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ABSTRACT

The response of a thermocline gyre to anomalies in surface wind stress forcing and surface buoyancy forcing
is investigated in light of planetary wave dynamics, both analytically and numerically. The author’s theory
suggests that anomal ous Ekman pumping most efficiently generates the non-Doppl er-shift mode, which resembles
the first baroclinic mode and has the clearest signal in the sea surface height field and the lower thermocline
temperature field. The non-Doppler-shift mode propagates westward rapidly regardless of the mean circulation.
In contrast, anomalous surface buoyancy forcing, which can be simulated by an entrainment velocity, produces
the strongest response in the advective mode, which resembles the second baroclinic mode and has the largest
signature in the upper thermocline temperature field. The advective mode tends to propagate in the direction of
the subsurface flow, but its propagation speed may differ substantially from that of the mean flow. The theory
isfurther substantiated by numerical experimentsin three ocean models: a 3-layer eddy-resolving quasigeostroph-
ic model, a 2.5-layer primitive equation model, and an oceanic general circulation model. Finally, relevance of
the theory to recent observations of decadal variability in the upper ocean and the climate system isal so discussed.

1. Introduction

Recent observations have revealed an important as-
pect of interannual to decadal extratropical thermocline
variability, which is that the sea surface height (SSH)
anomaly propagates predominantly westward at all lat-
itudes (Jacobs et al. 1994; Chelton and Schlax 1996),
while a substantial part of the thermocline temperature
variability follows the gyre circulation (Deser et al.
1996; Zhang and Levitus 1997; White and Cayan 1997).
This complexity of thermocline variability motivated us
to reexamine the dynamics of planetary waves in the
presence of a thermocline circulation. Liu (1998) sug-
gested that the different features of variability may be
associated with two types of planetary wave modes in
the extratropical ocean: the non-Doppler-shift mode (N
mode) and the advective mode (A mode). The N mode
resembles the first baroclinic mode and propagates west-
ward regardless of the mean flow. The A mode resem-
bles the second baroclinic mode and tends to follow the
mean flow. Furthermore, because of the distinct vertical
structure of the two modes, it is speculated that the N
mode is mostly responsible for the observed SSH var-
iability, while the A mode is predominantly responsible
for observed temperature variability in the upper ther-
mocline.
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In this study, we extended the results of Liu (1998)
by first generalizing the basic state of the zonal flow to
a more realistic thermocline gyre circulation. More im-
portantly, we investigated the response of the thermo-
clineto anomalies of surface dynamic forcing and buoy-
ancy forcing in light of planetary wave dynamics. We
found that anomalous Ekman pumping is the most ef-
ficient mechanism for generating the N mode with the
clearest signal in the SSH field, while anomal ous surface
buoyancy forcing may be important for producing the
A mode with a strong temperature signal in the upper
thermocline.

The paper isarranged asfollows: Section 2 introduces
the model. Section 3 investigates the propagation of
planetary waves in a thermocline gyre circulation. Sec-
tion 4 further studies the generation mechanism of plan-
etary waves by both the surface wind stress forcing and
surface buoyancy forcing. Supporting experiments with
three numerical models are presented in section 5. A
further discussion on the dynamics of the A mode is
presented in section 6. In section 7, we provide a sum-
mary and some further discussion of the relevance of
our results to observations.

2. The model

To highlight the physical mechanisms involved, we
used a 2.5-layer QG model as in Liu (1998). The den-
sities for layer 1 (upper thermocline), layer 2 (deeper
thermocline), and layer 3 (abyss) are assumed as p, =
p — 2Ap, p, = p — Ap, and p, = p. The thicknesses
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for layers 1 and 2 are D, and D,, respectively. Under
a surface Ekman pumping w, and an entrainment ve-
locity w, between layers 1 and 2, the nondimensional
QGPV 2.5-layer model can be derived as (86.16 of Ped-
losky 1987; Liu 1998)

[0 + I, )]aw = (219)

[0 + (2, )]0, = (2.1b)

Hereq, =y + (¢, — ¢y)/d, and q, = y + (¢ — 2¢,)/
d, are the potential vorticities of layers 1 and 2, re-
spectively. Note that the relative vorticity is neglected
because we are interested only in planetary waves. The
nondimensional layer thicknesses are d, = D,/(D, +
D,) (n = 1, 2). Other nondimensionl variables are rep-
resented by their dimensional counterparts (in ““*’") as

(X% y) = (x*, y*)IL, t = t*/T, W, = P IVL,

W, = W, /W, Wy = Wk /W.

(We — we)/d,,

w,/d,.

Here L is the gyre scale, V, = BL3 is atypical speed,
T = L/V, is the timescale of gyre advection, and W is
the magnitude of Ekman pumping that satisfiesthe Sver-
drup balance as BV,(D, + D,) = f,W. In addition, L,
=[g'(D, + D,)]¥?/f,and g' = gAp/p arethebaroclinic
deformation radius and the reduced gravity, respective-
ly. Typical parameters in the midlatitudes are Ap/p =
0.002, f,=10*st B=12X 10" mts?' D, +
D, = 1000 m, which give L, = 45 km, V, = 0.025 m
st and W= 3 X 10-® m s *. Finally, the equivalent
dynamic elevations on the surface and the two interfaces
aeh, = i, h, = ¢, — ¢, and hy = —¢,.

Surface dynamic forcing is Ekman pumping in a QG
model. Surface buoyancy forcing is parameterized as
an entrainment velocity w, at the interface of layers 1
and 2. This parameterization can be understood as fol-
lows. Convection due to surface cooling generates alow
PV anomaly that will be ventilated into the lower ther-
mocline (layer 2 in our model). In a planetary geo-
strophic model that allows explicit outcropping, the
cooling forcing can be represented by the motion of the
outcrop line (Liu and Pedlosky 1994; Marshall and Mar-
shall 1995); this motion, however, is difficult to rep-
resent properly in our QG model. Neverthel ess, we spec-
ulate that the low PV anomaly along the outcrop line
can be crudely simulated by a detrainment w, < 0 from
layer 1 to layer 2, beneath the base of the mixed layer.*
This speculation isimplied from the solution of Liu and
Pedlosky (1994). Our speculation has been confirmed
by two recent works that use idealized ventilated ther-
mocline models (Schneider et al. 1998; Huang and Ped-

1 This wy is usually thought as cooling (w, < 0) or warming (wg
> Q) at the interface. It should also be noted that w, is the diabatic
mass transfer between layer 1 and layer 2, both below the mixed
layer. This differs from the subduction velocity that transfers mass
adiabatically between the mixed layer and the layer below (Nurser
and Marshall 1991).
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losky 1998) and will also be confirmed in a full ocean
general circulation model later in section 5.

For small amplitude disturbances ¢ ,, we have s, =
DXy + d.(XY D) (n=1,2), where d, isthe mean
flow streamfunction and ¢ , << ®,,. Similarly, theforcing
is separated into mean and perturbation components: w,
=W, + w, and wy, = W, + w,. The linearized pertur-
bation PV equations can therefore be obtained from
(2.1a), (2.1b) as

(0, + U0, + Vlay)ql + I, Q1) = (W —Wy)/d,, (2.29)
(0, + U,0, + Vzéy)qz + (b2, Qo) = w,/d,, (2.2b)
where the mean currents are (U,,, V,)) = (—d,®,, 9,®,)

(n=1,2);themean PVsareQ, = y + (®, — ®,)/d,
and Q, =y + (&, — 2d,)/d,; and the perturbation PVs
aeq, = (¢, — ¢,)/d, and d, = (¢, — 2¢,)/d,.

Planetary waveswill be studied using the WK B meth-
od (Lighthill 1979). For waves with spatial scales much
smaller than that of the mean flow, the mean flow and
PV gradient can be regarded as locally homogeneous
in (2.2). Thisassumption can be applied to perturbations
measuring hundreds of kilometers as shown by altimeter
observations (Jacobs et al. 1994; Chelton and Schlax
1996) because the gyre width is on the order of thou-
sands of kilometers. For even larger-scale waves, the
WKB approximation may not be very accurate and
should be explored in detail in a future study. Never-
theless, the WK B method used here should qualitatively
shed light on some basic features of planetary waves,
as has been seen in previous studies of Rosshy waves
(e.g. Hoskins and Karoly 1981). Furthermore, the qual-
itative conclusions from the WKB solution will be sub-
stantiated in section 5 with experiments using three nu-
merical models.

Given the perturbation as

b= prem

w, = Wéée(x'y’t),

(n=1,2),
W, = W(’jei@(x,y,t),

where the amplitudes (in prime) arelocally constant (the
prime will be dropped hereafter without confusion), the
WKB solution at the first order yields

Uk + Vil = 9)[(¢, — ¢)/di] + R,

= —i(w, — wy)/d,, (2.39)

Uk + VoI = 9)[(¢ — 2¢,)/d,] + ¢,R,
= —iw,/d,, (2.3b)
where k = 9,0, | = 9,6, 0 = —0,0 are local wave-

numbers and frequency. In addition,
R, = kale - |asQ1
=k + [(Uy = Uk + (V, = V))l]/d,,
R, = kasz — 10,Q,
=k + [(2QU, — Uk + (2V, — V))I1/d,
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represents the advection on the mean PV field by the
perturbation flows. In the absence of forcing, w, = w,
= 0, (2.3) givesthe dispersion relationship for planetary
waves

Ao, k 1) =0, (2.9
where
Ao, k 1) = o2 + o[k(1 + d,) — kU, — IV,]
+ k(kd,d, — kU — 1Vp). (2.5)

Here (Ug, Vi) = (d,U; + d,U,, d,V, + d,V,) is the
vertically averaged flow within the thermocline. The
structure of a planetary wave mode can be shown to
satisfy

a= d’z/d)l =

—kd,/(o + kd,). (2.6)

3. Planetary wave propagation in a thermocline
gyre

We first study the propagation of planetary wavesin
a gyre circulation. This is important to understand the
remote response, or teleconnection, in the upper ocean,
as has been studied extensively in the atmosphere (Hos-
kins and Karoly 1981; Wallace and Gultz 1981). Con-
sider a patch of anomalous forcing, which locally has
the form

We = W;ei(mx+ny—wt)' Wd — Wéei(merny—wt)’ (31)

where without loss of generality, w > 0 is assumed.
(The prime will be dropped later without confusion.)
This forcing generates planetary waves to radiate away
from the forced region. In our 2.5-layer model, the fre-
quency of the two modes should be the same as that of
the forcing:

(3.29)

The wavenumber along the edge of the local forcing
should also be the same as that of the forcing. Here, for
simplicity, we will only focus on the waves that radiate
from a meridional section x = x*, such as the eastern
boundary or the eastern/western edges of the forcing
patch (which is assumed to have a straight meridional
section asits eastern/western edges). Therefore, we have
the condition of the matching of initial meridional wave-
number as

g = .

| =n. (3.2b)

The initial zonal wavenumber can be solved from the
dispersion relationship (2.4) as

ke = {—-[(1 +d, — Uy)w — nVg] + A}

- (dldz - UB) (3.3&)
Ky = {—-[(1 + d, = U)o — nVg] — A}
+ (d,d, — Up), (3.3b)

where A = {[(1 + d; — U)o — nV;]?2 — 4(d,d, —
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Ug)o(w — nV,)} Y2 using (3.2a,b). The subscripts N and
A denote the N mode and the A mode, respectively. The
structure of each mode can be derived from (2.6) as

& = Puld = —ked/(o + kedy), (3.4)

where* = N or A. In this paper, we will limit ourselves
to the case of rea kin (3.3). In other words, we do not
consider the region of very strong westward flow, such
as the southwestern part of the subtropical gyre (in the
Northern Hemisphere) where planetary waves are de-
stabilized [see Liu (1998) for more details on planetary
wave instability].

The propagation of the waves can be studied using
the ray tracing theory (Lighthill 1979). Since the mean
flow field does not change with time, the frequency of
the radiating wave should remain unchanged as in Eq.
(3.28). However, since the mean flow variesin the x as
well as the y directions, both k and | will vary along a
ray path. By virtue of the dispersion relationship (2.4),
the ray tracing eguations can be written as

Xx=Cy = 00

=[U,— (1+d)]w+ 2k(Ug —d,d,) +1V]/D  (3.59)
y=Cy = 0,0 = [Voo + KV5]/D (3.5b)
k= — 0,0
= —[(ko, U, + 19, V,)w + k(ko,Ug + 10,Vg)] /D (3.5C)
| =[w?+ (1 +d, — Uyke + (d,d, — Ug)k?]
+ (Voo + VgK), (3.5d)

where - = d/dt and D = 2w — [kU, + IV, — (1 +
d,)K]. Note that (3.5d) is derived by simply solving the
dispersion relationship (2.4). The group velocity can be
verified to satisfy C,,/(w/K) + C, /(w/l) = 1. For awave
ray that starts from (x,, y,) at t = 0, the completeinitial
conditions for the wave ray are

Y = Yo, k = k*, (3.6)

where * = N for the N-mode wave ray and * = A for
the A-mode wave ray; we have also used (3.2b) and
(3.33,b).

We give one example to demonstrate the major fea-
tures of wave propagation. The basic-state ventilated
thermocline is derived as in Hendershoot (1989) under
azonal outcrop liney, = const and mean Ekman pump-
ing W.(y) = W,, sin(y). The thermocline solution is

X = Xo, I =n,

b, = —d,y, ®, = [d,d,y + XW,(y)]/d,

for x < x4(y) in the ventilated zone;  (3.73)
D, = —xXW,(y)]/d,, o, =0,

for x(y) < x < 0inthe shadow zone. (3.7b)

Here xz = 0 isthe eastern boundary and x,(y) = d,d,(y,
— Y)/W,(y) is the shadow zone boundary. The param-
eters are chosen as W, = —0.2, y, = 0.9, and d, =
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Fic. 1. Wave rays in a ventilated thermocline. Six rays start in the ventilated zone, while the
other four originate from the shadow zone, as marked by the heavy dots. The forcing frequency
is w = 1 (decadal) and the initial meridional wavenumber is n = 3. (d) N-mode wave rays and
(b) A-mode wave rays. The streamlines starting from the same locations are also plotted for (c)
the mean flow of layer 1, (d) layer 2, (€) the barotropic flow, and (f) the wave characteristics (Ug
— d,d,, V;). The time between each pair of marks is 0.3.

0.4. [See Hendershoot (1989) for more details.] A de-
cadal frequency forcing (o = 1) isused. The distinctive
ray pathways of the two modes can be seen clearly in
Figs. 1a and 1b for the wave rays of the N mode and
A mode, respectively. Ten wave rays are plotted in each
panel. Six rays start near the outcrop line (solid circles)
in the ventilated zone where flows originate from the
subduction of the mixed layer waters. Four rays origi-
nate near the eastern boundary in the shadow zone
where there is no flow in the subsurface (Luyten et al.
1983). For comparison, mean flow trajectories are also
plotted in Figs. 1c—e following the streamlines of layers
1, 2, and barotropic flow, respectively. In addition, the
trajectories that follow the 2-layer wave characteristics
(Ug — d,d,, V;) (Rhines 1986; Dewar 1989; Liu 1996)
are also plotted in Fig. 1f. These wave characteristics
are parallel to the mean subduction flow U, in the ven-
tilated zone in a 2.5-layer model (Luyten and Stommel
1986).

Figure 1 shows that, despite the eastward flow in the
northern part of the subtropical gyrein all the flow fields
(Figs. 1c—e), all the N-mode wave rays propagate west-
ward (Fig. 1a). Thisis caused by the non-Doppler-shift
effect in this mode.? In contrast, al the A-mode wave
rays tend to follow the mean circulation due to its ad-

2 Here, we refer to the non-Doppler-shift effect only in a crude
sense. Indeed, it has been shown that the wave speed can be enhanced
significantly by the mean flow (Killworth et a. 1997; Dewar 1998;
Singh 1997; Liu 1998).

vective nature (Fig 1b). A comparison of the A-mode
wave rays with other trajectories clearly shows that the
path of the A-mode wave rays closely resembles that
of the wave characteristics (Fig. 1f) or the subsurface
subduction flow in the ventilated zone (Fig. 1d).
Therelationship between the wave rays and the mean-
flow trajectories is seen more clearly in Figs. 2 and 3.
Figure 2ashowstwo waverays (thetwo marked curves),
one for the N mode and the other for the A mode, which
originate in the ventilated zone near the outcrop line.
For comparison, we also plotted the trgjectories that
follow the mean flow of layer 1 (curve with *) and layer
2 (curve with 0). In addition, the wave characteristics
(Ug — d,d,, V) (curve with X) are also plotted. It is
clear in Fig. 2a that the N-mode wave ray does not
follow the circulation at all. The A-mode wave ray, on
the other hand, follows closely the characteristics (Ug
— d,d,, V) or subsurface ventilation flow U,, but de-
viate significantly from the surface flow U,. This in-
dependence of the A-mode wave speed from the surface
flow was noted in Liu (1998). Furthermore, the wave-
numbers k (solid), | (curve with ©), and the wave struc-
ture (a = ¢,/¢,) are aso shown in Figs. 2b and 2c for
the N mode and A mode, respectively. The vertical
structure of the wave remains as a,, > 0 for the N mode
and a, < Ofor the A mode. Thus, the perturbation flows
of the two layers are in the same direction for the N
mode, but are in the opposite directions for the A mode.
Therefore, the N mode resembles the first mode, while
the A mode resembles the second mode, as discussed
in Liu (1998). Figures 2b and 2c also show that the
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Fic. 3. Asin Fig. 2 but initialy starting from a position within the

FiG. 2. Wave rays, wavenumbers, and the vertical structure of the
waves starting from one location in the ventilated zone. The mean
thermocline is the same as in Fig. 1. (a) Plots of the two wave rays
(*“+" connected curve) as well as the tragjectories following U, (*),
U, (0), and (Ug — d,d,, V;) (X). (b) The variation of wavenumber
k (solid), | (0), and wave structure a, = h,/h,, with y, following
the N mode. (c) The same as (b) but for the A mode. Thetime interval
between each pair of marksis 0.2. In (b) and (c) the vertical axisis
y, and the horizontal axis is nondimensional wavenumber and the
ratio of velocitiesa = ¢,,/¢,,.

meridional wavenumber | changes significantly, while
the zonal wavenumber k does not. Thisisto be expected
because the variation of the mean flow is much stronger
in they direction than in the x direction. This may imply
that our WKB approximation is less accurate in the y
direction than in the x direction.

To illustrate the trajectory from a shadow zone, we
plot trajectories in Fig. 3 the same as in Fig. 2 but for
trajectories originating in the shadow zone. The most
noticeable difference from Fig. 2 is that, despite the
absence of the layer-2 mean flow in the shadow zone,
the A mode still propagates roughly along the wave
characteristics. Therefore, the characteristics (Ug —
d,d,, V) are amore general indicator for the wave rays
of the A mode than the subsurface flow. This also in-
dicates a difference between the A mode and a passive
tracer. A passive tracer, if started in the shadow zone,
will stay in the initial position because of the absence
of subsurface flow; this relationship will be further dis-
cussed later in section 6.

The conclusions above are not very sensitiveto model
parameters. Sensitivity experiments were carried out on
the forcing frequency w, the initial meridional wave-
number n, and the mean stratification d,. For a typical
thermocline stratification (d, ~ d,), our conclusions
above regarding the wave ray, especially in the A mode,

shadow zone.

remain robust. This is also reinforced in an analytical
study outlined in appendix C. Figure 4 shows a sensi-
tivity test of the frequency for a wave ray originating
in the ventilated zone (Figs. 4a,b) and the shadow zone
(Figs. 4c,d). In both zones, the direction of the N-mode
wave ray changes only modestly with the frequency
(Figs. 4a,c), and the direction of the A-mode wave ray
shows virtually no change. In atypical thermoclinegyre,
the slope of the A-mode ray can be shown to follow
that of (Ug — d,d,, Vi) within 10%—20% (see appendix
C).

Finally, the wave propagation features discussed
above can be proven analyticaly in the limit of low-
frequency forcing @ — 0. In this limit, we have from
(2.4) or (3.3a,b) the wavenumber solutions for the two
modes as

ky = —(V,/Ve)w + O(w?) (3.83)
ki = —IVo/(Uy — d,d,) + O(w).  (3.8b)

The group velocities and wave structures for the two
modes can therefore be derived from (3.5a,b) and (3.4).
Using (3.8a), the N mode has at the leading order the
group velocity

(Conr Con) = (=1, 0O)F, where Fy = Vg/V,
(3.99)
and the wave structure
¢2N/¢1N = V2/V1- (3-9b)

With (3.8b), the A mode has the leading order repre-
sentation of the group velocity

(ngA! ngA) = (UB - d1d21 VB)FA1 (3-103)
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FiG. 4. Sensitivity of wave rays to five frequencies (solid, ** +,”
xR o and X for o = 0.01, 0.1, 1, 5, and 10, respectively).
The mean thermocline is the same as in Fig. 1. (&) N mode starting
in the ventilated zone, (b) A mode starting in the ventilated zone, (c)
N mode starting in the shadow zone, and (d) A mode starting in the
shadow zone. The time interval between each pair of marks is 0.2.

where F, = V,/[V,(Ug — d,d,) + Vg(1 + d, — U,)]
and wave structure

ol don = —dy/d,. (3.10b)

The most striking feature is that, regardless of the mean
circulation structure, the N-mode wave ray is purely
zonal as shown in (3.9a), while the A-mode wave ray
isexactly parallel to the wave characteristic (U, — d,d,,
V;) asin (3.10a). Furthermore, the N mode has an equiv-
alent barotropic wave structure as shown in (3.9b), while
the A mode has a pure baroclinic wave structure (with
a zero barotropic transport) asindicated by (3.10b). The
wave ray directions and wave structures are consistent
with the nature of the two modes that are discussed
regarding Figs. 1-4. More specifically, since in the sub-
tropical gyre Vg, V, < 0 (unless in the shadow zone
where V, = 0), we have F, > 0in (3.93). Thus, the N
mode propagates purely westward, as expected from the
non-Doppler-shift nature of the N mode. However, the
propagation speed could vary with the mean flow. In
the ventilated zone (3.7a), we have the speed factor F
= d,. For the A mode, in both the ventilated zone (3.73)
and the shadow zone (3.7b), one can show that the speed
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factor isF, = /(1 + d;) < 1. Thus, the wave ray is
somewhat slower than the wave characteristics as seen
in Figs. 1-3. We will return to the wave speed later in
section 6.

In short, the N mode propagates westward regardless
of the mean flow, while the A mode follows closely (Ug
— d,d,, Vg), which in the ventilated zone is parallel to
the mean ventilation flow in layer 2. The conclusions
above are not limited to a ventilated thermocline; see a
similar discussion regarding the Rhines-Young pool in
appendix B. Furthermore, similar conclusions can be
obtained in a 3.5-layer model (appendix D).

4. Local response under wind and buoyancy
forcing

We further investigate the forcing mechanism of the
planetary wave modes. We will study the structure of
the locally forced response to anomalies of Ekman
pumping and surface buoyancy forcing by projecting
the local response onto the two dynamic modes. Using
forcing of the form of (3.1), the forced local response
is derived from (2.3) as

¢ = i[(MU; + nV, — d,m — 20)W, + (& + d,m)w,]

= Alw, m, n), (4.18)
b = i[(MU, + NV, — w)w, — d,mw,]/A(w, m, n),
(4.1b)

where A is given in (2.5). This local response is pro-
jected onto the two dynamic modes (3.3a,b) as

b = by + bias b = bt doa (4.2

With the aid of (3.4), the modal projection is uniquely
determined from (4.2) as

b = (Pr — andie)/ (An — A,
bia = (Dr — i)/ (@n — Ay,

and ¢,y = AP, Poa = AnPua

Some general results of this forced response can be
speculated according to the vertical structures of the
wave modes and the surface forcing. On the wave side,
within the thermocline, the N mode tends to have a
barotropic flow structure, while the A mode has a baro-
clinic structure, as seen in Liu (1998) and Figs. 2b,c
and 3b,c. Furthermore, the strongest amplitude occurs
in SSH for the N mode and in thermocline temperature
for the A mode. On the forcing side, Ekman pumping
has a strong projection component that is barotropic
within the thermocline, while entrainment shows a pure-
ly baroclinic forcing within the thermocline. Therefore,
the vertical structure seems to match between the N
mode and Ekman pumping, and between the A mode
and entrainment forcing. This suggests a distinct modal
response: Ekman pumping most efficiently generatesthe
N mode, while entrainment forcing most effectively
forces the A mode.

(4.3)
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Fic. 5. The ratio of modal projections of the N mode and the A mode under spatially uniform
forcing (m = n = 0). (@) hy/h,, for w, forcing (b) h,y/h, for w, forcing, (c) h,y/h,, for w, forcing,
and (d) h,/h,, for w, forcing. The contour interval is 0.5. Two regions are not plotted: the region
with values greater than 10 and the southwestern part where instability occurs. Ekman pumping
forcing mainly generates the N mode as shown in SSH (a), while entrainment forcing mainly
forcesthe A mode in the thermocline temperature (d). Contour interval is0.5. The mean thermocline

is the same as in Fig. 1.

This modal response can also be seen in a more gen-
eralized thermocline circulation. Indeed, in aregion of
weak subsurface flow such as a shadow zone, we have
(see appendix A)

[Py /hysl > 1, (4.49)
[Non /Mol < 1, (4.4b)

As an example, Fig. 5 plots the ratio of the amplitude
of the N mode over the A mode under spatially uniform
Ekman pumping and entrainment forcing in the basin.
Under Ekman pumping forcing (Figs. 5a,b), the SSH is
overwhelmed by the N mode, as in (4.4a), over almost
the entire basin. In the shadow zone, the ratio |h,/h,A|
(=|dn/P1al in the QG model here) exceeds 5 (the un-
stable region in the southwest is not discussed here). In
the ventilated zone, a very large |h,/h,,| occurs in a
belt that extends from the northwest into the midwest
of the gyre. This high |h,/h,,| belt is caused by a vir-
tually vanishing h,, (not shown). The ratio of the two
h, does not show such a dramatic difference except in
a belt that extends from the northeast to the mid west.

w, forcing (w, = 0)

w, forcing (w, = 0).

The response is completely different under entrain-
ment forcing (Figs. 5¢,d). The ratio of the h, response
is dominated by the A mode, as in (4.4b) near the out-
crop line and in the shadow zone. The SSH, however,
does not show such a strong difference in modal re-
sponse.

These modal responses are not very sensitive to mod-
el forcing parameters. Figures 6 and 7 show some sen-
sitivity tests in which the forcing has a spatial structure
of m = 3, n = 3. In addition, three forcing frequencies
are used, w = 0.1, 1, and 10, corresponding to centen-
nial, decadal, and annual times respectively. Under Ek-
man pumping forcing, the modal response of SSH is
shown along the eastern boundary and the outcrop line
in Figs. 6a and 6c, respectively. As in the case of Fig.
5, the SSH response is overwhelmed by the N mode
(Ih,n/hys > 1) for al the frequencies (except in the very
western part of the outcrop line). Relatively speaking,
the upper thermocline temperature variation |h,/h,,| is
less dominated by the N mode (Figs. 6c,d).

By comparison, under entrainment forcing (Figs.
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Fic. 6. Sensitivity of the model response to Ekman pumping (m
= 3, n = 3) with different frequencies (solid for w = 0.1, *“ +" for
w=1,and “*"” for o = 10). The mean thermocline is the same as
in Fig. 1. (&) h,y/h,, and (b) h,y/h,, are along the eastern boundary
x = 0, while (¢) h,y/h;, and (d) h,/h,, are near the outcrop line y
= 0.81.

7b,d), the A mode has the strongest response in the
upper thermocline temperature (Jh,/h,,| < 1) along the
eastern boundary and along the outcrop line (note the
vertical scale is one order smaller in Fig. 7 than in Fig.
6). Nevertheless, the A mode becomes almost compa-
rable to the N mode in SSH (Figs. 7a,c). These features
agree with our earlier discussions (see Figs. 5c,d).

Based on the discussions in the last two sections, we
offer a speculative synthesis of thermocline variability
from the viewpoint of planetary waves. Ekman pumping
is efficient in generating the N mode, which propagates
westward rapidly along all latitudes and has the clearest
signal in the SSH field. Surface buoyancy forcing (or
entrainment forcing here), however, tends to generate a
strong A mode that tends to follow the subsurface cir-
culation, or more generally, the characteristics (Ug —
d,d,, V), and has the strongest signature in the ther-
mocline temperature.

5. Numerical experiments

To support our WKB analysis, we present numerical
experiments in three models: a 3-layer eddy-resolving
QG model in an idealized sector basin, a 2.5-layer prim-
itive equation model for the North Pacific, and a 13-
layer Miami Isopycnal Model (MICOM, Bleck et al.
1992) in an idealized North Atlantic basin. In each mod-
el, two experiments are presented, one forced by anom-
alous wind stress, and the other by anomalous surface
buoyancy (interfacial entrainment) forcing.

The QG model (Fig. 8) has a double-gyre mean cir-
culation. The model parametersare D, = 300m, D, =

Fic. 7. The same as Fig. 6 but under entrainment forcing.

700 m, D, = 4000 m, g, = g;s = 2cm s 2, f, = 0.73
X 104s1, B =2 X 10"* m-*s*, biharmonic mixing
coefficient 10*° m* s%, resolution 25 km X 25 km, and
domain size 4000 km X 6000 km. The Ekman pumping
isslightly asymmetrical with ameridional width of 2100
km and 1900 km for the subtropical and subpolar gyres,
respectively. Figures 8a—c plot the case forced by alocal
Ekman pumping of a 3-yr period. The first mode of a
3-yr free wave has about 2 wavel engths across the basin.
The SSH variability shows strong N-mode amplitude
(Fig. 8a) that propagates westward rapidly as seen in
the phase diagram (Fig. 8c). The A mode is visible but
relatively weak and propagates southwestward slowly.
The general pattern of the two wave rays agree well
with the WKB analysis (appendix B, Fig. B1). In com-
parison to the SSH response in Fig. 8a, the upper ther-
mocline temperature field (Fig. 8b) has a weaker signal
in the N mode. Under entrainment forcing, however, the
opposite occurs as shown in Figs. 8d-f. The A mode
becomes dominant, especially in the upper thermocline
temperature field (Fig. 8e), while the N mode is visible
only in SSH (Fig. 8d).

The basic features in the QG model are reproduced
in a 2.5-layer primitive equation model with realistic
North Pacific geometry (Zhang 1998) (Fig. 9). The mod-
el isfirst spun up to the steady state under a mean wind
field that resembles the observed annual mean wind
field. Then a 10-yr periodic Ekman pumping anomaly
is added in the midlatitudes of the central North Pacific
(marked in Fig. 9c). The experiment is continued for
another 80 years with the data of the last 60 years used
for harmonic analyses (Figs. 9a—). The SSH amplitude
is dominated by a westward tongue all the way to the
Kuroshio (Fig. 9a). The phase diagram further shows
that this tongue reaches the western boundary in about
5 years (Fig. 9¢). This is clearly the N mode. The A
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FiG. 8. Three-layer QG model experiments forced by 3-yr periodic, localized (elliptical) forcing.
The mean circulation is a double-gyre circulation with the Rhines-Young pool indicated in (a)
by the dotted line. The amplitude and phase of the 3-yr harmonic are plotted for two cases. The
first case is forced by Ekman pumping (W,). The response is shown for (a) the amplitude of SSH
(), (b) the upper thermocline temperature (h, ~ ¢, — i, and (c) the phase of SSH. The most
striking feature is a dominant N mode that propagates westward and a weaker A mode that follows
the gyre circulation. The second case is forced by entrainment forcing (W,). The response is
shown for (d) the amplitude of SSH, (e) the upper thermocline temperature, and (f) the phase of
SSH. Now, the A mode becomes dominant. The contour interval is arbitrary for the amplitude

and 0.3 yr for the phase.

mode has little signal in SSH (Fig. 9a) but becomes
visible in the upper thermocline temperature field as a
weak amplitude tongue that extends southwestward
(Fig. 9b). The response under entrainment forcing (Figs.
9d-f) is in sharp contrast to that under wind forcing.
With an anomalous entrainment forcing, the dominant
signal in the upper thermocline temperature field (Fig.
9e) is atongue of the A mode that first extends south-
ward to about 20°N, and then extends southwestward
toward western boundary at 15°N. The phase diagram
(Fig. 9f) further shows that this wave path takes more
than 10 years to reach the western boundary. The
N-mode signal also appears as aweak amplitude tongue
that extends westward in the SSH field (Fig. 9d).

The two models above, athough relatively simple to
understand, have several serious limitations. First, the
vertical resolution is too coarse. Second, there is not a
surface mixed layer. Third, surface buoyancy forcing
anomaly is indirectly represented by an interfacial en-
trainment. To improve these aspects, a13-layer MICOM
model will be used. The model has a domain of 0° to
60° in longitude and 20°S to 60°N in latitude with a
resolution of 2° in both longitude and latitude. There
are 12 isopycnal layers and an active surface mixed
layer. The surface wind stress forcing is the zonal mean
Atlantic zonal wind stress; the surface temperature and
salinity are restored toward the zonal mean Levitus
(1982) SST and SSS with a restoring time of 90 days.
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Fic. 9. Two experiments in a 2.5-layer primitive equation model with realistic Pacific geometry north of 30°S (only
north of the equator is shown) (Zhang 1998). The model resolution is 1° X 1°. An annual mean zona wind stress
resembling the COADS wind is used to spin up the model to a steady state. Two experiments are then carried out
under 10-yr periodic, localized, anomalous forcings: one for Ekman pumping forcing (a)—(c) and the other for en-
trainment forcing (d)—(f). The location of the forcings are marked in (c) and (f), at the center of which the magnitude
of the anomalous forcing is about 10-¢ m st (Ekman pumping) for wind forcing and 10-> m st for entrainment
forcing. The amplitude and phase of the 10-yr harmonic response are plotted. The amplitude of the sea surface pressure
(equivalent to SSH here) is plotted in (a) and (d) (in 20 kg m? s2), the amplitude of the upper-layer thickness h, is
plotted in (b) and (e) (in 1 m); the phase of the surface pressure is plotted in (c) and (f) (in 1 yr). The responses are

similar to those in the QG experiments in Fig. 8.

A full annual cycle is used in both the wind stress and
restoring SST and SSS. The model is first spun up for
30 years before the anomalous forcing is imposed.
Figures 10 and 11 present the anomal ous annual mean
response 10 yr after a steady anomalous wind stress
forcing isimposed. The anomalous wind curl has a uni-
form positive curl within adisk centered at (45°N, 35°E)
of aradius of 10°, but has no wind curl outside the disk®
(see Fig. 10a and the caption). The barotropic stream-
function shows the zonally enlongated anomalous cy-
clonic gyre spanning between 25° and 45°N. The SST
change is small (less than 0.5°C, not shown). The SSH

3 This wind anomaly pattern is designed by T. Inui and A. Ku-
bokawa.

field (Fig. 10c) is dominated by a negative westward
extending tongue, which can also be identified as the
westward tongue of negative isopycnal depth anomalies
in the upper (Fig. 10d, 25.50+), middle (Fig. 10e,
26.250+), and lower (Fig. 10f, 27¢) thermocline. The
coherent vertical structure can aso be observed in the
deep cold temperature anomalies along the meridional
section at x = 22°E (between 30° and 50°N in Fig. 114)
and the zonal section at y = 37°N (west of 40° in Fig.
11b). These features are consistent with the N-mode
structure. [Notice that the positive temperature (or
depth) anomaly near the eastern boundary in the middie
latitude is caused by the strong Ekman downwelling
forced by the anomalous meridional wind stress along
the eastern boundary (see Fig. 10a).] In addition to the
deep, westward N-mode anomaly, a shallow cold tem-
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Fic. 10. The anomalous annual mean response of MICOM to a steady wind stress curl anomaly (10 yr after the
anomalous forcing). The model has a horizontal resolution of 2° and 13 layers (mixed layer, 220+, 230+, 240+, 2507+,
25.50+, 260+, 26.250+, 26.50+, 270, 27.450+, 27.60+, and 27.70+). The model climatology is forced by the zonal
mean Atlantic zonal wind stress annual cycle and is restored toward the zonal mean surface temperature and salinity
annual cycle (Levitus 1982) with a restoring time of 90 days. The anomalous wind stress varies with longitude (x) and
latitude (y) as (A7,, A1) = (=Y, X)7,/r, for r = ry, and (A7, A7) = (=yr, Xro)7o/r2 for r > r,. The wind stress
anomaly in (@) has 7, = 0.3 dyn/cm?, r2 = (x — 45°)2 + (y — 35°2, and r, = 10°. (b) Barotropic streamfunction
anomaly (Cl = 1 Sv), (c) SSH anomaly (Cl = 0.2 cm), (d) depth anomaly of the 25.50+, (€) depth anomaly of 26.2507,
and (f) depth anomaly of 270+ [(Cl = 10 m in (d)—(f)]. Shaded regions are negative values.
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Fic. 11. Same run as in Fig. 10, but for temperature anomalies
along (&) the meridional section at x = 22° and (b) the zonal section
at y = 37°N. Contour interval is 0.2°C, and the shaded region is
negative.

perature anomaly follows the subduction flow and ex-
tends from the forcing region southwestward, as shown
in the SSH (Fig. 10c), the upper thermocline (Fig. 10d),
and the meridional temperature field (Fig. 11a). The
vertical structure of this shallow anomaly resemblesthat
of the A mode because it has its maximum in the upper
thermocline and has a deep temperature anomaly out of
phase with the upper layer. The magnitude of this A
mode is, however, weaker than that of the deep N mode.
This is similar to the QG and 2.5-layer model experi-
ments (Figs. 8a—c, 9a—). In all the cases, the wind stress
curl anomaly forces predominantly the N-mode re-
sponse, but also forces a significant A-mode response.

In contrast, Figs. 12 and 13 show the anomal ous ther-
mocline response to a cold surface forcing anomaly. The
cold Gaussian shape restoring SST anomaly islocalized
in the region of 30° to 50°E, 30° to 40°N with a max-
imum of 2°C. The resulted anomalous SST has a max-
imum of about 1.8°C (Fig. 124). Different from thewind
curl forcing case, the dominant signal in the subtropical
gyre is a southwestward extending advective signa in
all the anomaly fields including the negative SSH (Fig.
12b), negative upper thermocline depth (260, Fig. 12¢),
and the positive deep thermocline depth (270, Fig.
12d). The lower thermocline temperature anomaly tends
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to be weaker and out of phase with the upper thermo-
cline temperature. This baroclinic vertical structure can
be observed by comparing the negative upper thermo-
cline anomaly in Fig. 12c with the positive lower ther-
moclineanomaly in Fig. 12d and can also be seen clearly
in the meridional section at x = 22°E (Fig. 13a) and
the zonal section at y = 23°N (Fig. 13b). This advective
anomaly resembles closely to the A-mode structure in
our theory, and the subduction resembles closely the
observed North Pacific subduction anomaly (Deser et
al. 1996; Zhang and Liu 1999, hereafter ZL; Schneider
et al. 1998). Therefore, the surface cooling produces
predominantly the A-mode response. This is consistent
with our theory, the QG experiment (Figs. 8d—f) and
the 2.5-layer model experiment (Figs. 9d-f).

Similar sensitivity experiments are also carrried out
in the GFDL MOM1 model with a horizontal resolution
of 1° X 1°. The wind curl forcing case is similar to the
MICOM simulation. However, the cooling experiment
produces a much weaker advective signal, probably due
to the strong diapycnal diffusion in the model. Overall,
our numerical experiments strongly support our WKB
analyses in section 3 and section 4 as well as our spec-
ulative synthesis at the end of section 4.

6. Advective mode or passive tracer

The A mode shows some similarity to apassivetracer.
A passive tracer in the subsurface will follow the sub-
surface flow perfectly (in the absence of diffusion). The
A mode, as discussed above, tends to follow the cir-
culation and, therefore, resembles a passive tracer. More
specifically, in a ventilated zone, the wave path of an
A mode follows closely to that of the subsurface ven-
tilation flow path U, (Figs. 1b,d and 2a). Moreover, in
a Rhines-Young pool where the subsurface PV is ho-
mogeneous (Rhines and Young 1982), the A mode prop-
agates as a perfect passive tracer, following the sub-
surface flow trajectory of U, exactly [see (B.1) and
appendix B].

In spite of some apparent similarity, it is more ad-
vantageous to treat the A mode as a dynamic mode,
instead of a passive tracer. First as seen in section 4,
the A mode has a distinct dynamic response to surface
forcing: the A mode is most efficiently excited by sur-
face buoyancy forcing. This forcing mechanism can
only be understood by considering the dynamic nature
of the A mode, rather than treating it as a passive tracer.

There are also important differences between the
propagation of the A mode and a passive tracer. One
obvious difference has been discussed in section 2. In
a shadow zone where no mean subsurface flow exists,
a passive tracer would remain at its initial position,
while the A mode propagates along the wave charac-
teristics (Figs. 1b, 3a).

The ventilated zone is more interesting and subtle.
Here, the speed of the A mode propagation could be
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FiG. 12. The anomalous March response of MICOM to a steady surface cooling anomaly (20 years after the cooling).
(a) SST anomaly (Cl = 0.5°C), (b) SSH anomaly (Cl = 2 cm), (c) depth anomaly of 260+, and (d) depth anomaly of

270, [(Cl = 5min (c) and (d)].

substantially slower than that of the subduction flow U,
in spite of similar propagation directions. This can be
seen by comparing the wave rayswith the corresponding
flow trajectories in the subsurface as shown in Fig. 1.
After a total traveling time of t = 8.6, none of the
A-mode wave rays that start in the ventilated zone have
reached the western boundary (Fig. 1b). However, all
of the subsurface ventilation flow trajectories have
passed the western boundary (Fig. 1d). Indeed, the speed
of the A-mode wave ray seems to be close to that of
the wave characteristics shown in Fig. 1f, both being
slower than the subsurface flow in Fig. 1d; that is,

I(Uz, Vo)l > [(Ug — didy, V)| = [(Cgans Cyya)l (6.1)

in the ventilated zone. This relationship also seems to
hold in more general cases, although we have failed to

find a general proof analytically. Some insight can be
gained on (6.1) as follows: on the one hand, one can
show in the 2.5-layer QG ventilated thermocline model
solution that

(U,, V,) = (Ug — d,d,, Vg)/d, (6.2)

in the ventilated zone. Since d, < 1, the ventilation flow
is always parallel to, but faster than, the wave charac-
teristics. For atypical thermocline stratification of d, =
0.5, the ventilation flow is about twice as fast as the
wave characteristics. On the other hand, in the limit of
a 2-layer thermocline (which can be achieved in a 2.5-
layer model by increasing the stratification at the bottom
of the thermocline), the second mode has the same speed
as the wave characteristics (Rhines 1986; Dewar 1989;
Liu 1996):
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Fic. 13. Same run as in Fig. 12 but for temperature anomalies
along (a) the meridional section at x = 22° and (b) the zonal section
at y = 25°N. Contour interval is 0.2°C, and the shaded region is
negative.

(UB - d1d27 VB) = (ngA1 ngA)' (6-3)

This suggests that the speed of the wave characteristics
may not be much different from that of the A mode.
Hence, the combination of (6.2) and (6.3) suggests that
the A-mode wave ray should be slower than the ven-
tilation flow. For a typical thermocline structure d, =
0.5, the speed of the A-mode wave ray may be less than
half that of the ventilation flow. In the 2.5-layer model,
we have been unable to find a general proof of the
A-mode speed. However, in the low-frequency limit, as
discussed regarding (3.10a), we have (Cy,a, Cyn) = (Ug
—d,d,, Vp)/(1 + d,). Thus, the A-mode speed is some-
what slower than the wave characteristic, which in turn
is slower than the second-layer ventilation flow.

The wave amplitude could also differ significantly
between the A mode and a passive tracer. One example
is the planetary wave instability found in the south-
western part of asubtropical gyre (Liu 1998), where the
A mode is destabilized by coupling with the N mode.
This may imply an amplification of the wave amplitude
during propagation.# A passive tracer, in contrast, can

4 Theray tracing in theinstability regionisno longer valid formally.
The unstable region, however, only covers a small area in the south-
west corner in the example of Fig. 1b.
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never become unstable and therefore its magnitude can
never exceed itsinitial value. Finally, even in the stable
region, the amplitude of the A mode, which varies ac-
cording to the dynamics, may be substantially different
from that of a passive tracer. This issue remains to be
studied in the future.

7. Summary and discussion

The response of a thermocline gyre to surface wind
and buoyancy forcing was studied with the WKB meth-
od in a2.5-layer QG model. The theory is substantiated
by numerical experiments. A unified theory is proposed
for the planetary waves in the thermocline. Ekman
pumping is the most efficient mechanism to generate
the N mode, which has its clearest signal in the SSH
field and the lower thermocline. This mode propagates
westward rapidly even in the presence of a gyre cir-
culation, because of the non-Doppler-shift effect. In
contrast, surface buoyancy forcing generates the stron-
gest response in the A mode, with its largest signature
in the upper thermocline temperature field. This mode
is strongly advected by the subsurface gyre circulation,
but may propagate at a different speed in the central to
eastern part of the gyre where it is dominated by the
ventilated zone and the shadow zone.

a. Different wave pathways

Our theory seemsto be consistent with theinterannual
to decadal variability recently observed in the North
Pacific. The observed SSH field seemsto exhibit adom-
inant westward propagation at all latitudes (Jacobs et
al. 1994; Chelton and Schlax 1996). Similar westward
propagation has also been found recently for decadal
temperature variability in the lower thermocline in the
historical upper-ocean data (Zhang and Levitus 1997;
Miller et al. 1998; ZL; White and Cayan 1997, manu-
script submitted to J. Geophys. Res., hereafter WC).
This propagation, according to our theory, may be main-
ly forced by the wind-stress curl forcing, most likely
along the eastern boundary. The variable wind stress
curl excites the N mode, which has the strongest am-
plitude at the SSH and the bottom of thermocline (also
see Liu 1998) and propagates westward across the Pa-
cific. Thisis consistent with a model study of Miller et
al. (1998). In the meantime, the upper thermocline tem-
perature variability (Deser et a. 1996; Zhang and Lev-
itus 1996; WC; ZL; Schneider et al. 1998) seems to
follow a subduction circulation path. This, according to
our theory, may be caused mainly by surface buoyancy
forcing, which tends to excite the A mode. In the case
of steady-state forcing (zero frequency), this forcing
mechanism of the subduction temperature anomaly is
supported by a recent study of the North Pacific ther-
mocline anomaly by Schneider et al. (1998) in light of
the dynamics of the ventilated thermocline, and by a
theoretical study with idealized ventilated thermocline
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by Huang and Pedlosky (1998). Finally, the coexistence
and the three-dimensional structure of the two types of
propagation pathways have been identified recently in
the observed thermocline, confirming our theoretical
prediction here (ZL).

Substantial interannual variability has been found in
Bermudain SSH (Sturges and Hong 1995), temperature,
and salinity (Joyce and Robbins 1996). The interannual
variability of SSH in Bermuda can be predicted suc-
cessfully by integrating the forced response of the first
baroclinic mode from the eastern boundary along the
same latitude. The same technique, however, is not suc-
cessful in the simulation of the upper thermocline tem-
perature variability. This may be understood in our the-
ory as follows. The SSH variability is dominated by the
N mode, which propagates predominantly westward.
The N mode should also produce a significant change
in the lower thermocline. This is consistent with Joyce
and Robbins (1996) in that the interannual SSH vari-
ahility is mostly due to temperature and salinity changes
in the lower thermocline (depth 500-1000 m). In con-
trast, upper thermocline temperature involves higher
modes, which, among other things, could be advected
from upstream in the north. Integration from the east
can capture most of the influence from the N mode, but
not the A mode. The former applies the best to the SSH
and the lower-thermocline temperature, while the latter
applies best to upper-thermocline temperature.

b. The A mode

Previous studies have shown that the A mode plays
a fundamental role in the formation of the mean ther-
maocline circulation, notably the different dynamic zones
(Luyten and Stommel 1986; Liu 1993a). It has also been
implied that the A mode also plays an important role
for thermocline variability (Rhines 1986; Dewar 1989;
Liu 1993b, 1996; Liu and Pedlosky 1994). The contri-
bution of the present work (and Liu 1998), however, is
to distinguish the A mode from other planetary wave
modes, especially the N mode. This distinction may
enable us to understand the entire spectrum of upper-
ocean variability from a unified point of view.

Our theory suggests that the propagation speed of the
A mode is slower than a passive tracer in the ventilated
zone, the same as a passive tracer in the pool (appendix
B), and faster than the passive tracer in the shadow zone.
This complex relationship remains to be studied. A
crude examination from available observations seems
to support our theory, at least in the ventilated zone:
the observed propagation speed is somewhat slower
than the subduction current speed. In Deser et al. (1996,
their Fig. 16), the decadal temperature anomaly patch
moved southward about 900 km in 10 years, corre-
sponding to a southward propagation speed of about 0.3
cm s, This speed is about half that of the mean current
speed, which is about 0.7 cm st according to a recent
estimate of Schneider et al. (1998). In afurther isopycnal
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analysis by Schneider et al. (1998, their Fig. 6), one can
also identify a propagation speed slower than the mean
current speed, especially in the northern part (north of
26°N) and the very southern part (south of 21°N) of the
subtropical gyre. However, in the central part, the prop-
agation speed seems to be close to the current speed. A
more careful study is needed in both observations and
theory to clarify the propagation speed of the subduction
anomaly.

¢. Relevance to climate variability

Our study may also help us to understand decadal
climate variability in the coupled ocean—atmosphere
system. One prominent example isin the North Pacific,
where two competing hypotheses for decadal climate
variability have been proposed recently. Latif and Bar-
nett (1994) suggest a decadal variability whose memory
comes from the westward propagation of Rossby waves
within the subtropics. In contrast, Gu and Philander
(1997) proposed adecadal oscillation mechanismwhose
long time delay originates from the equatorward sub-
duction of a thermal anomaly in the midlatitudes (Liu
et al. 1994; McCreary and Lu 1994). This equatorward
subduction—an oceanic teleconnection bridge, is anal-
ogous to the atmospheric PNA teleconnection bridge
that plays a critical role in tropical—extratropical inter-
action (Wallace and Gutzler 1981; Lau and Nath 1996).
Asfar asthe oceanic thermocline is concerned, the L atif
and Barnett mechanism may depend more on the N
mode, which propagates westward and has a strong sig-
naturein SSH (and in turn surface geostrophic currents).
The Gu and Philander mechanism may depend upon the
A mode that follows the subduction circulation and has
a strong signature in the subsurface temperature field.
The N mode is likely to be forced predominantly by
wind-stress curl forcing, while the A mode is mainly
generated by surface diabatic forcing. Excitation of var-
ious oceanic modes by different forcing mechanisms
may give rise to diverse decadal climate variability in
a coupled system.
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APPENDIX A
Forced Response in a Motionless Basic State

In the absence of a mean flow, the local response can
be derived from (4.3) as

b = —[(1 — 2a)w, + a,wy]/(ay — an),

hia = —[(1 = 2a)w, + awgl/(as — &), (A
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TaBLE AL. Local response (W, = 0, m = 0)

Ratio/forcing

w, forcing (wy = 0)

w, forcing (w, = 0)

N /hia (OF din/dia) —ak./a ky > 1*

N /Nza (O Cu/01a) 0 < —a /ag**
bonldoa —kulky < —1
qZN/qZA _1

(diky)? + (way)? anka
* k% —_— >< —_—
EV/ES (d,k))? + (wa,)? ayk,

2
)>1*
N,

0 > a,/a**
0 > aky/agk, > —1
-1
0<kylk, <1
d,ky)? + (way? (&)
CET (ai) =

* Unless 2d, < d,

** |aylal =1 ford, = 2d;; lay/a <1 ford, < 2d,,

*** Planetary wave energy in the 2.5-layer model E = [(b, — &,)? + $3]/2.

where, for simplicity, the forcing has been assumed zon-
aly uniform m = 0. The zonal wavenumbers for the
two dynamic modes can be derived from (3.3a,b) as

N = w[—(1 + d,) = A]/2d,d,, (A.2)
where A = [(1 + d,)? — 4d,d,]¥? = (d} + 4d})*2.
Therefore, we have

ky, < ky <O. (A.3)
Furthermore, with the aid of (3.4) and (A.3), the wave
structure can be shown to satisfy

ay > 0> a,, (A.4)
and
lag/as > |ky/ks < 1; (A.5)
lay/a =1 ford, = 2d;;
lay/a, <1 ford, < 2d,, (A.6)

Equation (A.3) states that the N mode has a larger scale
and therefore propagates westward faster than the A
mode. Equation (A.4) shows that the flows in the two
layers are in the same direction for the N mode, but in
the opposite direction for the A mode.

With the aid of (A.1)—(A.6), the modal response can
be obtained as in Table Al. The point is the Ekman
pumping forcing is efficient in generating a strong SSH
signal in the N mode, while the entrainment forcing is
efficient in generating a strong upper-thermocline tem-
perature anomaly in the A mode. This has also been
shown to be valid for a more general thermocline in
section 4 (Figs. 5 and 6). Finally, the solution here also
applies to the shadow zone under a spatially uniform
Ekman pumping W,(y) = W, and spatially uniform per-
turbation forcings (m = n = 0). Therefore, the major
features here also apply approximately to a shadow
zone.

APPENDIX B
Forced Response in the Rhines-Y oung Pool

In the Rhines-Young pool (Rhines and Young 1982),
the PV ishomogeneousin layer 2. Under Ekman pump-

ing W,(X, y), the mean flow field in our 2.5-1ayer model
(2.1) can be derived to satisfy

d,®, + d, b, = &, = f W,(X, y) dx,
xXE

®, = (ddyy + $)/(1 + d,).

The wave rays in the pool, under general forcing (3.1),
can be derived from (3.3) as

ky = —w/(l +d,), k= (0 — nV,)lU,. (B.1)

Thus, the N mode radiates purely westward. The speed,
Cyn = —(1 + d,), is the planetary wave speed in the
1.5-layer thermocline model that combines layers 1 and
2 [see EqQ. (2.3) of Liu (1998)]. In contrast, the group
velocity of the A mode satisfies

(ngAv ngA) = (U,, V,) = (Ug — d,dy, V)/(1 + d,),

and therefore is purely advected by the layer-2 mean
flow, both being paralel to, but slower than, the wave
characteristics. Figure B1 shows wave rays similar to
that of Fig. 3 but in a double-gyre that has a Rhines—
Young pool in the midlatitudes. It is seen that the N
mode (Fig. B1a) propagates westward regardless of the
mean flow. The A mode, however, tends to follow the
gyre circulation. Within the pool, the A mode follows
exactly the mean flow of layer 2. In most of the shadow
zone, the A mode follows approximately (U, — d,d,,
Vg), as discussed in Figs. 1-4 and later in appendix C.

Now, we turn to the forced modal response in the
pool. For simplicity, the perturbation forcing is assumed
to be spatially uniform m = n = 0. First, with (2.6) and
(B.1), the module structure can be derived as

a, =05 a,= —d/(U, — U,). (B.2)

Therefore, the N mode has an equivalent barotropic
structure with upper-layer flow twice the strength of the
lower-layer flow. In contrast, the A mode usually has
the two layers flowing in the opposite direction except
in the region of strong westward flow with U, — U, <
0, which may occur in the southern part of the sub-
tropical gyre.
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Fic. B1. Asin Fig. 1 but in a double-gyre circulation with the Rhines-Young pool in appendix
B. Now W,(y) = W, sin(yw), where W, = 0.15. The time interval between each pair of marks

is 0.4.

Finally, the modal projections are derived from (4.2)—
(4.3) and (B.2) as

iw[—(u, — u, + 2d,)w, + d,w,]
Alw, 0, 0)(ay — ax)(u; — u,)

b =

—lww,
2A(w, 0, 0)(a, — ay)’

bia = (B.3)

Anomalous Ekman pumping only forces the N mode
and therefore generates little variability in the upper
thermocline temperature. The failure of the Ekman
pumping to force the A mode, and in turn a strong upper
thermocline temperature variability, can be understood
similarly as Liu (1996). Since the A mode is dominated
by advection process, an anomalous Ekman pumping
quickly generates a horizontal Sverdrup flow (after the
passing of the fast N mode), with which the associated
temperature advection tends to cancel the vertical ad-
vection effect due to Ekman pumping. In contrast, w,
forces response in both modes. Nevertheless, from the
modal response to w, forcing

hiy/hia =
hon /s =

2d,/(U; — U,),

—d, /(1 + U,), (B.4)
we see that buoyancy forcing generates a dominant re-
sponse in the thermocline temperature field h, in the A
mode, unlessit isin the region where the westward flow
is too strong.

APPENDIX C
Wave Rays in a Ventilated Thermocline

Here, we derive the wave rays for a QG ventilated
thermocline, forced by spatially uniform Ekman pump-
ing W,(y) = W, < 0. The thermocline solution south
of the outcrop liney = vy, is derived as (Hendershoot
1989)

d, = —dyy, ®, = [didyy + XW,]/d,

for x < x4(y), in the ventilated zone and
b, = —xW,/d,, P,=0

for x5(y) < x < 0 in the shadow zone. Here x. = 0 is
the eastern boundary, and

Xs(Y) = did,(Yo — Y)/W(Y)

is the shadow zone boundary (caption, Fig. 1). Now
since the mean flow does not vary with space within
the ventilated zone or the shadow zone, both wave-
numbers should remain unchanged at their initial values
asin (3.6). For simplicity, we only present the case of
n = 0. The wave rays are derived following (3.5), while
the wave structure are derived from (2.6). In the ven-
tilated zone,

N=[-(1+ 2d,) * AJw/2d,d,,  (C.1)

where A = [(1 + 2d,)2 =4 d,d,]¥?2 = [1 + 2(2d,)?]>.
We then have
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—2d,d, _ W,(A F 1)
X - - - ¢ N — Y~ 7
A1+ 2d FA A1+ 2d FA

Cdi[FA — (L + 2d)]

N — 2
In the shadow zone,
N=[—(1+ d,) = Alw/2d,d,, (C.3

where A = [(1 + d,)? — 4d,d,]¥2 = [d3 + (2d,)?]¥2.
We then have

, +2d,d, W,
N __ —cht2 N — =Y
BT ard) A AT A
d,[=A — (1 + d))]
N — CA4
% 0, - dy) 4

The wave rays in (C.2) and (C.4) are independent of
the forcing frequency. In a more general thermocline
(e.g., Fig. 4), the wave rays may vary with frequency,
although not significantly. Furthermore, with (C.1)—
(C.4), one can prove that

1) ay > 0, a, < 0in both zones; the N mode and the
A mode retain the structure of the first and second
modes, respectively.

2) Xy < X, < 0in both zones; the N mode is aways
more westward than the A mode.

3) In a subtropical gyre where W, < 0, we havey, <
0, ¥y < 0in the ventilated zone, but y, < 0, y, >
0 in the shadow zone. Thus, although both waves
propagate southward over most of the ocean, the N
mode propagates northward in the shadow zone (see
Figs. 1, 3, and B1).

4) For the A mode, the direction of thewaveray relative
to the characteristics (U, — d,d,, V,) = (—d,d,, W,)
is

dy V, 1

1
— 14— <1
dx/ U, — d,d, 2( V1t 2(2d1)z>
(C.5)

0<

in the ventilated zone
and

dy /v 1
dx/ U, — d,d, 2

1+d,
+ > 1
V(1 + d,)? — 4d,d,

(C.6)

in the shadow zone.

Here we have used the wave ray slope as dy/dx = y/X.
The A-mode wave ray always follows closely to (Ug —
d,d,, Vg). According to (C.5) and (C.6), both of them
are always in the same quadrant. The wave ray has a
slightly smaller slopein the ventilated zone, but alarger
slope in the shadow zone. For atypical thermocline of
d, = 0.3 to 0.5, the slope difference can be shown to
be within 10%—20% in both zones; d, vanishes, they
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coincide with each other. These features have also been
seen in the more general thermocline case in Figs. 1-4.

APPENDIX D
Planetary Wave Rays in a 3.5-Layer Thermocline

Wave ray solutions in the 2.5-layer model (section 2
and 3) can be extended to a 3.5-layer model. Assuming
the density for layers 1, 2, 3, and 4 as p — 3Ap, p —
2Ap, p — Ap, and p, respectively, the 3.5-layer QG PV
equations are

[0, + I(.,)]0, =0 for n=1,2 3.

Here, a, = By + (¢, — $)/L3dy, 4, = BY + (¢s —
2¢, + P)ILRdy, 0s = By + (¥, — 2¢5)/L3d;, where
L = g'D/f?, g = gAplp, D = D, + D, + D,, and
D, and d, = D,/D are the dimensional and dimension-
less mean layer thicknesses for layer n. The equations
can be linearized on mean flows (U,,, V,)) and the WKB
solutions can be derived similar to that in the 2.5-layer
model.

In the following, all variables will be nondimension-
lized. The horizontal spatial scale, velocity, and time
will benormalized by L, C, and L/C, respectively, where
L isthe basin scale and C = BL3. For perturbations of
the form ¢ ,et**v-0 the eigenvalue equation can be
derived as

o+ c,02+co+¢c,=0. (D.1)
Here
c, =2+ (d, — dy)k — R, — R;, (D.2a)
C, = Rz(R3 - k) - k[ZRB + (dl - da)R3]
+ k?[2d,(d, + d;) + d,d;], (D.2b)
Co = KRRy — K[d,R,(d; + d;) + d,d,(R, + R;)]
+ k2d,d,d,}, (D.2c)

where R, = kU, + IV, and R; = d,R, + d,R, + d;R;
= kU + V5. The eigenfunctions satisfy

b /b, = (R — 0)/(R, — o — diK),
3/, = (Rs — 0)/(R, — 20 — d:K). (D.3)

Given aforcing of frequency w, the group velocity and
wave rays of three wave modes can be solved numer-
ically asin section 3. It is found that one mode always
propagates westward rapidly, resembling the N mode.
The other two modes, however, tend to follow the ven-
tilation flow, resembling the A mode.

The major features of the wave propagation can be
seen analytically in the low-frequency limit  — 0. As
o = o - 0, the wavenumber solution can be derived
from (D.1) and (D.2c) as ¢, = 0. One solution is ob-
viously

k=0, N mode. (D.4)
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With (D.4), the group velocity and wave structure can
be derived as

CgN = (90, 9,0)y = (—Vs/V;,0), N mode, (D.5a)

and
b1l = Vi1V, b3, = Vs3IV,

Since the meridional flows are in the same direction in
the interior wind driven thermocline, the wave propa-
gates purely westward and has an equivalent barotropic
structure. Thisis similar to the N mode of the 2.5-layer
model discussed in section 3 [Egs. (3.9a,b)].

The other two modes, which are advective modes,
can be seen most clearly in the case of d, = d,.5 For
convenience, (D.2c) is rewritten as

G = KRy(R, — d;K)(Rs — d,d,K)
- Rl(RZ - d3k)(RB - dzdsk) - R1R3(d3 - dl)
X [R, + k(d; + dy)]}(Rs — Ry).

N mode. (D.5b)
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With d, = d;, (D.6) immediately reduces to c, = k(R,
— d,K(R; — d,d,k). The two advective modes are

R, —dk=0, or

(U, = d)k + V,I =0, Almode, (D.7)
and
R — d,d,k =0, or
(Ug — did)k + Vgl = 0, A2mode. (D.8)

The group velocity for the two advective modes can be
derived with the aid of (D.7) and (D.8), respectively, as

CgAl = (00, 0,0)p = (U, — d;, V,)F,

A1 mode, (D.9)
CgAZ = (00, 0,0)p, = (Ug — dy0,, V)F s,
A2 mode, (D.10)
(D.6) where the speed factors are
(Ul + Us)Vz — (V1 + Vs)(Uz — dl)
Fy = D.11
M (2U1 + U3)V2 - (2V1 + V3)(U2 - dl) ( )
[UZVB - VZ(UB — dle)][U3VB - V3(UB - dldz)]>

F,=1 1- . D.12
s / ( (U, — dVa — Va(Us — G,0,)]Va (B-12

Thus, the direction and speed of each wave ray is de-
termined completely by the mean thermocline structure,
but independent of wavenumber. The A1 and A2 modes
are aways pardlel to (U, — d;, V,) and (Ug — d,d,,
Vy), respectively, and therefore are strongly influenced
by mean flow advection, in sharp contrast to the N mode
in (D.5d). The A1 mode is always more westward than
layer-2 ventilation flow. The A2 mode is parallel to the
wave characteristics as does the A mode in the 2.5-layer
model [see section 3, Eq. (3.10a,b)]. If the mean flow
is weak in layer 3 (e.g., shadow zone of layer 3), the
wave characteristics are paralel to, but slower than, the
mean ventilation flow of layer 2 as discussed in (6.2) is

(U,, V,) = (Ug — did,, Vg)(1 + di/d,). (D.13)

Now, the A2 mode wave ray is parallel to layer-2 ven-
tilation flow, with the A1 mode wave ray somewhat
westward. The speed factors F,, and F,, vary in dif-
ferent regions of the mean thermocline circulation.
However, in the case of very weak layer-3 flow [shadow
zoneinlayer 3, (U,, V,) = 0], (D.11) and (D.12) reduce

5 The two other simpler cases are U; = V, (=R;) = 0 and U, =
V, (=R, = 0.

to F,, = % and F,, = 1, respectively. Therefore, the
A1 mode is about half the speed of layer-2 flow. The
A2 mode is the same speed as the wave characteristics,
which, notice (D.13), is slower than layer-2 ventilation
flow. Consistent with the A modein the 2.5-layer model,
both advective modes are slower than the middle ther-
mocline ventilation flow.

It can be shown that the wave structure of the A2
mode has no barotropic transport d, ¢, + d,¢, + d; 5
= 0, with ¢, the opposite sign as the other two. This
is reminiscent of the mode 3 structure. The wave struc-
ture of the A1 mode is more complex; it has virtualy
no currents in layer 2: ¢,/dp, = ¢,/d, - 0; and ¢,
< ¢, if layer-3 flow is weak. Thus, the A1 mode is
surface trapped, which has no apparent analogy of free
wave structure. Finally, notice in (D.7), (D.9), (D.8),
and (D.10) that the wave vector (k, |) is aways normal
to the wave ray. In other words, particles move parallel
to the wave ray—a conseguence of the limit of low-
frequency planetary wave.
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