of cooler water being entrained into the
mixed layer. They found that meridional advection associated with instability waves
significantly warmed the surface at this location and that zonal and meridional advec-
tion, surface heating and vertical heat advection were each significantly contribute to
the seasonal cycle of SST in this region, with the largest terms being the vertical ad-
vection and surface heating®. Swenson and Hanson (1999) similarly reported that heat
storage, heat export by entrainment of upwelled water and heat export by meridional
advection mainly determined the annual heat budget in the eastern equatorial Pacific,
although they also reported that zonal heat transport is important to the annual cycle.
Whereas Wang and McPhaden found a warming due to meridional advection, Swenson
and Hanson (1999) found that meridional currents tend to cool the equatorial eastern
Pacific. This discrepancy appears to be a result of the fact that the TAO buoy data
examined by Wang and McPhaden resolves the effect of eddy heat transport associated
with tropical instability waves (Wang and McPhaden, 1999). Bonjean (2001) used cur-
rents from buoy drift and current meter record to estimate that meridional and zonal
advection by surface currents are important to the mean heat balance of the central and
eastern equatorial Pacific. Bonjean also concludes that the vertical transport of heat

must be included to balance net surface heating in the eastern tropical Pacific.

Estimates of upwelling velocity and mean source temperature of upwelled water are

given by Wyrtki (1981) and, more recently, by Johnson et al. who found that, averaged

3see also Hayes et al. (1991) for a description of mixed layer heating at 0°,110°W and Enfield (1986) for heat
budget estimates over the entire equatorial Pacific



over 3.6°S-5.2°N, 170°E-95°W the upwelling velocity peaked at 1.9 (+0.9) 107° m/s at
50 m depth, and that, on average, the difference between surface water and source water

was 4°C.

Cronin et al. (2006) examined the role of clouds in various locations in the far eastern
equatorial Pacific. Their analysis of meteorological buoy based longwave and shortwave
downwelling surface fluxes indicates that, over the cold tongue, cloud forcing is stronger
when SST is cool. Clouds reduce incoming shortwave radiation as well as increase down-
welling longwave radiation. Cronin et al. found that, over all eastern Pacific regions
considered, the shortwave radiation effect is larger than the longwave cloud effect and
thus, the net effect of clouds is to increase net downwelling radiation when SST is warm

in Boreal spring.

3. The Model

The model used here is basically the Philander and Seigel (1985) version of the Bryan-
Semtner-Cox (Bryan 1969; Semtner 1974; Cox 1984) primitive equation model that
Philander and Pacanowski have developed over the past decades (Pacanowski, 1996). It
is used here with 27 levels in the vertical. The upper grid point is at 5 m, with a uniform
10 m grid in the upper 100 m, and increasingly non-uniform deeper; there are 17 levels
above 250 m. The horizontal grid is uniform between 10°N and 10°S, with 0.33 degree
resolution in latitude and 1.0 degree resolution in longitude. Poleward of 10 degrees the

meridional resolution increases non-uniformly, to 50°N and to 25°S. Constant horizon-
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tal eddy viscosity (A,,) and heat diffusion (A;) coefficients are used, with A,, = 107
cm?/s and Ah = 2 x 107 cm?/s. Note that our A,, is a factor of two smaller than that
used by Philander and Seigel (1985). Subgrid scale mixing in the vertical is done with
the Richardson number-dependent mixing formulation described by Pacanowski and
Philander (1981). Convective adjustment by the original Bryan formulation will also
contribute to vertical mixing if there is sufficient surface cooling. The model was ini-
tialized with no motion and with temperature-salinity specified by climatological fields
in January (Levitus, 1982). The baseline model T*T" (described below) was forced
for 15 years by climatological monthly mean surface wind stresses, developed from the
COADS * marine data set and the Large and Pond (1981) stability-dependent drag
coefficient (Harrison, 1989b) ° and by the Philander and Seigel (1985) surface heat flux
parameterization as modified by Harrison (1991) and used more recently by Harrison et
al. (2001a,b) and Harrison and Chiodi (2008.) The reference atmospheric temperature
field for use in the surface heat flux calculation is the climatological seasonally varying

COADS marine data set used in Philander et al. (1987.)

The Surface Heat Flur Boundary Condition

Coupling an ocean model to an atmospheric model would allow simultaneous computa-
tion of SST and closely related atmospheric parameters such as cloud cover, wind speed,

air temperature, and humidity. With this approach, the surface heat flux emerges natu-

4Comprehensive Ocean-Atmosphere Data Set, compiled from ship records (Woodruff et. al., 1987).

5The bulk formula 7 = p,Cp|u|u was used to estimate the surface wind stress vector 7 (7%,7Y) in terms of the
wind speed u (u,v) at a height of 10 m above the sea surface, the air density p, and drag coefficient Cp. Cp depends
on u, so that an iterative process is required to obtain 7



rally. Such coupled models are under development (Wittenberg 2006; Cai 2002; Schnei-
der 2002; Perigaud 2000; DeWitt 1999; Delecluse 1998; Robertson 1995), and have
achieved some measure of success (de Szoeke and Xie 2008; Guilyardi 2006; Davey et al.
2002; Latif et al. 2001; Mechoso et al., 1995). As we have said in the introduction, in
the absence of a coupled model, the best we can hope for is a form of ’self-consistency’,
or compatibility between observations and model predictions. What we lack is direct
knowledge of vertical velocity (w) and vertical mixing very near the surface, so we can

not say that the model is right; we can only reconcile it with the observations at hand.

The boundary condition that restores SST to climatology is typically something like:

Q = K(SST - T,) (1)

where Q is the heat flux (cal/cm?/s, defined such that positive Q implies heating of
the ocean), T, is the imposed climatological restoring temperature, and « is a coupling
coefficient. This is the surface heat flux condition that has been criticized by Seager et
al. (1995a). The basic criticisms are (a) if SST is restored strongly to the seasonal cycle
in T,, SST is fixed by the boundary condition, independent of the model dynamics. In
addition, as SST approaches T, the heat flux goes to zero, which is unphysical, since
then the ocean cannot act to transport heat - which we know it does, (b) condition (1)
assumes that the atmosphere has an infinite heat capacity, and (c) values for k required

to match data (e.g., Oberhuber 1988) are too large.

The response to (a) and (c) above may be formulated by examining the actual sur-
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face heat flux boundary condition used in our model, i.e.,

where SW is solar shortwave heating (a function of latitude y, longitude x, and depth
z), LW is the longwave back radiation (set to a constant value of 115 ly/day), QS is the
sensible heat flux and QE is the latent heat flux. The only part of (2) that resembles

(1) is the sensible heat flux:

QS = paCacpa|v|(SST — Tp) (3)

where p, is the surface air density, Cy is a drag coefficient (set to a constant value
of 1.4 x 10), ¢, is the heat capacity of air (set to a constant value of 0.24 cal/g/K),
and |v| is the wind speed. QS, v, and SST are functions of latitude and longitude,
and are computed for each time step. The externally imposed air temperature (T,) is
also a function of latitude and longitude, and is updated for each time step. But QS is

relatively small compared to the short wave solar radiation and latent heat components:

SW = (11574210 °)q,[rexp(—z/ay) + (1 — r)exp(—2/az)] (4)

QF = paCaL|v](0.662/ Py)les(SST) — Hyey(T,)] (5)

where q; is the shortwave incident on ocean surface (which varies in space and time),

r is the shortwave partition for near infrared-radiation (0.58 penetrates below 1 m),
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Patm 1S atmospheric pressure, and o 5 are e-folding scales for the vertical absorption of
the short wave radiation with depth z. The shortwave incident on the ocean surface
is parameterized with latitude and cloud cover (which is in turn parameterized with
SST according to the methods of Harrison 1991). In addition, r and ;5 vary with
geographic region (warm pool, central-eastern Pacific, far-eastern Pacific), in general
agreement with observations. In (5) L is the latent heat of vaporization per unit mass
(595 cal/g), H, is the relative humidity (taken to be 0.8), and es(T) is the saturation

vapor temperature.

The boundary condition (2) contains considerably more physics than implied by (1).
The mixed condition is not subject to the constraints about which Seager expresses
concern; the relaxation term plays only a minor role. In this context, x as defined by
(1) is irrelevant. Killworth et al. (2000) have examined the errors in surface tracers and
fluxes that occur from the application of (1) to a model similar to that used here and
found that there is a tell-tale phase shift in the seasonal cycle of about a month that
occurs as a result of these errors. We refer readers to our results section where it is clear
that no such phase shift is apparent in the model results discussed here. As suggested
by Killworth, the use of bulk formula to couple an ocean model to a climatological at-

mosphere has assuaged the concerns raised by Seager.

The equation governing ocean temperature (T) in the model is:

or T T T &, T T T
g7 _ _ w4, q, S
ot o Yoy Yo, Ta, g, TAng, TAug, (6)
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where t is time, (u,v,w) are velocity components in (x,y,z) directions, p and c, are wa-
ter density and heat capacity, and kg is a vertical diffusivity coefficient. The statement
that the SST is fixed by a restoring surface heat flux boundary condition presupposes
that near-surface vertical and horizontal advection and diffusion of heat is unimportant.
Contrary to this, preliminary examination of this term balance has shown that oceanic
advection is of fundamental importance to the annual mean upper ocean heat budget.
This can be verified for our baseline experiment (described below) in the included ap-

pendix.

The point (b) above is resolved by comparing the heat fluxes computed by the model
with observed climatological values (e.g. Esbensen and Kushnir 1981, Oberhuber 1988.)
These observed values presumably do not require an infinite atmospheric heat capacity.
For surface heat flux, values derived from observations typically have +30 W/m? errors
in Q; we have that level of freedom to work with. As we will show below, the model

heat fluxes in the base case agree with observations to zeroth order.

Consideration of model heat fluxes also allows for a more complete evaluation of
the experimental results; experiment configurations that produce reasonable seasonal
variations of SST, but only at the cost of imposing unrealistic surface heat fluxes (by
imposing air temperature), can be said to be inconsistent with our current understand-
ing of the coupled system. On the other hand, forcings that can be removed, while
leaving SST and heat flux behavior largely unchanged, can be said to be of, at best,

secondary importance.
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4. THE EXPERIMENTS

Description of the experiments

[Table 1 about here.]

The results from five numerical experiments are reported here (the wind stress field
characteristics of each experiment are summarized in Table 2.) The first experiment
(denoted TXTY for 7%, 7Y)) is the baseline experiment. Both components of the season-
ally averaged surface wind stress are imposed, and seasonally averaged air temperature
and net solar radiation are specified in the surface heat flux boundary condition. Fig.
1 shows the zonal (7%) and meridional (7¥) components of the wind stress fields used to
force the model. Figs.1a, 1b show the seasonal cycle of the forcing on the equator; the
forcing fields between 10°N and 10°S for March (Figs. 1c¢,1d) and for September (Figs.
le, 1f) are also shown. The summer intensification of the northward meridional stress,

particularly eastward of 170°W,is evident on Figs. 1b and 1 f.

[Figure 1 about here.]

The results of this baseline experiment have been compared with climatological sur-
face data (SST and surface ship drift) and with equatorial zonal currents at 140°W and
110°W (Harrison et. al., 2000); some discrepancies with observations remain, but sub-

stantial agreement exists in the annual mean and the seasonal cycle of SST and zonal
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flow and in the amplitude of the equatorial instability waves.

The remaining experiments indicated in Table 2 begin from the end of the TXTY
experiment, so that at their initiation the model climatological seasonal cycle is fully
developed. The second experiment is identical to TXTY except the meridional wind
stress component 7Y is set equal to zero; 7% is left unchanged and wind speed (needed
for latent and sensible heat fluxes) is determined from applied 7 and bulk formula (de-

scribed in Model section above.) This experiment will be called T.

The third experiment is identical to TXTY except that the zonal wind stress field
7% is set equal to its annual mean value (< 7% >, where the brackets denote an annual
mean quantity); this experiment will be called <T* >TY. The intent of experiment
<TX >TY is to explore how much of the seasonal cycle can be reproduced by the merid-
ional wind stress when the large scale zonal structure of the circulation is maintained by
the annual mean zonal wind stress field. If 7% is set equal to zero instead of its annual
average, the adjustment involves a large scale collapse of the pacific zonal temperature
gradient (a ’super’ el Nifo), which masks the seasonal cycle; this experiment is not

shown here.

The fourth experiment uses the annual mean zonal and meridional wind stress fields
(< 7% >,< ¥ >)) denoted as <T* ><TY >. The intent of <TX ><TY > is to
examine how much of the seasonal cycle can be reproduced by the imposed seasonally

varying atmospheric forcing (e.g., air temperature; solar radiation) with annual mean
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zonal and meridional wind stress.

The final (fifth) experiment, denoted as TXTY< @ >, uses the full time-varying
wind stress field, but instead of computing the surface heat flux each time step, imposes
a constant surface heat flux. The constant heat flux used in TXTY < Q > is the an-
nual mean (but spatially varying) heat flux computed in experiment TXTY. The intent
of TXTY < () > is to examine how much of the seasonal cycle in the eastern Pacific can

be reproduced from the dynamical effects of wind stress alone.

Results of the Experiments

[Figure 2 about here.|

First consider the seasonal cycle of SST in the various experiments (Fig. 2); in-
stability wave variability has been largely removed by filtering with a 30 day running
average. The smoothed COADS SST is also shown (Fig. 2a). Both the COADS data and
all the experiments show the Boreal Springtime weakening of the zonal SST gradient,
with warmest temperatures occurring in March and coldest temperatures in Septem-
ber/October in the eastern Pacific. The COADS data shows a minimum temperature
of 21°C, several degrees colder than the experiments. There is much less seasonal vari-
ability in the central and western Pacific, and the data and TXTY agree. The TX,
<TX >TY and <TX ><TY > experiments reproduce most of the aspects of SST vari-

ability of the TXTY experiment, but temperatures in the far-eastern Pacific (80-100°W)
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are typically one degree warmer than in TXTY. For TX, except in the far-eastern Pa-
cific, the zonal stress alone is able to reproduce the essential features of the seasonal
cycle of SST. Experiments <T* >TY and <T* ><TY > are unable to sufficiently
generate a SST seasonal cycle west of 140°W, where variations in zonal stress presum-
ably drive the system. The <T% ><TY > experiment, forced only through the surface
heat-flux boundary condition, shows very little SST variation west of 120°W and only
weak seasonal SST variation at 110°W. Wind stress alone, without a time-varying sur-
face heat flux (TXTY < @ >), produces an SST cycle with temperatures in the western
Pacific that are several degrees too warm, and unrealistic SST in the far eastern Pacific.
These last two cases suggest that both time varying surface heat flux and wind stress are

required to reproduce the seasonal cycle of SST. Either one, acting alone, is insufficient.

[Figure 3 about here.]

[Figure 4 about here.|

Figs. 3 and 4 show the monthly-averaged fields of SST between 10°S and 10°N, for
the COADS seasonal dataset and for each experiment. Monthly averages are shown for
March and September. The TXTY results show the strengthening and weakening of
the cold tongue, the large changes off the south American coast and the shifting of the
warmest western Pacific waters from northern to southern hemisphere that are all char-
acteristic of Tropical Pacific SST variation. The model does not warm as much in the
eastern Pacific in Boreal Spring as is suggested in climatological SST COADS data, and

minimum temperatures in the cold tongue are about a degree off. TX again reproduces
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all of the major equatorial and western Pacific aspects of TXTY, but not the behavior
off the south American coast. <TX >TY and <TX ><TY > reproduce the seasonal
cycle of SST in the eastern Pacific; in particular, they generate the cold tongue and
the September upwelling along the South American coast, however the seasonal cycle of
SST is not well represented in the western Pacific. For <TX ><TY > the weakening
of both the cold tongue and the coastal upwelling in March is underestimated. The
TXTY < @ > experiment captures the amplitude of the cold tongue west of 110°W,

but there is anomalously warm water in the northern hemisphere.

[Figure 5 about here.]

Now consider the surface heat flux, as computed by the model using (2) and as re-
ported by Oberhuber (1988) and by COADS (e.g. Esbensen and Kushnir, 1981). Fig.
5 shows the seasonal cycle at the equator for the surface heat flux anomaly, from the
climatological data (Figs. 5a,b) and from the experiments (Figs. 5¢-f). To generate the
anomaly fields, we have subtracted the annual mean at each grid point. First, note that
there is general agreement between the Oberhuber and COADS heat fluxes. The TXTY
and TX experiments reproduce the temporal behavior of the seasonal cycle, both in
the eastern and western Pacific, in particular the maximum positive departure near the
South American coast during Boreal Spring. The remaining experiments (<T* >TY
and <TX* ><TY >) do not reproduce the seasonal cycle of heat flux in the western
Pacific, and the location and amplitude of the seasonal cycle in the eastern Pacific.
There is considerable reported uncertainty in the COADS data; the TXTY heat flux is

very close to the COADS data west of 130°W, and, while underestimating the heat flux
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east of 130°W, still falls within one standard deviation of the observations. The TXTY
model has a net heat flux into the ocean at the equator, verifying that the model can
act to transport heat meridionally and vertically as we would expect [criticism (a) above

notwithstanding].

The subsurface zonal currents produced at (140°W, 0°N) by TXTY (Fig. 6) agrees
well with in-situ data from the TAO array. This climatological data, shown in the last
panel of Fig. 6, was made by monthly-averaging observed zonal velocity from an upward-
looking acoustic Doppler profiling current meter (ADCP) mooring at (140°W, O°N) over
the period 1990-1998 (Yu and McPhaden, 1999). This process smooths out the TIWs
signature in the TAO data. Note that, on these figures, blue colors denote westward
flow, and red colors denote eastward flow. The seasonal reversal of the normally west-
ward surface flow in late Boreal Spring (March-June), when the TIWs subside and the
climatological westward winds are weakest, and when the upper part of the Equatorial
Undercurrent (EUC) reaches its maximum speed, is well simulated. The seasonal evolu-
tion above the core of the EUC is different from that below the core, also consistent with
observations (see Harrison, et. al., 2000, for these comparisons.) Experiments T and
TXTY <Q> reproduce the seasonal cycle of zonal velocity at (140°W, 0°N), consistent
with the notion that this process is coupled primarily to the seasonal cycle of zonal wind

stress.

[Figure 6 about here.]

Experiments <T* >TY and <TX ><TY > (forcing by surface heat flux and/or
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meridional wind stress alone) are unable to reproduce the main features of the seasonal

cycle of surface and subsurface currents.

This result also extends to the basin-wide seasonal cycle of equatorial surface zonal
currents (Fig.7). TX reproduces the basin-wide Boreal Spring and western Pacific Bo-
real Winter eastward surface current episodes very much as they are seen in TXTY. As
would be expected, <T* ><TY > is unable to reproduce any of the main features of
the surface flow in TXTY; while <TX >TY approximates the seasonal cycle only in
the extreme eastern Pacific; the mechanism for the suppression of the TIWs and the
spring current reversal is absent, and TIWs persist all year. TXTY <Q> generates the
seasonal cycle, but the eastward velocity magnitudes are too high in the western part
of the basin. Evidently, the lack of a time-varying heat flux requires more transport of

heat by near-surface currents.

We may quantify the degree to which the different experiments resemble the ’base-
line’ experiment (TXTY) by computing a ’global’ or rms error € over a model year in

the following way (e.g. for SST):

(SST, SSTTXTY
ik — ijk ) ]1/2 (7)

wr= g DL

where the i and j sums are taken over the model latitude-longitude grid points, the k
sum is taken over time snapshots from a model year, and where N;, N;; and N, represent

the number of grid points in latitude, longitude and time, respectively. Table 3 shows
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the results for SST, zonal velocity and meridional velocity. For each case, grid points at
latitudes from 5°S to 5°N were summed, and € was computed for four different longitude
regions: the entire equatorial waveguide (131°E-70°W), the western Pacific (west of the
dateline: 131°E-180°W), the predominant trade wind region (95°W-180°W), and the
extreme eastern Pacific (95°W-70°W). For TX, errors get progressively worse as you go
east. For the western Pacific, T* reproduces TXTY better than the other experiments,
but in the extreme eastern Pacific T* does worse than the experiment with annual mean
zonal stress and with either time-varying (<TX >T") or annual mean (<T* ><TY >)
meridional stress included. Experiment TXTY <Q> does considerably worse for SST,

but average for reproducing the currents.

[Table 2 about here.]

[Figure 7 about here.]

5. Conclusions

Although many previous numerical studies of the eastern tropical Pacific (see Table 1)
have been able to essentially reproduce the seasonal cycle of SST, there is no consensus
for its fundamental cause; different mechanisms have been invoked in each case, and con-
clusions about the relative importance of different components of the surface forcing are
different. Our baseline PE model of the Pacific (T*TY), also reproduces the climatologi-
cal seasonal cycle of SST well. The TXTY results show the strengthening and weakening

of the cold tongue, the large changes off the south American coast and the shifting of

31



the warmest western Pacific waters from northern to southern hemisphere that are all
characteristic of Tropical Pacific SST variation. The subsurface zonal currents produced
at (140°W, 0°N) by TXTY agree well with in-situ data from the TAO array. The sea-
sonal reversal of the normally westward surface flow in late Boreal Spring (March-June),
when the TIWs subside and the climatological westward winds are weakest, and when
the upper part of the Equatorial Undercurrent (EUC) reaches its maximum speed, is
well simulated. We are not restoring our system any more strongly than others (e.g.,
Kessler or Seager). Our seasonal cycle experiment (TXTY) is self-consistent in the sense
defined in Section 2 above: forced by the climatological winds, air temperature and solar
radiation, the computed surface heat flux, SST, currents and vertical density structure

are consistent with climatological observations.

Because the surface heat flux boundary condition is critical in this context, in Sec-
tion 3 we have discussed the role of our surface heat flux boundary condition in the
near-surface heat equation. In particular, we have shown that Seager’s criticism of the
“Haney-type” boundary condition (Haney, 1971) does not apply. SST emerges as an

independent quantity in our model.

In a series of numerical experiments where we have removed elements of the atmo-
spheric forcing, we find that the different cases all produce relatively realistic seasonal
cycles of SST. Although the SST signal is quite robust, only the most complete model is
also able to reproduce the seasonal cycle of near surface currents and tropical instability

waves (TIWs), with consistent heat fluxes.
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The <TX >TY and <TX ><TY > experiments reproduce most aspects of SST
variability seen in the TXTY experiment, but they do so only with the imposition of
surface heat fluxes that are largely inconsistent with the observation-based estimates
of surface heat fluxes considered here (including in the eastern Pacific.) On the other
hand, we have found that a model simulation made with the zonal wind stress alone
(TX) reproduces very well the equatorial seasonal behavior (e.g. in SST and surface
heat fluxes) of the climatological experiment (T*TY ) except in the far eastern Pacific
(east of 100°W). Thus, the effects of meridional stress are not negligible, but neither are
they crucial. In this sense, the experiments confirm some results reported by Kessler
et al. (1998,) on the relative influence of meridional winds. Additionally, the simulta-
neous consideration of SST and surface heat flux has shown zonal stress variations to
be the more fundamental forcing function in the context of the experiments described
here. For TX, errors get progressively worse as you go east. For the western Pacific,
TX reproduces TXTY better than the other experiments, but in the extreme eastern
Pacific TX does worse than the experiment with annual mean zonal stress and with
either time-varying (<TX >TY) or annual mean (<T* ><TY >) meridional stress

included.

Wind stress alone, without a time-varying surface heat flux (TX*TY <Q>) produces
an SST cycle with temperatures in the western Pacific that are several degrees too warm,
and unrealistic SST in the far eastern Pacific. In this case, however, currents are still

reproduced reasonably. Thus, currents are forced mainly by wind stress, while the sea-
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sonal cycle of SST depends strongly on seasonal variations in surface heat flux.

A model simulation made with the annual mean winds, forced only through the sur-
face heat-flux boundary condition (<T* ><TY >) generates a seasonal cycle of SST
that is superficially in agreement with data; in particular, it generates the cold tongue
and the September upwelling along the South American coast. However the seasonal
cycle of SST is not well represented west of 120°W, and this case does not yield consis-
tent heat fluxes or currents. In the absence of seasonally varying currents, this system
is forced relatively strongly by the seasonal cycle of air temperature, and tropical in-
stability waves are present all year long and presumably are largely responsible for the
required heat transfer. These last two cases (TXTY <Q> and <TX ><TY >) suggest
that both time varying surface heat flux and wind stress are required to reproduce the

seasonal cycle of SST. Either one, acting alone, is insufficient.

Including the annual mean zonal wind stress and the seasonally varying meridional
wind stress (<TX >TY) appears to reproduce the September TXTY cold tongue. In
particular this is the only case (other than the baseline T*TY) that generates cold
upwelled water off the South American coast. The cold tongue, however, does not get
advected westward as much as required. <TX >TY does not adequately simulate either
the surface heat flux or the surface equatorial zonal flow. While the mean large scale
structure of the subsurface zonal flow field is maintained by the mean zonal stress, the

varying meridional stress does not drive much seasonal variation in these fields.
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In a seminal study, Philander and Pacanowski (1981) showed that switching on a
uniform northward wind stress (0.5 dyne/cm?) over a resting ocean (with idealized ver-
tical temperature profile) produced a pool of cool water in the southeastern part of
the rectangular domain, and an equatorial cold tongue with a significant meridional
temperature gradient just north of the equator. They further showed that forcing with

2 over a period of 200 days)

meridionally uniform, time-varying (zero to 1.0 dyne/cm
northward winds, in the eastern part of the basin, can also maintain a somewhat weaker
cold tongue. From these results they suggested that the meridional winds alone may be
responsible for much of the observed seasonal SST variability in the eastern equatorial
Atlantic and Pacific ocean. Since this study, a number of authors have made similar
claims for the Pacific (e.g. Mitchell and Wallace 1992) and much effort has been directed
toward understanding the influence of meridional winds. In contrast to this perspective,
we find that the zonal stress alone drives much of the observed SST variability in the
eastern Pacific. In our model, the cold tongue is reestablished without 7¥ (i.e., exper-
iment TX.) These results provide guidance for current efforts to evaluate and develop
realistic coupled air-sea models. Recently, de Szoerke and Xie (2008) have drawn at-
tention to the effects that errors in 7Y have on the seasonal cycle of equatorial Pacific
SST in coupled air-sea models. Results of our study suggest that, while consideration
of 7¥ is warranted and perhaps pertinent to the models considered by de Szoerke and
Xie (2008,) realistic coupled model behavior should be at least as sensitive to variability

(errors or otherwise) in 7% as 7¥, and thus, in order to be realistic, it will be fundamen-

tally important for such models to predict accurate zonal winds.
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While the discussion about the relative importance of the surface heat flux and
meridional wind stress field in the seasonal cycle of SST will undoubtedly continue, and
perhaps be assisted by future coupled ocean-atmosphere experiments, the experiments
reported here indicate that the upper ocean equatorial fields in this ocean circulation
model are largely zonal wind stress driven. Meridional stress has little effect except in
the easternmost Pacific. More importantly, we have shown that merely reproducing the
seasonal cycle of SST does not allow conclusions about dynamics and forcing mechanisms
to be made. This leads to the disconcerting notion that using a standard approach, i.e.,
using a hierarchy of models, starting with the simplest and moving toward more realism

as understanding is gained, may be inappropriate.
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Appendix: The term balances in the temperature

equation

Fig. 8 shows the nonlinear terms -udT/dx, -vOT/dy and -wdT/0z (based on TXTY)
from Eq. 6, averaged over a latitude band 2°S-2°N, over a depth range 0-30 m, and over
a model year. Also shown on Fig. 8 is an estimate of the heat flux term <Q>/(p ¢, Az),
where we have used the surface heat flux for Q, and where we have assumed Az=30 m
6. In the eastern Pacific, vertical advection of heat is as large an effect as the surface
heat flux; zonal and meridional advection terms are also non-negligible. In the western

Pacific, zonal advection is the dominant nonlinear effect.

[Figure 8 about here.]
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Figure 1: a) Seasonal cycle of 7® applied to the model (following Harrison 1989b) along the equator.
b) Same as (a)for 7¥. ¢) March monthly mean 7,. d) March monthly mean 7¥. e) September monthly
mean 7,. f) September monthly mean 7.
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Figure 2: a) Seasonal cycle of COADS equatorial SST and the seasonal cycle of SST from, b)
the baseline experiment (TXTY), c¢) experiment T¥, d) experiment <T* >TY, e) experiment
<T¥X ><TY > and f) experiment T*TY < Q >.
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Figure 3: March monthly mean SST from a) COADS, ¢)TXTY and e) T¥. September monthly
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Figure 5: The seasonal cycle of equatorial heat flux from a) COADS (Esbensen and Kushnir, 1981),
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Figure 6: The seasonal cycle of zonal velocity at 140°W, 0°N from a)TXTY, b) TX ¢) <TX >TY,
d)<TX* ><TY >, e) TXTY <Q> and f) TAO data.
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Figure 7: The seasonal cycle of zonal velocity along the equator from a)TXTY, b) TX ¢) <TX >TY,
d)<T* ><TY > and e) T*TY <Q>.
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TABLES 99

Table 2: Summary of the wind stress forcing for the numerical experiments. 7% and 7 are zonal and
meridional wind stress, respectively. The brackets j; denote an annual mean quantity. T,;., and I
denote that seasonal air temperature and net solar radiation are specified in the surface heat flux
boundary condition, respectively; < @ > denotes that annual mean surface heat flux (computed in
experiment TXTY) is imposed as a constant surface heat flux boundary condition.

Experiment | Wind Stress Heat Flux
Components
l<m> | <1v> | Ter,l <Q>
Specified | Specified
TXTY X X X
TX X X
<TX>TY X X X
TXTY <Q> | x x X
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Table 3: Summary of the average (rms) error € for (a) SST (°C), (b) surface zonal current u (cm/s),
and (c) surface meridional currents v (cm/s). The errors were computed with Eq. 7, and represent
average deviations from the baseline TXTY model run for experiments T, <TX>TY, <TX>TY
and TXTY <Q> (A summary of these experiments is listed in Table 2.) For each case, an entire
seasonal cycle (model year) was used, grid points at latitudes from 5°S to 5°N were summed, and
e was computed for four different longitude regions: (1) the entire equatorial waveguide (131°E-
70°W), (2) the western Pacific (west of the dateline: 131°E-180°W), (3) the predominant trade
wind region (180°W-95°W), and (4) the extreme eastern Pacific (95°W-70°W).

(a) essT
131°E-70°W | 131°E-180°W | 180°W-95°W | 95°W-70°W
TX 0.45 0.12 0.47 0.78
<TX >TY 0.33 0.23 0.38 0.29
<TX ><TY > 0.40 0.27 0.42 0.49
TXTY <Q> 1.5 1.2 1.4 2.6
(b) €y
131°E-70°W | 131°E-180°W | 180°W-95°W | 95°W-70°W
TX 15 10 17 10
<TX >TY 18 17 19 71
<TX ><TY > 19 19 19 3.4
TXTY <Q> 15 14 16 7.0
(b) €,
131°E-70°W | 131°E-180°W | 180°W-95°W | 95°W-70°W
TX 15 8.4 18 11
<TX >TY 16 8.8 19 4.8
<TX ><TY > 16 10 19 4.9
TXTY <Q> 17 10 20 6.8




