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Outline

• What’s special about the East Pacific Warm Pool?

• Role of wind-driven linear ocean dynamics 
   ... and what it doesn’t explain.
   ... forces determining the “shape” of the NE tropical Pacific

• Processes: linear and non-linear (anticyclonic eddies)

• How the Costa Rica Dome influences the general 
   circulation of the Pacific.

• Feedbacks to the atmosphere
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waves (TIW) that distort the front on monthly timescales (Baturin and Niiler, 1997; Chelton et al., 2000) were
not discovered until the advent of satellite SST in the late 1970s (Legeckis, 1977). Similarly, the strong eddies
that occur under the winter winds blowing through the gaps in the Central American cordillera (Willett et al.,
2006) were not described until the 1980s, although the e!ects of these winds on the shape of the local thermo-
cline were described by Roden (1961). The Costa Rica Dome was an early focus because of the importance of
the tuna catch there, and Wyrtki (1964) devoted an entire paper to it. However, the lack of appreciation at that
time for the role of wind-driven vorticity dynamics led him to drastically underestimate the upwelling into the
Dome and to misunderstand its mechanism (see Section 4.1).

Fig. 4. Mean surface circulation from surface drifters. Vectors were left blank if either the total count of samples in that 1! · 1! box was
less than 10, or if fewer than 4 months of the year were represented. The scale vector is located in the Gulf of Mexico.
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Winds and Curl(τ) over the EPWP
Dominated by gap jets:  Tehuantepec, Papagayo, Panama
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FIG. 5. Mean wind stress vectors and curl (colors) averaged over Aug 1999–Jul 2000. Red shading shows negative
(downwelling) curl and blue positive (upwelling) curl, in units of 1027 N m23, with (stretched) color key at right. The
scale vector (5 3 1022 N m22) is located in the Caribbean. The gray shading on land indicates altitudes greater than
250 m. The three mountain gaps referred to in the text are marked with arrows on the Caribbean side; from north to
south these are denoted the Isthmus of Tehuantepec, the Gulf of Papagayo, and the Gulf of Panama.

FIG. 6. Sverdrup balance comparison [lhs and rhs of Eq. (2)]: (top panel) the ‘‘ocean term’’ (b/ f # y g dz)
calculated from the XBT data; (bottom panel) the ‘‘wind term’’ (curl(t/r f )) calculated from the wind data
(both in units of m month21). Blue shading indicates poleward transport and upwelling curl in the top and
bottom panels, respectively; red shading is equatorward transport and downwelling curl. The color key for
both quantities is at right.

ward to form a continuous NE–SW band. This extension
occurs because of the relatively strong easterly stress
(t3 , 0) in this region (vectors in Fig. 5).
The Sverdrup balance comparison (Fig. 6) generally

confirms that these linear dynamics describe the main
features of the vertically integrated ocean response to
the distinctive wind forcing in this region. Ekman up-
welling is balanced by poleward geostrophic flow,
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FIG. 2. Mean SST (top) and 208C isotherm depth (Z20; bottom) from the XBT data. The contour
interval for SST is 18C, with supplementary contours at 27.58 and 28.58C. Red shading indicates
warm SST, blue cool. The contour interval for Z20 is 5 m. Red shading indicates deep thermocline;
blue, shallow.

FIG. 3. Mean dynamic height and geostrophic currents at the surface relative to 300 m, from the XBT
data. Gray shading indicates dynamic heights above 80 dyn cm or below 78 dyn cm. The contour interval
is 2 dyn cm. The scale vector (20 cm s21) is located in the Caribbean.

westward to the north and south of the NECC, respec-
tively. However, east of 1208W the dynamic topography
and currents become quite different. The NECC flowing
into the region at 1208W is associated geostrophically
with a dynamic height difference of about 8 dyn cm
between 58 and 108N, but by 1108W this has been re-
duced to a very weak gradient (about 2 dyn cm). Con-
sidering contours of dynamic height as streamlines of
the geostrophic flow shows that a large part of the NECC
divides into the NEC and SEC and turns westward, not

at the coast but 2000 km out into the basin. This is due
to the flattening of the thermocline ridge at 1108W seen
in Fig. 2 (bottom).
East of 1108W the surface circulation includes more

meridional flow, and is dominated by the cyclonic Costa
Rica Dome and the (weaker) anticyclonic eddy south-
west of the Gulf of Tehuantepec. Flow around the south
side of the Costa Rica Dome is not simply an eastward
extension of the NECC, but instead is fed largely from
the north. (However, there is a large annual cycle so

SST not a mirror of thermocline:  Except Costa Rica Dome
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FIG. 5. Mean ocean temperature (8C) along (a) 8.58N and
(b) 908W.

FIG. 6. Jan–Mar climatology: QuikSCAT pseudo–wind stress (vec-
tors; m2 s22): (top) TMI SST (8C) and (bottom) SeaWiFS chlorophyll
in natural logarithm (mg m23).

pass seems to be an important factor. While the pass
north of Tehuantepec favors a northerly wind jet, the
Papagayo pass allows winds to accelerate only in the
zonal direction, leading to a strong thermocline response
that extends well to the west.

c. Effect on SST

In winter, intense cooling induced by the wind jets
leaves marked signatures on the SST field. Under each
of these wind jets is a band of cold water with SST well
below 278C (Fig. 6a) due to increased surface heat flux
and vertical mixing. This wind-induced decrease is so
strong that the minimum SST is less than 258C in this
multiseason-average map, against background SSTs of
288C or above in the warm pool. The SST minima are
roughly aligned with the axes of wind jets, trailing the
mountain passes over a long distance. The thermocline
topography appears to also be an important factor for
the SST decrease, and although a quantitative heat bal-
ance is beyond the scope of this paper, some conclusions
about the importance of surface heat fluxes versus stir-
ring from the shallow thermocline can be drawn. Note
that the Papagayo cold patch is roughly collocated with
the thermocline ridge and extends 1000 km offshore
while the Tehuantepec cold patch extends only half as
far because its upwelled thermocline is confined closer
to the coast (Fig. 4b). Also, the coldest SST appears to
be found slightly offshore (Fig. 4), as the thermocline
shoals (Fig. 5a), not precisely under the strongest winds

at the coast. The strong entrainment made possible by
strong winds and a shallow thermocline is further man-
ifested in a tongue of high chlorophyll concentrations
as observed by the SeaWiFS satellite over each of the
Tehuantepec, Papagayo, and Panama jets (Fig. 6b). In
winter, the shallow thermocline in the Costa Rica Dome
and off the coast of South America, which is itself a
response to the vorticity forcing by the Papagayo and
Panama jets, aids the wind-induced cooling. The SST
minimum and the thermocline depth minimum are
roughly collocated over these two cold patches (Fig.
4b), allowing them to extend far offshore.
While the cold patches in the annual-mean SST map

are dominated by the winter cooling, there are also sig-
nificant features in summer SST. The summer SST dis-
tribution in the warm pool is very different from that
in winter (Fig. 4). SST contours are zonally oriented
south of 108N and become somewhat parallel to the
coast near Central America. A weak cold wedge de-
velops offshore of the Gulfs of Tehuantepec and Pa-
pagayo. The cooling over the Gulf of Tehuantepec seems
a weaker echo of its stronger counterpart in winter, but
the cooling off Papagayo extends much farther offshore
than the wind jet (Fig. 3c), suggesting the importance
of the shallow thermocline and resulting entrainment,
rather than the effect of surface heat flux, for the open-
ocean cooling in summer. At and south of 108N, summer
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Fundamentals

A simplified ocean has a single active upper layer of mean depth H, overlying a deep, motionless

abyss (not a bad assumption in the tropics where the thermocline is sharp).

Ignoring nonlinear and frictional e↵ects (beyond the direct e↵ect of the wind stress), the equations

of motion and continuity can be written:

u
t

� fv = �g0h
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+ ⌧x/⇢0H (1)

v
t

+ fu = �g0h
y

+ ⌧ y/⇢0H (2)

h
t
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) = 0 (3)

where

(u, v) is the horizontal velocity,

f is the Coriolis parameter (local vertical component of the earth’s rotation),

h(x, y, t) is the upper layer thickness anomaly (positive down, and assuming h⌧ H),

g0 = g�⇢/⇢0 is the “reduced gravity” (g = gravity = 9.8 m s

�2
, ⇢ is the density of seawater,

with mean ⇢0=1025 kg m

�3
, and �⇢ is the density di↵erence between the active upper and

motionless lower layers, typically a few kg m

�3
. The long gravity wave speed is c2

= g0H).

⌧ = (⌧x, ⌧ y

) is the surface wind stress, assumed to be felt entirely within the upper layer.

Adding more layers, the reduced gravity model can be generalized to represent a continuously-

stratified ocean.

•  
•  
•  
•  

•

Dynamics 1
Linear, inviscid equations

Time   Coriolis    Press.Grad     Wind

Differences from Yolande’s waves:
• Off-equatorial ( f not βy )
• The ocean has boundaries!



Sverdrup balance

Consider the steady, linear, vertically-integrated equations of motion in a single-active-layer
(reduced gravity) context:

�fV = �g0Hh
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+ ⌧x/⇢0 (1)

fU = �g0Hh
y

+ ⌧ y/⇢0 (2)

U
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The dynamics are Ekman + geostrophic:
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(Note that (1) and (2) can therefore be rewritten: U = U
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).

Curl (1) and (2), use (3) to get the Sverdrup balance : �V = Curl(⌧) . (6)
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where x
E

is the eastern boundary. Since the integration is westward, dx is negative.
Since the vertically-integrated fluid is non-divergent (i.e.(3)), a streamfunction exists:

V =  
x

, U = � 
y

, and  =
�1

�

Z
x

xE

Curl(⌧)dx (8)

The integrals (7) and (8) require an eastern boundary condition, typically of no flow through
the coast; for (8) this is satisfied by the choice  = constant along the eastern boundary.
Note that none of (6), (7) or (8) contain the Coriolis parameter f , so the Sverdrup balance
does not su↵er the degeneracy of Ekman or geostrophic flow ((4) and (5)) at the equator.

The Sverdrup balance is the fundamental relation for large-scale ocean circulation. Eq. (6)
says that in steady state, vorticity imposed by the wind is balanced by meridional motion:
a water column moves to a latitude where its total vorticity is the same as the local value
of f . Eqs.(6)-(8) allow the construction of the entire vertically-integrated circulation of the
ocean, except within western boundary regions, from the wind alone. (On the west sides
of oceans we find strong “western boundary currents” that usually involve the nonlinear
terms excluded from (1)-(3); this is also the reason why the integrals (7) and (8) are taken
westward). This construction has proved remarkably robust. Its clarity, however, comes at
the price of losing information about the vertical structure of currents.

Dynamics 2

Geostrophic:

Ekman:

Sverdrup balance



Sverdrup streamfunction (Island Rule generalization)

Sverdrup balance (Island Rule) accurately predicts the transport of the Indonesian Throughflow from the wind alone!



Rossby waves and Ekman Pumping

In “Fundamental” equations (1)-(3), take ut = vt = 0. The only explicit time variation is ht in (3).

Physically, this assumes that the variability is “slow enough” that the velocity can be considered to

be in steady balance with the winds and interface slope at each instant.

Take the Curl of (1) and (2):

f
⇣
ux + vy

⌘

| {z }
�ht/H

+ �v = Curl(⌧)/H . (1)

Using v = (g0hx + ⌧x/H)/f , c2 ⌘ g0H, and the vector identity

1
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rewritten:

ht �
 

�c2

f 2

!

hx = � Curl(⌧/f) . (2)

The long Rossby speed is cr = ��c2/f 2
. Note that cr is always negative (westward).

(2) is a first-order PDE that is solved by integrating west along the Rossby wave ray paths. Since the left

side of (2) has no y derivatives, these are due westward and each latitude is independent. The solution is

the accumulation of Curl(⌧/f) from the eastern boundary, moving west at speed cr. An eastern boundary

condition is required.

Long Rossby waves are the simplest time-dependent modification of the Sverdrup balance. (1) can be

rewritten:

�V (t) = Curl(⌧(t))
| {z }

evolving Sverdrup balance

+ fht (3)

Thus the Sverdrup circulation is the result of adjustment by Rossby waves, and (2) expresses the essential

dynamics of low-frequency interior ocean circulation.

Dynamics 3 Rossby waves               

Long Rossby eqn:



Ekman Pumping

The reason the wind Curl, rather than the wind itself, appears as the forcing term for

the Rossby wave equation is that it is the divergence of Ekman transport that produces the

thermocline slopes (h
x

). This divergence is:
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e

is known as the “Ekman pumping velocity”.

This externally-imposed stretching or shortening of a water column changes its rotation

(“vorticity”) as the column becomes wider or thinner and angular momentum is conserved.

Rossby waves are fundamentally the adjustment between local (⇣ = v
x

� u
y

) and plan-

etary (f) rates of rotation, forced by the wind through Ekman pumping. The intimate

connection between stretching and meridional motion can be seen in two ways: because of

the equivalence of local and planetary vorticity, and because the Rossby wave term (c
r

h
x

)

equals �/f times the meridional geostrophic transport V
g

= g0Hh
x

/f .

Dynamics 4
Ekman pumping
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FIG. 5. Mean wind stress vectors and curl (colors) averaged over Aug 1999–Jul 2000. Red shading shows negative
(downwelling) curl and blue positive (upwelling) curl, in units of 1027 N m23, with (stretched) color key at right. The
scale vector (5 3 1022 N m22) is located in the Caribbean. The gray shading on land indicates altitudes greater than
250 m. The three mountain gaps referred to in the text are marked with arrows on the Caribbean side; from north to
south these are denoted the Isthmus of Tehuantepec, the Gulf of Papagayo, and the Gulf of Panama.

FIG. 6. Sverdrup balance comparison [lhs and rhs of Eq. (2)]: (top panel) the ‘‘ocean term’’ (b/ f # y g dz)
calculated from the XBT data; (bottom panel) the ‘‘wind term’’ (curl(t/r f )) calculated from the wind data
(both in units of m month21). Blue shading indicates poleward transport and upwelling curl in the top and
bottom panels, respectively; red shading is equatorward transport and downwelling curl. The color key for
both quantities is at right.

ward to form a continuous NE–SW band. This extension
occurs because of the relatively strong easterly stress
(t3 , 0) in this region (vectors in Fig. 5).
The Sverdrup balance comparison (Fig. 6) generally

confirms that these linear dynamics describe the main
features of the vertically integrated ocean response to
the distinctive wind forcing in this region. Ekman up-
welling is balanced by poleward geostrophic flow,
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features of the vertically integrated ocean response to
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Sverdrup balance works!

Kessler (2002)

�

f
Vg

Curl

✓
⌧

f

◆

2460 VOLUME 32J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

than 15 years of ocean data as a response to a single year
of winds.

c. Drifter data

Surface currents estimated from drifters were used as
a check on the geostrophic currents that form the main
subject of this paper. Surface velocity program drifter
data (Niiler et al. 1995) were obtained from the Atlantic
Oceanographic and Meteorological Laboratory as 6-
hourly kriged positions and velocities (Hansen and Pou-
lain 1996): 1045 drifter tracks were found in the study
region; however, the distribution is not ideal since the
drifter population falls off sharply closer than about
1000 km to the Central American coast. Nevertheless,
the 6-hourly velocities were mapped to a 18 by 18month-
ly climatological grid by the same method and with the
same Gaussian scales as was done for the XBT tem-
perature profiles described in section 2a, which left
many blank grid points near the coast.

3. Dynamics
The dynamics considered here are assumed to be

steady and linear and described in the vertical integral
by the Sverdrup balance,

bV 5 curl(t). (1)
Upper case symbols indicate vertically integrated ve-
locities, and t has been divided by background density.
Decomposing the meridional velocity into geostrophic
and Ekman parts, where VE 5 2t3/ f , and using the
identity curl(t/ f ) [ curl(t)/ f 1 bt3/ f 2, allows re-
writing (1) as

b t
V 5 curl . (2)g 1 2f f

In (2) the geostrophic term on the left can be evaluated
from the observed ocean data, and the term on the right
from the observed winds, providing a convenient com-
parison between the independent XBT and scatterometer
data sources.
In addition to the depth-integrated balance, we will

also examine the vertical profile of vertical velocity con-
sistent with these linear dynamics. One way to interpret
(2) is that the stretching of water columns due to me-
ridional geostrophic motion,

]w
f 5 by , (3)g]z

is balanced by the stretching due to Ekman pumping
[wE 5 curl(t/ f )]. An indefinite integral of (3), using
the observed y g obtained from the XBT data, gives the
vertical profile

zb
w(z) 5 y dz. (4)E gf 2D

On carrying this integral over the full column depth, w(0)
will equal wE if the Sverdrup balance holds. We assume
that w(2D) 5 0 at the 450-m reference level used for
the XBT geostrophic currents; this assumption is only
justified after the fact by the reasonable agreement found
in the comparison of the Sverdrup balance (2).

4. Results

a. Description of the upper-layer thermal structure
and geostrophic flow

The east Pacific warm pool is roughly defined as the
region with SST greater than 27.58C east of 1208W (Fig.
2, top), bounded to the south by the equatorial cold
tongue, and to the northwest by cooler water of the
California Current. The east Pacific warm pool lies at
the east end of the band of high SST that extends across
the basin from the west Pacific warm pool, under the
ITCZ and along the North Equatorial Countercurrent
(NECC). This band broadens in the east and becomes
at least 0.58 to 18C warmer than any SSTs in midbasin,
with warmest temperatures right at the coast of Central
America. The mean axis of the ITCZ runs approximately
along 98N, but east of 1208W it dips southward into the
Gulf of Panama; thus the highest SSTs in the warm pool
are mostly to the north of the ITCZ (and the NECC).
The isolated cool spot near 98N, 908Wmarks the surface
expression of the Costa Rica Dome, which will be dis-
cussed in detail below.
The thermocline is here represented by the depth of

the 208C isotherm (Z20), as has often been done in the
tropical Pacific (e.g., Kessler 1990). Compared to the
rest of the tropical Pacific, the thermocline under the
east Pacific warm pool is sharper and shallower, gen-
erally less than 80 m deep (Fig. 2, bottom), but its largest
vertical gradient still lies near 208C and vertical excur-
sions of isotherms within about 178 to 248C are highly
correlated. Thermocline topography consists of two
troughs (along 58N and 148N) and a ridge along 98–
108N, representing the eastern ends of the basin-width
ridge–trough system of the central Pacific. Notably, both
the 148N trough and (especially) the 98N ridge flatten
near 1108W before restrengthening near the coast and
terminating in a nearly detached bowl and dome, re-
spectively. In particular, the very shallow Costa Rica
Dome centered near 98N, 908W appears almost as an
isolated feature, where the mean depth of 208C is less
than 30 m.
Mean surface dynamic height and geostrophic cur-

rents (Fig. 3) illustrate the relatively complex structures
seen in this region. Consider first the western edge of
the region, near 1208W. The meridional structure here
is similar to that seen over a wide region of the central
Pacific (Wyrtki 1975; Wyrtki and Kilonsky 1984; Kess-
ler and Taft 1987). The NECC flows in from the west
between about 58N and 108N, while the North Equatorial
Current (NEC) and South Equatorial Current (SEC) flow
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Rewrite Sverdrup balance Blue = upwelling we (top), northward  Vg (bottom): meters/month
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Well, almost. Where is the Costa Rica Dome?
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FIG. 5. Mean wind stress vectors and curl (colors) averaged over Aug 1999–Jul 2000. Red shading shows negative
(downwelling) curl and blue positive (upwelling) curl, in units of 1027 N m23, with (stretched) color key at right. The
scale vector (5 3 1022 N m22) is located in the Caribbean. The gray shading on land indicates altitudes greater than
250 m. The three mountain gaps referred to in the text are marked with arrows on the Caribbean side; from north to
south these are denoted the Isthmus of Tehuantepec, the Gulf of Papagayo, and the Gulf of Panama.

FIG. 6. Sverdrup balance comparison [lhs and rhs of Eq. (2)]: (top panel) the ‘‘ocean term’’ (b/ f # y g dz)
calculated from the XBT data; (bottom panel) the ‘‘wind term’’ (curl(t/r f )) calculated from the wind data
(both in units of m month21). Blue shading indicates poleward transport and upwelling curl in the top and
bottom panels, respectively; red shading is equatorward transport and downwelling curl. The color key for
both quantities is at right.
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than 15 years of ocean data as a response to a single year
of winds.

c. Drifter data

Surface currents estimated from drifters were used as
a check on the geostrophic currents that form the main
subject of this paper. Surface velocity program drifter
data (Niiler et al. 1995) were obtained from the Atlantic
Oceanographic and Meteorological Laboratory as 6-
hourly kriged positions and velocities (Hansen and Pou-
lain 1996): 1045 drifter tracks were found in the study
region; however, the distribution is not ideal since the
drifter population falls off sharply closer than about
1000 km to the Central American coast. Nevertheless,
the 6-hourly velocities were mapped to a 18 by 18month-
ly climatological grid by the same method and with the
same Gaussian scales as was done for the XBT tem-
perature profiles described in section 2a, which left
many blank grid points near the coast.

3. Dynamics
The dynamics considered here are assumed to be

steady and linear and described in the vertical integral
by the Sverdrup balance,

bV 5 curl(t). (1)
Upper case symbols indicate vertically integrated ve-
locities, and t has been divided by background density.
Decomposing the meridional velocity into geostrophic
and Ekman parts, where VE 5 2t3/ f , and using the
identity curl(t/ f ) [ curl(t)/ f 1 bt3/ f 2, allows re-
writing (1) as

b t
V 5 curl . (2)g 1 2f f

In (2) the geostrophic term on the left can be evaluated
from the observed ocean data, and the term on the right
from the observed winds, providing a convenient com-
parison between the independent XBT and scatterometer
data sources.
In addition to the depth-integrated balance, we will

also examine the vertical profile of vertical velocity con-
sistent with these linear dynamics. One way to interpret
(2) is that the stretching of water columns due to me-
ridional geostrophic motion,

]w
f 5 by , (3)g]z

is balanced by the stretching due to Ekman pumping
[wE 5 curl(t/ f )]. An indefinite integral of (3), using
the observed y g obtained from the XBT data, gives the
vertical profile

zb
w(z) 5 y dz. (4)E gf 2D

On carrying this integral over the full column depth, w(0)
will equal wE if the Sverdrup balance holds. We assume
that w(2D) 5 0 at the 450-m reference level used for
the XBT geostrophic currents; this assumption is only
justified after the fact by the reasonable agreement found
in the comparison of the Sverdrup balance (2).

4. Results

a. Description of the upper-layer thermal structure
and geostrophic flow

The east Pacific warm pool is roughly defined as the
region with SST greater than 27.58C east of 1208W (Fig.
2, top), bounded to the south by the equatorial cold
tongue, and to the northwest by cooler water of the
California Current. The east Pacific warm pool lies at
the east end of the band of high SST that extends across
the basin from the west Pacific warm pool, under the
ITCZ and along the North Equatorial Countercurrent
(NECC). This band broadens in the east and becomes
at least 0.58 to 18C warmer than any SSTs in midbasin,
with warmest temperatures right at the coast of Central
America. The mean axis of the ITCZ runs approximately
along 98N, but east of 1208W it dips southward into the
Gulf of Panama; thus the highest SSTs in the warm pool
are mostly to the north of the ITCZ (and the NECC).
The isolated cool spot near 98N, 908Wmarks the surface
expression of the Costa Rica Dome, which will be dis-
cussed in detail below.
The thermocline is here represented by the depth of

the 208C isotherm (Z20), as has often been done in the
tropical Pacific (e.g., Kessler 1990). Compared to the
rest of the tropical Pacific, the thermocline under the
east Pacific warm pool is sharper and shallower, gen-
erally less than 80 m deep (Fig. 2, bottom), but its largest
vertical gradient still lies near 208C and vertical excur-
sions of isotherms within about 178 to 248C are highly
correlated. Thermocline topography consists of two
troughs (along 58N and 148N) and a ridge along 98–
108N, representing the eastern ends of the basin-width
ridge–trough system of the central Pacific. Notably, both
the 148N trough and (especially) the 98N ridge flatten
near 1108W before restrengthening near the coast and
terminating in a nearly detached bowl and dome, re-
spectively. In particular, the very shallow Costa Rica
Dome centered near 98N, 908W appears almost as an
isolated feature, where the mean depth of 208C is less
than 30 m.
Mean surface dynamic height and geostrophic cur-

rents (Fig. 3) illustrate the relatively complex structures
seen in this region. Consider first the western edge of
the region, near 1208W. The meridional structure here
is similar to that seen over a wide region of the central
Pacific (Wyrtki 1975; Wyrtki and Kilonsky 1984; Kess-
ler and Taft 1987). The NECC flows in from the west
between about 58N and 108N, while the North Equatorial
Current (NEC) and South Equatorial Current (SEC) flow
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The Costa Rica Dome is a very shallow feature!
Subsurface flow below the dome is all northward.  Why?  And why does it matter?

region, the interconnections among the WMC, Tehuantepec Bowl and California Current remain poorly
known, and we have indicated this uncertainty with a question mark in Fig. 5b.

The Tehuantepec Bowl weakens and retreats o!shore during boreal summer (Fig. 7) (the dynamics that
control this evolution are discussed below in Section 4.2.1). This weakens the coastal currents that block
the surface CRCC, allowing additional leakage to the north around a weak feature along the Oaxaca coast
in summer (Fig. 7). The 19!N, 109!W dome also becomes more evident at this time. During June–October,
WMC speeds increase to more than 5 cm s!1, and it presumably transports more tropical water to the Gulf
of California at that time (similar boreal summer poleward anomalies are also seen in currents diagnosed from
satellite altimetric sea level (Strub and James, 2002b)). In Section 4.4 below, increased poleward transport to
the Gulf of California during El Niño events is inferred; it is possible that these episodic surges could, over
time, deliver a significant contribution to the water of tropical origin observed in the Gulf (Baumgartner
and Christensen, 1985; Lavı́n et al., 2003). The single existing (published) hydrographic section across the
WMC was made in December 1969, a few months after its usual seasonal maximum but at the height of
an El Niño event (Roden, 1972). This showed a strong (46 cm s!1 maximum), narrow (less than 100 km wide)
surface-intensified current immediately against the coast at Cabo Corrientes, with northward flow to 700 m
depth. Such a spatial pattern is consistent with the transient passage of an El Niño-generated coastal wave,
though it is impossible to verify this.

Fig. 8. Zonal sections of temperature (top) and meridional geostrophic current (bottom) along 8.5!N, from the coast (right edge) to
110!W. The contour interval for temperature is 1 !C from 8 to 14 !C, then 2 !C from 16 to 26 !C, then 1 !C from 27 to 29 !C; the 20 !C
contour is darkened. In the bottom panel, northward current is indicated by solid contours, southward by dashed contours; the contour
interval is every 5 cm within ±15 cm s!1, with additional contours at ±1 and 2, ±0.5 and ±0.2 cm s!1.
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Geostrophic velocity at 200m

u (colors) and T (contours) at 125°W

“Tsuchiya Jets” and the 
global conveyor belt 

The “Tsuchiya Jets” flow 
across the entire Pacific 
at about 13°C (2-300m),
feeding upwelling in the 
CRD and Peru.

Cold water enters in the southeast 
Warm water leaves in the Indonesian Throughflow 

Water entering the South Pacific must
(a) be lifted through the thermocline, and
(b) cross the equator
Equatorial upwelling is shallow (next slide), 
but CR Dome and Peru upwelling 
reaches much deeper (beta-plume).

a large upwelling transport was impossible, commenting ‘‘the amount of water upwelled along the equator
certainly does not exceed a few 1012 cm3/s [Sv], otherwise the thermal structure would break down’’. There-
fore, he postulated that the EUC water must move into the lower levels of the SEC without rising to the
surface. Wyrtki corrected himself 15 years later with a since-confirmed estimate of 50 Sv of upwelling over
170–100!W, based on the meridional divergence of Ekman and geostrophic transports (Wyrtki, 1981). A
remaining item of confusion that was not cleared up until much later concerned the spreading of isotherms
about the EUC (Fig. 6 and Section 4). It was thought at the time that this spreading must be a signature
of vertical mixing, which seemed reasonable in such a strong current. However, turbulence measurements
beginning with Gregg (1976) showed that mixing is in fact very weak at the EUC core; instead being strong

Fig. 6. Mean meridional sections of temperature (white contours) and zonal current (color shading, where red is eastward and blue
westward; cm s!1) at the three longitudes listed in the lower right corner of each panel. At 125!W and 110!W, directly measured currents
are shown within ±8! latitude (see Appendix C.1); elsewhere the currents are geostrophic.
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dome in winter but also by ITCZ westerlies on the south side of the dome in summer, and thus is relatively
constant during the year. Further west, away from the Papagayo jet, curl variability is dominated by ITCZ
migration and its annual cycle is much larger. The Tehuantepec wind jet occurs in boreal winter, which pro-
duces upwelling curl to the north of the dome; this upwelling shoals the northern edge of the dome while its
center is deepening (note the northward bump on the dome in the lower right panel of Fig. 7).

Fiedler’s linear, wind-driven interpretation of the Costa Rica Dome annual cycle agrees with diagnoses
made from much cruder data by Hofmann et al. (1981), but others have suggested that nonlinearities are also
important. Umatani and Yamagata (1991) argued that cyclonic eddies produced near the coast by strong
Papagayo winds ‘‘seed’’ the growing Costa Rica Dome and are an essential element of its formation. In the
next section, we use a simple model consisting only of linear long Rossby waves to suggest that although
the eastern tropical Pacific is rich with seasonal eddies, the low-frequency dynamics evolves principally accord-
ing to a linear interpretation.

The Tehuantepec Bowl has a larger annual cycle amplitude than the Costa Rica Dome (Fig. 7), but has not
been as well described in the literature. The bowl is nearly absent in boreal summer-fall, and grows as an iso-
lated feature during boreal winter, with the 20 !C isotherm at least 10 m deeper than its surroundings. In
spring, the thermocline trough at 15!N amplifies and appears to extend eastward as the bowl moves west, con-
necting the two. In the sequence of observed thermocline depth anomalies (left panels of Fig. 10), this can be
seen as the deep thermocline centered at 13!N, 100!W in the JFM season that lengthens as a long trough to the
west in April–May–June, then shoals (weakens) greatly in summer.

Winds and precipitation in the region between the equator and 10!N are strongly influenced by the large
annual cycle of cold tongue SST, which is warmest in March and coolest in September (Mitchell and Wallace,
1992; Kessler et al., 1998). At minimum cold tongue SST, the temperature di!erence between the equator and
the head of the Panama Bight is more than 6 !C, fostering the low-level southwesterly Choco jet (Poveda and
Mesa, 2000; Amador et al., 2006), that feeds moisture to the west slopes of the Colombian Andes. The pole-
ward coastal winds of the Choco jet are downwelling favorable, and Rodriguez-Rubio et al. (2003) use
high-resolution satellite altimetry to argue that this produces a sea level high and anomalously anticyclonic
circulation in the Bight during boreal summer-fall (though it remains unclear if the mean cyclonic gyre
(Fig. 4) actually reverses or just weakens). Investigators are also beginning to explore the impact of SST vari-
ations driven by ocean dynamics on the precipitation fields on the region. Xie et al. (2005) showed that while
the ITCZ stretches across the east Pacific warm pool in summer, persistently cooler SSTs above the Costa Rica
Dome inhibit convection and produce a 500-km wide dry spot in the ITCZ at this time. Similarly, in winter the

Fig. 9. Average annual cycle of wind stress vectors (top panels) and temperature (bottom panels) at the center of the Costa Rica Dome
(9!N, 89!W; left), the equatorial cold tongue (0!W, 95!W; middle) and the Peru coastal upwelling (10!S, 79!W; right). Winds are the ERS
scatterometer winds over 1991–2000, and both the length and thickness of the vectors increases with magnitude; the largest vector (June at
the coast of Peru) has a magnitude of 5.8 N m!2. Temperatures are from the AOML XBT data set.
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The Costa Rica Dome and Peru upwelling
reach deep into the water column

(equatorial upwelling is shallow)

Explaining this variety of behavior is good dynamical problem for a smart student!
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Time-dependence ...
Eddies, and the annual cycle

(come back to the eastern Pacific)



The distributions of the upper-layer thickness nonlinearity
parameter defined in this manner are shown for the three latitude
bands in the last column of Fig. 16. A value of dH/H = 0.1 is a rea-
sonable threshold above which this measure of nonlinearity can
be considered significant. It is evident from Fig. 16 that dH/H ex-
ceeds 0.1 for more than 72% of the observed eddies in the extra-
tropics of both hemispheres (slightly higher for the southern
hemisphere than the northern hemisphere). About 2/3 of the ed-
dies in the tropical band are nonlinear by this measure.

The hemispheric asymmetries of the dependencies of the
advective nonlinearity parameter U/c and the quasi-geostrophic
nonlinearity parameter U=!bL2

s " discussed in Sections 6.1 and 6.2
is also found for the upper-layer thickness nonlinearity parameter
dH/H; the distribution of dH/H is more skewed toward large values
for cyclones than for anticyclones in the southern hemisphere
extratropics but the opposite is found in the northern hemisphere
extratropics.

It is noteworthy that our estimates of the ratio dH/H in the last
column of Fig. 16 based on H and e defined in terms of the clima-
tological average hydrography as summarized above are typically
four times larger than our estimates of the Rossby number
Ro = U/(fLs) in Fig. 14. This suggests that many of the observed ed-
dies may formally violate the limits of the quasi-geostrophic
approximation, for which the ratio dH/H is assumed to be of the or-
der of Ro or less (e.g., Pedlosky, 1987).

The geographical distribution of the average value of dH/H (bot-
tom panel of Fig. 17) is qualitatively similar to those of the advec-
tive and QG nonlinearity parameters U/c and U= bL2

s

! "
over most of

the World Ocean. Notable exceptions are the zonal bands of high
values of dH/H along the propagation paths of the previously noted
eddies in the eastern tropical Pacific that are generated off the west
coast of Central America, at low tropical latitudes in the South In-
dian Ocean from the eddies that are generated in the region be-
tween Australia and Indonesia, and along the Azores front at
about 34!N across most of the North Atlantic. Other than these
three areas, average values of dH/H larger than 0.1 are restricted
to the same major unstable, meandering current systems as the

large values of the other two nonlinearity parameters shown in
Fig. 17.

6.4. Summary of nonlinearity

The three nonlinearity parameters considered above paint a
generally consistent picture of the degree of nonlinearity of the ed-
dies. The most highly nonlinear eddies are found in the major
unstable, meandering current systems and the mesoscale features
are somewhat less nonlinear in the tropics than at higher latitudes.
All three measures of nonlinearity indicate that there is a prefer-
ence for highly nonlinear extratropical eddies to be cyclonic in
the southern hemisphere but anticyclonic in the northern
hemisphere.

Of the three nonlinearity parameters considered, we feel that
the advective nonlinearity parameter U/c is the most pertinent as
noted previously since it determines whether an eddy can advect
a parcel of trapped fluid and its associated water properties and
biogeochemical characteristics.

7. Propagation characteristics

7.1. Eddy propagation directions

A striking feature of the trajectories in Figs. 4a and 4c–f is the
visual tendency for nearly due-west propagation. This can be quan-
tified from the average azimuth of each eddy trajectory, defined
here as the angle with respect to due west formed by the great cir-
cle connecting the starting and ending points of the trajectory. The
eddy centroid locations are somewhat noisy, either because of
noise in the SSH fields of the AVISO Reference Series or because
of distortions of the eddy boundaries from eddy-eddy interactions
and eddy-mean flow interactions. In order to reduce the effects of
this noise on the azimuth estimates, we have restricted attention
to the eddies with lifetimes P16 weeks that traversed at least
10! of longitude (approximately 1000 km). The trajectories of all
4508 such eddies are shown in Fig. 18. Except in the Alaska Stream

Fig. 18. The trajectories of all of the 2435 cyclonic (blue lines) and 2273 anticyclonic (red lines) eddies over the 16-year period October 1992–December 2008 that had
lifetimes P16 weeks and propagated westward a minimum of 10! of longitude. The horizontal lines show the latitude ranges of 10–50! that were considered for the analyses
in Figs. 19 and 20.
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Tehuantepec and Papagayo eddies are dominantly anti-cyclonic

differences between the numbers of cyclones and anticyclones in a
global census for the lifetimes P16 weeks considered here, the
partitioning of eddy polarity can be very inhomogeneous region-
ally. Overall, the ratio of cyclonic to anticyclonic eddies is rather
noisy (Fig. 8), but some patterns do emerge. For example,
mesoscale variability is predominantly cyclonic on the equator-
ward sides of strong, meandering eastward currents such as the
Gulf Stream, the Kuroshio Extension and the Agulhas Return Cur-
rent. Likewise, there is a predominance of anticyclonic eddies on
the poleward sides of these currents, although these regions of
preference for anticyclones are narrower and somewhat less well
defined than their counterpart regions of preference for cyclonic
eddies.

The parallel bands of preference for opposing eddy polarity on
the equatorward and poleward sides of the meandering flows are
to be expected because the meanders that pinch off to form closed
vortices have cyclonic vorticity on the equatorward side and anti-
cyclonic vorticity on the poleward side of the unstable flows. The
less well-defined bands of anticyclonic eddies may be an indication
that the anticyclones on the poleward sides of the currents have
shorter lifetimes than the cyclones on the equatorward sides, per-
haps because they tend to be reabsorbed into the currents, as is
known to be the case for the Gulf Stream region. In part, this is
likely due to the tendency for westward propagating anticyclonic
eddies to deflect equatorward, and hence toward the cores of the
currents.

Fig. 7. Lower-bound estimates of the percentage of eddy kinetic energy that is accounted for by eddies with lifetimes P16 weeks (upper panel) and lifetimes P4 weeks
(lower panel).

Fig. 8. The ratio of the numbers of cyclonic to anticyclonic eddy centroids for eddies with lifetimes P16 weeks that propagated through each 1! ! 1! region over the 16-year
period October 1992–December 2008. A logarithmic scale is used for the color bar in order to give equal emphasis to the ratios r and 1/r.
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Why are EP warm pool eddies dominantly anti-cyclonic?
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Tehuantepec

Ocean surface

Thermocline
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Tehuantepec jet produces both C and A-C eddies.
Stirring under strong jet winds deepens 

shallow upwelled (cyclonic) eddy as it propagates,
leaves deep anti-cyclonic eddy unchanged.
(McCreary et al 1989,  Trasviña et al 1995)

1. Mechanisms at the forcing timescale.
Two hypotheses in the literature

(Clarke 1988)

Inertial turning of wind jet

z

x

y

x



Why are EP warm pool eddies dominantly anti-cyclonic?
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C.R.D.
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11°N

⇣ + f = constant
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Water column arrives with 
initial vorticity of f at 7°N.

Advected north around CRD, 
it must acquire anticyclonic 

relative vorticity: shed A-C eddies.
(Hansen and Maul 1991)

(also see Zamudio et al 2001)

2. Can A-C eddies be generated without eddy-timescale wind forcing?
Two hypotheses in the literature
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Tehuantepec

Kelvin wave
propagation,

radiating
Rossby waves

No eastern
boundary condition
for Rossby waves:

must have 
boundary friction

(Kessler et al 2003)

These mechanisms allow eddy generation in the summer!



Other non-linear effects on eddies

• If the anomaly h is a substantial fraction of the mean depth H,
  then A-C eddies will propagate faster:

• If the rotation speed is large, then the relative vorticity ζ may be important:

• Eddy self-advection can transport properties (Rossby model is wave-like).
Such A-C eddies also drift slightly equatorward (observed).

• Large anti-cyclones can spin off cyclonic eddies.

Curl

✓
⌧

f

◆
) Curl

✓
⌧

f + ⇣

◆

H

Equator

Loss 
of mass

Gain 
of mass

c2 = g0H ) c2 = g0(H + h)



Is the mean “Tehuantepec Bowl” simply aliased A-C eddies? 

• Costa Rica Dome exists all year 
   (different sources of Curl)

• Tehuantepec Bowl weakens in summer
  (but maybe this doesn’t matter for SST)

Depth of 20°C (XBT observations)



The gap winds max
is in winter, but the
Tehuantepec and
Papagayo jets have 
a secondary peak
in mid-summer.
(Probably related to 
Azores-Bermuda high.)

6 VOLUME 18J O U R N A L O F C L I M A T E

FIG. 1. (a) Wind jets over the Gulfs of Tehuantepec (T), Papagayo (PP), and Panama (PN) in the QuikSCAT surface wind velocity (m
s21) climatology for Jan. (b) Longitude–time section of wind velocity (u, y) and scalar speed (contours; shade . 7 m s21) at 118N (Papagayo
gap). Latitude–time sections of wind velocity and scalar speed (contours; shade . 7 m s21) (c) at 958W (Tehuantepec gap), and (d) at 818W
(Panama gap). In (a) the light and dark shades denote topography greater than 500 and 1000 m, respectively.

asymmetries in continental geometry (see Xie 2004a for
a recent review). The eastern Pacific warm pool is cli-
matically important, supporting one of the major con-
vection centers of the global atmosphere (Mitchell and
Wallace 1992; Wang and Enfield 2003). Hurricanes that
originate there travel northwestward, some reaching Ha-
waii, 6000 km away.
The continents on the eastern boundary of the Pacific

are also highly asymmetrical. The steep and high Andes
separate the Pacific lower troposphere from that of the
South American continent and the Atlantic while a
mountain range runs through the narrow Central Amer-
ican land bridge as an extension of the Sierra Madre
Occidental from North America. This Central American
cordillera is about 1 km high on average, blocking low-
level airflow from the Caribbean Sea. Three major gaps
penetrate this mountain range: at the isthmus of Te-

huantepec, over Lake Nicaragua, and at Panama (Fig.
1a). In boreal winter, sea level pressure is often higher
over the Caribbean and Gulf of Mexico than on the
Pacific side, forcing strong wind jets through these gaps
and over the eastern Pacific warm pool. On synoptic
time scales, these gap wind events may occur in se-
quence or independently (Chelton et al. 2000). There
have been many studies on the wind jet over the Gulf
of Tehuantepec during the boreal winter. Steenburgh et
al.’s (1998) model simulation shows that during these
high-wind events, strong pressure gradients between the
Atlantic and Pacific accelerate the winds to high speeds
along the narrow mountain passes. After leaving the
coast, air trajectories tend to follow anticyclonic arcs,
which Clarke (1988) suggests are inertial flow nearly
free of pressure gradient force. In Steenburgh et al.’s
(1998) model, the Atlantic air mass, with cold temper-

Tehuantepec

Papagayo

Panama

Annual cycle of gap winds                                             
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FIG. 3. QuikSCAT pseudo–wind stress (vectors in m2 s22) and Ekman pumping velocity (shade in 1026 m s21)
climatology: (a) annual mean, (b) Jan–Apr, and (c) Jul–Oct. Land orography (km) is plotted in color shading.

of the meridionally oriented wind-curl dipole, so its net
effect on the thermocline cancels at longitudes suffi-
ciently far from the wind jet. Physically, this represents
the westward propagation of Rossby waves across forc-
ing regions of opposite signs. Thus, the thermocline

depth decrease produced by the Tehuantepec upwelling
on the eastern flank of the jet is visible but highly lo-
calized, not fully developed in strength and spatial ex-
tent because of the opposing forcing by the negative
vorticity on the western flank of the jet. A close in-

Annual cycle of winds

Away from the coast, the annual cycle is a 
simple north-south motion of the ITCZ. 

Positive curl at Papagayo is increased in
summer by ITCZ westerlies to its south:
not much annual variation.
          CRD remains shallow all year.
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FIG. 12. Longitude–time sections averaged between 98 and 118N: (a) wind velocity (m s21) and Ekman pumping velocity (shade; 1026 m
s21); (b) chlorophyll in natural logarithm (color; mg m23) and merged sea level height (contours; cm); (c) TMI precipitation (shade; mm
day21) and SST (contours; 8C).

narrows with the axis trending south into the Gulf of
Panama (Fig. 8a). The summer Costa Rica Dome effect
leaves a clear mark in the annual-mean field that appears
as a region of minimum rainfall off Papagayo. In con-
trast to the strong summer effect on annual-mean rain-
fall, the annual-mean SST resembles the winter field
featuring all three cool patches off Tehuantepec, Pa-
pagayo, and Panama. This difference in seasonal weight
between SST and precipitation illustrates the importance
of analysis at seasonal or finer resolution in time—on
the annual mean map. (Fig. 8a), cold patches do not
always lead to suppressed convection over the eastern
Pacific warm pool.

e. Seasonal cycle
Having discussed seasonal-mean climate in summer

and winter, we now describe the full seasonal cycle
along 108N (Fig. 12), a latitude that cuts through the
Costa Rica Dome. SSH and thermocline depth are re-
lated by SSH 5 g9h/g in a 1.5-layer model (g is the
gravity at the earth’s surface), and we will use terms of
SSH and thermocline depth interchangeably here. We
use SSH to describe thermocline depth variations be-
cause it is better sampled with satellite observations.
The 208C isotherm shows a similar seasonal cycle, albeit
smoother in space and time (not shown).
The positive curls off Papagayo are strong nearly

year-round and are responsible for the permanent ther-
mocline dome to the west. The gap winds vanish in
September and October (Fig. 12a) when the Atlantic
ITCZ takes its northernmost position, relaxing the pres-
sure gradient across Central America. The seasonal cy-
cle in thermocline depth behaves differently east and

west of 908W, which is where SSH variance is at its
zonal minimum. East of 908W, the strong wind jet and
its curl force the thermocline to shoal in winter; then
the near-shore thermocline deepens in summer as the
gap winds weaken. Wind curls display a seasonal cycle
of an opposite phase west of 908W, negative in winter
when the ITCZ is to the south and positive in summer
when the ITCZ is overhead. The latent heat release by
ITCZ convection generates positive vorticity in the low-
er troposphere, which in turn forces an Ekman suction
that lifts the thermocline. While the Ekman pumping
variation is more or less stationary in space, the ther-
mocline response displays a clear westward propagation
indicative of Rossby waves (Fig. 12b). West of 908W,
the thermocline deepens during the first half of the year
and shoals during the second half. Because of the op-
posite phasing in Ekman pumping variations to its east
and west, the center of the Costa Rica Dome at 908W
experiences little seasonal variations. A 1.5-layer linear
reduced-gravity model simulates this observed annual
cycle in SSH rather well (not shown), suggesting that
these simple wave dynamics dominate the seasonal time
scale (KES).
In winter, the cold patch induced directly by the strong

Papagayo jet cuts through 108N at 888W. This cold patch
starts to develop in October, reaches a maximum in
February, and persists through April (Fig. 12c). In May,
the summer regime begins to take over, with SST reach-
ing its seasonal maximum and the ITCZ covering this
latitude, but SST over the dome is still cooler than either
to the east or west (Fig. 12c). During the summer, there
is a weak but persistent minimum in SST around 908W,
the center of the Costa Rica Dome. A region of reduced

Ekman pumping at 10°N
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Anomalies

ITCZ moves south, drawing the Panama jet across the Isthmus and over the Pacific. Upwelling curl associated
with the left (southeast) flank of this jet generates a cyclonic eddy in the Panama Bight and SST cooling in its
center (Rodriguez-Rubio et al., 2003). As was seen to be the case when the ITCZ straddled the Costa Rica
Dome in summer, a dry spot interrupts the convective precipitation over the Bight. The Tehuantepec jet does
not have a corresponding e!ect because the large-scale precipitation in that region occurs in summer when the
jet is inactive.

4.2.1. A Rossby wave model
Lacking data to diagnose the terms of the equations of motion directly, we examine solutions to simple

models to evaluate their consistency with observations. If a simple model is able to reproduce the observed
phenomena, there is no compelling justification for invoking more complex hypotheses. In situations where
the simple model fails, it points to locations where other processes are active. The simplest first guess at

Fig. 10. Comparison of annual cycle anomalies of observed 20 !C depth (left panels) and the Rossby wave model solution (Section 4.2.1)
(right panels), for four average seasons (indicated to the left of each row). The common color key is at right, with contour interval of 5 m.
Positive values (red) indicate deep anomalies and negative values (blue) indicate shallow anomalies.
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with only a small fraction of the geostrophic NECC continuing to the east). Similar patterns are shown in
other climatologies (Strub and James, 2002b). This is a remarkable termination for a current well out in the
interior basin. The mean drifter velocities, by contrast, show an apparently continuous NECC all the way
from 120!W to the Costa Rica Dome (Fig. 4). The discrepancy is not due to sampling or other problems
with the XBT data, as the directly measured currents show, if anything, a weaker mean surface NECC at
110!W (compare Fig. 6, middle, which uses directly measured currents south of 9!N, with Fig. 2, which
is entirely geostrophic). Kessler (2002) noted that the Ekman flow under the region’s southerly winds
(Fig. 1) is strongly eastward, in part due to the small value of the Coriolis parameter this close to the equa-
tor. With reasonable assumptions about the Ekman depth (Ralph and Niiler, 1999), the Ekman currents
account for nearly all the di!erence between the geostrophic (Fig. 2) and drifter (Fig. 4) depictions of the
NECC at 110!W (see section 4b of Kessler, 2002). Thus the apparently continuous NECC seen by the drift-
ers across 110!W is a near-surface Ekman feature that does not represent the geostrophic NECC that can be
followed across the entire basin, and the NECC is therefore shown in Fig. 5b only as a near-surface current
at 110!W. Since the Ekman flow is quite shallow the transport of the eastward jet in Fig. 4 is small, about
1 Sv over the width of the eastward current, compared to about 9 Sv for the geostrophic NECC at 125!W in
Fig. 6. This mid-basin termination of the NECC is strongly seasonally modulated. In boreal spring, there is
no eastward flow at all along 110!W anywhere south of the California Current (Fig. 7, lower left), whereas in
boreal autumn and winter the NECC appears to flow all the way to the coast (right panels). The drifter sea-
sonal cycle at 110!W shows the same pattern of variability, as do currents inferred from satellite altimetry
(Strub and James, 2002b).

A striking bowl and dome are found in the mean dynamic height, centered at 13!N, 105!W and 9!N, 90!W,
respectively (Fig. 2, top). (In the following, we will refer to these features as they appear in thermocline topog-
raphy, not dynamic height; that is, the Costa Rica Dome at 9!N where the 20 !C isotherm rises to about 25 m,
and the ‘‘Tehuantepec Bowl’’ at 14!N where 20 !C is at about 90 m. Note that the top panel of Fig. 2 is nearly

Fig. 7. Annual cycle of surface dynamic height and geostrophic current (relative to 450 m), shown as four average seasons. Red colors
indicate high dynamic heights, blue low. The contour interval is 2 dyn cm. The scale vector for geostrophic currents is at lower left. The
dynamic height contours shown here have very nearly the same patterns as contours of 20 !C depth for the corresponding season.

W.S. Kessler / Progress in Oceanography 69 (2006) 181–217 191Observed seasonal cycle of upper-level currents
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FIG. 4. Climatology of SST (contours at intervals of 0.58C) and the 208C isotherm depth
(color in m): (a) Annual mean, (b) Jan–Apr, and (c) Jul–Oct.

spection indicates that the Tehuantepec jet curl becomes
asymmetric as it extends southward: the Ekman down-
welling on the west becomes greater than the upwelling
to the east (Figs. 3a,b), likely an effect of earth rotation
on the jet (Clarke 1988; Steenburgh et al. 1998). This

stronger downwelling of the Tehuantepec jet, helped by
the downwelling of the background (especially in win-
ter), forces a thermocline bowl centered at 138N, 1078W
(Fig. 4b; KES). It is unclear what determines the ori-
entation of a wind jet, but the geometry of the mountain

SST and thermocline depth are only related in winter
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FIG. 4. Climatology of SST (contours at intervals of 0.58C) and the 208C isotherm depth
(color in m): (a) Annual mean, (b) Jan–Apr, and (c) Jul–Oct.

spection indicates that the Tehuantepec jet curl becomes
asymmetric as it extends southward: the Ekman down-
welling on the west becomes greater than the upwelling
to the east (Figs. 3a,b), likely an effect of earth rotation
on the jet (Clarke 1988; Steenburgh et al. 1998). This

stronger downwelling of the Tehuantepec jet, helped by
the downwelling of the background (especially in win-
ter), forces a thermocline bowl centered at 138N, 1078W
(Fig. 4b; KES). It is unclear what determines the ori-
entation of a wind jet, but the geometry of the mountain

(Except for the Costa Rica Dome)

Little apparent effect of Tehuantepec Bowl
thermocline depth variations on SST

Colors = Thermocline depth
White contours = SST
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FIG. 12. Longitude–time sections averaged between 98 and 118N: (a) wind velocity (m s21) and Ekman pumping velocity (shade; 1026 m
s21); (b) chlorophyll in natural logarithm (color; mg m23) and merged sea level height (contours; cm); (c) TMI precipitation (shade; mm
day21) and SST (contours; 8C).

narrows with the axis trending south into the Gulf of
Panama (Fig. 8a). The summer Costa Rica Dome effect
leaves a clear mark in the annual-mean field that appears
as a region of minimum rainfall off Papagayo. In con-
trast to the strong summer effect on annual-mean rain-
fall, the annual-mean SST resembles the winter field
featuring all three cool patches off Tehuantepec, Pa-
pagayo, and Panama. This difference in seasonal weight
between SST and precipitation illustrates the importance
of analysis at seasonal or finer resolution in time—on
the annual mean map. (Fig. 8a), cold patches do not
always lead to suppressed convection over the eastern
Pacific warm pool.

e. Seasonal cycle
Having discussed seasonal-mean climate in summer

and winter, we now describe the full seasonal cycle
along 108N (Fig. 12), a latitude that cuts through the
Costa Rica Dome. SSH and thermocline depth are re-
lated by SSH 5 g9h/g in a 1.5-layer model (g is the
gravity at the earth’s surface), and we will use terms of
SSH and thermocline depth interchangeably here. We
use SSH to describe thermocline depth variations be-
cause it is better sampled with satellite observations.
The 208C isotherm shows a similar seasonal cycle, albeit
smoother in space and time (not shown).
The positive curls off Papagayo are strong nearly

year-round and are responsible for the permanent ther-
mocline dome to the west. The gap winds vanish in
September and October (Fig. 12a) when the Atlantic
ITCZ takes its northernmost position, relaxing the pres-
sure gradient across Central America. The seasonal cy-
cle in thermocline depth behaves differently east and

west of 908W, which is where SSH variance is at its
zonal minimum. East of 908W, the strong wind jet and
its curl force the thermocline to shoal in winter; then
the near-shore thermocline deepens in summer as the
gap winds weaken. Wind curls display a seasonal cycle
of an opposite phase west of 908W, negative in winter
when the ITCZ is to the south and positive in summer
when the ITCZ is overhead. The latent heat release by
ITCZ convection generates positive vorticity in the low-
er troposphere, which in turn forces an Ekman suction
that lifts the thermocline. While the Ekman pumping
variation is more or less stationary in space, the ther-
mocline response displays a clear westward propagation
indicative of Rossby waves (Fig. 12b). West of 908W,
the thermocline deepens during the first half of the year
and shoals during the second half. Because of the op-
posite phasing in Ekman pumping variations to its east
and west, the center of the Costa Rica Dome at 908W
experiences little seasonal variations. A 1.5-layer linear
reduced-gravity model simulates this observed annual
cycle in SSH rather well (not shown), suggesting that
these simple wave dynamics dominate the seasonal time
scale (KES).
In winter, the cold patch induced directly by the strong

Papagayo jet cuts through 108N at 888W. This cold patch
starts to develop in October, reaches a maximum in
February, and persists through April (Fig. 12c). In May,
the summer regime begins to take over, with SST reach-
ing its seasonal maximum and the ITCZ covering this
latitude, but SST over the dome is still cooler than either
to the east or west (Fig. 12c). During the summer, there
is a weak but persistent minimum in SST around 908W,
the center of the Costa Rica Dome. A region of reduced
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FIG. 8. TMI SST (contours; 8C) and precipitation (shade; mm day21) climatology: (a) annual
mean, (b) Jan–Apr, and (c) Jul–Oct. In (c), note the different color scale for summer.

helped by its orientation that efficiently excites the ther-
mocline response, and in summer, additionally by the
positive curl of the ITCZ. As a result, SST over the
Costa Rica Dome remains below 28.58C throughout the
seasonal cycle (Fig. 8), which inhibits atmospheric con-
vection when the ITCZ moves overhead in summer.
Although the winter Papagayo jet does not have a direct
effect on winter atmospheric convection, its curl makes
an important contribution to maintaining the robust ther-
mocline dome that persists throughout the year. If not
for the winter jet, the Ekman upwelling would be only
a result of the ITCZ, and thus would be in phase with

the precipitation, as it is west of 908W (Figs. 12a,c);
cool SST due to entrainment would lag precipitation by
908 and have only a small, delayed effect. Thus, the
cold spot and the collocated rainfall deficit in summer
may be viewed as partly resulting from the winter forc-
ing through the ocean memory in the form of the Costa
Rica Dome.
In September, the climatological Papagayo jet dis-

appears altogether, with winds directed onshore instead
of offshore (Figs. 9a and 12a show that the onshore
winds last only about 1 month). The curl, however, re-
mains weakly positive (Fig. 12a). Thus the September

Precipitation partly
controlled by SST

Little effect of SST on precip
in winter (no precip!), but the
Costa Rica Dome makes a 
summer hole in precip pattern.

SST: white contours. Precipitation: colors (mm/day)

Precip (mm/day, colors), SST (contours)
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FIG. 10. Jul–Oct precipitation (mm month21) based on the (top) TRMM PR (3A25G2) and (bottom)
infrared (3B43) measurements.

FIG. 11. Precipitation (mm day21) in a regional atmospheric model,
averaged for Aug 1999.

ments by the TRMM PR and infrared (IR) instruments
on the TRMM and geostationary satellites (Fig. 10).
While noisy, the PR observations show increased rain-
fall on the coast, suggesting that direct orographic origin
of this dry hole over the open ocean is unlikely. De-
graded in spatial resolution but with excellent sampling,
IR measurements reaffirm that this hole of rainfall deficit
is found offshore roughly collocated with the Costa Rica

Dome. Rainfall maxima near the coast of Central and
northwestern South America may be influenced by the
diurnal land/sea breeze, in which orography plays a role
(e.g., Mapes et al. 2003).
To test the effect of orography, we carried out a high-

resolution simulation with a regional atmospheric model
briefly described in the appendix. Figure 11 shows the
simulated rainfall for August 1999. While the simulated
ITCZ is too thick in its meridional width west of 1058W,
the model captures the salient features of the observed
summer rainfall pattern. In particular, pronounced rain-
fall deficits are found over the open ocean near the Costa
Rica Dome. This hole of rainfall deficit remains in an
additional experiment in which the land orography on
Central American is removed and set uniformly at 0.5
m above the sea level. Thus, the dry hole in the ITCZ
must be due to the cold spot maintained by the persistent
shallow thermocline of the Costa Rica Dome.
The ITCZ is twice as strong in summer as in winter

in terms of precipitation over the eastern Pacific (note
the difference in color scale between Figs. 8a,b and 8c).
As a result, the annual-mean rainfall distribution bears
a strong resemblance to the summer distribution (Fig.
8a). The annual-mean ITCZ is broad west of 958W, oc-
cupying a latitudinal band of 58–138N. East of 958W, it
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FIG. 10. Jul–Oct precipitation (mm month21) based on the (top) TRMM PR (3A25G2) and (bottom)
infrared (3B43) measurements.

FIG. 11. Precipitation (mm day21) in a regional atmospheric model,
averaged for Aug 1999.

ments by the TRMM PR and infrared (IR) instruments
on the TRMM and geostationary satellites (Fig. 10).
While noisy, the PR observations show increased rain-
fall on the coast, suggesting that direct orographic origin
of this dry hole over the open ocean is unlikely. De-
graded in spatial resolution but with excellent sampling,
IR measurements reaffirm that this hole of rainfall deficit
is found offshore roughly collocated with the Costa Rica

Dome. Rainfall maxima near the coast of Central and
northwestern South America may be influenced by the
diurnal land/sea breeze, in which orography plays a role
(e.g., Mapes et al. 2003).
To test the effect of orography, we carried out a high-

resolution simulation with a regional atmospheric model
briefly described in the appendix. Figure 11 shows the
simulated rainfall for August 1999. While the simulated
ITCZ is too thick in its meridional width west of 1058W,
the model captures the salient features of the observed
summer rainfall pattern. In particular, pronounced rain-
fall deficits are found over the open ocean near the Costa
Rica Dome. This hole of rainfall deficit remains in an
additional experiment in which the land orography on
Central American is removed and set uniformly at 0.5
m above the sea level. Thus, the dry hole in the ITCZ
must be due to the cold spot maintained by the persistent
shallow thermocline of the Costa Rica Dome.
The ITCZ is twice as strong in summer as in winter

in terms of precipitation over the eastern Pacific (note
the difference in color scale between Figs. 8a,b and 8c).
As a result, the annual-mean rainfall distribution bears
a strong resemblance to the summer distribution (Fig.
8a). The annual-mean ITCZ is broad west of 958W, oc-
cupying a latitudinal band of 58–138N. East of 958W, it

Summer precip hole due to cool SST

Jul-Oct Precip: radar and infrared
Aug 99 precip: regional model

Same result in model without orography

Precipitation radar

Infrared

Model: August 1999



Productivity: stirring in winter,
shallow thermocline in summer
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FIG. 12. Longitude–time sections averaged between 98 and 118N: (a) wind velocity (m s21) and Ekman pumping velocity (shade; 1026 m
s21); (b) chlorophyll in natural logarithm (color; mg m23) and merged sea level height (contours; cm); (c) TMI precipitation (shade; mm
day21) and SST (contours; 8C).

narrows with the axis trending south into the Gulf of
Panama (Fig. 8a). The summer Costa Rica Dome effect
leaves a clear mark in the annual-mean field that appears
as a region of minimum rainfall off Papagayo. In con-
trast to the strong summer effect on annual-mean rain-
fall, the annual-mean SST resembles the winter field
featuring all three cool patches off Tehuantepec, Pa-
pagayo, and Panama. This difference in seasonal weight
between SST and precipitation illustrates the importance
of analysis at seasonal or finer resolution in time—on
the annual mean map. (Fig. 8a), cold patches do not
always lead to suppressed convection over the eastern
Pacific warm pool.

e. Seasonal cycle
Having discussed seasonal-mean climate in summer

and winter, we now describe the full seasonal cycle
along 108N (Fig. 12), a latitude that cuts through the
Costa Rica Dome. SSH and thermocline depth are re-
lated by SSH 5 g9h/g in a 1.5-layer model (g is the
gravity at the earth’s surface), and we will use terms of
SSH and thermocline depth interchangeably here. We
use SSH to describe thermocline depth variations be-
cause it is better sampled with satellite observations.
The 208C isotherm shows a similar seasonal cycle, albeit
smoother in space and time (not shown).
The positive curls off Papagayo are strong nearly

year-round and are responsible for the permanent ther-
mocline dome to the west. The gap winds vanish in
September and October (Fig. 12a) when the Atlantic
ITCZ takes its northernmost position, relaxing the pres-
sure gradient across Central America. The seasonal cy-
cle in thermocline depth behaves differently east and

west of 908W, which is where SSH variance is at its
zonal minimum. East of 908W, the strong wind jet and
its curl force the thermocline to shoal in winter; then
the near-shore thermocline deepens in summer as the
gap winds weaken. Wind curls display a seasonal cycle
of an opposite phase west of 908W, negative in winter
when the ITCZ is to the south and positive in summer
when the ITCZ is overhead. The latent heat release by
ITCZ convection generates positive vorticity in the low-
er troposphere, which in turn forces an Ekman suction
that lifts the thermocline. While the Ekman pumping
variation is more or less stationary in space, the ther-
mocline response displays a clear westward propagation
indicative of Rossby waves (Fig. 12b). West of 908W,
the thermocline deepens during the first half of the year
and shoals during the second half. Because of the op-
posite phasing in Ekman pumping variations to its east
and west, the center of the Costa Rica Dome at 908W
experiences little seasonal variations. A 1.5-layer linear
reduced-gravity model simulates this observed annual
cycle in SSH rather well (not shown), suggesting that
these simple wave dynamics dominate the seasonal time
scale (KES).
In winter, the cold patch induced directly by the strong

Papagayo jet cuts through 108N at 888W. This cold patch
starts to develop in October, reaches a maximum in
February, and persists through April (Fig. 12c). In May,
the summer regime begins to take over, with SST reach-
ing its seasonal maximum and the ITCZ covering this
latitude, but SST over the dome is still cooler than either
to the east or west (Fig. 12c). During the summer, there
is a weak but persistent minimum in SST around 908W,
the center of the Costa Rica Dome. A region of reduced
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FIG. 5. Mean ocean temperature (8C) along (a) 8.58N and
(b) 908W.

FIG. 6. Jan–Mar climatology: QuikSCAT pseudo–wind stress (vec-
tors; m2 s22): (top) TMI SST (8C) and (bottom) SeaWiFS chlorophyll
in natural logarithm (mg m23).

pass seems to be an important factor. While the pass
north of Tehuantepec favors a northerly wind jet, the
Papagayo pass allows winds to accelerate only in the
zonal direction, leading to a strong thermocline response
that extends well to the west.

c. Effect on SST

In winter, intense cooling induced by the wind jets
leaves marked signatures on the SST field. Under each
of these wind jets is a band of cold water with SST well
below 278C (Fig. 6a) due to increased surface heat flux
and vertical mixing. This wind-induced decrease is so
strong that the minimum SST is less than 258C in this
multiseason-average map, against background SSTs of
288C or above in the warm pool. The SST minima are
roughly aligned with the axes of wind jets, trailing the
mountain passes over a long distance. The thermocline
topography appears to also be an important factor for
the SST decrease, and although a quantitative heat bal-
ance is beyond the scope of this paper, some conclusions
about the importance of surface heat fluxes versus stir-
ring from the shallow thermocline can be drawn. Note
that the Papagayo cold patch is roughly collocated with
the thermocline ridge and extends 1000 km offshore
while the Tehuantepec cold patch extends only half as
far because its upwelled thermocline is confined closer
to the coast (Fig. 4b). Also, the coldest SST appears to
be found slightly offshore (Fig. 4), as the thermocline
shoals (Fig. 5a), not precisely under the strongest winds

at the coast. The strong entrainment made possible by
strong winds and a shallow thermocline is further man-
ifested in a tongue of high chlorophyll concentrations
as observed by the SeaWiFS satellite over each of the
Tehuantepec, Papagayo, and Panama jets (Fig. 6b). In
winter, the shallow thermocline in the Costa Rica Dome
and off the coast of South America, which is itself a
response to the vorticity forcing by the Papagayo and
Panama jets, aids the wind-induced cooling. The SST
minimum and the thermocline depth minimum are
roughly collocated over these two cold patches (Fig.
4b), allowing them to extend far offshore.
While the cold patches in the annual-mean SST map

are dominated by the winter cooling, there are also sig-
nificant features in summer SST. The summer SST dis-
tribution in the warm pool is very different from that
in winter (Fig. 4). SST contours are zonally oriented
south of 108N and become somewhat parallel to the
coast near Central America. A weak cold wedge de-
velops offshore of the Gulfs of Tehuantepec and Pa-
pagayo. The cooling over the Gulf of Tehuantepec seems
a weaker echo of its stronger counterpart in winter, but
the cooling off Papagayo extends much farther offshore
than the wind jet (Fig. 3c), suggesting the importance
of the shallow thermocline and resulting entrainment,
rather than the effect of surface heat flux, for the open-
ocean cooling in summer. At and south of 108N, summer

Jan-Mar climatology

Winds
and 
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Winds
and 

chlorophyll
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FIG. 7. SeaWiFS chlorophyll in natural logarithm (shade; mg m23) and 208C isothermal depth
(contours; m) climatology for Jul–Oct.

cooling is located at the peak of the Costa Rica Dome
(Fig. 4c), where the ocean mixed layer is only about 10
m deep (Fig. 5) and the 208C isotherm is shallower than
30 m. The doming thermocline there allows cold water
to be upwelled or easily entrained into the mixed layer.
Further west, the thermocline deepens and summer SST
can warm (Fig. 4c). However, high chlorophyll activity
in summer is organized into a zonal patch centered at
98N extending 108 in longitude and 58 in latitude, closely
collocated within the 40-m depth contour of the 208C
isotherm (Fig. 7). The difference between the patterns
of SST and chlorophyll suggests that the high chloro-
phyll in the western Costa Rica Dome is due to bio-
logical activity below the surface mixed layer, which is
shallow enough to receive sufficient sunlight for pho-
tosynthesis, but too deep to easily entrain cool water to
the surface. In situ observations are necessary to test
this hypothesis.

d. SST feedback on atmosphere

With the wind jets strongest and the SST features
most sharply defined in winter (Fig. 6a), one might ex-
pect that their effects on atmospheric convection
through the cold SST patches would also be strongest
in winter. This is true for the Panama jet; the cold patch
it induced suppresses atmospheric convection, giving
rise to a band of local minimum in precipitation (Fig.
8b). However, the Tehuantepec and Papagayo jets and
associated cold patches have little effect on winter pre-
cipitation because they are located in a dry region north
of the ITCZ. West of about 1108W, the winter ITCZ is
roughly collocated with the high SST band, but further
east it is kept south of 78N and consistently displaced

to the southern boundary of the eastern Pacific warm
pool1 (Fig. 8b).
In boreal summer, the ITCZ takes a more northerly

position, occupying a large latitudinal band between 78
and 158N that includes the cold patch over the Costa
Rica Dome (Fig. 8c). Within this broad ITCZ, there is
a hole of precipitation deficit over the cold spot on top
of the Costa Rica Dome. This hole in the ITCZ is over
500 km in diameter with a 50% drop in precipitation
(5 mm day21 in the hole versus 10 mm day21 for the
background). Below the dry hole, SST reaches a min-
imum in the zonal direction, suggesting that the cold
spot forces the rainfall deficit. If we assume that cloud-
iness is roughly proportional to precipitation in this re-
gion of deep convection, the increased solar radiation
under the dry hole is a negative feedback that acts to
dampen the cold spot in SST, further supporting the
notion that the thermocline dome maintains both the
cold spot and hole in the ITCZ.
The weak summer jet off Tehuantepec leaves small

but visible signatures in both SST and chlorophyll, but
apparently not in precipitation. Probably this is because
the SST remains above 28.58C under the weak summer
jet (Fig. 8b). Neither the Tehuantepec nor Panama jets
have much effect on the thermocline depth in summer.
The Costa Rica Dome, by contrast, is strong year-round.
This permanent thermocline dome is a result of up-
welling curl associated in winter with the Papagayo jet,

1 In winter, as the prevailing easterly trades impinge on the Central
American mountains, orographic downdraft suppresses convection
off the Pacific coast, displacing the ITCZ away from the bulk of the
warm pool. Numerical experiments using the model described in the
appendix indicate that this effect of the broad mountain range con-
ceals the effect of shorter-scale gap winds on convection off Te-
huantepec and Papagayo in winter (Xu et al. 2004b, manuscript sub-
mitted to J. Climate).

Chlorophyll (colors), SSH (contours)



Conclude

•Linear wind-driven dynamics explains much of the mean and 
annual cycle of the NETP:  A region largely forced.

•Feedbacks to atmosphere primarily via persistent cold CRD.

Open questions for research:
• Mechanisms for producing/sustaining anti-cyclonic eddies in summer
  (And is the Tehuantepec Bowl a real mean feature?)

• What determines the deep upwelling of the Costa Rica Dome?
   Why is it like Peru upwelling but unlike equatorial upwelling?

• How do the currents interconnect at the eastern boundary? (3-D)



Extras





Consider a line of fluid particles,
initially at rest along a line of
latitude in the northern hemisphere:

The line is displaced meridionally
by an external forcing (solid line).
Conserving total vorticity (ζ+f ),
particles displaced northward,
where f  is larger, acquire negative
(clockwise) vorticity relative to
surrounding water, while those
displaced southward acquire
positive relative vorticity :

The acquired relative velocities
move the displaced line of
particles to the west:

The mechanism of Rossby wave propagation

x

y

The mechanism of equatorial Kelvin wave propagation

Rossby waves depend fundamentally
on the variation of f  with latitude.

x

y

EquatorLOW

Divergence
(sea level falls)

Convergence
(sea level rises)

For a sea level depression (shallow thermocline; dashed contours) spanning the equator,
     the geostrophic flow  is westward in both northern and southern hemispheres (dark arrows).
These currents move mass from the east side of the depression to the west.
As a result, sea level falls in the east (deepening the depression there),
     and rises in the west (filling in the depression there).
Some time later, the depression has moved east.
This mechanism works similarly for a sea level hump (deep thermocline):
    The flow directions and convergence/divergence patterns are reversed,
    but the propagation direction is always eastward.

        Equatorial Kelvin waves are the result of the change of sign of f  across the equator.

Direction of propagationGeostrophic flow vectors

y0

y0

y0

Displaced line of particles

Initial displacement



Rossby waves (1)

Consider the unforced (⌧ = 0) “Fundamental” equations (1)-(3). Take the Curl of (1)

and (2):
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where � ⌘ df/dy. Then take the divergence of (1) and (2):
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It is possible, though laborious, to derive an equation in h alone from (3), but easier to get

an equation for v (Gill section 11.4). A simplification is to assume that v is geostrophic in

the � term; this is equivalent to assuming that u
t

= 0 in Fundamental equation (1). Thus:
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| {z }
all Rossby waves (low-frequency motion)

| {z }
Poincaré waves (long waves on f-plane)

where c ⌘
p

g0H is the gravity wave speed (in the reduced gravity model, c ⇡ 2.5 m s

�1
).

If the wind stress terms in the Fundamental equations (1) and (2) are carried through this

derivation, the simplifying assumption to get (4) is that v is geostrophic + Ekman (i.e.

u
t

= 0 as before). Then the forcing term on the right side of (4) would be:
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The dispersion relation for Rossby waves is found by omitting the high-frequency term h
ttt

and assuming solutions to (4) proportional to exp{i(kx + ly � !t)}, where (k, l) is the

horizontal wavenumber and ! the frequency:
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) . (5)

The length-scale a
e

= c/f is known as the “Rossby radius of deformation”. When the scale

of the disturbance is larger than a
e

(thus (k, l) is smaller than 1/a
e

), the k2
+ l2 term in the

denominator of (5) can be neglected. (Alternatively, r2h
t

⌧ �h
x

in (4)). These are long

Rossby waves (discussed on the next page), with the linear dispersion relation
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Full derivation of 
Rossby waves


