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ABSTRACT

The heat budget s analyzed in the surface—layer (0-50 m) Pacific of the equatorial band (10°5-10°N),
using the simulation of an ocean general circulation model from 1945 10 1993, The analysis indicates that
downward net surface heat flux from the atmosphere and ovean sdvective heat fluxes play distinet rodes m
seasonal and interannual varabibities of surface—layer acean temperature, The surface heat flux dominantly
determines the ocean tlemperature in the seasonal time—scale. But, 11 has a negative feedback to the ocean
temperature m the mierannual ime—scalke, The tnterannual vanability of ocean temperature s largely asso-
crled with the cold advection from off—cquatorial divergent flow in the central Pacific and from upwelling
in the cold tongue, Bath the surface heat flux and occan advective heat tluxes are important te the ncean
temperature during an El Nifio evenl. The ocean udvective heat fluxes are further associaled with local
weslward trade wind n the central Pacific. These results are largely consistent with some regional
obsersationa! analyses,

Key words: Seasonal varability, Interannual variability, Heat flux
1. Introduction

The physical mechanisms controlling the EI Nifio event have been studied based on ob.
servations in the equatorial Pacific (Wearc 1983; Reed 1986; Hayes et al. 1991; McPhaden
and Picavt 1990: Frankignoul et al. 1996; Weisberg and Wang 1997). One of the most impor
tant issues is whether the surface heat flux or ocean advective heat fluxes arc dominant in con
trolling the sea surface temperature (SST), Some studies indicated that the SST is mainly con-
trolled by the surface heat flux {rom atmosphere, while other studies showed that ocean
advective heat fluxes might be more important in influencing SST due to different diagnosis
methods, data periods and locations. These studies suggest that the mechanisms in each
El Nifio event might be different, und more independent investigations are needed to further
understand the fundamental characteristics of the El Nifio.

An alternative method to study the El Nifio is the numerical simulation based on ocean gen-
eral circulation model (OGCM), The intercomparison between simulation and observation

T Corresponding author address: Dr. Boyin Huang. Department of Earth, Atmospheric, and Planetar,
Sciences, Massachusetts Institute of Technology, Room 34—1721, 77 Massachusetts Ave.. Cambridge.
MA-02139. US.A

£ E-mail:bhuangfe wind mitedu

e T




220 Advances in Atmospheric Sciences Vol. 19

may further help us wnderstand the role of ocean and atmosphere in S8T. and may have u
clue 10 answer the questions of our interest: What are the roles of surluce heat flux and occan
advective heal Mux in the interannual variability of SST? Do these heat fluxes have the sume
role in different regions of the equatorial Pacific? Qur simulation indicates that their roles are
distinctive a1 different time—scales and in different regions.

The paper is organized as follows: The model performance and method of ocean heut
budget diagnosis are presented in section 2. The closed ocean heat budget is analyzed for the
surface—layer Pacific of the equatorial band in the seasonal (section 3), interannual {scction 4)
variabilities, and in un El Nifio event (section 3). Section 6 is the summary.

2. Model

The Geophysical Fluid Dynamics Laboratory Modular Ocean Model (MOMI beta,
Pacanowski 1996) is used to simulate the oceanic heat budget in the Pacific equatorial band.
The model domain extends globally from 80°S to 60°N with & coarse hotizontal resolution of
2°x 2° but a realistic topography. The vertical resolution is 25 m above 400 m. The madel
ocean is driven by the wind stress and net surface heat flux from atmosphere. The wind stress
is calculated using monthly wind velocities from the Comprehensive Ocean and Atmosphere
Data Set (COADS, da Silva et al. 1994), The surface heat fluxes are calculated based on Gill
{1982).

Q=S¢ t H Tt Hg+ Hp (1
Ho=— Lp,e I Vllg,— 9, . (2
He= - ('f,pa('s\ﬂ(TS* T.) - (3
Hy = — eoT(0.39— 005 1— 0.6¢7) . {41

where S,. H, . Hg, Hz and Q. represent downward fluxes of solar radiation, latent heal,
sensible heat, infrared radiation, and net heat, respectively. g, is saturated humidity that s 4
function of SST, T is the model ocean temperature of the first—layer (12.5 m), Ve g,,.uand
T, are the wind velocity, vapor pressure, humidity, and temperature of surface air in
COADS. ¢ is COADS total cloudiness. L is the latent heat of vaperization. ¢, is the specific
heat al constant pressure. p, is the air density that is set to a constant of 1.2 kg m o,
and ¢ are set to 0.92 % 107" and 1.5 % 107, respectively. ¢ is the emissivity thal is set t0 0.95,
and o is (he Stefan’s constant. The model sea surface salinily is restored (o Levitus (1982)
monthly climaftology with a restoring time of 100 days. The model initial temperature and
salinity are set to Levitus annual mean climatology. The model is spun up for 500 vears using
monthly COADS data of 1945. The model is then integrated for 49 years using monthly
COADS data from 1945 to 1993.

The capability of our coarse resolution OGCM to simulate the large—scale oceanic leu-
tures can be seen in the model climatological temperature und currents. Figure 1a shows the
mean temperature difference between the model (1945—1993) and Levitus (1982) climatology
in the Pacific equatorial band (10°$—10°N), The simulated temperature is about 1-2°C lower
than Levitus climatology above 200 m, and about 1-3°C higher between 200 and 400 m, The
error may primarily result from the higher vertical diffusivity (1 x 107 m’ s in our OGCM,
and is a well-known problem of many OGCM:s, The error of zonal average temperaturc i
the Pacific (120°E—80°W) is relatively smaller above 200 m in the tropics (10°S-15"N)and the
North Pacific north of 15°N (Fig. 1b). In addition, the long—term trends of the ocean
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Fiz. [. ta) Mean temperature difference between simulation and Levilus averaged 1 the Pacific
equatorial band {10°S-10°N). Contour interval s 0.5 K. (b) Same as (a) except averaged in the Pa-
cific Oceun (120°E-80°W), (c) Simulated mean sonal currents averaged mn the Pacific Ocean, Con

wour mterval 153 cms™' between -9 and 9, and 3 ems™ belween -15 and - 25,

temperature between 1935 and 1993 are also well simulated above 400 m in the tropical Paci-
fic. the mid—latitude North Pacific, and the tropical Indian Ocean (Liu and Huang 2000:
Huang and Liu 2001a and 2001b),

Qur coarse resolution QGCM can also simulate the structure of the tropical currents reu-
sonably (Fig. Ic), although the magnitude of currents is weaker than available observations
(Wyrtki and Kilonsky 1984 Firing el al. 1998), eddy-resclving simulation {Semtner and
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Chervin 1992), and the simulation of Philander et al. (1987) with higher resolution,

To understand the physical mechanisms of seasonal and interannual variabilities of the
surface—layer (0—50 m) Pacific ol the equatorial band, the closed heat budget is diagnosed us-
ing our coarse resolution OGCM in the warm pool, central Pacilic, and cold tongue,
respectively. We choose 10°S—-10°N to represent the equatorial band of the Pacific, The equa-
torial band is further divided into 120°-170°E, |70°E-130"W_ and 130°-80°W to represent
the warm pool, central Pacific, and cold tongue, The closed heat budget can be written as

T, =A,+t4.+4,1Q0+q. ()

Here

T,= pe,Hi,T | (o)

is spatially averaged ocean heat storage rate, and

(A4,.4, A= pe, Hi—ul T.=vé T, —wi T) . 7

are spatially averaged ocean advective heat fluxes. H is the thickness of 50 m, and 7 is the
model ocean temperature between 0 and 50 m. Q is downward net surface heat flux from the
atmosphere, and ¢ is upward turbulent heat flux from below 50 m:

q= - Q+ £, H(}'(ﬂ::T-‘. Flurb) . 8

where F,, represents spatially averaged (urbulent heat flux including mixing and
convection, and 7 is the vertical diffusivity, Other notations are conventional. The reason us-
ing advective form of heat flux instead of divergence form (7 « V') is to exclude the effect of
mass flux in each spatial direction.

3. Seasonal variability

To resolve (he seasonal variability properly, the model heat budget is diagnosed in the
equatorial band of the Pacific every 10 days. The mean seasonal cycle is construcied by aver
aging 49 years simulation. Qur analysis indicates that a semi~annual cycle is dominant in the
warm pool and central Pacific, but an annual cycle is dominant in the cold tongue. The distrt
bution of these semi—annual and annual cycles is consistent with the observation of Horel
(1982),

In the warm pool (120°-170°E), the major feature is thal the semi—annual cycle of sur-
face heat flux (Q) largely determines the semi—annual cycle of ocean temperature (7,
hereafter) averaged between § and 50 m. The semiannual cycle of Q and T is dominant (Fig.
2). Both @ and heat storage rate (T, ) reach their peaks in late April and late October, and
they are the lowest in early February and early July with amplitude of about 20 and
15 W m™, respectively (Fig. 2a). Therefore. we conclude that Q is a predominant contributor
1o T in the warm pool as indicated in the observation of Fasullo and Webster (1999} and Lau
and Sui (1997).

Another factor supporting our conclusion is that ocean advective heat {luxes have weak
semi—annual cycle and small amplitude of variation. Therefore, they do not contribute very
much 10 the semi—annual cycle of ocean temperature in the warm pocl. On the contrary, the
ocean advective heat fluxes exhibit an annual cycle, albeit very weak.

The features of seasonal cycle are very similar in the central Pacific between 170°E and
130°W (not shown) as in the warm pool; The semiannual cycle is dominant in Q and 7, .
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Fig. 2. Seasonal variabihities of occan temperature ¢'C, right coordinate}, ocean heut budget

"W m left coordinate), and wind stress 7, and r, {107 N m™, left coordinate) in the warm pool
120°~170°E)

but 2 weak annual cycle exhibits 1n ocean advective heat fluxes. Q s a major contributor o 7.
The main difference is thal the heat flux due to off—equatorial divergent flow (4 ) is positive
in the warm pool, but negative in the central Pacific.

In the cold tongue between 130°W and 80°W (Fig, 3a), however, the Q. T, and T have a
dominant annual cycle. T is largely associated with Q. But off—equatorial (4, ) and upwelling
{4, ) advective heat fluxes also contribute to T, Q reaches its maximum in March and earl:
July. its minimum in June—July with amplitude of about 45 W m™, The amplitude of 7' 15 as
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Fig. 3. Same as Fag, 2 except for the cold tongue {130°-80°W1.

large as that of Q. such as in the warm pool. T, lags Q about half month. but they are in
phase in the warm pool. This suggests that the ocean advective heat fuxes have contributed to
T, in the cold tongue, Both the magnitude and amplitude of 4, and A, are larger in the
cold tongue (Fig. 3b) than in the warm pool, and are comparative with Q.

The characteristics of seasonal cycle of 7, in our simulation are consistent with observa
tions (Wang and McPhaden 1999: Swenson and Hansen 1999) and other GCM simulations
(Enfield 1986: Chen et al, 1994), Bul, we have to note that the magnitude of T, is relatively
smaller in our simulation due to coarse model resolution and average of a large area between
10°S and 16°N, [n the warm pool, the westward cold advection (A4, ) is very small and has na
clear seasonal variability in our simulation (Fig. 2b). However, it is as large as the surface
heat flux, and has a clear semiannual cycle in the observauon of Tropical Atmosphere—Ocean
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(TAQY in the mixed layer at 165"F at the equator (Wang and McPhaden 1999, their Figure 5d
and Table 2). The seasonal cycle of 4, is also clear in the mixed layer between 5°S and 5N in
a simulation of 3=D reduced gravity primrtive equation model (Chen et al, 1994, their g,
la), although its magnitude is not as large as in Wang and McPhaden (1999). 4 18 negative
with maximum magnitude in May and June in our simulation but in Qctober in Chen et al.
(1994), while a positive 4, is observed during January and February in Wang und
McPhaden (1999).

The observed 4, is a warm advection in the central Pacific at 170°W and 140°W at the
equator in Wang and McPhaden (1999, their Figure 6¢), But, it is a cold advection n the
simulation within a mixed layer between 5°S and 5°N (Enfield 1986, his Fig. 8b)and in our
study in the central Pacific. The simulated meridional cold advection in the central Pacific
seems to be understandable; The westward trade wind forces the Ekman divergent flow.
which transports relatively cooler water away from the equatorial ocean. The seasonal cycle
of 4, in our simulation is very weak in comparison with Wang and McPhaden (1999).
Enfield (1986}, and Chen et al, (1994, vheir Fig. 1b). A reverse of the South Equatorial Cur
rent (SECY from Murch to August is clearly observed in Chen et al. (1994) and Wung and
McPhaden (1999), but no reverse is found in Enfield {1986) and our study.

The TAQ observations in the cold tongue at 110°W at the cquator indicate that the
meridional advection in the cold tongue is a strong warm advection in all seasons (Wang and
McPhaden 1999}, But, it is a cold advection in the observation of a mixed layer between 5°S
and 5°N from Swenson and Hansen (1999, their Fig, 5a with opposite sign), and simulation of
Enfield (1986). Qur simulation indicates that it is a warm advection from October to January,
but a cold advection from June to August,

The major reason resulting in these differences might be: (1) coarse model resolution in
our study, which results in weak ocean currents and therefore weak advective heat fluxes, (2)
average of a large area in our study, which also results in & weak advective heat flux since
acean currents are weak away from the equator. and (3) a uniform depth of 50 m is used in
our diagnosis, which reduces averaged vertical lemperature gradient and upwelling current,
and therefore reduces vertical advective heat flux in the cold tongue, It needs 1o be noted that
the depth of mixed layer is diagnosed using 4 mixed layer model in Chen et ul. (1994), and us-
ing a finite vertical temperature difference in Wang and McPhaden (1999} and Swenson and
Hansen (1999). The mixed laver depth in Enfield (1986) is 50 m west of 145°W but 20 m east
of 105°W.,

4, Interannual variability

We calculated the annual mean ocean temperature and heat budget for cach year from
1945 to 1993, using model output of every 10 days. The annual anomaly is calculated by sub-
tracting the multi—year mean. Qur simulation suggests that the surface heat flux s still an im-
portant factor comtributing the occan temperature. Bul. the interannual anomaly of
surface—layer ocean temperature is largely associated with (he ocgan advection, which is dif-
ferent from the seasonal variability, The ocean advective heat fluxes are forced by local trade
wind anomaly in the central Pacific.

Figst. the ocean temperature {7) averaged between 0 and 50 m does not seem to be asso-
ciated with surface heat flux (@) in the warm pool (120°~170"E), although the interannual
anomalv of O has an important impact on ocean heat storage rate (T, ). The correlation
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Fig. 4. Anomaly digrams in the central Pacific (170°E~130°W). The y—coordinate represents Lhe
interannual heat budget anomalies 7', @, ¢. 4,. 4, and 4, in W m™® from the first to sixth row,
The x—coordinate represents anomalies of heat storage rate 7, temperature 7 (K), zoral wind
stress 7, (107 N m™). and meridional wind stress t, (107 N m™) from the Ist o 4th calumn. The e

solid hines represent the linear regression.

coefficient between T and Q is very small (Table 1), But the correlation coelficient between
T, and Q is 0.62. T is not directly associated with any ocean advective heat fluxes, although
the anomalies of advective heat flux from upwelling (4. ) and off—equatorial divergent flow
(4, }are largely associated with southwestward trade winds in the warm pool.

In contrast, T is associated with both Q and A, in the central Pacific (170°E—130°W),
T, is very well associated with Q (Fig. 4, the Ist column) as in the warm pool. Their correla:
tion coefficient is 0,69 (Table 2). However, the T anomaly is negatively correlated (—0.63}
with  in the central Pacific (Fig. 4, the 2nd column). which suggests that Q acts as a negative

mbbopsnstessn o
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feedback to 7. The T anemaly seems to be directly correlated (0.79) with 4, . An increuse of
T corresponds to a weakening A4, , and vise versa. A, is further correlated (0.63) with the
westward trade wind in the central Pacific. When the westward trade wind 7, weakens, 4,
weakens (both are positive anemaly) due to Coriolis effect. und vise versa (Fig 4, the 3rd col
umn). This weaker cold advection will in turn lead o a higher 7.

Table 1. Correlalion coefficient belween the interannual anomalies of oceanic heat fAlux, 7. 7.7 _and 7, n the

Warm pool{120°~170°E). The bold coefficients indicate that its statistical significance 1§ less than 95",

T, A, 4 A, 2 g T
T, 1.00 0.02 0.06 —0.02 .62 0.03 003
T 0,03 20.05 0.0 0.05 017 ~0.06 100
I 0.3 010 037 1143 0.17 ~0.05 .02
., 019 2035 047 054 0.15 0.04 0.04

Table 2. Same as Table | except {or in the centeal Pacific (170°E-130°W)

T, A4, A, A, e} ¢ ‘ i
T, 100 0.26 -0.28 0.9 0.69 0.05 -0.10
T -0.10 .50 0.79 -0.42 -0.63 %73 1w
T, 033 042 0.63 -0.30 —0.32 063 | 024
!, 0.19 —0.5] -0.58 0.49 051 048 | 052

Stightly different from the central Pacific, T 1n the cold tongue (130°-80°W}is ussocialed
with both Q and 4, . The T, is still correlated (0.54, Table 3) with ' as in the warm pool and
central Pacific. @ has a negative feedback to T as in the central Pacific. T is positively corre
lated (0.50) with 4, in the coid tongue, but with A, in the central Pacific. T increases
when 4, weakens in the cold tongue, and vise versa. But, this upwelling does not seem to be
associated with northwestward trade winds.

Table 3. Same as Tahle 1 excepl for in Lhe cold tongue (130°-80°W)

T, A, A, A, 2 i 1
T 1.00 0.00 —0.04 0.08 0.54 032 —.01
r -0.01 0.51 -0.13 0.50 .56 -0.24 1.00
T, .19 0.34 0.22 8.19 -0.50 —.26 011
7 0.21 -0.42 -0.18 0.7 0.22 0.12 -013

In comparison with observations, our simulation shows that @ has a negative feedback
to T, which is consistent with Wang and McPhaden (2000) and Weare (1983) in all three re-
gions. However, the inconsistency between our simulation and observations i also
significunt, The correlation between T, and 2 is negative in the observations of Wang and
McPhaden (2000), but positive in our simulation in all three regions (Tables 1-3). In their cb-
servations, T, has a posilive correlation with the cooling of 4, and westward advection
{4, ) in all three regions, T, has a positive correlation with 4, west of 170°W bul negative 0

i

the east. In our simulation, il is true that T, is positively correlated with 4, and 4, in
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the central Pacific (Table 2). However, simulated T, is nepatively correlated with A4 in the
central Pacific (Table 2). but not significantly correlated with ocean advective heat {Tuxes 10
the warm pool and cold tongue {Tables | and 3). The implication is that the effect of ocean
advective heut fluxes is stronger in their observational study.

Again, the differences between the simulation and the observations may directly resull
from using a coarse resolution OGCM, the average of a large area, and different approaima
tions in calculating the surface—layer ocean temperature. Other calculations should be ver:
close. For example, Wang and McPhaden (2000) calculated the surfuce heat flux using ob
served SST, but we use the ocean lemperature of 12.3 m in our simulation, They calculated 7
using a weekly averaged SST of Reynolds and Smith (1994), But, it is calculated based on
each time step of one day in our simulation.

In addition, using monthly anomaly of ocean heat budget after filtering out the mean
scasonal cycle. the cross—correlation study shows that 7 is positively correlated (.40} with
Q in the warm pool, when a phase lag of 12 months in T is considered, In the centrul Pacific
and celd tongue, the correspanding correlation coefficient s 0,44 und 0,52, respectisely, when
a phase lag of 16 and 20 months in T is taken into account, This suggests that 7 could he at-
fected by Q if a phase lag is considered,

5. Composite El Nifio cycle

To address how the ocean temperature depends on surface heat flux and ocean advective
heat fluxes in an E1 Nifio event, the ensemble mean of ten major El Nifio vears is caleulatad to
represent an " average’ El Nifio event, These ten El Nifio years are 1948, 1953, 1958 1963
1965, 1969, 1973, 1979, 1983 and 1987, based on significantly higher SST in the castern tropy
cal Pacific Ocean (Horel 1982; Rasmusson and Carpenter 1982; Harrison and Lurkin 19981
The variability regarding the El Nifio is studied in an uverage period of four years. two years
before and after the peak of an El Nifio evenl, Qur simulation shows that, similar 10 the
mnterannual variability, the surface heat flux and ocean advective heat fluxes are important n
an E1 Nifio event in the central Pacific and cold tongue.

In the warm pool (120°=170°E), the ocean temperature (7) averaged between 0 and 50 n1
changes less than 0.1 K (Fig, 8), but it is slightly higher at year —1 (relative to the El Nifio
peak year (). The amplitudes of surface heat flux (Q) and ocean advective heat fluxes ure
comparable, albeit small, The ocean heat storage rate (T, ) is very slight but positively corre-
lated (0.49, Table 4) with Q. This suggests that Q may directly contribute to the change of T
On the other hand, T is negatively correlated (~0.49) with Q. which suggests that Q may have
4 negative feedback to T. The associations between the trade winds and Q (or ocean advective
heat fluxes or T) are not clear in the warm pool,

Table 4. Correlation coefficient between oceanic heat fux, 7, 7. 7., and ¢, inan El Niio event ¢n the warm pool

{120°=170°F), The bold coefficients mdicute that its statistical signiticance is less Lthan 95

T, A, A, A, o] Y /
T L 00 042 0.23 —0.00 0.49 0.38 079
T 0.29 030 0.40 ~0.32 -0,49 01 o
1, 0.18 —0.24 ym 0.54 ~0.08 0.69 TER
T .27 151 -0.84 041 0.32 012 | 068
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Fig. 5. Vuriubilities of ocean wemperature 1°C, night coordinate), ocean heai budget (W m ‘et
coordinate), and wind stress z, and ¢, 1107 N m™, left coordinate) during the El Nifio event in
the warm pool {120°~170°E). The means of r, and :, are already subtracted und ndwated in the

legend.

In contrast, T in the central Pacific (170°E—130°W) is associated with ¢ and the ocean
advective heat fluxes due to off—equatorial divergent flow {4, ) und upwelling (4, ) As
shown in Fig. 6. T reaches s maximum in December of year —1. with amplitude of 0.7 K.
which is much larger than that in the warm pool. Q reaches its minimum in April of vear *1,
and A, reaches its minimum in February of year +1. Their amplitudes are comparable. 7. 1
very slight in the central Pacific as in the warm pool, bul it is persistently positive during vears
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Fig. 6. Same as Fig, 5 except [or the central Pacific (JHPE-130"W).

-2 and -1, and negative during year 0 and from Janvary to June of year +1, These positive
and negative T, well reflect the warming and cooling phases of an El Nifio event (Fig. 6al.
Further, T, is well correlated (0.68, Table 5) with Q. The positive correlation between Q and
T, may be seen more clearly in their phase diagram (Fig. 7, the 1st column), which suggests
that T could be associated withQ via T,

Tahle 5. Same as Tuble 4 except for in the central Pacific (170°E-130°W)

T, A, A, 4, o g T
T 1,00 0.4 0,13 (.48 0.68 0I5 0.03
T 0.03 0.34 0.92 —0.84 —0,69 -0.96 100
> 0.4 0.98 0.70 -0.56 —0.35 .80 00
T, 0.28 .72 0.9 1,94 058 (.98 -0.91
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On the other hand, T is negatively correlated (—0.69, Table 5) with Q. but positively cor-
related (0.92) with off—equatorial cold advection 4, (Figs. 6a, b, and the 2nd celumn of Fig.
7) in the central Pacific. This suggests a negative feedback between Q and T. T lags Q by
approximately 9 months. 7 appears to be largely ussociated with 4 . But, we have to be
cautious, since Q largely contributes to 7,. The implication is that both ) and ocean
advective heat flux might be important to the change of T during an El Nifio event in the
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central Pacific,

Furthermore, 4, is strongly correlated (0.70. Table 5) with westward trade wind (Figs,
6b, c. and the 3rd column of Fig. 7) in the central Pacific, In the warming phase of an El Nifio :
event, the westward trade wind decreases. which results in a weaker 4, due to less Ekman
transport and a higher T. The correlation coefficient between the westward trade wind and
T is very high (0.90). i1

As in the central Pacific. the evolution and correlationol' Q. T, and T are very similur in ,
the cold tongue between 130°W and $0°W (Fig. 8). The distinction is in the effect of ocean i
advective heat fluxes: The amplitude of O is comparable with that of 4, in the cold tongue, :
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but with that of 4 in the ¢entral Pacific. The increase of T n an EI Nifio event 1s correlated
(0.9%, Table 6) with a weaker A, in the cold tongue (Fig. 8b), However, 4, does not seem (o
be associated with northwestward trade winds (Figs. 8b and §¢),

Table 6, Same as Table 4 except for in the cold tongue 1130°=81FW)

i, A, A A4, Q Y f
T 1.00 -{176 0.13 417 0,90 (IR} 0.0
r 0.03 .36 194 097 ~0.36 .74 Lou
i 054 0.82 0 —1.40 —045 042 o
7, (155 —161 0.37 .18 (192 047 -0 23

Nevertheless, the effects of Q and ocean advective heat fluxes on El Nifio events are very
controversial. Some casc studies indicated that surface nel heat flux is more impartant than
ocean advective heat fluxes (Weare 1983: Liu and Gautier 1990: Hayes et al. 1991: Wersberg
and Wang 1997), Other case studies argued that ocean advective heat fluxes are more impor-
1ant {Reed 1986; McPhaden and Picaut 1990: Picaut and Delcroix 1995: Frankignoul et at,
1996). All these studies suggest that the mechanisms regarding cach El Nifio event may be dil-
ferent, Our conclusion regarding the importance of both surface heat flux and oceun
advective heat fluxes is inferred from an "average” El Nifio cvent,

In comparison with observations, the simulated warming in the warm pool region during
the early stage of an E] Nifio event (December of year =2 and January —11 15 consistent with
Rasmusson and Carpenter (1982, their Fig. 17a), and Harrison and Larkin (1998}, The vcorre-
lation between westward trade wind and the cooling from westward cold advection seems to
be consistent with Wyrtki's (1975) Ltheory of warm water recharge and discharge during an El
Nifio event. However, the variation of westward cold advection is very small in our
simulation. The correlation between westward trade wind and off-equatorial cold advection
scems to be more significant in our simulation, owing to large amplitude of off—equatorial
cold advection, Qur simulation seems to show that an El Nifio event in the cold tongue region
15 not directly driven by the decrease of trade winds, which 15 consistent with the ebservations
of Rasmusson and Carpenter (1982, their Fig. 23), Harrison and Larkin (1998), and Wany
(2000). Further studies including independent GCM simulations and observations are needed
to validate our conclusions.

6. Summary

Using an OGCM simulation from 1945 to 1993, we have studied the seasonal and
interannual variabilitics of surface—layer ocean temperature (7) averaged between 0 and 50 m
and the closed ocean heat budget in the equatorial band of the Pacific, Qur conclusion is that
the surface heat flux () has a large contribution to T in the Pacific equatorial band between
10°S and 10°N at bath seasonal and interannual time—scales, The ocean advective heat fluxes
contribute greatly to the interannual variability of T m the central and eastern Puciic. These
ocean advective heat fluxes may be associated with local trade winds.

The (2 from the almosphere has a dominant effect on T through ocean heat storage rat
in the scasonal time—scale, The variability of ocean advective heat fluxes is smaller than that
of Q. and has little cffect on 7. While in the interannual tme—scale, Q hus a negative
feedback to T in the central Pacific and cold tongue. but not significant n the warm pool,
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7 in the central Pacific is largely associated with off—equatorial warm advection, which 1s fur
ther associated with westward trade wind. However, T in the cold tongue is associated with
upwelling. although the upwelling is not significantly associated with the trade winds. During
a typical El Nifio event, both @ and ocean advective heat {luxes seem to have an important ef-
fect on T variability. Q has a negative feedback to T und T lags the Q about nine months in
the central Pacific, The off-equatorial divergent flow and upwelling contribute to 7 in the
central Pacific and the cold tongue regions, respectively, The off—equatorial cold advection is
associated with westward trade wind in the central Pacific. The effect of local trade winds and
ocean advective heat flux on T seems to be relatively weak in the warm pool and cold tongue,

These phenomena in our OGCM are largely consistent with the available observations.
although inconsistencies are not ignorable, The inconsistencies may pattly be caused by our
coarse resolution model, and the selection of the equatorial band between 10°S and 10°N. We
have to note that our analysis represents only the ensemble estimate for the seasonal and
mterannual variabilities of ocean temperature and heat fluxes. Their mechanisms may be dif
ferent for a specific season or year. In addition, the contribution of planetary waves may also
be impaortant (Battisti and Hirst 1989), Further investigation is expected.

It is interesting to note that the negative feedback between 7" and @ is also found n their
long—term trends, The analysis of these trends (Liv and Huang 2000; Huang and Liu 2001a)
indicated that downward net surface heat flux into the tropical Pacific Ocean has a negalive
feedback to the warming trend of surface—layer ocean between 0 and 50 m, They suggesied
that the long—term trend of surface—layer ocean lemperature may be associated with
wind—driven ocean currents, which provide an advective heat fluxes affecting the ocean tem-
perature. Similar evidence is also found in the tropical Indian Ocean (Huang and Liu 2001b,

The distinclion is, however, that 7 is probably associated with Q by a lagged response in
the interannual time—scale, But, the lagged response in the long—term trends does not seem 1o
be feasible. In addition, it is not clear whether the feedback between T and @ is positive or
negative at the decadal time~scale. Further studies are needed,

We thank two anonymous reviewers whose comments have greatly improved our orginal manuscript
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