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Time-mean oceanic response and
Interannual variability in a global
ocean GCM simulation.

K.V. Ramesh and R. Krishnan
Indian Institute of Tropical Meteorology, Pune 411 008, India.

ABSTRACT

A 43-year (1958-2000) numerical simulation is performed using a state-of-the-art global
ocean general circulation model (OGCM); along with supplementary diagnostic analysis
of multi-source datasets in order to investigate aspects concerning the mean structure and
interannual variability associated with the ocean response to atmospheric forcings. The
OGCM simulation is found to be consistent with observed datasets in bringing out the
time-mean features and the interannual variability of large-scale oceanic circulations and
more specifically the major El Nifio / Southern Oscillation (ENSQO) events during the
43-year period. The life cycle of the model ENSO shows that the long-term memory of
the phenomenon arises from the evolution of the subsurface ocean anomalies. Further, the
findings reveal that the equator-to-pole heat transport in the Pacific Ocean tends to vary
significantly during ENSO. In particular, the poleward heat transport typically increases
during El Nifio episodes by as much as 1.2x10'® Watts from its mean value. The OGCM
simulation shows that the ENSO related upwelling changes and temperature anomalies in
the equatorial thermocline are accompanied by coherent circulation changes in the sub-
tropics as well. The anomalous northward currents linking the equator and subtropics
appear as deep as 250m and reduce the equatorward transport of cold subsurface water
from the subtropics by nearly 3.4 Sv during El Nifio events, thereby providing a mech-
anism for preventing accumulation of excessive heat and mass near the equator. While
observational estimates of time-dependent ocean heat transport have been fragmentary,
the above results raise the possibility that dynamical interactions between the equatorial
and subtropical Pacific Ocean could be important in determining the ENSO evolution

itself.



1 Introduction

Oceans form a vital component of the climate system. On account of the high thermal
capacity of sea water and the slow variations of the oceanic currents, the large-scale re-
sponse in the world oceans is typically associated with timescales that are much longer
than those of the atmosphere. Variations in the heat storage of the ocean manifest as
anomalies in the sea-surface and subsurface temperature field that are in turn related
to dynamical changes in the structure of the upper ocean. Oceans also play a major
role by transporting heat from the tropics to the high latitudes. Estimates of the time-
mean meridional transport of heat by the oceans are of the same order as the atmosphere
(Jayne and Marotzke, 2001). Hence accurate model simulation of the vertical stratifica-
tion and the meridional heat transport of the world oceans is an essential pre-requisite
for climate modeling (Hu, 1997). Besides the mean state, the processes that contribute to
the variability of the atmosphere-ocean system are also of great interest in understanding
the evolution of climatic anomalies on seasonal, interannual and longer time-scales (Lau,
1997). Slow variations of sea-surface temperature (SST) serve as boundary forcing for
generating persistent atmospheric anomalies. Therefore, efforts toward reliable predic-
tions of future climate warrant realistic simulation of both the mean state as well as the

variability of the global oceans.

Given the sparcity of oceanic observations, several aspects of the 3-dimensional
structure and evolution of oceanic circulations are not adequately known. Therefore,
ocean general circulation models (OGCM) provide atleast first-order estimates of vari-
ous parameters at the surface and the interior of the global oceans. OGCMs capable of
simulating the full 3-dimensional ocean circulation with realistic bottom topography have
been available since the 1970’s (eg., Semtner and Chervin, 1988, Semtner, 1995). Devel-
opments in satellite observing systems along with improvements in numerical modeling
and supercomputer technology have made significant strides in our ability to observe and
model the global ocean circulation (Fu and Smith, 1996). Numerous studies over the last
two decades and the success of the Tropical Ocean Global Atmosphere (TOGA) program
have considerably advanced our understanding of El Nifio / Southern Oscillation (ENSO)
and laid the foundations of tropical ocean-atmosphere interactions (Wallace et al., 1998;

Neelin et al., 1998; McPhaden et al., 1998). The theory that ENSO arises as a natural



mode of the tropical coupled ocean-atmosphere system dates back to the hypothesis of
Bjerknes (1969). The essence of Bjerknes’s postulate, as reinterpreted in the light of the
current knowledge, is that ENSO arises as a self-sustained cycle in which anomalies of
SST in the Pacific cause the trade winds to strengthen or slacken and this in turn drives
the ocean circulation changes that produce anomalous SST (Neelin et al., 1998). Sev-
eral studies have reported the occurrence of such self-sustained oscillations of the coupled
ocean-atmosphere system in model simulations (Philander et al., 1984; Yamagata, 1985;
Cane and Zebiak, 1985; Hirst, 1986; Zebiak and Cane 1987 and many others).

Despite the above studies, various aspects relating to the evolution of ENSO are
not fully understood. For instance, it is not known how the meridional heat transport
in the oceans is affected during El Nifio and La Nifia events. This is partly because of
the lack of observations of the time-dependent variations of meridional heat transport.
Model calculations of heat transport in the Pacific Ocean are relatively few (Bryan, 1982;
Meehl et al., 1982) and these studies mostly describe the seasonal cycle of heat transport.
In a recent paper, Sun (2000) analyzed the heat balance of the coupled tropical ocean-
atmosphere system using the data from the Earth Radiation Budget Experiment (ERBE),
atmospheric circulation statistics from NCEP reanalysis and upper ocean heat content
from ocean data assimilation. His study indicated a substantial increase in the merid-
ional heat transport in the tropical Pacific Ocean during the 1986-87 El Nifio. The ERBE
dataset period (1985-89) contains only one El Nifio event. Moreover the convergence of
heat in the upper ocean computed by Sun (2000) was based on a 1-dimensional energy
balance model and did not explicitly include ocean internal dynamics. In an important
work, Bryan (1982) demonstrated that variations in the zonal component of the wind
stress play a major role in affecting the oceahic meridional circulation and the associated
poleward heat transport. While it is well-known that the ENSO cycle is accompanied by
significant changes in the surface easterly trade winds over the tropical Pacific, it is not
adequately clear as to how the poleward heat transport in the Pacific Ocean responds to
the ENSO related atmospheric forcings. In particular, the linkage between ENSO and
the interannual variations of heat transport and associated variability in the subtropi-
cal Pacific Ocean is not obvious. Keeping these issues in mind, we have performed a
43-year integration of a full 3-D OGCM driven by atmospheric forcings and validated

the OGCM simulations with oceanic datasets from multiple sources. These include SST




data from GISST2.3b dataset (Rayner et al,, 1994); potential temperature and salinity
from the World Ocean Atlas98 (Levitus, 1994 a,b) and also from the GFDL assimilation
monthly dataset (GFDLAD) based on Derber and Rosati (1989) for the period (1980-99);
subsurface temperature observations from the Tropical Atmosphere Ocean (TAQ) moored
buoys (McPhaden, 1998); and sea surface height (SSH) from TOPEX/POSEIDON (T/P)
dataset (ftp://podaac.jpl.nasa.gov/pub/data_collections /monthly_ mean_ atlas). Addi-
tionally, the meridional heat transport computed using the potential temperature and
current data from GFDLAD dataset is used for validating the OGCM simulation. The
details of the OGCM simulation experiment are given below.

1.1 Brief description of ocean model

The OGCM used in our study is the reformulated version of the Bryan-Cox-Semtner
(BCS) model (Bryan, 1969), developed at the Los Alamos National Laboratory (LANL)
under the Parallel Ocean Program (POP) (Smith et al., 1992; Dukowicz et al., 1993) and
has been designed to run efficiently on massively parallel machines. The reformulated
barotropic equations in the OGCM are represented in terms of the surface pressure for-
mulation (Dukowicz and Smith, 1994) rather than volume-transport streamfunction origi-
nally used in BCS models. In addition to being computationally efficient, this method has
several other advantages: (a) any number of islands can be included in the computational
grid at no extra cost (b) the model can handle sfeep gradients in the bottom topography
(c) free-surface height is a prognostic variable. The model formulation is described in
Smith et al., (1992) and Dukowicz et al., (1993). Several aspects of ocean circulation
dynamics are known to be simulated realistically by the POP OGCM both on global (Fu
and Smith, 1996; Maltrud et al., 1998) and regional (Smith et al., 2000) scales.

1.1.1 Initialization and spin-up

The present OGCM has intermediate resolution with horizontal longitude-latitude grid
spacing of 1.875° x 1.406° and 32 nonuniform vertical levels, which vary in thickness
from about 10m at the surface to 500m in the deeper regions. The 32 vertical levels in
the model correspond to (5, 15, 25, 35, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500,
600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1750, 2000, 2500, 3000, 3500,



4000, 4500, 5000) in meters. Using the high-resolution (0.08°) WORLDBATH - 432 data
(http: //ingrid.ldeo.columbia.edu/SOURCES/.WORLDBATH), we generated a realistic
bottom topography and regridded to the model resolution (figure not shown). We used
this model topography field to build a 3-dimensional land-sea mask parameter at each
(x,y,z) co-ordinate of the model domain. A Laplacian form of diffusion scheme is used to
represent horizontal mixing of heat, salt and momentum. The horizontal diffusion coeffi-
cient for heat and salt is taken to be 2 x 107 cm?s~! and the horizontal viscosity coefficient
is taken to be 2 x 107 cm?s~!. Although, the horizontal diffusion coefficient and horizon-
tal viscosity coefficient are chosen to have the same value in our numerical simulations,
in general they can be different. The diffusion and viscosity coefficients are determined
taking into consideration the model resolution (Bryan, 1969). The vertical friction and
diffusion involve Richardson number-dependent mixing coefficients (Pacanowski and Phi-
lander, 1981). The vertical diffusion coefficient of heat and salt is 0.1 cm?s~! and the

corresponding viscosity coefficient is taken to be 1.0 cm?s~1.

In order to attain a quasi-equilibrium state, the OGCM was initially spun-up in
a 24 year integration carried out in 4 stages. The spin-up procedure adopted by us
is similar to that of Semtner and Chervin (1988). Beginning from a state of rest, we
initialized the potential temperature (©) and salinity (S) fields in the ocean to the observed
annual mean values obtained from the WOA98 dataset originally developed by Levitus
(1994a,b). In the first stage, the OGCM was forced by observed monthly climatological
wind stress (Hellerman and Rosenstein, 1983) and integrated for 8-years. Here, the (©,
S) fields at the surface were restored to their observed monthly climatological values;
while the interior values of (6, S) were restored to their annual mean values. In the
second stage, the model was integrated for 4 more years by slowly restoring the interior
(©, S) fields with restoration time-scale ~ 3-years. This slow restoration produces a
relatively balanced state of the ocean circulation. In the third stage, the model was
integrated for another 4 years by using monthly climatological interior (©, S) fields in
order to allow the mesoscale eddies to attain realistic energy levels. In the final phase of
the spin-up, the model was integrated for 8 years by removing the interior forcing and
allowing the interior fields to freely evolve. The forcing during the last 4 years of the final
phase uses monthly climatological wind-stress and heat fluxes computed from National

Center for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996; Kistler et



al., 2001) available for the period (1958 - 2000). The time-variation of global mean kinetic
energy (GMKE) during the 24-year spin-up period is shown in Fig.1. Initially the kinetic
energy increases and later drops to around 6.0 cm?s~2 in about three years. This value
is steadily maintained till about 16 years. Due to withdrawal of the interior forcing, the
GMKE further decreases to about 4.0 cm?s~2 during the last 8 years of the spin-up. The
magnitude of GMKE is similar to that obtained by Dukowicz and Smith (1994) at the
end of their model spin-up. The ocean condition at the end of the 24-year integration is
considered to be the quasi-equilibrium state. After the model spin-up, we have performed
a 43-year (1958-2000) integration of the OGCM, driven by wind-stress and the heatflux
forcings computed from NCEP reanalysis. The surface heatflux forcing computations are

described in Appendix A.

2 Analysis of time-mean features

One of the criteria to infer the reliability of OGCM simulations is to assess the model’s
ability to realistically capture the time-mean state and seasonal evolution of sea surface
temperature (SST), the vertical structure of temperature, salinity and the meridional heat
transport. We shall now examine the time-mean simulation of these oceanic parameters

and validate with various datasets.

2.1 Simulation of SST

The OGCM simulation of mean SST for January and July months is shown in Fig.2a
and Fig.2b respectively. The corresponding observed SST from WOA98 are shown in
Fig.2c and Fig.2d respectively. Note that the distribution of warm SST in the tropics
and cold SST in the extra~tropics simulated by the model is consistent with the observed
SST distribution. The SST in the west Pacific warm pool region seems to be slightly
overestimated in the model as compared to WOA98. Nevertheless, the seasonal variation
of SST is conspicuously seen in the tropical Pacific, Indian and Atlantic Oceans both
in the OGCM simulation and the observed SST. By comparing the model and Levitus
WOA98 SSTs month-by-month for different ocean basins, we have separately verified
the correspondence between the two datasets. The root-mean-square (RMS) difference

between the OGCM and Levitus monthly SSTs is found to be typically around 0.14
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°C for the tropical Indian Ocean; 0.28°C for the tropical Pacific Ocean and 0.23°C for
the tropical Atlantic Ocean (figure not shown). The RMS difference for the global mid-
latitude SST is found to be less than 0.45°C. We have also verified that several large-scale
circulation features such as the westward surface currents in the equatorial Pacific, Indian
and Atlantic Oceans; the subtropical gyres in the Pacific, Atlantic and South Indian
Oceans; the Antartic Circumpolar Current and the western boundary currents (eg., Gulf

stream, Kuroshio, etc.) are captured in the OGCM simulation (figure not shown).

2.2 Vertical stratification

Latitude-depth sections of zonally averaged (©, S) are useful for understanding the ver-
tical stratification in the oceans (Hu, 1997). It can be noted from Figs.3(a-c) that the
equator-to-pole temperature gradient is very prominent in the top 500 meters of the ocean.
The temperature at 500m is about 6°C in Figs.3(a-c). The vertical stratification of tem-
perature is more clearly seen in the subtropics as compared to the equatorial region. This
is in association with stronger subsidence in the subtropical oceans. The salinity sec-
tions in Figs.3(d-f) consistently show higher salinity in the subtropics as compared to the
equatorial oceans. It is also realized that there are some shortcomings in the OGCM sim-
ulation. For instance, the salinity distribution in the OGCM seems to be underestimated
in the subtropics; while it is somewhat higher in the equatorial region, as compared to
the WOA98 and GFDLAD datasets. Also the OGCM simulation shows differences in the
salinity distribution in the high latitude regions as compared to the other two datasets.
Nevertheless, it can be seen from Fig.3 that the gross features of the vertical stratifica-
tion in the OGCM simulation show overall consistency with the WOA98 and GFDLAD

datasets.

2.3 Meridional heat transport

Covering 71% of the Earth’s surface, the oceans absorb nearly twice as much of the sun’s
radiation as the atmosphere. With their huge heat capacity, the oceans damp temperature
fluctuations; in addition they play a more active and dynamic role in the heat balance of
the climatic system. In order to maintain the heat balance in the oceans, huge amount of

heat is transported from the equator to the poles. Estimates of the net time-mean ocean




heat transport show that the ocean carries the same order of magnitude of energy towards
the poles as the atmosphere (Vondere Haar and Oort, 1973; Hastenrath, 1982; Peixoto
and Oort, 1992; Keith, 1995; Trenberth et al., 2000, Jayne and Marotzke, 2001). However
in contrast to the atmosphere, the oceans are confined by land masses, so that their heat
transport is channelled into specific regions. The net effect is to transport heat from the
equator to the polar regions along the west sides of the ocean basins and to transport cold
water from polar regions towards the equator. Figure 4 shows the seasonal and annual
cycle of heat transport for individual ocean basins (Pacific, Indian and Atlantic Oceans)
in the OGCM simulation (left panel) and the GFDLAD dataset (right panel). The net
northward heat transport is directly computed from the potential temperature (@) and
meridional velocity (v) fields as follows: Q = poc, [ fv© dx dz where Q is the heat
transport, p, (= 1025 kg m~?) is mean density of sea water; ¢, (= 3994 Jkg~! C!) is the
specific heat capacity of water (Jayne and Marotzke, 2001).

It can be seen from Fig.4 that the seasonal meridional heat transport in the trop-
ics is largely from the Pacific and Indian Oceans; but is small for the tropical Atlantic
Ocean. The peak northward transport in the tropics during January (July) in the OGCM
simulation is about 3.8 PW (-3.4 PW) for the World Ocean; 2.4 PW (-1.7 PW) for the
Pacific Ocean; 1.6 PW (-1.7 PW) for the Indian Ocean (1 PW = 10'°®* Watts). The above
values compare well with the estimates of Jayne and Marotzke (2001). Note that the
maximum northward transport during winter months occurs around 9°N in the Pacific
Ocean and around 10°S in the Indian Ocean. During summer, the maximum southward
transport is seen around 10°S in the Pacific Ocean and around 14°S in the Indian Ocean.
Furthermore, the heat transport in the Southern India.n Ocean shows a secondary peak
near 30°S with net northward transport of about 2.0 PW both in the winter and sum-
mer months. It is important to note that the annual cycle of meridional heat transport is
prominent mostly in the tropical Pacific and Indian Oceans. The OGCM shows very little
seasonal variation in the meridional heat transport for the Atlantic Ocean. The annual
cycle of heat transport in the OGCM shows a peak northward heat transport of 5.98 PW
for the World Ocean; 3.2 PW for the Pacific Ocean and 2.8 PW for the Indian Ocean.
The above OGCM estimates are in good agreement with those obtained by Jayne and
Marotzke (2001) - 6.2 PW (World Ocean), 3.0 PW (Pacific Ocean) and 3.0 PW (Indian

Ocean). Also the OGCM heat transport estimates are comparable with those computed



from the GFDLAD dataset - 7.1 PW (World Ocean), 3.67 PW (Pacific Ocean) and 3.0
PW (Indian Ocean).

3 Interannual variability

Using the 43-year integration, we shall now examine the interannual variability of the

OGCM respounse to interannually varying atmospheric forcings.

3.1 Temperature variability

Interannual changes in the oceanic response, to varying surface windstress and heat flux
forcings, manifest as anomalies in the surface and subsurface temperatures and are useful
indicators of air-sea coupling. The plot in Figs.5(a-c) shows the spatial map of stan-
dard deviation of ocean temperatures, computed from the 43-year (1958-2000) OGCM
simulation, at three vertical levels (5m, 100m, 150m). The region of largest tempera-
ture variability at the 5m level is seen in the equatorial Pacific extending eastward from
150°E up to the west-coast of South America. The maximum standard deviation in the
eastern equatorial Pacific is about 1.2°C and indicates the oceanic signature of ENSO. A
secondary maximum of SST variability is seen in the central and eastern tropical Indian
Ocean. In addition, the SST variability is significant in the mid-latitude regions of North
Pacific and western part of North Atlantic Ocean. Earlier studies indicate that the vari-
ability in the North Pacific is associated with anomalies in heat flux and surface winds
(Cayan, 1980, Deser and Blackmon, 1995, Ronca and Battisti, 1997). The temperature
variability at 100m (Fig.5b) and 150m (Fig.5c) shows that the subsurface variations are
more pronounced in the tropical west Pacific, where the thermocline is deep. On the other
hand, the subsurface variability is small in the eastern equatorial Pacific. This feature is
consistent with the observed subsurface temperature variability described by Lysne and
Deser (2002). The subsurface variability in the west Pacific shows off-equatorial maxima
located around 10° latitude on either side of the equator. The maximum value at 100m
is about 1.2°C and about 1.5°C at 150m. In addition to the Pacific basin, the variability

of subsurface temperatures can also be seen in the equatorial and North Atlantic Ocean.



3.2 SSH variability

Atmosphere-ocean interactions not only affect the ocean temperatures but also produce
large-scale variations in mean sea level. The ability of the POP model to simulate the
observed SSH variability has been documented by earlier studies (Fu and Smith, 1996).
Sea surface height is a prognostic variable in the present OGCM. The standard deviation
of SSH from the T/P dataset and that from the 43-year OGCM simulation are shown in
Fig.6a and Fig.6b respectively. It can be seen from Fig.6 that the dominant SSH variability
occurs in the west Pacific region. Note that the two off-equatorial maxima of in the west
Pacific are co-located with the pattern of temperature variability described previously in
Figs.5(b-c). The southern tropical Indian Ocean also shows significant SSH variations as
evident from Figs.6(a-b). The SSH variability in the OGCM seems to be weaker in the
central-eastern equatorial Pacific as compared to the T/P dataset. Likewise, the SSH
variability in the western part of North Pacific and North Atlantic Oceans seem to be
underestimated in the OGCM relative to the T/P dataset. It must be pointed out that the
T /P dataset is available at a much higher spatial resolution (0.1°) and therefore captures
finer details of mesoscale oceanic eddies. Moreover, the OGCM is driven by monthly
forcings and therefore much of the high-frequency (< 1 month) variability is damped in
the OGCM. Nevertheless, the overall pattern of SSH and subsurface temperaure variability
in the tropical oceans (Fig.6 and Fig.5) indicates that the circulation variability at the

surface is dynamically coupled to the subsurface variability.

4 Analysis of ENSO

The ENSO phenomenon represents a natural mode of variability of the tropical atmosphere-
ocean coupled system and is a major contributor to interannual time-scale climate anoma-
lies world-wide (Wallace, et al., 1998). This is the reason for focusing on the ENSO
simulation in the OGCM. Numerous theoretical and modelling studies have investigated
the physical mechanisms of ENSO (Cane and Zebiak, 1985; Battisti, 1988; Suarez and
Schopf, 1988; Schopf and Suarez, 1988; Battisti and Hirst, 1989; Neelin, 1992; Philander
et al., 1992; Lau et al., 1992; Jin 1997a,b). It is now recognized that warm SST anomalies

in the central and eastern Pacific induce surface wind anomalies that gradually cause the



thermocline in the west to become elevated (Wyrtki, 1975). These induced thermocline
perturbations in the west eventually progress eastward along the equator, elevating the

thermocline in the eastern Pacific, initiating the cold (La Nifia) phase of ENSO, and so

on.

4.1 Description of ENSO simulation

An important step in a model-based investigation of ENSQ is to evaluate the model’s
ability to simulate various observed aspects of ENSO. We shall now examine the ENSO
cycle in the 43-year OGCM simulation. In order to extract the temperature variations
associated with the ENSO signal, we perform a Principal Component / Empirical Orthog-
onal Function (PC/EOF) analysis of the SST simulated by the OGCM. The PC/EQF
technique involves expanding a space-time field in terms of linearly independent orthogo-
nal basic functions. This analysis provides percentage contributions to the total variance
explained by the different linearly independent components. The spatial pattern of the
first EOF of the OGCM simulated SST anomalies in the tropical Pacific is shown in
Fig.7a. The corresponding EOF1 from the GISST and GFDLAD datasets are shown in
Fig.7b and Fig.7c respectively. The time-series of the leading PC for the OGCM, GISST
and GFDLAD datasets are shown in Figs.7(d-f). The first EOF shows a pattern of warm
anomalies in the central and eastern tropical Pacific Ocean and negative anomalies in the
equatorial west Pacific and the subtropics. The positive peaks in the PC1 time series
correspond to the El Nifio events of (1965, 1968, 1972, 1982, 1987, 1991, 1994, 1997) and
the troughs correspond to the La Nifia events of (1964, 1970, 1975, 1984, 1988, 1995,
1998) events (Trenberth, 1997). The irregular nature of ENSO can be seen from the
PC1 time-series. Spectra of observed ENSO time-series have preferred time-scales that
roughly correspond to 3-5 years (Neelin et al., 1998). We have also seen that the PC1
time-series has broad spectral peaks around the 3-5 year time-scale. The correlation co-
efficient of the PC1 between the OGCM and GISST is 0.93 for the period (1958-2000)
and the correlation of the PC1 between the OGCM and the GFDLAD dataset for the
common period (1982-1999) is found to be 0.94. Thus the OGCM is consistent with the
GISST and GFDLAD datasets in capturing the spatial and temporal variability of SST
in the tropical Pacific.
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4.2 Life cycle

The ENSO evolution in the OGCM can be examined by constructing the life cycle of
ENSO using lagged linear regression analysis of the oceanic parameters from the 43-year
simulation. The reference SST index for the regression analysis is the area-averaged SST
over the NINO3.4 region (170°W - 120°W; 5°S -5°N). The NINO3.4 index and the PC1
index of SST (Fig.8d) are highly correlated (r=0.91). Figure.8 shows the regression of
heat content anomalies versus the NINO3.4 SST index for various lags (-24 months to
+24 months) at three-month intervals. This is similar to the regression analysis shown by
Knutson et al., (1997). The ocean heat content is computed by vertically integrating the
temperature from surface to 500m. The regression patterns in Figs.8(a-c) show positive
anomalies in the west Pacific and weak negative anomalies in the central-eastern Pacific.
This stage corresponds to the piling up of warm waters in the west Pacific. This feature is
consistent with the findings of Wyrtki (1975), who pointed out the accumulation of warm
waters in the west Pacific about 2 years prior to the commencement of El Nifio. The
positive heat content anomaly spreads eastward in Figs.8(d-¢). The warm near-equatorial
anomaly in Fig.8f is flanked by negative anomalies around 15°N. An eastward migration
of the positive anomaly from the equatorial central Pacific to the eastern Pacific Ocean
can be noticed in Figs.8(f-g). This is accompanied by westward displacement of the off-
equatorial negative anomalies as evident from Figs.8(f-g). The anomaly patterns at lags
(-3, 0, +3, +6) show a striking east-west contrast that correspond to a mature El Nifio
phase. A gradual weakening of the east-west contrast starts from lag +9 onward. At this
stage, the warm anomaly in the eastern Pacific separates into two off-equatorial anomalies
which can be seen on either side of the equator in Fig.8l. An eastward propagation of
the negative anomalies at the equator can be seen in Figs.8(1-m). As the cold anomalies
intrude eastward, they replace the warm anomalies in the equatorial central-eastern Pacific
leading to termination of the El Nifio phase. The cold anoma.lir in the eastern equatorial
Pacific intensifies in Figs.8(n-q). At the same time, the off-equatorial warm anomalies
move westward and can be seen in the west Pacific in Figs.8(p-q). Note that the east-

west anomaly pattern in Figs.8(p-q) has opposite polarity to that of the El Nifio phase.

Lagged regression patterns of longitude-depth sections of potential temperature

in the equatorial Pacific versus the NINO3.4 SST index are depicted in Fig.9. Starting
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from a condition of warm (cold) anomaly in the western (eastern) Pacific, the subsurface
anomalies from the west show a steady eastward propagation in Fig.9(a-f). The ampli-
tude of the subsurface anomalies is maximum at a depth of around 125m. Around lag
-6, the equatorial central-eastern Pacific ocean is replaced by positive anomalies and neg-
ative anomalies appear in the west Pacific. Thereafter, the El Nifio condition gradually
establishes so that the east-west contrast in the subsurface anomaly pattern intensifies in
Figs.9(h-k). It can be noticed that the maxima in the subsurface anomalies is located in
the main thermocline at depths between 50-250m. Following the establishment of the El
Nino phase, the west Pacific cold anomalies in the subsurface gradually start propagating
eastward as can be seen from Figs.9(j-m). The arrival of the cold subsurface anomalies
in the eastern Pacific (Fig.9m) leads to increased upwelling and elevates the thermocline.
This corresponds to the termination of the El Nifio phase. As the cold subsurface anoma-
lies develop in the central-eastern Pacific, the thermocline in the west Pacific is pushed
downward resulting in accumulation of warm waters in the western part of the ocean
basin. Thus the life cycle of the model ENSO as portrayed in Fig.8 and Fig.9 consis-

tently bring out the point that the long-term memory of the phenomenon arises from the

evolution of the subsurface ocean anomalies.

4.3 Physical interpretation of the model ENSO

From the above discussions, it is seen that the life cycle of ENSO in the OGCM is charac-
terized by eastward propagating subsurface anomalies close to the equator and westward
propagating anomalies away from the equator. Similar features have been seen in atmo-
sphere/ocean coupled GCM simulations (Philander et al., 1992; Lau et al., 1992; Knutson
et al., 1997). According to the delayed oscillator mechanism (Battisti, 1988; Suarez and
Schopf, 1988; Schopf and Suarez, 1988; Battisti and Hirst, 1989), a coupled instability
develops in the central basin, in which a depressed thermocline produces anomalous SST
warming. The warm SST results in anomalous westerly winds to the west of the warm
patch, which further lowers the thermocline and the anomaly grows. The dynamical in-
tepretation of this theory is based on the idea that the buildup of heat content in the west-
ern Pacific prior to the onset of El Nifio (Wyrtki, 1975), is mediated by trade wind-forced
downwelling equatorial Rossby waves. Reflection of Rossby waves off the western bound-

ary can initiate El Nifio events by generating downwelling equatorial Kelvin waves that
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propagate eastward to cause warming in the equatorial cold tongue. Observed datasets
have clearly documented equatorial Kelvin waves propagating eastward with phase speeds
of 2-3 ms™" prior to and during the 1986-1987 El Nifio (McPhaden et al., 1998). Also
there is observational evidence for equatorial Kelvin and Rossby waves associated with

the 1991-93 El Nifo warm event (Kessler and McPhaden, 1995).

More recently, Jin (1997 a,b) have produced a theoretical "recharge oscillator”
paradigm to describe how changes in the volume of warm water are related to the timing
of El Nifo and La Nifia events. In this theory, the depth of the main thermocline,
and hence the volume of warm water above it, plays an important dynamical role in
affecting the ENSO cycle by controlling the temperature of the waters upwelled in the
eastern equatorial Pacific. Changes in the temperature of the upwelled waters in turn
control the SST anomalies in the eastern equatorial Pacific, which then impact the zonal
winds via., changes in the patterns of deep atmospheric convection and sea level pressure
gradients. The result is a positive feedback (SST gradients create anomalous winds and
winds amplify SST gradient) in either the warm or cold phases of the ENSO cycle until
enough water has been discharged from or recharged into the equatorial region to end the
event. Observations provide confirmation that ENSO involves a recharge and discharge
of warm water volume along the equator so as to influence the magnitude of the ENSO

SST anomalies (Meinen and McPhaden, 2000).

Nevertheless, given the complexity of the observed interannual variability, tests of
ENSO theories suggest that more than one set of mechanisms can give rise to ENSO time-
scale warm and cold events in the tropical Pacific (McPhaden et al., 1998). Moreover,
there are considerable differences from one ENSO event to another. The availability of
TAO moored buoy observations in the equatorial Pacific Ocean for the period (1992-2000)
allows us to understand how the evolution of subsurface anomalies during the ENSO of
(1997-99) differed from that of (1991-94). The plot in Fig.10a shows the longitude-time
section of 20°C isotherm depth (ISO20) near the equator. It can be clearly seen from
Fig.10a that the major El Nifio of 1997 was associated with decrease in the ISO20 in the
west Pacific and an increase in ISO20 to the east of the dateline. Note that the ISO20
depth shows a clear eastward propagation starting from early 1997 onward. The ISO20
maximum (155 m) is located around 150°W by September 1997. In contrast, the La Nifia
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phase which started from mid-1998 onward was characterized by a deepening (shoaling)
of the thermocline in the west (east) Pacific respectively. An important aspect of the
(1997-98) ENSO cycle was the fast switch over from a strong El Nifio to a strong La Nifia
phase. This is evident from Fig.10b which shows the ISO20 averaged over the west Pacific
(thin line) and east Pacific (thick line). The ISO20 depth in the west Pacific reveals a
large decrease from about 200m in March 1997 to about 125m in December 1997. On
the other hand, the ISO20 in the east Pacific shows a more gradual increase during the
course of the 1997 El Nino. By December 1997, the ISO20 values in the west Pacific
and east Pacific are found to be nearly at the same depth (~ 130m). This condition
was followed by a rapid fall (rise) of the ISO20 in the east (west) Pacific leading to the
La Nina phase. Contrary to the fast phase reversals of the (1997-98) ENSO cycle, the
El Nifio conditions were more persistent and prolonged during (1991-94). The ISO20 in
the west and east Pacific were more or less steadily maintained around 160m and 110m
respectively (Fig.10c). Kessler and McPhaden (1995) analyzed observations from the
TAQ array and reported the appearance of equatorial Kelvin and Rossby waves associated
with the (1991-93) El Nifio warm event. They also pointed out that intraseasonal Kelvin
waves were a prominent part of equatorial thermocline depth variability. However, the
quick phase-reversals during the 1997-1998 was characterized by rapid upwelling changes
and thermocline adjustments in the east and west Pacific (Mc Phaden, 1999).

The OGCM simulated upper ocean currents during the (1998-99) La Nina phase
(Fig.11a) shows strong westward zonal currents in the top 50m and eastward undercur-
rents (below 75m). In addition, the simulated vertical velocity in Fig.11a is associated
with strong upwelling (max ~ 4mm s™!) stretching across the entire central-eastern equa-
torial Pacific. On the other hand, the westward surface currents seem to be practically
absent with significantly weaker upwelling in the eastern Pacific during the (97-98) El
Nifio phase as seen from the OGCM simulation in Fig.11b. In fact, the vertical velocity
shows prominent downwelling below 50m depth in the eastern Pacific (Fig.11b). The
horizontal currents and vertical velocity associated with the prolonged El Nino of (1991-
93) is shown in Fig.11c. By contrasting Fig.11b and Fig.11c, it can be noticed that the
weakening of the surface currents and the reduction in upwelling were more pronounced
during (1997-98) as compared to the (1991-93) El Nifio. Thus the OGCM is consistent
with TAO observations (Fig.10) in bringing out the point that the thermocline changes
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associated with the dynamical evolution of the subsurface anomalies play an important

role in determining the nature of individual ENSO events.

5 Meridional heat transport during ENSO

One of the issues relevant to our study is the heat transport variability associated with
ENSO events. The plot in Fig.12a shows the warm minus cold (WMC) composite of
the model simulated SST anomaly obtained from 7 El Nifio and 7 La Nifia events during
(1958-2000). The corresponding wind-stress anomaly composite is superposed on the SST
anomaly. The zonal extent of the warm anomaly in Fig.12a covers more than 60% of the
tropical Pacific basin. The anomalous westerlies over this region correspond to a major
weakening of the surface easterly trade winds in the tropical Pacific. The maxima in the
SST and wind-stress anomalies in the equatorial central-eastern Pacific are co-located and
indicate the importance of atmosphere-ocean coupling during ENSO events. Also note
that the warm SST anomaly in the tropics is flanked by cold anomalies in the mid-latitude
Pacific Ocean. The WMC composite of subsurface temperature (Fig.12b) shows that the
anomalous warming in the equatorial central-eastern Pacific appears as deep as 150m from
the surface. We have further verified that the simulated sea level increases in the tropical
central-eastern Pacific Ocean due to mass accumulation of warm waters in the equatorial
region during El Nifio events (figure not shown). Energy balance considerations of the
atmosphere-ocean system require that ocean dynamics must oppose the accumulation of
heat in the equatorial region during ENSO events (Sun and Trenberth, 1998; Sun, 2000).
In addition to heat removal, ocean dynamics must also redistribute the accumulated
water mass in the equatorial Pacific. Sun (2000) carried out a diagnostic case study of
observed datasets and noted that the surface heat fluxes pump heat into the equatorial
ocean prior to the onset of El Nifo. His results suggested that as El Nifio develops, the
heat stored in the subsurface ocean resurfaces in the eastern equatorial Pacific. He also
noted that the excessive heat must be transported poleward from the equatorial ocean.
However, it should be pointed out that the heat convergence in the upper ocean computed
by Sun (2000) does not explicity include ocean circulation dynamics. Moreover, in the
heat pump theory of Sun (2000), the surface heat fluxes are the main forcing terms for

pumping heat into the equatorial oceans prior to the commencemnt of El Nifio. However,
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it is important to point out that as the El Nifio develops, there is significant build up of
warm waters in the central and eastern equatorial Pacific Ocean due to ocean dynamical
processes (Meinen and McPhaden, 2000). Hence, it is worthwhile to inquire as to how
the ocean dynamics might respond so as to prevent the accumulation of heat and mass

in the equatorial Pacific Ocean during El Nifio events.

Much of the heat transport variability is due to wind-induced current fluctuations
in which the time-varying wind stress drives the Ekman layer mass transports (Jayne and
Marotzke, 2001). Numerical experiments conducted by Bryan (1982) showed that the sea-
sonal variations of cross-equatorial heat transport largely depend on the zonal component
of wind stress. Using the OGCM simulations, we now investigate the dynamical response
of the ocean to ENSO forcing in terms of heat and mass transport variability. The dashed
line in Fig.13 shows the latitudinal variation of the climatological heat transport in the
Pacific Ocean averaged for 43 years (1958-2000). The thick line is the heat transport in
the Pacific Ocean composited from 7 El Nifio events. The thin line is the heat transport
composite based on 7 La Nina events. It can be seen that the northward heat transport in
the El Nifio composite exceeds the 43-year time-mean heat transport in the (15°S - 15°N)
latitude belt. The peak value in the El Nifio composite is about 3.4 PW; the peak value:
for the 43-year mean is about 2.4 PW; while the peak value in the La Nifia composite‘_
is about 2.1 PW. Note that the magnitude of change (relative to the 43-year mean) in
the heat transport during El Nino is much larger than the corresponding magnitude of
change during La Nifia. This asymmetry between the warm and cold phases of the ENSO
cycle implies differences in the relative importance of physical process determining the

heat transport variations during El Nifio and La Nina events. *

In order to dynamically interpret the heat transport variability associated with
ENSO, we now examine the changes in the meridional circulation. Figure.14a shows the
WMC composite of the OGCM simulated meridional mass transport and current anoma-
lies. The positive shading in Fig.14a shows an anomalous increase in the net northward
mass transport that covers a wide region of the Pacific basin. The anomalous eastward
currents close to the equator are associated with accumulation of warm water in the
central-eastern Pacific Ocean during El Nifio events. This is accompanied by anoma-

lous northward currents at the eastern boundary and westward current anomalies around
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9°N extending from the eastern Pacific upto the dateline. A more important feature in
Fig.14a is the anomalous north-eastward currents that extend from the dateline towards
the eastern boundary. This anomalous circulation weakens the subtropical gyre along the
eastern boundary and reduces the equatorward flow of cold waters. The area-averaged
volume transport for the central-eastern Pacific Ocean (180°E-90°W; 0-30°N) shows that
the anomalous decrease of volume transport in the WMC composite is about 3.4 Sv (1
Sverdrup = 10*®m®s~1). Furthermore, the anomalous northward currents are not just
confined merely to the surface alone, but also extend into the subsurface as evident from
the WMC composite of meridional circulation anomaly in the Y-Z plane (Fig.14b). The
strong northward current anomalies in the ocean mixed layer correspond to an increase
in the Ekman transport, which extends from the equator to about 15°N. In the subsur-
face (60-200m), the current anomalies extend further northward into the subtropics and
midlatitudes. An anomalous increase in upwelling can be seen in the mid-latitude North
Pacific (30-45°N). The increased mid-latitude upwelling in the OGCM simulation is inter-
esting from the point of the anomalous cooling in the North Pacific associated with ENSO
(see Fig.12a). Note that the near-surface ocean response in the mid-latitudes is associ-
ated with anomalous southward currents. Earlier studies have pointed out that changes
in heat fluxes and surface wind variability near the Aleutian low are major contributors
to the variability of SST and near-surface ocean currents in the North Pacific (Cayan,
1980; Deser and Blackmon, 1995; Knutson and Manabe, 1998). Besides the surface wind
induced changes, it also appears from Fig.14b that enhanced upwelling in the North Pa-.
cific region could be an additional factor that contributes to the intensification of the cold
anomalies in the mid-latitude region during El Nifio events. In short, the results from
Fig.14 clearly confirm that interannual changes associated with ENSO alters the merid-
ional transport and the structure of currents in the upper ocean, thereby influencing the

heat and mass transport in a significant manner.

There is now growing evidence indicating that the heat balance in the Pacific and
Atlantic Oceans involves a meridional circulation cell extending from the subtropics to
the equator (McCreary and Lu, 1994). The source waters of the Pacific equatorial under
current are the tropical and subtropical cells associated with meridional circulations (Mc-
Creary and Lu, 1994; Lu et al., 1998). Under normal conditions, the surface water in the

subtropics subducts into the thermocline, flows equatorward in the subtropical gyre and
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a part of it eventually moves into the equatorial Pacific forming a closed subtropical cell
(McCreary and Lu, 1994). However, it appears that the meridional cell in the subtropics
varies significantly during ENSO events as seen from the OGCM simulation. In particular,
it can be noticed from Fig.14b that the subsurface current anomaly, extending northward
into the subtropics, counteracts the subtropical subduction and weakens the equatorward
transport of subsurface cold waters. This effect in turn can influence the magnitude of the
ocean temperatures in the equatorial region during ENSO events. Further studies will be
necessary in order to unravel the details of the meridional cell variability and its possible

feedback on the ENSO dynamics.

6 Summary

Results of numerical simulation of a global OGCM are presented along with diagnostic
analysis of multi-source oceanic datasets with a view to understand the time-mean struc-
ture and interannual variability of the tropical oceans. Validation of the model simulated
time-mean response with observed datasets indicates that the climatological features and
the associated seasonal evolution of ocean temperatures and the meridional heat transport
are realistically captured by the OGCM. The interannual variability of the model response
was examined in a 43-year (1958-2000) integration of the OGCM driven by atmospheric
forcings computed from the NCEP reanalysis. The spatial and temporal variability of Pa-
cific SST in the 43-year simulation clearly brings out the observed El Nifio and La Nina
events. Examination of the simulated interannual variability of ocean temperatures asso-
ciated with ENSO reveals that the model simulation has good resemblance with observed

datasets in capturing the evolution of thermocline perturbations in the Pacific Ocean.

The life cycle of the model ENSO is characterized by eastward propagating heat
content anomalies close to the equator and westward propagating off-equatorial anoma-
lies. The above evolution of subsurface anomalies is similar to those noted in earlier
coupled modelling experiments (Philander et al., 1992; Knutson et al. 1997). According
to the delayed oscillator mechanism (Battisti, 1988; Suarez and Schopf, 1988; Schopf and
Suarez, 1988; Battisti and Hirst, 1989), the evolution of ENSO is governed by interplay
between large-scale equatorial ocean wave processes and ocean-atmosphere feedbacks. Al-

ternatively, the recharge oscillator theory (Jin, 1997 a,b) emphasizes the point that the
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recharge and discharge of warm waters along the equator controls the upwelling changes
in the eastern Pacific and thereby influences the temperature anomalies in the region.
Both these theories focus on the importance of coupled dynamics; but do not address the
issue concerning the accumulation of excessive heat and mass in the equatorial Pacific

Ocean during El Nifio episodes.

Sun and Trenberth (1998) and Sun (2000) have proposed a heat pump hypothesis
in which the coupled tropical ocean-atmosphere system exports the excessive heat from
the equatorial region to the subtropics as the El Nifio develops. The heat convergence in
the upper ocean computed by Sun (2000) was based on a 1-dimensional energy balance
model without explicit treatment of ocean internal dynamics. On the other hand, our
OGCM simulation allows us to examine the dynamical changes in the meridional currents
associated with heat transport variations during ENSO. It is seen that the simulated pole-
ward heat transport in the equatorial Pacific Ocean increases by as much as 1.2 PW from
its mean value during El Nifio events. The warm subsurface temperature anomalies in
the equatorial thermocline are accompanied by anomalous northward currents extending
from the equatorial region to the subtropics and result in a weakening of the subtropical
gyre along the eastern boundary. These anomalous northward currents in the thermocline
are found to reduce the equatorward mass transport of colder subsurface water from the
subtropics by as much as 3.4 Sv. The conclusive result emerging from this study highlights
two points (a) First, the anomalous northward currents remove heat from the equatorial
region (b) The reduction in the equatorward flow of cold waters from the subtropics coun-
teracts the mass accumulation of warm waters transport along the equator. The question
still remains as to whether the heat and mass transport variability can actually feedback
on the ENSO evolution itself 7 Further research is required in order to understand the
interactions between the equatorial and subtropical Pacific Oceans that can potentially

affect the ENSO cycle.
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A Heat flux calculations

The OGCM was forced with the net surface heat flux (Qngr), which is a sum of sensible
heat flux (Qs), latent heat flux (Qy), Long wave flux (QLw) and short wave flux (Qgsw)-
The basic parameters [air-temperatue (7,) and specific humdity at 2 m (g,,), total cloud
fraction (A), net shortwave radation at surface, wind speed (U) at 10m] are based on
NCEP reanalysis. The SST (7,) data for flux computation is taken from GISST2.3b.
The fresh water flux forcing for the salinity equation is computed from the precipitation

and evaporation rates from NCEP reanalysis. The flux computation is described below.

Qs = cpenU(Ts — (Tu +72)) (1)
Qe = LCU(gs — ¢a) (2)
Quw = €0s5(0.39 — 0.05e"%)(1 — Mn®)T} + 4eospT2(Ts — To) (3)
Qner = Qs+ QL+ Qiw +Qsw , (4)
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Figure 1: Time variation of global mean kinetic energy (cm?s~?) during the 24-year spin-up period.
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Figure 2 : Time-mean SST (°C) (a) OGCM (January mean) (b) OGCM (July mean)
(¢) GFDLAD (January mean) (d) GFDLD (July mean)
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Figure 4: The meridional heat transport (PW) for different ocean basins computed from the OGCM
(left column) and GFLDAD (right column). The meridional heat transport for January is shown by
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(b) GISST dataset for the same 43-yr period (c) GFDLAD dataset (1980-1999). The corresponding
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Figure 11 :Depth versus longitude section of OGCM simulated vertical velocity (shaded values)
and vector currents in the equatorial region (5°S-5°N) for (a) La Nifia phase (July 1998 -
December 1999) (b) El Nifio phase (April 1997 - April 1998) (c) El Nifio (March 1991 -
September 1993). The timings for these ENSO events based on Trenberth et al., (1997) The
vertical velocity (cms™) is scaled by a factor of 3x10™
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Figure 12 : The warm minus cold (WMC) composite of the OGCM simulated (a) SST anomalies
with shading interval 0.9°C. The corresponding WMC composite of wind-stress anomalies
(dynes cm™) form NECP reanlysis has been superposed (b) Longitude-depth section of potential
temperature anomalies near the equator (5°S-5°N). The shading interval .8°C. The WMC
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Figure 14: The warm minus cold (WMC) composite of the OGCM simulated (a) Mass transport
(m?s~") and current anomalies (cm/sec). The mass transport anomalies are computed by integrating
the meridional velocity at the (5-1000m) depths. The current anomalies are averaged for the top 300m
depths. (b) Depth-latitude section of meridional current anomalies averaged in the central-eastern
Pacific (170°E-100°W). The anomalies of meridional velocity (cm s~!) are shaded with interval 1.5
units. The magnitude of the current anomalies is much larger near the equator than in the subtropics.
Therefore, thin and thick vectors are shown in order to avoid over-crowding near the equator.
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