Old Dominion University

ODU Digital Commons

CCPO Publications Center for Coastal Physical Oceanography

1999

Warm Water Formation and Escape in the Upcfer
Tropical Atlantic Ocean - 2. A Numerical Model
Study

Sang-Ki Lee
Old Dominion University

G.T. Csanady
Old Dominion University

Follow this and additional works at: https://digitalcommons.odu.edu/ccpo_pubs
b Part of the Oceanography Commons

Repository Citation

Lee, Sang-Ki and Csanady, G. T., "Warm Water Formation and Escape in the Upper Tropical Atlantic Ocean - 2. A Numerical Model
Study" (1999). CCPO Publications. 282.
https://digitalcommons.odu.edu/ccpo_pubs/282

Original Publication Citation

Lee, S. K., & Csanady, G. T. (1999). Warm water formation and escape in the upper tropical Atlantic Ocean - 2. A numerical model
study. Journal of Geophysical Research: Oceans, 104(C12), 29573-29590. doi:10.1029/1999jc900078

This Article is brought to you for free and open access by the Center for Coastal Physical Oceanography at ODU Digital Commons. It has been
accepted for inclusion in CCPO Publications by an authorized administrator of ODU Digital Commons. For more information, please contact

digitalcommons@odu.edu.


https://digitalcommons.odu.edu?utm_source=digitalcommons.odu.edu%2Fccpo_pubs%2F282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ccpo_pubs?utm_source=digitalcommons.odu.edu%2Fccpo_pubs%2F282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ccpo?utm_source=digitalcommons.odu.edu%2Fccpo_pubs%2F282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ccpo_pubs?utm_source=digitalcommons.odu.edu%2Fccpo_pubs%2F282&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/191?utm_source=digitalcommons.odu.edu%2Fccpo_pubs%2F282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ccpo_pubs/282?utm_source=digitalcommons.odu.edu%2Fccpo_pubs%2F282&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. C12, PAGES 29,573-29,590, DECEMBER 15, 1999

Warm water formation and escape in the upper tropical
Atlantic Ocean
2. A numerical model study

Sang-Ki Lee! and G. T. Csanady?
Center for Coastal Physical Oceanography, Old Dominion University, Norfolk, Virginia

Abstract. We seek the simplest mass and heat balance scenario within the upper
tropical Atlantic Ocean using a 2.5-layer numerical model, with the help of a newly
suggested entrainment formula. The model ocean is driven by the seasonal wind
and heat flux associated with the movement of the Intertropical Convergence Zone
(ITCZ). The entrainment rate is scaled by the product of wind stress and shear
at the bottom of the mixed layer. On an annual average, the northward transport
of the tropical warm water is about 11 Sv, with roughly 10 Sv associated with
entrainment of upper thermocline water. Out of the total 10 Sv of the needed
upper thermocline water, 9 Sv enters the equatorial cell from the South Atlantic.
The seasonal response to the ITCZ movement is most striking in the entrainment
rate and the northward warm water escape rate. The entrainment is significant
during May/December and ceases between January and March. The locally forced
equilibrium response between the interface shear and the zonal wind stress east of
30°W appears to be responsible for this cycle. The warm water escape toward the
North Atlantic takes place mainly from October to June and nearly stops during
July/September. As a result of seasonal variations of the two key processes, namely,
the entrainment and the northward warm water escape, the tropical warm water

pool stores heat during May/October and lets heat escape in November/April.

1. Introduction

The dynamical connections within the equatorial cur-
rent system have been demonstrated by Cane [1979].
The 2.5-layer tropical ocean model underlying his study,
driven only by a constant zonal wind stress, reproduced
the mass transport from the Equatorial Undercurrent
(EUC) to the South Equatorial Current (SEC), linked
by the equatorial entrainment.

Although this simple model calculation provided a
first-order mass balance in the equatorial ocean, a few
unrealistic assumptions were made to simplify the mod-
eling procedure. For instance, the mixed layer depth
was assumed constant, therefore no additional equation
was used to estimate the entrainment rate at the inter-
face. In addition, complications arising from the ther-
modynamics were avoided by assuming constant tem-
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perature in both layers. As an attempt to overcome
these shortcomings, a more complex model was pro-
posed by Schopf and Cane [1983]. The model included
the mixed and thermocline layers. The entrainment
(and detrainment) rate was determined from the Kraus
and Turner [1967] model, where wind stress is the only
source for turbulent mixing. The model was tested with
constant easterly winds in a closed basin. The results
showed that the mixed layer near the equator quickly
reached a prescribed minimum depth and the entrain-
ment rate was determined by the momentum divergence
of the mixed layer thereafter. Eventually, the water
accumulated in the mixed layer within the equatorial
region, until the numerical model failed.

The failure of their model is due to two reasons,
which must be taken into account in future tropical
ocean modeling. First, mass balance cannot be achieved
within the tropical ocean alone because mass exchange
with the subtropical ocean is a critical factor. Similarly
to Schopf and Cane [1983], McCreary and Yu [1992]
modeled the mass balance via the meridional convective
cell within the tropical ocean. However, this approach
is far from realistic, since the strong heat flux at the
sea surface does not allow detrainment to occur in the
tropics.
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Second, Kraus and Turner’s [1967] model is not ad-
equate for parameterizing the equatorial entrainment
process. In other words, the local wind stress at the
equator alone does not provide enough turbulent en-
ergy for the equatorial entrainment. Therefore the nec-
essary turbulent energy must come from other mecha-
nisms. The other conceivable source of turbulent energy
in the equatorial region is the interface shear between
the Equatorial Undercurrent and the South Equatorial
Current [Voituriez and Herbland, 1979]. It is therefore
necessary to parameterize the entrainment rate as func-
tions of the turbulent energy production by both the
wind and the interface shear. An entrainment formula
suggested by Jones and Mulhearn [1983] appears to be
a promising one, since their underlying assumption was
based on the same idea. Yet another formula follows
from the simple physical idea that the rate of turbu-
lence energy production in the thermocline is stress
times strain. An analysis of laboratory observations by
Lofquist [1960] showed that a fraction of this turbulence
energy is reconverted into mean potential energy, at the
rate

w2 Gu
b
dz|,

(1)

weg' = vu

where v is the efficiency of energy conversion, approxi-
mately equal to 0.03 [Csanady, 1978], and du/dz|o is the
shear at the center of the thermocline. An alternative
way of writing this is

(2)

if v is the entrainment coefficient and the layer scale
is taken to be the mixed layer depth and the shear
stress at the thermocline is proportional to wind stress
(see section 2.1 for variable definitions). This should be
a useful formula for parameterizing the equatorial en-
trainment rate, since it includes contributions both from
wind stirring and interface shear. Previously, a mixed
layer model similar to this but with much more compli-
cated numerical procedure was applied to the equatorial
ocean by Chen et al. [1994].

In this study, a simple 2.5-layer numerical model is
formulated based on that of Schopf and Cane [1983]
and is used to illustrate the warm water formation and
escape process in the upper tropical Atlantic Ocean.
The primary objective is to provide the simplest mass
and heat balance scenario connecting the upper tropical
Atlantic Ocean response to ITCZ movement. We also
adopt the new entrainment formula suggested above.

The paper is organized in the following manner. The
model equations and details of the numerical formu-
lations are given in section 2. Section 3 presents the
model results and discussion. The model results are
summarized and conclusions are drawn in section 4.

LEE AND CSANADY: WARM WATER FORMATION AND ESCAPE, 2

2. Model Formulation

2.1. Governing Equations

Consider an ocean consisting of two active layers, a
surface mixed layer and a thermocline layer as illus-
trated in Figure 1. The deep fluid below the thermocline
layer is assumed to be stagnant (the reduced gravity
approximation; see Cushman-Roisin [1994] for in-depth
discussion). Let the longitude and latitude be given
by ¢ and 6, respectively, then the depth-integrated mo-
mentum, continuity, and heat conservation equations
for the mixed layer are

8(u1h1) 1 2 2 12
50 T 2o 0g M)+ g 5 (k)

U1U1h1 . _ —h1 .(?Bl_
—2Ttan0 - 2981119’1)1’11 = —pla cosf Bd)
7(®)
+p— +weug — K(u1 — ug) + Fig (3)
1
8(’(}1}7.1) 1 0 1 2
— h ——(vih
ot + a cosf a¢(u1v1 )+ aBO(UI 1)
2_ .2 _h
+Mtan0 + 2Qsinfu hy = ——1%
a pma 00
+(6)
L +wevy — K(v1 —v2) + Fio (4
1
8h1 1 8u1h1 8 _
o + acosd | 00 + ae(”l'“ cosf) | = we, (5)
L w O wdh__Q
ot a cosf O¢ a 00 pCruhy
—%(T1 —Ty) + KnV2Th, (6)
1
(f(¢)'1;(9))

uz=v;=0,T;

S LSS S S S S S S

Figure 1. Model configuration and vertical structure
of temperature and velocity assumed in the model equa-
tions.
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and for the thermocline layer:

6(U2h2) 1 8

18
(udhg) + E—a—a(uzvzhz)

ot a cosf 6_¢
—h
%%z, 0 90singughy = —— 2 9P
a paa cosf 0@

—wettz + K(uy —uz) + Fay  (7)
9(vahs) 1 0 10,,
— ~—(vsh
ot a cosf O¢ (uzvahs) + a 06 (vzha)
2_ .2 _
+Mtan0 + 2Qsinfushy = —’2%
a paa 00
—WeVg + K(’U1 — ’Uz) + Fop (8)
6h2 1 8u2h2 6
e A 0 = —We, 9
ot + acosa[ O¢ + 80(U2h2 cos0) v ©)
0Ty
e 0, (10)

where the horizontal friction terms for the jth layer are
(Gill, 1982)

uj 2sinf Ov;

2
Fjp = Ahh’j(v Ui — a2cos26 B a?cos26 o¢

), (11)

v; 2sinf Ou;

+ a2cos2f O¢ )

Fje = Ahh,-(Vzvj - (12)

a2cos20

On the basis of the hydrostatic relation, the pressure
gradient terms are given by

Vp1 = gaV[hi(Ty — Tz) + ha(Tz — T3)]
—hgah VT, (13)

Vp2 = gaV[(hy + h)(T2 — T3)], (14)
where the buoyancy is calculated only from a linear
thermal expansion for simplicity. The entrainment rate
is determined from a new formula described in the pre-
vious section, with the addition of a background dissi-
pation term [Kim, 1976]:

_ Ll Au] 2%,

=T = (15)

where 7 is the entrainment coefficient, ¢’ [=ga(T1 —T3)]
is the reduced gravity, €, is the dissipation coefficient,
u*? is the surface stress, and Au is the mean shear:

Au = /(u1 — uz)? + (v; — vg)2. (16)

The dissipation term gives the model an ability to termi-
nate (or restart) the entrainment when the turbulence
energy production is weak, at which time the mixed
layer depth becomes

29,575

u*?| Au |

2¢, (17)

herit = Y

Inclusion of the dissipation term appears to be realistic,

since weak turbulence cannot be reconverted to mean

potential energy but is prone to dissipation [Kim, 1976].
Variables used in (3)-(17) are defined as follows:

uj,v; zonal and meridional components of velocity
for layer 7;
h;  thickness of layer j;
T; temperature of layer j;
g acceleration of gravity;
«a thermal expansion coefficient;

p; density of layer j;
p; pressure of layer j;

a radius of the Earth;

Q  angular velocity of rotation of the Earth;
zonal and meridional components of wind
stress;

we entrainment velocity across the interface;
Ay Laplacian mixing coefficient for momentum;
Ky Laplacian mixing coefficient for heat;

K interfacial friction parameter;
@ heat flux at the sea surface;
specific heat of water.

2.2. Model Geometry and Boundary
Conditions

The model covers the tropical Atlantic Ocean and
some portion of the subtropical oceans of both hemi-
spheres from 20°S to 20°N and 90°W to 15°E. The
northern and southern boundaries are open. The Carib-
bean islands are all removed from the model geometry
for simplicity. The model domain is not extended far-
ther poleward to focus on the local response of the trop-
ical Atlantic, minimizing the connection with remote
parts of the ocean. In addition, a poleward extension
of the model domain may introduce the need to pa-
rameterize midlatitude processes, such as detrainment,
which may not be properly represented in the simple
format of the current model.

At the wall boundaries, a no-slip boundary condition
is applied. For the two openings at 20°N and 20°S,
Orlanski’s [1976] radiation condition is used for u, v,
and h variables in an implicit form suggested by Chap-
man [1985]. For the temperature variable T, a no-flux
condition is applied at all walls and open boundaries.
In order to allow realistic heat flux through the open
boundaries, two narrow zonal sponge layers are placed
from 15° to 20° in both hemispheres. The mixed layer
temperature relaxes back to the monthly surface tem-
perature data of Levitus [1982] inside the sponge layers
(e-folding timescale of about 25 days). For the stabil-
ity at the open boundaries, a one-dimensional Hensen
[1962] filter is applied every 40 time steps to the two
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Surface Heat Flux and Wind Stress

24.

rows riearest to the open boundaries for u, v, and h.
In addition, the mixing coefficients, A, and K for u,,

The formula for thermal heat flux is based on the
heat budget of the ocean [Fleagle and Businger, 1980],

which can be written as

increase linearly (up to twice their values) inside the

There is no correspond-
ing treatment on v; so that the fluid can pass freely

sponge layers from 15° to 20°.
across the open boundaries.

(18)

_QS_QEa

Qsw — QLw

Q=

is the net heat flux, Qsw is the incoming short

where @

ical Formulation

Numer

2.3.

positive up-

(

ward), Qg is the sensible heat flux, and Qg is the latent

wave radiation, Qrw is the back radiation
the mass- and energy-conserving Lilly [1965] scheme (C  heat flux of evaporation. The bulk formula of sensible
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(19)
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in both horizontal directions; therefore the model

domain contains 106x41 grid points per layer for each
with a time step of about 1 hour. The Shuman [1957]

variable. The leapfrog time integration scheme is used
averaging scheme is applied tw

10

(20)

(T)I(0.622/F.),

— Q€5
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T
where P, is the atmospheric pressure (in mbar), L is

(

QE = pa.DdL|V|[es

40 time steps to remove the computational mode pro-
duced by the leapfrog scheme, as suggested by Killworth

[1984].
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Figure 2. Monthly mean w
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60° W
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Figure 3. Monthly mean wind stress curls from February to December (in units of N/m3).
Positive wind stress curl is shaded. Reproduced from Hellerman and Rosenstein, [1983].

the latent heat of evaporation per unit mass, Dy is
the dimensionless constant for evaporation (or Dalton
number), p is the relative humidity (dimensionless), and
es(Ty) and e,(T,) are saturation vapor pressure at the
sea surface and air (10 m above sea surface), respec-
tively. The saturation vapor pressure (in mbar) for tem-
perature between + 40°C can be parameterized [Gill,
1982] by

(0.7859 + 0.03477T)
(1 + 0.00412T)

The forcing variables (Qsw, Qiw, |V|, Ta) are ob-
tained from Esbensen and Kushnir [1981]. A cubic
spline interpolation is applied to the 12 monthly means
of the data in order to match the model grid system
(from 5° interval to 1°). Then these interpolated data
are decomposed into five Fourier harmonics (12-, 6-, 4-,
3-, and 2.4-month periods) in time to provide a contin-
uous time series for the model integration.

The model is forced by the climatological monthly
mean wind stresses of Hellerman and Rosenstein [1983).
Similar to the heat flux variables, the cubic spline in-

logqes(T) =

(21)

terpolation is applied to the 12 monthly means of wind
stress data to match the model grid system (from 2°
interval to 1°). Then they are decomposed into five
Fourier harmonics (12-, 6-, 4-, 3-, and 2.4-month peri-
ods) in time to provide a continuous time series.

The monthly averaged wind stress and its curl over
the tropical Atlantic Ocean are reproduced from Heller-
man and Rosenstein [1983] in Figures 2 and 3, respec-
tively. Associated with the movement of the ITCZ, the
seasonal variation of tropical wind stress is highly con-
centrated inside the zonal band between 2°N and 10°N
[Servain and Legler, 1986]. The wind stress inside this
zonal band is relatively strong during northern sum-
mer, and its curl changes sign from positive to negative
between April and August. It is noticeable that the
wind stress pattern exhibits a significant variation in
the zonal direction as well: the wind stress is stronger
and generally zonal in the western equatorial region,
while the eastern side is dominated by the meridional
wind.

The parameter values used for the model integration
are listed in Table 1. Unless specified otherwise, the
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Table 1. Parameters used for model integration

Parameter Notation Value

H, initial thickness of layer 1 50 m

H, initial thickness of layer 2 150 m

Ty initial temperature of layer 1 25.7°C

T, temperature of layer 2 20°C

T3 temperature of layer 3 10°C

a thermal expansion coefficient 0.00025°C~!
Ap Laplacian mixing coefficient for momentum 3500 m?/s
Ky, Laplacian mixing coefficient for heat 3500 m?/s

K interfacial friction parameter 8x10~7s™1
Cpw specific heat of water 4200 J/kg/°C
Cpa specific heat of air 1004 J/kg/°C
P, atmospheric pressure at 10 m from sea level 1013 mbar

Pa air density 1.2 kg/m3

p water density 1020 kg/m3

0 relative humidity, dimensionless 0.8

L latent heat of evaporation per unit mass 2.49x10°% J/kg
D, Stanton number, dimensionless 1.5x10~3

Dy Dalton number, dimensionless 1.5x10~3

04 entrainment coefficient 1/12

€o background dissipation of entrainment 7.5x107% m2/s%

values in Table 1 are all constant during the model in-
tegration.

2.5. Mass-Restoring Device

Schopf and Cane [1983] demonstrated that mass bal-
ance cannot be achieved within the tropical ocean itself,
without mass exchange with the subtropical oceans. A
typical way to incorporate the remote effect in the re-
gional model is to fix the volume transport at the open
boundaries [e.g., Ezer and Meller, 1997]. In this study,
however, we take a different approach. We simply relax
the layer depths slowly back to the initial depth pro-
file inside the narrow sponge layers specified near the
open boundaries (with an e-folding timescale of about
250 days). This scheme therefore provides the mass-
restoring mechanism during the model integration. If
the layer thickness becomes shallower than the initial
value, a volume of water, proportional to the depth
anomaly, is injected into the model domain at the open
boundaries and vice versa.

Since the initial depth profile involves no zonal slope
and hence no geostrophic meridional flow, this scheme
at the open boundaries plays only a passive role. If not
realistic, it still best fits the interest of this study, since
we are mainly concerned with the local response of the
tropical ocean and not with any remote effect from the
higher-latitude oceans. In any case, without this mass-
restoring mechanism, the mixed or thermocline layer
may be completely depleted during the numerical inte-
gration, as happened in the model of Schopf and Cane

[1983]. A procedure similar to this was employed pre-
viously by Jensen [1990] on the numerical simulation of
the Somali Current.

3. Model Results and Discussion

The model was integrated from rest and run for about
15 years, at which time it reached a quasiperiodic state.
This was determined by the fact that the model attained
a quasiperiodic cycle in kinetic energy, as well as mass
and heat budget. The results described here are based
on the 16th year of the model simulation.

3.1. Annual Mean Mass and Heat Budget

Figure 4 shows schematic diagrams of the zonally
integrated annual mean mass and heat transports at
8°S and 8°N. The top two bars represent the mixed
and thermocline layer transports. The upward and
downward arrows indicate the vertical transport via
the equatorial entrainment and the surface heat flux,
respectively. For better description of the total heat
transport, the southward transport of North Atlantic
Deep Water (NADW) required to balance the net north-
ward mass transport of the upper ocean is included in
Figures 4a and 4b. In order to estimate the total heat
transport, a mean temperature of 7.5°C is assumed for
the NADW. Associated total heat transport is indicated
at the bottom of Figures 4a and 4b.

Figure 4a illustrates that 10 Sv of thermocline wa-
ter enters the equatorial cell, with roughly 9 Sv com-
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(@ 8°s 8°N
1Sv 11Sv
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Figure 4. Annual mean (a) mass (in Sv) and (b) heat
(in PW) transports across 8°S and 8°N. The top two
bars represent the mixed and thermocline layer trans-
ports. The upward and downward arrows indicate the
vertical transport via equatorial entrainment and sur-
face heat flux, respectively. The imaginary southward
transport of North Atlantic Deep Water (NADW) re-
quired for mass balance is included in the lowest bars.

ing from the South Atlantic and 1 Sv from the North
Atlantic. This 10 Sv of upper thermocline water is en-
trained in the surface mixed layer. The entrained wa-
ter then joins 1 Sv of surface water from the South
Atlantic and flows into the North Atlantic across the
equator. The estimated relative transport scales are
in reasonable agreement with observations [e.g., Roem-
mich, 1983].

It can be seen that the heat flux across a given lat-
itude is almost proportional to the mass flux. The
reason is that the temperature variation is far smaller
than the space-averaged temperature [Philander and
Pacanowski, 1986]. Even so, some features of the heat
transport pattern in Figure 4b are still worth mention-
ing. In the thermocline layer, about 0.9 PW (105W)
of heat is transported to the equatorial cell across 8°S
from the South Atlantic. A total of 1.0 PW of heat is
transferred to the surface mixed layer via the equato-
rial entrainment. This cold, entrained water then gains
about 0.35 PW of heat at the sea surface (warm water
formation) and is carried away to the subtropical ocean
in the North Atlantic. There are additional heat gains
from the surface water of the South Atlantic (0.15 PW)
and from the thermocline water of the North Atlantic
(0.1 PW), but their contributions are not significant.
Therefore, taking the NADW transport (—0.35 PW)
into account, the total heat transports are 0.7 PW at
8°S and 1.05 PW at 8°N. The heat deficit between the

29,579

two latitudes is added from the surface heat flux (0.35
PW). The total heat transport and surface heat flux
values are in good agreement with the general circula-
tion model (GCM) study of Philander and Pacanowski
[1986]. However, the model underestimates the values
obtained by the inverse calculation of Roemmich [1983].
He estimated about 0.74 and 1.61 PW at 8°S and 8°N,
respectively, thereby a net heating of 0.87 PW at the
sea surface. It must be noted, however, that not all es-
timates of heat transports in the tropical Atlantic are
consistent with each other. For instance, using the heat
budget equation, Hastenrath [1980] obtained about 1.25
and 1.5 PW at 10°S and 10°N, respectively, hence a net
surface heating of 0.25 PW between the two latitudes;
but, using the same method, Hsiung [1985] estimated
0.2 and 0.8 PW at 10°S and 10°N, respectively. In any
case, the model-estimated 0.35 PW of oceanic heat gain
between 8°S and 8°N falls inside the range between the
Hastenrath [1980] and Hsiung [1985] estimations.
Figures 5a and 5b show the two-dimensional annual
mean mass transport vectors for the mixed and ther-

60° W 40°W 20°W 0°

10° N|
g |7
g &
K \\C ::E
%
10°S
20°S
60° W 40°W 200w 0°
Longitude

Figure 5. Annually averaged mass transport in (a) the
mixed layer and (b) the thermocline layer (in m?/s). (c)
Annual mean entrainment rate (in 10~5m/s).
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Figure 6. Monthly averaged entrainment rate from February to December from the model

results. The unit is 10~°m/s.

mocline layer, respectively. The vertical mass flux rate
between the two layers is shown in Figure 5c. Figure 5
illustrates that the thermocline waters enter the model
domain from the southeastern corner, cross the South
Atlantic via the northern leg of the subtropical gyre,
and then turn northward and feed the Equatorial Un-
dercurrent. These cold, thermocline waters are then
entrained at the central and eastern parts of the equa-
tor and transported to the west by the South Equato-
rial Current, thus escaping the equatorial region via the
NBC. In turn, the NBC bifurcates into the Guiana Cur-
rent and the North Equatorial Countercurrent (NECC).
The Guiana Current continues northwestward along the
western boundary. The NECC, on the other hand,
joins the North Equatorial Current (NEC) via the cy-
clonic gyre located between the NECC and the NEC.
Eventually, both branches join at the western boundary
near 12°N and escape the model domain through the
Caribbean Current. It is evident from Figure 5b that
the subsurface subtropical waters of the North Atlantic
hardly contribute to the Equatorial Undercurrent. The

major route and the scale of the mass transport inside
the equatorial cell agree well with the schematic pic-
tures presented by Csanady [1987, 1990] and Gouriou
and Reverdin [1992].

3.2. Seasonal Cycle of Mass and Heat Budget

The tropical Atlantic is subject to unusually high
seasonal variation, presumably associated with the sea-
sonal excursion of ITCZ. In this section, we investigate
the seasonal cycle of the mass and heat budget from the
model results, focusing on the budget near the equato-
rial region.

3.3. Equatorial Entrainment

Figure 6 shows the entrainment rate for February,
April, June, August, October, and December. The
entrainment near the equator nearly vanishes between
February and April and suddenly starts after April in
the eastern part of the equator. Within a month or
so, it quickly extends toward the central basin up to
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25°W. Shortly after it reaches its peak (~ 1.5x107°
m/s at the core) in June, the entrainment rate starts
to reduce and its center moves back toward the eastern
basin. Entrainment lasts until December and dies out
only in February. A prominent feature is that the en-
trainment is limited to the central and eastern basin,
where the mixed layer depth is relatively shallow. It
is also noticeable that the center of the entrainment is
located slightly southward of the equator around 1°S -
2°S. Especially the eastern end is tilted much more to-
ward the south and sometimes connected to the coastal
entrainment zone off the west coast of South Africa in
the South Atlantic.

Since the magnitude of the entrainment rate is too
small to measure, no direct observation of entrainment
rate is available to verify the model results. A more
practical way of verification is to look at the SST vari-
ation, which can be roughly identified by the entrain-
ment cycle. The monthly averaged SST from the model
results is shown in Figure 7. The corresponding map
of the observed SST taken from Hastenrath and Lamb

[1978] is shown in Figure 8. Generally, there is good
agreement between the model results and observations.
The warm water pool (high SST) in the eastern equa-
torial cell is observed from February to April in both
SST maps, and both show a sudden development of the
cold water tongue in June and its intensification in Au-
gust. An interesting point is that the maximum of the
entrainment rate is in June/July, but the cold water
tongue is most intense in August as shown in Figure 7.
A loose explanation for this is that the entrainment of
cold subsurface water is proportional to the time change
of the SST (see (6)). Therefore the SST and the entrain-
ment rate are not necessarily in phase. To fully under-
stand the connection between the variations of the SST
and the entrainment rate, the heat budget of the mixed
layer must be examined. This subject is discussed in
section 3.7.

3.4. Escape of the Warm Water Mass

Figure 9 shows the bimonthly map of the mixed layer
mass transport from February to December. The trans-
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ports are averaged monthly; therefore the eddy trans-
ports are mostly averaged out. Continuation of the
NBC to the Guiana Current is apparent in February.
During April, the NEC, the southern leg of the sub-
tropical gyre, moves down as far as 8°N and enhances
the northwestward Guiana Current. In June, the NBC
retroflects from the coast and feeds the eastward flow-
ing NECC. At the same time, the northwestward mass
transport via the NBC-Guiana Current system is re-
duced considerably. In August, the NBC turns com-
pletely offshore into the NECC and the northward flow
from the NBC to the Guiana Current nearly vanishes.
After October, the NECC becomes weaker and the mass
transport through the NBC-Guiana Current system in-
creases again. The escape of the warm water mass
(WWM) via this route becomes a maximum in Febru-
ary when the NECC practically dies out. This portion
of the model result agrees well with the recent obser-
vational study of Johns et al. [1998] and GCM mod-
els [Sarmiento, 1986; Philander and Pacanowski, 1986],
which are discussed in detail by Lee and Csanady [this
issue] (hereafter refered to as part 1).

Figure 9 shows that there is a secondary route of
WWM escape from the NBC to the NEC, via the in-
terior of the cyclonic gyre as pointed out by Csanady
[1990]. The cyclonic gyre is driven by a band of positive
wind stress curl, which exists between the equator and
10°N in April and between 10°N to 20°N in August (see
Figure 3). The meridional WWM transport across 8°N,
shown in Figure 10, illustrates that the escape of the
WWM via this route takes place during October/June.
During these months, as stated by Csenady [1990], since
the western boundary current (WBC) off the Guiana
coast always flows northwestward, the interior north-
ward transport comes from the residual NECC. When
the NECC is weakened in February/April, the north-
ward mass transport is supplied by a weak effluent
of the NBC, which takes the place of the NECC. In
contrast to October/June, the meridional transport is
completely blocked in July/September (Figure 10). As
stated in part 1, the cyclonic gyre is in Sverdrup bal-
ance, which may be separated into the Ekman and
geostrophic parts. Further analysis shows that the sea-
sonal variation of the interior mass transport is domi-
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cember inferred from the model result.

nated by the Ekman transport. See Lee [1995] for fur-
ther details.

3.5. Transport in the Thermocline Layer

The mass transport in the thermocline layer from
February to December is shown in Figure 11. It appears
that the EUC is the only source of major seasonal vari-
ation. Therefore the equatorial zonal mass transports
across 30°W, 20°W, and 10°W are contoured in Fig-
ure 12. The zonal transport across 30°W is relatively
small during February/April. After April, it starts to
increase until it reaches its maximum in July and de-
creases thereafter. At 20°W, the EUC transport pat-
tern is very similar to that across 30°W, but the max-
imum transport occurs in September/October and the
core of the EUC is shifted slightly southward. The EUC
transport is reduced significantly at 10°W, the maxi-
mum transport is in October, and its core is shifted
farther south, particularly in October/April.

Figure 13 shows the meridional mass transport in the
thermocline layer across 8°S as a function of time and

longitude. The subsurface NBC experiences no signifi-
cant seasonal changes. Meanwhile, the transport in the
eastern basin is dominated by its seasonal cycle. It ap-
pears that the variability in the east is created by the
surplus of the EUC transport during September/May,
when the equatorial entrainment is not significant.

3.6. Seasonal Storage Rate of Mass and Heat

The storage rate of the WWM inside the equatorial
belt is defined here as the sum of entrainment and hor-
izontal flux rate across the two zonal boundaries at 8°S
and 8°N, separately for the two active layers of the
model. Therefore, in order to quantify the seasonal
cycle of the WWM storage rate, the entrainment rate
is integrated between 8°N and 8°S and the meridional
transports of the WWM are integrated along 8°S and
8°N as shown in Figures 14a and 14b. The WWM stor-
age rate is obtained by summing these three compo-
nents as shown in Figure 14e. The entrainment rate
reaches up to 25 Sv in June and decreases rapidly until
October. A minor peak of 8 Sv is observed in Novem-
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ber. The horizontal mass flux across 8°S is insignifi-
cant in the mixed layer. The storage rate of the WWM
(i.e., the mixed layer net storage) is therefore largely
determined by the interplay between the entrainment
rate and the northward escape across 8°N, as suggested
by Csanedy [1987]. Between January and April, the
entrainment nearly ceases, while the northward escape
reaches its maximum of 19 Sv. During May/December,
on the contrary, the entrainment becomes significant
but the northward escape is minimal. Consequently,
the WWM inside the equatorial belt is depleted dur-
ing November/April and accumulates between May and
October, as depicted in Figure 14c. The maximum ac-
cumulation occurs in July, as the entrainment rate has
its maximum at June and the northward escape rate has
its minimum in August. The storage rate in the thermo-
cline layer is, on the other hand, determined solely by
the entrainment rate, since the fluxes across 8°N or 8°S
show no significant seasonal changes (see Figures 14b
and 14c). The two-dimensional pattern of the WWM
storage rate is discussed by Lee [1995].
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December taken from the model result.
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3.7. Mixed Layer Diabatic Heat Budget

WWM formation involves actual heating of cold, en-
trained vater. To put this in perspective, we exam-
ine the diabatic heat balance in the mixed layer of the
model.

The total heat content equation for the mixed layer
is

o(Thh1)

ot

0
acosf0¢

adl
__Q
Ppr

(U1T1h1) + (’U1T1h1)

+ ’UJET2. (22)

Multiplying the continuity equation (see (5)) by a con-
stant temperature 7T, then subtracting it from (22), we
get
O(T1 — To)h4]
ot

0
a cosf0¢

[u1(T1 — Tp)hi]

— we(To —_ Tz)

+%[01(T1 —To)h1] = pCQ (23)

pw

The heat storage rate of the mixed layer can be divided
into two terms:
O(T1hy) _ A(Toh) " o[(Ty — T,)hi]
ot ot ot ’

(24)
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ward), and the unit is m?/s.

The first term on the right side describes the change of
the heat content not affected by the temperature change
in the layer (adiabatic heat change), while the second
term represents the change of the heat content with re-
spect to T, (diabatic heat change). If the T, indicates
the annually and spatially averaged temperature of the
mixed layer inside the equatorial cell bounded by the
continental lands and the two zonal boundaries (at 8°S
and 8°N), (23) becomes the heat content anomaly equa-
tion for the mixed layer.

When (23) is integrated over the whole equatorial
cell, we get

/ AT —To)hl vy - nhy (T, — T,)dl

A ot 8°S

Q
-nh (T - T, dl=/ dA
+/°Nv1 nh(Ty ) A PCpuw

_ / we(Ty — Ty)dA, (25)
A

where the unit vector n represents the vector normal
to the southern or northern boundaries. Since these
boundaries are both zonal, the normal velocity is merid-
ional. A is the total area of the equatorial cell, and { is
the integration path along the zonal boundaries. Figure
15a shows the seasonal variation of the surface heating
and the entrainment cooling terms in (25) as given by
the model results. The contribution of the diabatic heat
anomaly fluxes across the zonal boundaries is negligibly
small and is not shown here. Therefore the cycle of the
diabatic heat storage rate in the equatorial cell is de-
termined by the local heat balance between the air-sea
heat flux and the entrainment cooling. This model re-
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sult implies that meridional flux of heat into/out of the
equatorial cell does not change the mixed layer temper-
ature. However, it must be pointed out that the equato-
rial ocean still brings much heat northward across 8°N,
and this takes place mostly through the transport of
mixed layer water of annual mean temperature 7.

Figure 15a shows that the air-sea heat flux has two
maximums in February /March and October and a min-
imum in April/May. The entrainment cooling pre-
vails only between May and December, with its max-
imum in June. Accordingly, diabatic heat storage oc-
curs between September and March and escapes dur-
ing April/August (see Figure 15b). The SST change
is roughly out of phase with the diabatic heat storage
rate (see Figure 15c); the maximum (minimum) SST
occurs when the storage rate changes sign from positive
(negative) to negative (positive).

It has been sometimes supposed that the temperature
anomaly in the cold water tongue represents the en-
trainment rate. The heat balance equation (23) shows,
instead, that entrainment rate affects the rate of change
of surface temperature. A more complete analysis shows
a three-way balance among SST change, air-sea heat
flux, and entrainment cooling. Therefore the SST change
is roughly out of phase with entrainment cooling, except
for the influence of air-sea flux. The minimum SST oc-
curs in August/September, and the entrainment rate
peaks in June.

The entrainment cooling is responsible for diabatic
cooling during May/August, and the air-sea heat flux
warms up the mixed layer afterward. As shown in Fig-
ure 14a, the WWM escapes mainly after this warm up.
Owing to this, the equatorial warm water pool is able to
provide more heat toward higher latitudes. Therefore
the time lag between the WWM formation and escape
increases the efficiency of the equatorial heat engine.

Another interesting point to make is that the diabatic
heat accounts for a fairly large portion in the mixed
layer heat storage rate and entrainment heat flux. If we
multiply pCpwTp (~ 1.13 x 108 J/m3) with the mixed
layer mass storage rate shown in Figure 14c, we get the
maximum of about 2.3 PW (if T, = 26.4°C) of adiabatic
heat storage rate. The maximum diabatic heat storage
rate of -0.8 PW is about 35% of the adiabatic part.
Moreover, the annual mean of total heat flux via en-
trainment is 1.0 PW (see Figure 4b). The diabatic part
is about -0.35 PW from Figure 15 (Niller and Stevenson
[1982] estimated 0.2 PW), which is about 35% of the to-
tal. On the other hand, as mentioned, influx/outflux of
diabatic heat across the zonal boundaries is negligibie.
This implies that the surface heat flux is used strictly
to warm up the cold entrained water and WWM escape
is mainly adiabatic process.

4. Summary and Conclusions

The primary objective of this work was to provide
a simple mass and heat balance scenario in the upper
tropical Atlantic Ocean, in response to the ITCZ move-
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ment. A simple 2.5-layer model was forced by seasonally
varying climatological wind and heat flux fields. The
entrainment from the thermocline to mixed layer was
taken to be proportional to the product of the shear
stress and interface shear at the bottom of the mixed
layer, with the shear stress taken proportional to the
wind stress. Important components of heat transport
variability were identified and analyzed. Also, physical
explanations were attempted. Available observations
of the seasonal cycle in the tropical Atlantic were com-
pared with the model results to validate the physical
assumptions of the model formulation.

On an annual average, the northward transport of
the WWM is about 11 Sv, with roughly 10 Sv associ-
ated with entrainment of upper thermocline water, the
other 1 Sv coming from the South Atlantic. Out of a
total of 10 Sv of the needed upper thermocline water,
9 Sv enters the equatorial cell from the South Atlantic.
The principal pathways for the cross-equatorial trans-
port were found to be (1) the Benguela Current, (2) the
SEC, (3) the EUC, (4) equatorial entrainment, (5) the
NBC, (6) the Guiana Current plus the NECC-NEC, and
(7) Caribbean Current, where pathways 1 and 2 take
place in the thermocline layer. The modeled transports
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and their pathways were consistent with observation.
It must be reminded that the model is driven mainly
by the wind stress, which creates different conditions at
the northern and southern boundaries: the thermocline
layer depth at the southern boundary becomes shal-
lower than that at the northern boundary. If so, via the
mass-restoring device discussed in section 2.5, more wa-
ter is injected across the southern boundary than across
the northern boundary. This is the mechanism how the
model achieved 11 Sv of annual mean northward mass
transport.

The seasonal response to ITCZ movement was most
striking in the entrainment rate and the northward

WWDM escape rate. The entrainment rate was found to
be significant only during May/December and ceased
completely between January and March. The locally
forced equilibrium response between interface shear and
zonal wind stress east of 30°W appears to be responsi-
ble for this cycle: during February /April, the ITCZ is
located slightly northward of the equator east of 30°W,
forming a region of weak zonal wind stress near the
equator. Therefore the transports of the SEC and the
EUC are also weak, maintaining a low interface shear
zone at the equator. In these months, the weak wind
stress and shear allow no significant entrainment. As
the ITCZ migrates northward after April, the zonal
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wind stress near the equator increases, speeding up the
westward flowing SEC and pushing more surface wa-
ter into the western basin, as well as creating a surface
layer mass deficit in the east. An additional pressure
gradient is then set up below the mixed layer, which
in turn increases the speed of the EUC. Consequently,
the shear between the mixed layer and the upper ther-
mocline layer increases until the zonal wind stress is re-
laxed. During May/December, the enhanced wind and
shear greatly enhance the entrainment.

The warm water escape rate across 8°N takes place
along two pathways, namely, the NBC and the east-
ern leg of the cyclonic gyre. Further analysis suggests
that these two are strongly related to the seasonal in-
tensification of the NECC: during December/April, the
NBC flows continuously northwestward as the Guiana
Current. The cyclonic gyre, located south of the NEC,
transports the warm water mass to the NEC via its
eastern leg. During July/September, on the other hand,
the strong negative wind stress curl north of 6°N inten-
sifies the NECC and forces the NBC to veer offshore
and seal the NBC-Guiana Current connection. At the
same time, the increase in the wind stress curl causes a
deepening (shallowing) of the mixed layer depth south
(north) of the NECC. The northward transport via the
eastern leg of the cyclonic gyre is therefore blocked.
As a consequence, the tropical warm water pool stores
heat during May/October and allows heat to escape in
November/April.

Of interest are WWM formation and SST change in
response to entrainment and surface heat flux. WWM
formation is a two-step process that starts with entrain-
ment of cold, thermocline water followed by heating at
the sea surface. On an annual average, heat gain at the
sea surface between 8°S and &°N is about 0.35 PW and
is used exclusively to warm up the cold, entrained water,
and the heat anomaly fluxes across the zonal bound-
aries are negligibly small. The seasonal cycle of SST
in the equatorial cell consists of a warm season in Jan-
uary/May and a cold season thereafter. Further analy-
sis showed that the cooling of this region from April to
August is associated with the low net surface heat gain
and intense entrainment cooling. The minimum SST
occurs in late August, when entrainment cooling and at-
mospheric heating cancel each other, allowing zero dia-
batic heat storage. Entrainment cooling is most intense
in early June and decreases thereafter. This reduction
of entrainment cooling and increasing atmospheric heat-
ing result in net heat gain from September. The WWM
escape takes place only after this warm-up.

There is also one very interesting aside on global
heat balance: the ITCZ is the thermal equator be-
tween hemispheres within which atmospheric heat gain
and heat loss balance. In southern winter, the ITCZ is
far in the north to allow the atmosphere of the South-
ern Hemisphere to gain heat from the tropical Atlantic.
In northern winter, oceanic heat transport northward
supplies enough heat to the atmosphere of the North-
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ern Hemisphere without the ITCZ moving farther south
than the equator; but this stoppage of the ITCZ from
moving south is what drives the heat storage and north-
ward transport: a positive feedback mechanism.

The 2.5-layer model used in this study may be the
simplest possible format for the simulation of the tropi-
cal oceans to a reasonable extent. Owing to the straight-
forward yet simple nature of the model, a few restric-
tions were imposed. Among those, most significant was
the fact that the model covered only the tropical ocean
and some part of the subtropical oceans; therefore the
remote effects from the higher-latitude oceans were im-
plemented in the model by a simple scheme that ad-
justed the layer depth at the open boundaries toward
their initial values. Accordingly, the influence from the
remote part of the oceans played only a passive role,
which remains a source of uncertainty in this study. An-
other point, prompted by a referee, concerns the model
grid resolution. The deformation radius of the trop-
ics ranges approximately from 100 to 230 km [Chel-
ton et al, 1998]. The model resolution of 1° there-
fore marginally resolves the most unstable waves [Eady,
1949]. However, small-scale eddies are likely to be dis-
torted by the coarse model resolution, which may be
another possible source of error.

Despite these shortcomings, the current 2.5-layer mode
study, with the help of the newly suggested entrainment
formula, provided the simplest mass balance scenario
within the tropical Atlantic Ocean, without any viola-
tion of physical principles in this region.
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