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ABSTRACT

The decadal response of the ventilated thermocline to surface buoyancy forcing
is investigated, using simplified mixed layer thermodynamics and two-layer
planetary geostrophic dynamics. The model is forced by a stationary Ekman
pumping and a fluctuating sea surface density, while the associated surface
buoyancy flux is diagnosed from the buoyancy budget of ventilated columns.
The decadal forcing is represented as a slow modulation of the seasonal cycle,
rather than a slow periodic forcing asin Liu and Pedlosky. It is found that the
amplitude and the degree of nonlinearity of the interior response depend on the
anomalies of the yearly averaged surface buoyancy flux, but that omitting the
seasona cycle leads to an overestimation of the thermocline variability by a
factor of 2. At periods longer than 10 years, the interior response becomes
linear and frequency independent so that in the presence of stochastic buoyancy
forcing the spectrum of potential vorticity or interface displacement is white at
low frequency and red at high frequency. A statistical signature of the buoyancy
forcing is the asymmetric shape of the cross-covariance function between sea
surface density and interface displacement anomalies in lead and lag conditions.

1. Introduction

In his seminal study of the ventilation of the subtropical gyre, Stommel (1979)
discussed how the seasonally varying properties of the surface mixed layer affect
the ocean interior, and showed that only water subducting in early spring could
penetrate the permanent thermocline and avoid being reentrained in the mixed layer
during the following fall and winter. This selection process, known as Stommel’s
demon, was shown to operate in the North Atlantic subtropical gyre in the

observations (Marshall et al. 1993) and numerical models (Williams et al. 1995), with an effective subduction period of about
one month. Y ear-to-year variations of mixed layer properties at the end of winter are thus likely to produce changes in the
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ventilated interior. Deser et al. (1996), indeed, suggested that the decade-long cooling and deepening of the mixed layer that

was observed in the 1980s in the central North Pacific would penetrate to greater depth trough ventilation, while Miller et al.
(1994) had shown that, if surface heat flux and wind anomalies were responsible for the surface cooling, the subduction of
the thermal anomalies would be consistent with the mean currents. In a similar way, New and Bleck (1995) proposed that a
large part of the low-frequency variability observed in the first 1000 m of the North Atlantic by Levitus (1989) could result

from the subduction of water from a colder mixed layer without requiring changes in Ekman pumping.

From atheoretical point of view, little attention has been given to the buoyancy forcing of the thermocline. Using a normal
mode approach, Frankignoul and Muller (1979) suggested that stochastic forcing by buoyancy flux was much smaller than
by Ekman pumping in the wavenumber—frequency range of geostrophic eddies, while Liu and Pedlosky (1994, hereafter
LP), using a two-layer planetary geostrophic model, argued that, at decadal frequencies, buoyancy forcing would dominate
wind forcing in the ventilated area. However, the large range of amplitude given to the prescribed displacement of the first
layer outcrop line was not related to the sea surface density or surface buoyancy flux variations, so the relevance of their
predictions to the observations was unclear. Moreover, since the seasonal cycle of the mixed layer was not represented, the
physics of the interannual fluctuations of the mixed layer depth, which is representative of the year-to-year changes of the
mixed layer depth at the end of winter, according to Stommel’ s demon, needs to be clarified. The aim of this paper isto
estimate more quantitatively the thermocline response to low-frequency buoyancy forcing, using a crude but more realistic
representation of the mixed layer that takes into account its seasonal cycle, which will be shown to reduce the interior
variability by afactor of 2. The modd is otherwise a straightforward extension of that of LP, and it is also forced by the
fluctuations in the surface density rather than the buoyancy flux. However, the latter is diagnosed with a simple
thermodynamic subduction model.

The structure of the paper is as follows: Section 2 presents the governing equations and the mixed layer model. Section 3
is devoted to the diagnostic of the surface buoyancy flux. The model response to a decadal modulation of the annual
migration of the outcrop line is presented in section 4, and a stochastic forcing experiment in section 5. The main results are
discussed in section 6.

2. A model of the ventilated subtropical gyre
a. The gyre model

The thermocline model consists of two adiabatic |ayers of constant density p, and p,, below a surface mixed layer, whose
density p . and depth h_ are only functions of time and latitude, and which includes an infinitely thin Ekman layer at the top

(Fig. 1 ©=). Asin LP, the model has afree surfaceg and the depth H of the thermocline bottom is taken as a constant. The
Coriolis parameter is used as meridional coordinate. The model subtropical gyre extends fromx,,, to O, f gto f\» and the -

plane approximation is used. For such a two-layer model, a constant meridional gradient is best suited for bothp, and h, .
Defining f () as thef coordinate of the first layer outcrop line, we choose to satisfy p (f, t) =p, a f =f (1), which
leads to

pm(,f? 'r) = p] + iu'll.f - .ﬁ;uh(”] “}
hm(fr 'r) = d(") + f-Lz[f _ f;ub{”]a (2}

where 1, and u,, are the constant meridional gradients of density and depth of the mixed layer, and d its depth at the
outcrop line, which is amodel variable whose calculation is described below. Sinced varies, h,_ is not entirely specified in
terms of f ., contrary to p .. The buoyancy forcing is modeled by prescribing the outcrop line displacement, which is thus
equivalent to specifying the surface density. Sinceu, and u,, are positive, the mixed layer deepens (shoals) and cools

(warms) when the outcrop line moves toward the south (north). The ratio of mixed layer density and depth changesis
#q/p,- For the standard model parameters listed in Table 1 =, this corresponds to a 15-m depth variation for a 1°C sea

surface temperature (SST) anomaly. Note that (1) and (2) are longitude independent and that the mixed layer depth and
density fluctuations are also latitude independent.

To emphasize the buoyancy forcing effects, the Ekman pumping is time independent:

— o (Y — , (f — f:'-.r)(f - f&)
w, = w,(f) 4w, (fm — f;)z

(3)
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with a maximum amplitude Wy af=(fy+ fs)/2 =f,- The zonal and meridional Ekman transports satisfy W, = div(Ve)
and are given by

Uu,=0

V = 4w,

Y= B = 1o
xﬁééi—auhm@+nmwﬁw.

(4)

Sincef ,, and w, are prescribed, the unknowns are the free surface f, the depth h of the interface between the two

thermocline layers, and the mixed layer depth d at the outcrop line. The model differs from that of LP since 1) the moving
outcrop line is explicitly related to the mixed layer depth and density, 2) the mixed layer depth d at the outcrop line is not
prescribed but calculated, and 3) the Ekman pumping varies with latitude, allowing recirculation zones and a distinction
between subpolar and subtropical gyres.

To derive the governing equation for the interface depth, first consider the dynamic pressures, given in each layer by the
integration of the hydrostatic equation

p.r!r
— =+ v,z
Po
3
e = i, 5)
Po
P>
—=vymn—-h = yh,.
L Po

where the reduced gravity between layers 1 and 2 and between the mixed layer and layer 1 are denoted respectively by y =
dlpy = plpg andy, = 9d(p, = pylpg (g is the reference density), and the rescaled free surface 77 is defined by yn = g&.
Geostrophic balance in each layer yields

|
(”cn U:x = E{_fﬂﬂ_\'! .IUH'_'I.':! With o = m, l! 2' (6)
. 0

Defining the barotropic pressure pg from

Hvy, = (H — hywv, + (h — h,)v, + v, dz

_'r‘ Pt

H
= —k X Vp,, (7)
pof

one obtains, after using (5) and (6),

1
% B E[—Euhi + T(H - h): + ZH(?TI - Tmhm}]" (8)
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Assuming that the barotropic circulation is in Sverdrup equilibrium

0 fw
(H— hv, + (h — h,)v, + v odz = —

fH ﬁ
—hy

and integrating (9) along the x axis with a zero barotropic transport at the eastern boundary, one gets
Py _ f?w,x
po  BH
Equations (8) and (10) enable one to expressy in terms of h and (y ., h). The evolution equation for h is the
conservation of the lower-layer potential vorticity q = f/(H — h) (hereafter PV) south of the outcrop line

9)

(10)

20 20

o Cax o ~ 0 forf=fu®. A

This equation can be written in characteristic form, which determines the different dynamical regions of the gyre. Here
we concentrate on the ventilated zone, where the lower-layer columns originate from the outcrop line. Thisregion is
bounded by a shadow zone, for which the characteristics of (11) emanate from the eastern boundary, and a recirculation
zone for which they emanate from the western boundary. The boundaries between the three dynamical regions (Fig. 1a ©=)
are denoted by xsz(f, t) and xg,(f, t) and their calculation is left to the appendix, where h is shown to be independent of x in

the ventilated region. Then, from (5), (6), and (8) the meridional velocity in al layersis equa to the barotropic meridional
velocity V!

v, =, =1, = U

IA

e f= fuld) 0

BH Xe ([, 1) = x = x,(f, D).

A similar relation holds north of the outcrop line [use (5), (6) and (8) withh =h_]:

v, =1 =1

, =1, =g forf=f,(1).(13)

Because of the flat thermocline bottom and the x independence of the mixed layer depth and density, the lower-layer PV at
the outcrop line or subducted PV, g, =f_ ,/(H — d), is only a function of time. From (12), the lower-layer meridional

velocity is, asw,, X independent. Hence, meridiona advection does not lead to any zonal variations of PV in the ventilated
zone. Equation (11) simplifies to
;‘w ﬂh h

hy 1w N TR I - f
o Ty T\ T e forf=fal (4

with the moving boundary condition
h(f, t) =d(t) af=f_,(1).(15)

The interior dynamics has been greatly smplified. The response to Ekman pumping consistsin a local deepening of the
interface and a southward advection by the Sverdrup flow. There is no Rossby wave in the ventilated area because there is
no x dependence.

b. The mixed layer model

Northern Hemisphere observations show a large seasonal displacement of the outcrop lines (Levitus 1982), which reach
their southernmost latitude by the end of winter, and their northernmost one by the end of summer. In the North Atlantic,



they present a NW-SE tilt, and have a complex annua migration, while they remain more zonal in the North Pacific so that
(1) fits better. For simplicity, following LP we model the annual migration of the outcrop by a harmonic oscillation,

fsub(t) =f[1— acos(2xt)],(16)

where time has been normalized by a year, and its origin is taken as the first of March. In the model, only outcrops
located south of 30°N in winter always belong to the subtropical gyre, while the others penetrate in the subpolar gyre during
summer. A typical value for a in midlatitudes is 0.2, and for illustration, f  has been set to the value of f at 36°N, in order to

keep for simplicity the outcrop line in the subtropical gyre (between 28° and 44°N).

As shown by LP, the computation of d is constrained by the prescribed displacement of the outcrop line. For stability, d
must decrease when the speed of the outcrop line exceeds the barotropic meridional velacity (detrainment period) and
increase otherwise (entrainment period). Subduction only occurs during detrainment between timest, and t,,, satisfying

ﬂi{fsuh
dt
This is schematically depicted in Fig. 2 ©=for a general case with a slow modulation of the seasona cycle (section 4).

For the parameter values listed in Table 1 ©=, subduction occurs between 28 February and 2 September, but only water
columns subducted before mid April (timet,) penetrate permanently into the interior, the others being reentrained in the

mixed layer during the following entrainment period [t,; t, + 1] (Fig. 2 O=). The effective subduction period [ty t,] lasts

T Evﬁ‘(f;;uh} = 0 ﬂt r = Ii]* ri' (17}

about one month, in agreement with Stommel’ s demon.

The computation of d is based on the buoyancy budget of the mixed layer during the detrainment period, and on the
convective adjustment scheme of LP during the entrainment one (Fig. 3 ©@=). During detrainment, the local variation of the
mixed layer buoyancy is only due to advective or surface inputs. Since the mixed layer buoyancy is longitude independent,
this can be written below the Ekman layer, using (12):

9 P
h, 22 4 Bh v, =B — B, (18)

"ot af

where B, | is the surface buoyancy flux and B, = —BV 1, 9lp, the Ekman buoyancy transport. Following the outcrop line
foup(t) wherep  =p, andh  =d, (18) can be written as

df.. : 18
Yo _ o (£ |28 = B[ fun(0). 1) = Bolfoun®)
dt Po

d(r)
fort,=t=1,. (19)

The unknowns are d(t) and B, [f  , (1), t] so that we need a second relation to determine d. As afirst step, we assume a
linear relation during the first stage At of the restratification process

d{'r) = d("l!) - kl.‘Br'H Lfﬂllh{'r)! 'r] - B.":r{,ﬁ[l'! r{!”
fore,=t=1, + At (20)
where d(ty) is any initial condition, B; (f, t)) = —Bu V (fy)dlpy withfy =f_ (t) (Figa. 2 ©=) in view of (17) and (19),

and k, At are given in Table 1 ©@=. Equation (20) states that in early spring, the more the mixed layer gains buoyancy, the
shallower it becomes. Then, we assume that d remains constant,

d() =d(ty + A forty + At S t < t,,(21)

which together with (19) and (20) yieldsd during the detrainment period. Since a column subducted at timet,; conserved
its PV fromt, tot, + 1, one has



,fguh("l) . ,fguh(![l + 1)
H—d(t,) H-—di,+ 1) (22)

which yields the initial condition for d in the following year. The latter equation relates the mixed layer depth at the end of
winter to that in early spring of the previous year. It is the key equation of the mixed layer model, which represents the
complex physics of the entrainment period. Aslong as At =t —t, the somewhat artificial assumption (21) has no

influence on the mixed layer depth during the next winter. Furthermore, if the outcrop leaves the subtropical gyre at atime
larger thant,, the mixed layer model can also be applied from t; to t;, which will be used in section 4.

The seasonal cycle is presented in Fig. 4 ©=, for the parameters listed in Table 1 ©=. It takes a few years for the mixed
layer depth at the outcrop line to reach its end-of -winter equilibrium value of 125 m (not shown). Figure 4a ©@= shows the
annual march of the outcrop line given by (16), which is associated with a moderate annual cycle of the surface density with
0.90,, peak to peak amplitude. From March to June, the mixed layer shoals by 40 m at the outcrop line (Eig. 4b ©=), which

corresponds to a shoaling of more than 70 m at a fixed latitude by (2). Since (19) only applies to the detrainment period, the
surface buoyancy flux is only plotted for that period (Fig. 4c ©=). During the effective subduction period (from the
beginning of March to mid April), the outcrop line moves about 2 degrees northward and d shoals by 30 m. The shoaling is
responsible for the initial decrease of the lower-layer PV at the outcrop line (Fig. 4c ©=, dashed line) but, by the end of
March, the vorticity gain induced by the surface buoyancy input dominates the PV evolution. Columns with high PV are
reentrained in the mixed layer from September to February.

It should be emphasized that the mixed layer model does not require knowing the interface depth h, which can then be
computed from (14) and (15). Thisis due to the assumption of aflat thermocline bottom and a zonal outcrop line. A tilted
outcrop line would couple the ventilated interior to the mixed layer.

3. Diagnostic of the surface buoyancy flux

In section 2b, the surface buoyancy flux at the outcrop line was calculated by (19) during the detrainment period.
Entrainment needs to be added in entrainment periods, but this is beyond the scope of our study. Nevertheless, the surface
buoyancy flux can be diagnosed by considering the buoyancy content of a fluid column that extends below the mixed layer,
in order for entrainment to merely redistribute buoyancy.

Consider awater column in the ventilated zone, extending throughout the mixed layer of depth —h at t =t (the first

March) of a given year. For simplicity, we first assume that the column behaves barotropically during a one-year trajectory
determined by the Sverdrup flow (ug, Vg). Fromt, tot + 1, the column moves to the south by Af (about two degrees of

|atitude) and accordingly, its mixed layer depth shoals by 1.,Af (~ 10 m) and its density decreases by x, Af (~ 0.100) (Fig. 5a

©=). Along the course of the year, mixed layer water is added by Ekman pumping and injected into the interior by vertical
advection. For simplicity, the vertical velocity is set to w,, throughout the column. Following Stommel (1979), the tracking

of the water parcels provides a mean to compute the density profile in the interior. Consider a water parcel at depth z and
timet. It has previously left the mixed layer at timet,(z t) and latitude f,(t), which are easily determined by V. Since the

mixed layer density wasp, (., f), we havep(z t) = p_(t;, f,). The calculation isillustrated in Fig. 5b C=. From tytoty + %,

the seasona pycnocline has formed and the mixed layer shoaled by ~ 100 m. From one winter to the next, however, the
former is eroded and only a small volume of stratified water escapes to be reentrained in the mixed layer.

As shown by Marshall et al. (1993), the buoyancy content of the column beneath the Ekman layer is governed by the
surface buoyancy flux B, the Ekman buoyancy transport B, = —(g/p,)V 0o ,/dy, and the divergence of the vertical

transport of buoyancy within the column B, = We(pm - pb)g/po, where Pp denotes the density at the bottom of the column:

R d ay [

p
— 4+ u,— + v,— —|g— | dz
at Hﬂal g dy o gp[] ‘

=B, — B, + B,. (23)

By the thermal wind relation, a meridional density gradient in the interior gives rise to a vertical shear of the zonal
geostrophic velocity, which should be added to ug in (23). However, since neither the mixed layer density nor the meridional

velocity isx dependent, the subduction does not create any zonal density gradient in the interior on which the baroclinic flow



could act. Hence our initial assumption of barotropic displacement does not affect the buoyancy budget of the column. Note
that the baroclinic advection effect has been found to be negligible in a more general setting (e.g., Marshall et al. 1993; Paillet
and Arhan 1996). Since B, and B, are easily derived from (3) and (4) using p,(t) = p(z 1) at z = —h,, (23) provides a

diagnostic relation between the buoyancy content of the column and its surface buoyancy flux, which can be integrated over
the detrainment and the entrainment periods [approximated respectively as (t,; t, + ¥2) and (t; + %2 t; + 1)], or during a

whole year betweent, and t, + 1. As summarized in Table 2 2= for the experiment in Fig. 5 @=, the annual mean surface

buoyancy flux is negative, as the buoyancy loss in the entrainment period is larger than the buoyancy gain in the detrainment
one. In the latitude band covered by the chosen column, the annual Ekman buoyancy transport is not negligible but exceeds
the buoyancy gain ABC between consecutive winters, like the annual divergence of vertical transport of buoyancy. In the
latitude range of maximum Ekman pumping, the vertical divergence of buoyancy supplies most of the column annual
buoyancy gain.

It should be emphasized that the rhs of (23) is taken following the column so that its averaging corresponds to a
Lagrangian average over the few degrees of latitude covered by the column during the corresponding time interval. In
periods of anomalous annual buoyancy loss, it may occur that the mixed layer depth at the end of the integration is larger
than the initial column depth. In this case, the latter is set to the second winter mixed layer depth. The initial density profile
of the column below the mixed layer is then simply assumed to be linear with a prescribed vertical gradient T

4. Decadal buoyancy flux forcing

In section 2b, we showed that during the effective subduction period, the PV of subducting columnsis determined in the
model by the mixed layer shoaling (about 30 m) and the northward displacement of the outcrop line (about 2° of latitude).
The observations show similar amplitudes at the decadal timescale, as in Deser et al.’ s study (1996) where a SST anomaly
of 0.75 K (pesk to peak, corresponding to a 3° latitudinal displacement of the outcrops) is associated with a mixed-layer
depth anomaly of 20 m: the ratio of mixed-layer depth change and outcrop displacement is only a factor 2 larger than
predicted here for the seasonal cycle. It is therefore likely that, in concert with the interannual fluctuations of the outcrop
line, the year-to-year variations of the mixed layer depth influence the PV of the columns subducting in the permanent
thermocline. As the mixed layer depth should not only depend on the instantaneous forcing, but aso on past conditions, it
seems hecessary to take into account the seasonal cycle of the mixed layer when representing the decadal forcing, even
though it was neglected in LP. In the present paper, we consider that the outcrop line displacement is given by

fop® =f[1-a cos(coyrt) + b cos(wt)],(24)

which for o <& o, = 27/ 1 yr represents a low-frequency modulation of the seasonal cycle.

a. Decadal modulation of the outcrop line annual march

In this section, we present the equilibrium response of our model for w = 22/10 yr in (24). To estimate the amplitudes, we
use SST observations since surface salinity fluctuations are poorly documented at low frequency. At the decadal timescale,
peak to peak SST variations are O(1 K), about five times smaller than in the seasonal cycle, which yieldsb —~ a/5 = 0.04.
The mean position of the end-of-winter outcrop line is taken at 35°N so that it may penetrate in the subpolar gyrein
summer, but without influencing the permanent thermocline. The mean mixed layer depth d at the end of winter is taken as

d, = 160 m and, correspondingly, in (20) one choosesk = 0.15 m/W m 2. Otherwise, all parameters are as before. For

simplicity, we discuss from now on the model forcing in terms of SST, and we prescrible the SST modulation to have an
amplitude of 0.45°C. The hest flux is estimated diagnostically as in section 3.

Figure 6 @= shows that at the end of winter, the mixed layer depth at the outcrop line is out of phase with the prescribed
SST modulation, with an amplitude of about 12.5 m, which, from (2), corresponds to local variations of 12.5 + 7.5 = 20 m.

These anomalies are driven by fluctuations of the heat loss in the entrainment period reaching —15 W m 2 (Fig. 7 ©=).
However, during detrainment, the anomalies are of similar amplitude but opposite sign, resulting in a small annual heat flux

anomaly (-6 W m_2). Because the mixed layer depth changes are small in winter (ch/d0 -~ 12.5/160 < 1) and the wind is
steady, the simple heat balance

dSST' _ Qi
’ dr pﬂCp

(25)

is expected to hold, where the prime denotes an anomaly and Q. is the annual mean surface heat flux which varies with



|atitude as d,. For d; = 160 m, (25) recovers an annual heat flux anomaly of 5.8 W m 2in quadrature with the SST
anomaly, in agreement with Fig. 7 ©=.

The lower-layer PV is mapped for April of each year of the decadal modulation in Fig. 8 @=. The solution is only given for
the ventilated zone, whose extension varies significantly from year to year. From years 0 to 4, the PV of the subducted
columnsis high, while it islow from years 5 to 9. These highs and lows are in phase with the modulation of the outcrop
line, implying that planetary vorticity variations dominate the PV evolution of the permanently subducted columns. The role
of the mixed-layer depth changes is emphasized in Fig. 9 ©=, which compares the lower-layer PV at the outcrop line during
each of the ten effective subduction periods (gray line) with the PV evolution that would be predicted for a constant mixed
layer depth (continuous line): the mixed-layer depth anomalies substantially reduce the PV variations since, during
entrainment periods of anomalous heat gain (loss), the subducted columns have higher (lower) planetary vorticity but greater
(smaller) thickness. The resulting variability in the permanent thermaocline has a moderate amplitude (15 m at 32°N, Fig. 10
©=) that decreases with latitude while being advected southward (the small bumps in Fig. 10 ©= are associated with the
yearly pulse of subduction). The maximum amplitude of the interface displacement Ah at latitudef is

Ah = f L . (26)

i max
'-? sub q sub

where qminsub and g™ denote respectively the minimum and maximum value of q  , inFig. 9 ©=.

The variability of the interface depth is related to the surface heat flux as follows. The anomalous surface heat loss in the
entrainment period of a given year determines the SST and mixed-layer depth anomalies, hence the PV anomalies of the
columns leaving the mixed layer in late winter (the PV and SST anomalies have the same sign). As the latter are advected,
they propagate the anomal ous interface depth in the permanent thermocline, lower than normal h being associated with a
previous surface heat gain. Figure 10 ©= reveals an asymmetry between sharp rising and slow deepening of the interface,
which, as discussed by LP, is linked to the nonlinearity of the thermocline response. Here we can relate this asymmetry to
the annual surface heat flux anomalies. For instance at 31.3°N where the advective timescale is 2 years, a sharp rise of the
interface is found between years 2 and 6 because of an anomalous annual surface heat loss two years earlier (Fig. 7 ©=).
Since the annual heating anomalies decrease as the period of the forcing increases [see (25)], however, the thermocline
response is expected to become linear at low frequency.

b. Comparison with LP

Liu and Pedlosky considered a harmonic oscillation of the outcrop line

fop® =f [ +b cos(wt)] (27)

and interpreted the thermocline response to frequencies lower than annual as that to interannually varying end-of-winter
mixed layer properties. The solution was periodic with the period of the forcing. For sufficiently strong amplitude and high
frequency, the outcrop line velocity could be larger than the barotropic meridional one during part of the cycle, and the
solution is called an entrainment solution. The annual forcing (o = Dy b - 0.2) is an example of such a solution. For small

amplitude and low freguency, however, al the subducting columns reached the permanent thermocline and the mixed layer
depth could be set to a constant. This was called a nonentrainment solution. LP did not discuss which one of the two
solutions was relevant to the observations. However for b = 0.04, which was chosen above as representative of the decadal
forcing, the model response to (27) is a nonentrainment solution at periods longer than 5 years (LP, Fig. 11d ©=). The
comparison in Fig. 11 @= with our solution (continuous line), using for LP (dashed ling) a constant mixed layer depth of 160
m clearly shows that taking into account the seasonal cycle reduces the variability by afactor of — 2, independently of the
frequency since the latter is found not to affect the relation between mixed layer depth and temperature at the end of winter.

As shown in Fig. 11 ©@= by the good agreement with the dot—dashed curve, the effect of the mixed layer cycle can be
parameterized by linearly relating the two variables and assuming

od = —coSST  with ¢ > 0.(28)

Note that in al the solutions, the stegpening of the interface diminishes when the period increases, as suggested above.
The thermocline response to heat flux forcing becomes linear at w <& 27/10 yr.

5. Stochastic buoyancy flux forcing



As suggested by Frankignoul and Mdller (1979), the sea surface density fluctuations in the midlatitudes are primarily
driven by the day to day variability of the weather, which can be considered as a short timescale stochastic process. The
surface buoyancy forcing of the thermocline can thus be represented as a stochastic forcing problem, which is tackled here
by using the parameterization (28). We assume that the SST anomalies can be modeled by afirst-order autoregressive
process and neglect for simplicity the salinity effects on the density fluctuations, even though they would enhance their low-
frequency variance. Then, the anomalous displacement of the outcrop line of | is related to the SST anomaly 6SST by

M
Poly

O0SST =

of (29)

sub?

where a is the thermal expansion coefficient of seawater, and (1) has been used. The dimensionless anomalous position
R, = of g /f,(1 — @) of the outcrop line at the end of winter of year n is thus related to that of the previous year by

R, =aR_, +W_(30)

where o depends on the SST anomaly persistence and W, is a redlization of a stationary white noise process. A more

refined model should represent the SST anomaly evolution throughout the year and take into account their recurrence from
one winter to the next (Alexander and Deser 1995) but, for the present purpose, it is sufficient to use (30) if a is
representative of the year-to-year persistence of the late winter SST anomalies, which is about one year (e.g., Bhatt et al.

1998). Accordingly, the SST anomaly persistence is set to 1 yr and their variance to 0.12 K2, which is typical of March
conditions at 35°N (G. de Coétlogon 1998, personal communication). From (28) and (29), the mixed layer depth anomaly at
the end of winter in year nis—pR (H — do), where dO is amean mixed layer depth (160 m) and p = x4f (1~ a)c/pOaT(H -

dy)- The PV of the subducting columns at year (n) is therefore

fud—a1+R) 1+R, f,(1-a
qw H —_ lﬁ"“ - pR”(H - d[])J l -+ pR" H _ ﬁ"" .
(31)

The solution is computed by only following one subducted column per year, instead of tracking all the subducted columns
of the effective subduction cycle of that year. Depending on the anomalous position of the outcrop line during the following
years, this column may be subsequently reentrained in the mixed layer. Hence the PV spectrum in the permanent thermocline
is not given by (31), but it can be computed numerically from the PV time series generated by the columns having avoided
to be reentrained. Eight thousand years of integration were necessary to achieve a statistical stationary state. During the
experiment, the latitude of the outcrop line at the end of winter ranges between 32°N to the subpolar gyre, for a mean
position of 38°N, so for simplicity the solution is presented for latitudes lower than 32°N.

Figure 12 @=is a variance conserving plot of the PV in the permanent thermocline, south of 32°N. It is latitude
independent since the same PV time series is obtained at each latitude, time shifted by the appropriate advective time. The
variance is concentrated near the decadal frequency, and the PV anomalies have a decorrelation time of about 2 yr. The

power is white at low frequencies and decays approximatively as w 2at high frequencies (32x/10 yr). For comparison, the
PV spectrum deduced from (31) is also plotted in Fig. 12 ©= (dotted line). At low frequencies where the anomalous outcrop
line velocity is small, subducting columns escape to be subsequently reentrained in the mixed layer (nonentrainment solution
of LP) so that the two spectra are very close. This result extends to broadband forcing the frequency independence and
linearity of the interior response to heat flux forcing at low frequency. Because of the assumption of a flat thermocline
bottom, the interface depth is a solely function of PV, h(f, t) = H — f/q(f, t), and its spectrum is very similar, except for a
quadratic dependence of the power on the Coriolis parameter (note the different representation in Fig. 13 ©=). Note that the
2-yr decorrelation time of the thermocline anomalies results from two timescales. The first is associated with that of the
SST anomalies, which sets the memory for g, from one winter to the next. The second is an advective timescale set by the

barotropic meridional velocity V5 and the standard deviation of the outcrop line displacement. For the standard model

parameters, the two timescales are of about 1 yr and both contribute to the decorrelation time. Neglecting the SST anomaly
recurrence from one winter to the next would have halved it. In corresponding simulations (not shown), the maximum
variance was found indeed near the 5-yr period, as the decorrelation time would then be set by advection aone.

Since the anomalous PV at the outcrop line is correlated with the SST anomaly by (31), there is alagged correlation
between local PV or interface depth anomalies (advected downstream) and SST anomaly (latitude and longitude
independent). This signature of the heat flux forcing isillustrated in Fig. 14 @=, which shows the cross-covariance function
between SST and interface depth anomalies at 30 and 20°N. A positive SST anomaly is associated downstream to a positive



interface depth anomaly (positive PV anomaly) so that there is a positive peak in the cross-covariance function when SST
leads the interface depth by the appropriate advective timescale (9 yr at 20°N and 3 yr at 30°N). The amplitude of the peak
issmaller at 20°N because the variance of the interface depth is smaller at low latitudes.

6. Conclusions

As a simple dynamical framework to study the decadal buoyancy forcing of the subtropical gyre, we have used a two-
layer planetary geostrophic model with a seasonally varying surface mixed layer. The model was forced by prescribing the
displacement of the first layer outcrop line, or equivalently the sea surface density, while the surface buoyancy flux was
diagnosed. The depth of the mixed layer was calculated from the prescribed outcrop line displacement, abeit in a simplified
manner. Attention was restricted to the ventilated interior, where the dynamics are governed by a balance between local
Ekman pumping, local thermocline response, and southward advection by the Sverdrup flow. Asin LP, the mixed layer and
the ventilated interior were decoupled by assuming a flat thermocline bottom and no x dependence for the mixed layer depth
and density.

The model has been applied to a decadal modulation of the seasonal cycle of the mixed layer, using SST data to quantify
the buoyancy forcing. The thermocline response was found to be of moderate amplitude (15 m) but nonlinear, with a sharp
rise and a slow decrease under harmonic modulation, which were related to periods of anomalous annual surface heat 1oss
and gain. However, as the latter tend to zero as the period of the forcing increases, the thermocline response becomes linear
a very low frequency. In the model, the decadal mixed-layer depth variations play an important role in modulating the PV of
the ventilated interior because the variations of the planetary vorticity acquired by the subducting columns are of the same
order as the PV anomalies induced by the mixed-layer depth fluctuations. Since they are of opposite sign, they limit the
amplitude of the interior PV fluctuations, which explains why we find a thermocline variability twice smaller than in LP, who
neglected the seasonal cycle and used a constant mixed layer depth.

Stochastic buoyancy forcing has also been simulated, using SST anomaly observations to specify the outcrop line
displacement spectrum. Although the latter was assumed to be white for periods greater than a few years, the interior PV
and interface displacement had a red spectrum, with maximum variance at decadal frequency. The cross-covariance
function between interface depth and SST anomalies was furthermore predicted to peak when the latter leads the former, the
time lag being simply determined by the advection of the subducted columns. These statistical signatures could be tested
with sufficiently long observations or model simulations.

Unfortunately, the observations are limited. Levitus (1989) found an important rising of isopycnals in the North Atlantic
between 1955-59 and 1970-74. The 5, = 26.5 surface, which can be compared with the interface in the two-layer model,

showed the largest signal, ranging between 150 m at the western side and 20 to 40 m at the eastern side. The latter figure is
in good agreement with our prediction for a comparable SST cooling (0.5°-1°C), but there is no western intensification in
our simple model. However, using a general circulation model, New and Bleck (1995) suggested that buoyancy forcing
could be responsible for the larger western signal found by Levitus. Deser et al. (1996) reported that the decade-long cooling
of the central Pacific between 1970 and 1991 was associated with out of phase SST and mixed-layer depth fluctuations. The
ratio was typically 0.75°C/20 m, in reasonable agreement with our mixed-layer model predictions, but the subsequent
isotherm displacement in the upper thermocline was about 50% larger than calculated here. However, these subducting
thermal anomalies were analyzed in more details by Schneider et al. (1999), who showed that they were amplified by local
forcing southward and baroclinic wave propagation associated with La Nifia events. The observations may thus conform
more nearly to our predictions.

A major limitation of this study is the assumption of a flat thermocline bottom, which in effect filters out the first
baroclinic mode, even though Huang and Pedlosky (1999) have shown by comparing the steady-state response of more
realistic models to different buoyancy forcings that the changes in the first baroclinic mode were small. A related limitation is
that only barotropic meridional advection can propagate the thermocline anomalies in the ventilated zone since there can be
no zonal gradient of potential vorticity, hence no Rossby waves, with a zonal outcrop line and a flat thermocline bottom. The
influence of baroclinic advection should be studied by relaxing these two assumptions; the mixed layer would then be
coupled with the interior circulation since anomalous geostrophic currents may ater in return the outcrop line displacement.
Finally, the atmospheric forcing needs to be better represented. The assumption of a steady wind is not realistic since in
reality buoyancy and mechanica forcing are coupled. Studying their joined influence on the thermocline would require a
more refined mixed layer model that responds to wind mixing and a varying thermocline bottom since the first baroclinic
mode is efficiently excited by Ekman pumping (Frankignoul et al. 1997).
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APPENDI X
7. Interface Depth Equation in the Ventilated Zone

Using (5) and (6), (11) can be rewritten as

a( f ! f
—(=——| + =J|y(n = b) — Y, ——| =0,
ar H _ ’,T 1f ?(n ?) Tm m H _ h



where J denotes the Jacobian, while (8) and (10) enables one to diminate #:

oh 1 |pg | h
— + =J|=2 = —y, h2, h| - 1 — — o, (yh?
ar .f pﬂ 2H '}Irﬂ‘l T 2"{? H k. {‘}I’ )
h
=—{1—-—|w A2
=], (A2)
Introducing the Rossby celerity ¢, the zonal density current u,,, in the mixed layer, and the zonal barotropic current ug
given by
yh(H — h)
g = =P 5
Hf?
I 0 1
ly, = ——a. zdz = —d(y,h2) (A3
H."ﬂl, }{H ¥ . Tﬁi‘ ZFLH _1(T|'H .r.u) { }
: © 2 o)
I e — = ——— —h!’?;
N S L A
(A2) can be rewritten as
dh oh ah h
> + (1, + cp + HML}E + uﬂg = —|1- T W,
(A4)
which in characteristic form is
It
ar _
ds
dx
E = Uy + Uy T Cp
< (AS)
af _ fw.
ds H
dh { h
-_— = - - o |w..
| ds Hl

Here sis the distance along a characteristic curve from itsinitia position. The latter satisfies

[t, x, f, h] =

[t, x, f, h] for s=0.(A)

The shadow zone is defined as the region covered by characteristics satisfying [t;, x, f;, h] = [t, O, f;, he(f;, t)] whereh

E

(f, t) isthe interface depth at the eastern boundary. Note that because the depth and density of the mixed layer are longitude



independent one hash(f, t) =d(t) atf =f b(t) The recirculation zone is the region covered by characteristics satisfying
[t, %, £, h] = [t, X fi bAfi t)] wherehy, (f, ) is the interface depth at the western boundary.

We focus our attention on the ventilated region where the characteristics originate from the outcrop line, with
[t|7 |1 |’ ] [tli I! sub(tl)l d(t|)]'(A7)

Two equations can be derived from (A5). First, since

dg_ _\ df __f dn

= = 0, A8
ds H—hds (H— h)?ds (A8)
PV is conserved following the characteristic,
f 5
H—h H-—h (A9)
Second, rewriting the second line of (A5) as
dx  dx f —xd hiH — h)
= W, (f‘ ’) - B ) A
ds dfH'*  fHdf f2H
y LAl (A10)
fH df '}"Hf Mmoo

where we have used (A3), and integrating along the characteristic of initial condition [t;, X, f;, h], we find after some
algebra

|
xf2Pw (f)=x.f?w.(f)+ B|= ’}’(f’?”_h )+"}’m{f 2(f)

|
- E‘}:“(f;-}f?ﬁ,{.f}l : (A1)

The values of f and h propagated by each characteristics only depend on't; since, from (A5) and (A7), df/ds = w, = w(f)
andh=H[1- f/fsub(ti)(l — d(t,)/H)]. Characteristics with a different x, (X, = [x,0]) propagate, therefore, a similar value of
h and f, but they reach adifferent longitude in view of (A11). The easternmost characteristics emanating from the outcrop

line verify [t;, x, f;, h] = [t;, 0, f (), d(t)] and define the boundary X, (f, t) with the shadow zone, satisfying
B —
J‘"i.r"f HJ (f) o [T(h h ) + an{f}hm{f}
o Tm(f }hm{ fiﬂ (A 12}
The westernmost characteristics emanating from the outcrop line verify [t, X, f,, h] = [t;, x,, fo,(t), d(t)] and define

the boundary x(f, t) between the recirculation and the ventilated zone, satisfying

W) = X F2W(F) + %, fAw(f.).(A13)

Between xsz(f, t) and X (f, t), the solution is longitude independent.



Tables

Table 1. Standard model parameters.

Click on thumbnail for full-sized image.

Table 2. Various mean buoyancy fluxes deduced from the integration of (23) over time (ABC = (B )1/2in +(B )1/2“ -(B )1/2 o fora

columniinitially located at 21.2°N. All buoyancy fluxes are expressed in 108m?s 3,

Detrainment mean  Entrainment mean Annual mean

B, 0.43 0.44 0.43
B, -0.59 -0.63 —0.61
B, 1.45 -3.16 —0.82
AB 2.47 =2.09 0.22

Click on thumbnail for full-sized image.

Figures
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Fig. 1. (a) Horizontal extent of the model. (b) L atitude—depth section of the model. The thickness of the Ekman layer J istaken
infinitely thin.
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Fig. 2. Schematic of the outcrop line displacement (24), shown as a cosinelike curve, and associated time and f coordinate. In
the course of year n, the latitude reached by columns subducting during the detrainment period [t(n)o, t(”)z] isindicated by the

arrows. Only columns subducted before (") 1 reach the permanent thermocline. Note the variable position of the outcrop line
from one winter to the next.




Click on thumbnail for full-sized image.

Fig. 3. lllustration of the convective adjustment scheme. At timet + Jt (right) the column C1 that has subducted at time't (left)
reaches a higher latitude than the outcrop line, which generates a gravitationnal instability. This deepens the mixed layer to the
top of column C2, which was previously subducted.

Click on thumbnail for full-sized image.

Fig. 4. (a) Outcrop line annual march, (b) mixed layer depth d at the outcrop line, and (c) surface buoyancy flux B, (continuous
line) and lower-layer PV (normalized by f m/H, dashed line) at the outcrop line. The x axis denotestime, in months.

Click on thumbnail for full-sized image.

Fig. 5. (&) Evolution of the mixed layer depth (in m) and density (in ¢,) along the 1-yr trgjectory for the columniinitially located
at 21.2°N. The x axis denotestime, in month. (b) Density profileat timest,, t, + %2 and t, + 1.

Click on thumbnail f;)r full-sized image.

Fig. 6. Decadal modulation of the depth of the end-of-winter mixed layer at the outcrop line (in m, dashed line) and SST (in °C,
continuous line).

Click on thumbnail for full-sized image.

Fig. 7. Diagnostic of the surface heat flux for the latitude range 36—33.5°N. The SST modulation is shown by the continuous

curve (in °C), and the annual heat flux anomaly (in W m_z) by the the dashed line (the circles are centered on each year). The
surface heat flux anomalies during entrainment (continuous line) and detrainment period (dashed line) are plotted as heavy



horizontal bars.
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Fig. 8. Lower-layer PV maps (normalized by f_/H) in Apr of each year of the 10-yr modulation. They axisis|atitude and the x
axisislongitude, normalized by x,,,

Click on thumbnail fof full-sized image.

Fig. 9. Subducted PV in the permanent thermocline during each year of the 10-yr cycle (gray lines) and PV valuesthat would be
found if the mixed layer depth was always 160 m (continuousling). The PV isnormalized by fm/ H.
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Fig. 10. Interface depth (in m) at various latitudes as a function of time for the 10-yr modulation experiment.
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Fig. 11. Anomalies of theinterface depth (in m) deduced from LP solution (dashed line) and our solution (continuous line) for
various forcing frequencies but the same forcing amplitude. Top: w = 2z/5 yr, middle: @ = 27/10 yr and bottom: @ = 27/20 yr. Also
drawn is the approximate solution (dot—dashed line) calculated with (28), using ¢ = 10 m/0.5°C.
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Fig. 12. Variance conserving plot of the PV spectrum in the ventilated interior (continuous line) south of 32°N, and of the
spectrum based on (31) (dashed line). The spectrum is expressed in units of 10 % and the PV has been normalized by f m(1 —-a)/(H

~dy).
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Fig. 13. Log—log plot of the interface displacement spectrum at 30°N.
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Fig. 14. Cross-covariance function between SST and interface depth anomalies (in m °C). The SST leads at negative lags.
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