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Abstract. The dominant pattern of tropical and sub-
tropical North Atlantic sea surface temperature (SST)
anomalies simulated in the GFDL coupled ocean-atmo-
sphere model is identified and compared to observations.
The spatial pattern and temporal variability of that pat-
tern resemble observational results. On interannual time
scales it is shown that anomalous surface heat fluxes,
consistent with variations in the intensity of the sub-
tropical high pressure system in the atmosphere and the
associated Northeasterly Trade winds, appear to be the
most important process for generating this SST pattern.
This relationship is also true on decadal time scales,
although the relative role of oceanic heat advection is
somewhat larger than on the interannual time scales.

1. Introduction

Sea surface temperature (SST) variations in the tropical At-
lantic influence climate over the neighboring continents at in-
terannual to decadal time scales [see Mehta (1998) and
references therein). Decadal scale SST and associated climate
variations also have the potential to interact with anthropogen-
ic climate change. Therefore, it is important to understand the
physics of these SST variations and assess their predictability.

Over the last decade, analyses [see, for example, Houghton
and Tourre, 1992; Mehta and Delworth, 1995; Enfield and
Mayer, 1997; Mehta, 1998] have shown that interannual SST
variations in the tropical Atlantic are approximately indepen-
dent on the two sides of the Equator. Recent analyses [Mehta,
1998; hereafter referred to as M98] have also shown that dec-
adal scale SST anomalies in the tropical Atlantic are largely
independent on the two sides of the Equator. Further, the dec-
adal SST anomalies rotate anticyclonically around each basin
(North and South Atlantic) in the sub-tropical ocean gyres, oc-
casionally expanding across the Equator. Various spectrum
analyses of these long SST time series do not always show sta-
tistically significant spectral peaks at decadal time scales in the
North Atlantic. In apparent contrast, decadal spectral peaks are
much stronger in the tropical South Atlantic.

In order to assess whether numerical models simulated such
variability, Mehta and Delworth {1995] (bereafter referred to
as MD) compared the then-available observations of decadal
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SST variations in the tropical Atlantic with SST variations in a
200 years long climate simulation with the global coupled
ocean-atmosphere model developed at the Geophysical Fluid
Dynamics Laboratory (GFDL). It was shown in MD that the
model-generated decadal SST variations in the tropical Atlan-
tic resemble the observed decadal SST variations. Further, this
preliminary analysis also showed that there is little coherence
between model-generated decadal SST variations on the two
sides of the Equator.

The purpose of the present work is (a) to further clarify
characteristics of the model-generated decadal SST variations
in the tropical and sub-tropical North Atlantic in light of the
more recent analyses of observations and (b) to analyze the
physics of these model-generated decadal variations. We ask
the following questions: (1) Do the decadal SST anomalies in
the model show characteristics similar to the observed decadal
SST anomalies? (2) What is the relationship among simulated
anomalies in SSTs, sub-surface ocean temperatures, sea level
pressure, near-surface winds, and ocean-atmosphere heat flux-
es? (3) Which physical processes appear to be most important
for generation of the decadal SST anomalies?

2. Description of Model and Numerical
Experiments

The coupled ocean-atmosphere model used in this study is
identical to that described in detail by Manabe et al. {1991)].
The model is global in domain, with realistic geography con-
sistent with resolution. The model is forced with a seasonal
cycle of insolation at the top of the atmosphere. The atmo-
spheric component numerically integrates the primitive equa-
tions of motion using a semi-spectral technique in which the
variables are represented by a set of spherical harmonics and
by comesponding grid points with a typical spacing of 7.5°
longitude and 4.5° latitude. There are nine unevenly spaced
levels in the vertical. The oceanic component of the model
uses a finite difference technique with twelve unevenly spaced
levels in the vertical, and a horizontal resolution of approxi-
mately 3.7° longitude and 4.5° latitude. The mode! atmo-
sphere and ocean interact through fluxes of heat, water, and
momentum at the air-sea interface.

In order to reduce climate drift, adjustments to the model-
calculated heat and water fluxes are applied at the air-sea in-
terface. These flux adjustments are derived from preliminary
integrations of the separate atmospheric and oceanic compo-
nents {see Manabe et al., 1991, for details].

After preliminary integrations to achieve an initial condi-
tion in approximate equilibrium, the model was integrated for
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a period of 1000 years. The output from this integration forms
the main dataset for the analyses presented below.

3. Characteristics of Model Variability

Previous analyses (MD) of model SST variations in the
tropical and sub-tropical Atlantic revealed a pattern of vari-
ability which resembled the dominant empirical pattern of ob-
served SST variability. In the current work an empirical
orthogonal function (EOF) analysis was conducted using an-
nual mean model SST from the Equator to 72°N (all model
analyses shown are performed on annual mean data). The first
EOF is shown in Fig. 1a. This spatial pattern resembles the
second EOF (not shown) of observed SSTs, particularly over
the tropical and sub-tropical North Atlantic (the EOFs of ob-
served SST were computed using the data and techniques de-
scribed in M98). This pattern is characterized by an
approximately zonal band of SST anomalies spanning the lon-
gitudinal extent of the basin from 10°N-25°N. The temporal
variability of this pattern of SST variability is characterized
by the spectrum of the associated EOF time series. This spec-
trum, shown in Figure 1b, is generally “red” (i.e., greater vari-
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Figure 1. (a) First EOF of annual mean model SST over the
Atlantic from the Equator to 72 °N. The contoured values are
the correlation coefficients at each grid point between the
EOF time series and the original SST time series at that point.
This pattern explains 11.8% of the spatially integrated vari-
ance. (b) Fourier spectrum of the corresponding EOF time se-
ries. The smooth solid line represents a background “red
‘noise” (first order Markov process) spectrum, while the
dashed lines represent an estimate of the 95% confidence lim-
its. The period is listed along the top in years.

DELWORTH AND MEHTA: SEA-SURFACE TEMPERATURE IN THE NORTH ATLANTIC

N
TTiow 100w 96w 80w 70w ebw SO 40w 30w 20w  tow 6 16 206

20

Figure 2. Linear regression coefficients of sea level pressure
(contours) and near-surface winds (vectors) versus the time
series corresponding to EOF 1. For the near-surface winds,
each component was regressed against the time series of EOF
1 separately; the results are plotted in vector form, such that
the zonal (meridional) component of the vector denotes the
magnitude of the zonal (meridional) regression coefficient.
The regression coefficients are multiplied by one standard de-
viation of the EOF time series, so that the fields may be inter-
preted as the changes corresponding to a one standard
deviation increase in the EOF time series; this translates to a
maximum SST anomaly of 0.19 °C (the maximum SST value
in EOF 1 times one standard deviation of the EOF time se-
ries). The units for SLP are mb, and the units for winds are
cm sL. The vector at the bottom of the image denotes a wind

speed anomaly of 20 cm 5™,

ance at low frequencies than at high frequencies), with weak
peaks in the decadal range. These peaks do not substantially
exceed an estimate of the 95% confidence limits.

The relationship between this pattern of SST variability and
other oceanic-atmospheric quantities can be ascertained by
computing linear regressions of the form y = ax + b, where the
independent variable (x) is the SST EOF 1 time series, and the
dependent variable (y) is some other oceanic-atmospheric
quantity. We compute “a” (slope of the regression line; we re-
fer to this as the regression) to denote the change in “y” for a
unit change in “x”. Shown in Figure 2 are regressions between
sea level pressure (SLP) and the EOF time series (shown by
the contours) as well as between atmospheric near-surface
winds and the EOF time series (indicated by the vectors). The
pattern of SLP variability is characterized by a surface low
pressure center to the north of the maximum SST anomalies,
suggesting that the atmosphere plays a substantial role in this
pattern of oceanic variability. The associated near-surface
wind anomalies indicate a reduction in the Northeasterly
Trade Winds over the region of positive SST anomalies,
which can reduce the latent heat flux from the ocean to the at-



DELWORTH AND MEHTA: SEA-SURFACE TEMPERATURE IN THﬂ NORTH ATLANTIC

mosphere and warm the near-surface layer of the ocean. The
spectrum (not shown) of the temporal fluctuations of this pat-
tern of near-surface wind anomalies resembles “white noise”,
thus indicating no preferred time scale.

4. Ocean Heat Budget Analysis

In order to quantify the relative contributions of various
processes in generating this pattern of SST variability, linear
regressions were computed between the terms in the upper
ocean heat budget equation and the time rate of change of the
EOF 1 time series. Noting that the time series of SST at an in-
dividual grid point can be expressed as

M
Y, (EOFTS;}EOF),

i=1
where EOFTS; is the time series for EOF “i”, “M” is the num-
ber of grid points, and (EOF,) is the eigenvector value for
EOF *i” at an individual grid point, the heat budget of the up-
permost model oceanic layer can be expressed as,

M
C Y, 2 (EOFTS)EOF)=-C $- VT-LH-SH+R

i=1 + Convt - Diffusion + Adjustment (¢))

The heat capacity of the laygr is given by C (=mass of the
layer tir_ges the specific heat), V is the three dimensional ve-
locity, VT is the three dimensional gradient of temperature,
LH and SH are the latent and sensible heat fluxes from the
ocean to the atmosphere, R is the net radiative forcing at the
surface, “Convt” is the equivalent heat flux corresponding to
the temperature change due to oceanic convection, *“Diffu-
sion” is the equivalent heat flux corresponding to the sum of
horizontal and vertical diffusion, and “Adjustment” represents
the heating due to the flux adjustments. All terms can be ex-
pressed in W m2 for a 50.9 m. layer (the thickness of the up-
permost layer of the ocean model), and were estimated from
monthly mean model output. The flux adjustments are pre-
cisely the same from one year to the next, so that there are no
interannual anomalies of the flux adjustment term.

The contribution of the various terms in (1) to the genera-
tion of the spatial pattern in Figure 1a is estimated by comput-
ing regressions of the heat budget terms versus the temporal
derivative of the time series of EOF 1. There is a clear similar-
ity between the spatial pattern (not shown) of the heat flux
variations (the sum of the sensible, latent, and radiative com-
ponents) and the pattern of SST anomalies shown in Figure
la, suggesting that anomalous surface heat flux varations
help to drive the pattern in Figure 1a. The weakening of the
Northeasterly Trade Winds (indicated in Figure 2) reduces the
latent heat flux from the upper ocean layer to the atmosphere,
thereby warming that ocean layer. Analyses of the individual
terms (not shown) of the surface heat flux reveal that the latent
heat flux variations are the most important for this pattern of
variability. The largest SST anomalies occur in the same loca-
tions as the largest surface heat flux anomalies.

Regressions of the heat advection (not shown) also resem-
ble the SST pattern in Figure 1a, but the magnitudes of the re-
gression coefficients are generally smaller than the surfage
heat flux terms. Physically, the weakening of the atmospher'nc
sub-tropical high pressure system and associated reductions in
the surface pressure gradient alter the atmosphere to ocean
momentum flux and weaken the oceanic sub-tropical gyre.
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This, in turn, reduces ithe southward advection of relatively
cold water in the eastetn portion and the northward advection
of relatively warm water in the western portion of the sub-
tropical North Atlantic, This leads to a warming off the west
coast of Africa and a cooling off the east coast of the U.S. The
anomalous atmospheri¢ circulation also reduces the upwelling
of colder, sub-surface water off the coast of Africa, further
warming the near-surface water in that region.

In order to explicitly examine decadal SST variations, the
above set of analyses were repeated after filtering the SST and
heat budget terms with a 5 to 30 year band pass filter. The first
EOF of SST (not showp) strongly resembled the results from
the unfiltered analyses; The regressions for the air-sea heat
fluxes and the heat advection are shown in Figure 3. For the
filtered data, the relative contribution of the advective terms is
somewhat larger than for the unfiltered data, suggesting that
oceanic advective processes in this model are more important
for this pattern of variability on the decadal time scale than on
the interannual (unfiltered) time scale. However, even on the
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Figure 3. {a) Map of the regressions between the lime series
of the air-sea heat flux and the temporal dedvative of the time
series of EOF 1 (of the 5-30 year filtered data). Positive values
denote a flux which would tend to warm the uppermost ccean
layer. Prior to the regression analysis, all quantities were fil-
tered such that only time scales between approximately 5 and
30 years were retained. Units are W m™. The regression coef-
ficients are multiplied by one standard deviation of the EOF
ime series (1L.27), 50 that the Gields may be interpreted as the
changes corrésponding to a one standard deviation increase in
the EOF time series; this translates to a maximum 35T anom-
aly of 0.18 °C (the maximum 55T value in EOF 1 bmes one
standard deviation of the EOF time series), (b) Same as (a) but
using the total oceanic heat advection (horizontal and vertical)
instead of the air-sza heat fux,
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decadal scale the ocean-atmosphere heat flux term was still
substantially larger than the advective term.

The above results suggest that for this model and this pat-
tern of SST variability, the relative contribution of the advec-
tive terms is smaller than that of the ocean-atmosphere heat
flux. It must be noted, however, that in this model the simulat-
ed oceanic currents are substantially weaker than the observed
currents. Thus, it is certainly possible that in a model with
stronger oceanic currents the relative role of the oceanic heat
advection terms could be substantially larger than suggested
by the present model results, Efforts to explore this issue are
currently underway with a higher resolution coupled model.

The above results were strengthened by examining the out-
put from an additional experiment in which the same atmo-
spheric model was coupled to a S0 m. deep “slab” ocean. This
simple ocean model interacts with the atmosphere through ex-
changes of sensible, latent, and radiative heat fluxes. In addi-
tion, a seasonal cycle of heat flux convergence is prescribed at
each grid point to mimic the effects of oceanic heat transports
which are not represented in the “slab” model; this helps to
create a seasonal cycle of SSTs in the “slab” model which is
similar to that in the fully coupled model. A 500 year integra-
tion was performed with this model, and the output was ana-
lvzed. The pattern of SST variability shown in Figure 1a is
also present in this model (not shown; the pattern appears as
the second EOF), confirming that this pattern of variability
can be generated through varations in air-sea heat fluxes
without interannual variations in oceanic heat advection.

Since the observed decadal SST anomalies were found to
rotate anticyclonically around the North Atlantic [Hansen and
Bezdek,1996; Sutton and Allen, 1997; M98), complex EOF
analysis was applied to the fully coupled model SSTs. The re-
sults (not shown) show a small tendency for SST anomalies to
propagate anticyclonically around the sub-tropical gyre in the
North Atlantic. In order to further explore this, complex EOF
analysis was also conducted on ocean temperatures at model
level 2 (a depth of 85 m.). The results (not shown) indicate
sub-surface temperature anomalies rotating around the sub-
tropical gyre. It remains an open question why the rotation of
simulated ocean temperature anomaiies is so evident in the
sub-surface layer but not at the surface, and whether these ro-
tating anomalies feed back to the atmosphere.

5. Discussion

We have focused our analyses on the characteristics of sim-
ulated SST variability in the tropical and sub-tropical North
Atlantic. The model simulated variability resembles observed
variability in both spatial pattern and temporal behaviour.

The model results suggest that variations of the surface heat
and momentum fluxes are capable of forcing this pattern of
variability. The associated atmospheric variability has a large-
scale spatial structure (Figure 2) but does not have a distinct
timescale. It is tempting to speculate that this pattern of SST
variability can thus be partially regarded as an oceanic re-
sponse to surface heat and momentum flux variations associ-
ated with atmospheric variability. The rotation of sub-surface
ocean temperature anomalies around the sub-tropical gyre
may be excited by this pattern of atmospheric variability.

While additional physical processes contribute to the gener-
ation of tropical and sub-tropical North Atlantic SST variabil-
ity in the real climate system, it is likely that the primary
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physical mechanism identified in this modeling study (latent
heat flux forcing) plays a large role in the real climate system.
The results of a recent ocean modeling study support this
[Carton, 1996}, as do recent analyses of observational data
[Enfield and Mayer, 1997). The results of Chang [1997] also
stress the important role of anomalous heat fluxes.

A number of questions remain regarding tropical Atlantic
variability in general and these model results in particular.
(1) Is the pattern of SST variability discussed here part of a
coupled air-sea mode involving two-way interactions? (2) Is
there a discernible decadal time scale in tropical North Atlan-
tic SSTs? Both model and observational results suggest a
weak decadal peak which does not stand out against back-
ground noise if commonly employed statistical techniques are
used. Analyses of this and other coupled ocean-atmosphere
models are in progress to address these questions.
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