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Abstract 

The authors examined the effect of oceanic baroclinicity and atmospheric cooling on the subduction 
in baroclinic ocean using three dimensional nonhydrostatic model. It turns out that stronger baroclinicity 
causes larger subduction rate despite similar penetration speed of the depth to which subducted water 
is transported (subduction depth), while stronger cooling results in more rapid penetratio~ speed of the 
subduction depth though it affects little on the subduction rate as long as cooling is imposed. These results 
suggests that both baroclinicity and cooling are important parameters for heat and material transports 
between the surface mixed layer and the interior baroclinic ocean and hence for decadal variations in 
climate systems. 
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1. Introduction 

Subduction is the transfer of the. mixed layer water 
into the stratified interior ocean and is a key process for 
heat and material transports in intermediate and deep 

layers (e.g.,Woods1 )]. Several studies have been made 

to understand the dynamics involved in subduction pro­

cess so far. In the region of intense baroclinicity, such 
as in the subtropical and subpolar frontal zones where 

subduction is suggested to be an essential ingredient of 
decadal variabilities in climate systems (e.g., Hanawa2

)], 

baroclinic instability and following frontogenetic process 
play a central role in subduction [Pollard and Regeir3); 

Spall4)]. Subduction in such frontal regions is then 

called frontal subduction. Recently, prompted by the 

fact that subduction into intermediate and deep layers 

mainly takes place in winter [Iserin5
)], the dynamics of 

frontal subduction under the atmospheric cooling was 
investigated by Yoshikawa et al. fi). They found that 

combined effect of baroclinic instability and convection 
is so significant that convection acts not only to mix 
water vertically but also to intensify frontogenetic pro­
cess. As a result, frontal subduction is enhanced by 
atmospheric cooling to a large degree. 

It is then suggested that frontal subduction varies in 
its intensity with both atmospheric cooling and oceanic 

baroclinicity. However, little attention has been given 
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to this point so far. In order for further understanding 
of frontal subduction and its possible roles in decadal 
climate variabilities, the response of frontal subduction 

to the variations in baroclinicity and cooling needs to be 

clarified. The present study is then intended to investi­

gate and quantify the effects of baroclinicity and cooling 

on frontal subduction. To this end,. numerical experi­

ments are performed using a nonhydrostatic model. 

Uniform Cooling 

D 

L 

Figure .1 Schematic view of the model configuration. Con­

tours drawn on the sides and solid line on the top schemati­

cally represent density structure and the geostrophic velocity 

profile, respectively. 

2. Numerical Model 

The model used in this study is the same as used in 
Yoshikawa et al.6

), in which a simple rectangular ocean 

(£(50 km)xLxD(l km)) on an /-plane (f = 10-4 s- 1
) 

is considered (Fig. 1). Initial density structure p(y, z) is 

assumed to be taken as 

p(y,z) = -(pm COS Cly) +Pv) exp(-~:) +Pb· (1) 
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Table 1 Parameters- used in each experiment. 

REF WBR SBR WCL SCL 
Pm (10-2 kg m- ) 
D1 (lo-6 kg m-2 s-1 ) 

Here, Pm is the meridional density . difference be­
tween the central latitude (y = L/2) and the south­
ern/northern ends (y = 0, L) which determines the in­
tensity of baroclinicity, Pv(l0.5 x 10-2 kg m- 3

) is verti­

cal density difference between the surface and the bot­

tom (z = -D), Pb(1027.35 kg m- 3
) is density at the 

bottom, and h(300 m) is the vertical decay scale. Ini­

tial velocity structure is assumed to be geostrophic cur­
rent balancing with this density structure with reference 
level being at the bottom. At the surface, uniform den­

sity flux D f is imposed. Both the surface and bottom 
boundaries are assumed to be rigid and smooth, while 
side boundaries are assumed to be periodic. 

Governing equations are momentum equations, con­

tinuity equation and advective-diffusive equation for wa­
ter density under Boussinesq and incompressible ap­

proximations: 

~~ + (u · v7)u + fz X U = 
1 " p A "2 o2

u 
- po v p - po gz + Vh v hU + Vz OZ2 , 

v7 · u = 0, 

op 2 82 p at + u . v7 p = K,h v7 hP + K,z {)z2' 

(2) 

(3) 

(4) 

where u is the velocity vector, po(= 1027 kg m- 3
) is ref­

erence density, g( = 9.8 m s- 2
) is the acceleration due to 

gravity, p is the pressure, z = (0, 0, 1) is a unit vec­
tor in the z direction. Eddy viscosities (vh, vz) and 
eddy diffusivities (K,h, K,z) are assumed to be constant 
(vh = K,h = 5 m2 s- 1

, and Vz = K,z = 2 x 10-2 m2 s- 1
). 

Distribution of dynamically passive tracer ( C) is also 
calculated using Eq.(4). Its concentration is initially 

set to zero in the whole domain and held at unity at 

the surface during the integration. Thus, high tracer 
concentration corresponds to newly ventilated (aerated) 

water. Other boundary conditions for tracer concentra­
tion are the same for water density. Small grid size 

(!:;.x = i::;.y = 195 m, f:;.z = 33 m) and short time inter­

val (!:;.t = 135 s) are chosen so as to resolve convective 
plumes of 1 km horizontal scale. 

In the reference experiment (hereafter called REF), 
Pm and Dt are set to be 5 x 10-2 kg m- 3 and 6.4 x 
10-6 kg m- 2 s- 1

, respectively. These values are the 

same as used in Yoshikawa et al.6
) and do not differ 

so much from the observed climate values in the actual 

frontal regions. For clear understanding of the effects 
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of baroclinicity and cooling on frontal subduction, ad­
ditional four experiments are carried out (Table 1). To 
see the effect of baroclinicity, Pm is set to half (WBR) 
and double (SBR) of that used in REF while Di is un­

changed. To see the effect of cooling, Di is set to half 
(WCL) and double (SCL) of that used in REF while Pm 

is unchanged. Note that larger (smaller) Pm also corre­
sponds to relatively weaker (stronger) stratification in 
the central region (12.5 km < y < 37.5 km) and rela­
tively stronger (weaker) stratification in the outer re­

gions (y < 12.5 km, 37.5 km < y) (Eq.(1)), so that in­
tensity of convection will be changed due to the different 

values of Pm even though the same Di is used. 

3. Results 

Qualitatively similar time evolutions of convection 
and baroclinic instability are observed in _an experi­
ments. Convection first develops from the most weakly 

stratified area (y '.:::::'. 25 km) and forms mixed layer 
in the upper layer. Thereafter, linear baroclinic in­
stability develops in the region of strong baroclinicity 

(5 km S y ~ 20 km, 30 km S y ~ 45 km; called the 
baroclinic region). Baroclinic instability develops into 
finite amplitude within 5 ~ 10 days of the onset time 

of convection, . and finite baroclinic instability causes 

strong restratification in the upper layer and reduces 
convective activity there. At the same time, finite baro­
clinic instability induces frontogenetic process to gener­
ate the downdraft along density front which is greatly 
enhanced by cooling (convection). Figure 2 shows the 
horizontal sections of density and downward velocity at 
the time when strongest frontal downdraft is observed. 

The strong frontal downdrafts are generated associated 

with bent-back density front in the outer regions of the 
baroclinic region. Figure 3 shows the vertical sections of 
two-dimensional velocity vector, density, and tracer con­
centration. It is clearly found that strong frontal down­
draft transports surface ventilated water into greater 

depths along isopycnal surfaces. Figure 4 shows hori­
zontal sections of horizontal velocity vector and tracer 

concentration. Patches of ventilated water, character­
ized by anomalously weak stratification (not shown) 

and anticyclonic circulation, are found to be formed in 

deeper layer associated with the strong frontal down­
drafts (Fig. 2). Horizontal scale of the ventilated patch 

is closely related to the wavelength of finite baroclinic 
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Figure 2 Horizontal sections (z = -100 m) of vertical velocity (shaded regions) and density (solid lines). Contour interval is 

1 x 1 o- 2 kg m - 3 . Dotted line denotes the longitude of vertical section shown in Figure 3. 
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Fig. 3 Meridional sections of density (solid lines), tracer concentration (shaded regions), and two-dimensional (y-z) velocity 

vector (arrows). Contour interval is 1 x 10- 2 kg m- 3 . STF denotes the strong frontal downdraft. 
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Fig. 4 Horizontal sections (z = -300 m) of tracer concentration (shaded areas) and horizontal velocity vector (arrows). 

wave (Figs. 2 and 4). As the restratification in the up­

per layer progresses, wavelength of finite baroclinic wave 

and horizontal scale of ventilated patch increase accord­

ingly. 

Although similar sequential progressions from con­

vection to finite baroclinic instability accompanied with 

strong frontal downdraft are commonly observed in the 

above experiments, some quantitative differences are 

also found. One of the remarkable quantitative dif­

ferences is a number of convective plume (Fig. 2). In 

WBR, a lot of small- scale ( ~ 1 km) convection oc­

curs in the region of O km :S y :::; 5 km, 20 km :S y :::; 

30 km, 45 km :S y :::; 50 km, while a relatively small 

number of convection occurs in those regions in REF, 

and only a few convection takes place in the region of 

23 km :::; y :::; 27 km in SBR. Main reason for this differ­

ence stems from the difference in initial stratification. 

As Pm becomes large, initial stratification in the outer 

regions (y :::; 12.5 km, 37.5 km :::; y) becomes large, so 

that convection onset is delayed and its intensity is re­

duced there. The other reason is the restratification due 

to finite baroclinic instability. Large Pm corresponds 

to intense baroclinic instability which causes strong re­

stratification in the upper layer. As a result, the area 

of convection near the central latitude (y ::: L/2) is re­

duced. Between WCL, REF, and SCL, on the other 

hand, the number of convective plumes does not differ 

significantly, though its intensity (e.g., vertical velocity) 

differs greatly. This indicates that not only convection 

but also baroclinic instability are intensified (weakened) 

by stronger (weaker) cooling, so that relative intensity 

of convection and baroclinic instability does not differ 

so much. 

The other remarkable difference is found in the in­

tensity of the strong frontal downdraft. It becomes 

strong as Pm and Di becomes large (Table 2). This 

is because more intense baroclinicity causes more en­

ergetic frontogenetic process ( frontal downdraft) while 

stronger cooling intensifies frontal downdraft to a larger 

extent. It is expected from this result that subduction 

increases as Pm and D f increase. Therefore, the dif­

ference in tracer concentration between the above ex­

periments (REF, WBR, SBR, WCL, and SCL) and the 

corresponding 2D experiments (REF2, WBR2, SBR2, 

WCL2, and SCL2) is examined. The 2D experiments 

are performed in the y-z plane with the same initial and 

boundary conditions as those in the corresponding 3D 

experiments. Since no baroclinic instability develops in 

2D experiments, the tracer difference between 3D and 

2D experiments is owing to baroclinic instability, e.g., 

subduction process. 

Figure 5 shows time evolutions of horizontally aver­

aged tracer difference between 3D and 2D experiments 

in the baroclinic region (where subduction mainly takes 
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Fig. 5 Difference of horizontally averaged tracer concentration t::.C between 3D and 2D experiments as a function of time 

(abscissa) and depth (ordinate). Contour interval is 1 x 10-2 • Solid lines represent positive value, while dashed lines represent 

negative one. Dotted line represents the characteristic depth of subduction. 

place): 
---x 
--br --br 

AC = c3D - c2D . (5) 

In the above, 

-x 1 r50 km 
() = 50 km Jo km dx, 

()br = _1_ [ (20 km dy + r4s km dy] 
30 km } 5 km }30 km 

In Fig. 5, solid lines represent positive values while 

dashed lines represent negative values. Overall feature is 

that AC is negative in upper layer and positive in deeper 

layer. The region of negative AC approximately corre­

sponds to the mixed layer from which ventilated water 

(high tracer concentration) is transported. It is clear 

from Fig. 5 that subduction process transports surface 
ventilated water in the mixed layer into greater depths 

in all experiments. The difference in the onset time of 

subduction is owing to the difference in the onset time of 

convection which acts as an initiator of baroclinic insta­

bility (Yoshikawa et al. 6)). The differences in the onset 

times between the experiments may be unrealistically 

larger than actual, since artificially large vertical diffu­

sivity is used in the present experiments which diffuses 

unstable stratification near the surface more rapidly and 

delays convection onset for a longer time than actual. 

It seems rather interesting that the speed of downward 

penetration of the layer of positive AC seems to differ 

between the experiments. The characteristic depth of 

subduction can be defined as the depth of largest AC, 
which is plotted by dotted line in Fig. 5. It is found that 

the speed of downward penetration of the subduction 
depth changes greatly between WCL, REF, and SCL, 
while it changes little between WBR, REF, and SBR 
(Table 2). This is probably because large (small) Di 

causes rapid (slow) deepening of the horizontally aver­

aged mixed layer so that the subduction depth rapidly 

(slowly) deepens accordingly, while the change in Pm 

affects little on the deepening of horizontally averaged 

mixed layer so that characteristic depth of subduction 

does not differ between WBR, REF, and SBR. 
The net amount in subduction Sub can be evaluated 

by calculating total tracer difference below the mixed 

layer base (M LB): 

-----,---------nr 

J_
MLB(y) 

Sub= (C3Dx - C2D)dz 
-D 

(6) 

In the above, the mixed layer base is defined as the 

boundary between the negative AC in upper layer and 

positive AC in deeper layer. Figure 6 shows time evolu­

tions of Sub. After 2~5 days from the onset of subduc­

tion, Sub increases almost linearly with time. Notewor-
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Table 2 Maximum downward velocity Wmax, penetration rate, and subduction rate in each experiment. 
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thy is .that during the linear growth of Sub, the subduc­
tion rate (time change of Sub) differs greatly in WBR, 

REF, and SBR, while it is almost the same in WCL, 
REF, and SCL (Table 2). This is explained as follows. 

As Pm increases, frontal downdraft is intensified greatly 
while horizontally averaged convective activity is not 

enhanced (Fig. 2). As a result, subduction rate be­
comes large according to the intensification of frontal 

downdraft due to increasing Pm. On the other hand, as 
D f increases, both frontal downdraft and convection are 
equally intensified. This is easily understood from the 

fact that the relative intensity of convection and baro­
clinic instability does not differ greatly between WCL, 

REF, and SCL, as discussed before (Fig. 2). There­

fore, although the large amou:µt of ventilated water is 
transported from the mixed layer by intensified strong 

frontal downdraft, it is likely to be re-entrained into the 
rapidly deepening mixed layer. As a result, subduction 

rate does not vary greatly with DJ. 

4. Summary and discussion 

We investigated the effect of baroclinicity and cool­

ing on frontal subduction. It is clearly found that 
stronger baroclinicity causes larger subduction rate de­

spite similar penetration speed of the subduction depth, 

REF WBR SBR WCL SCL 
-4.4 -3.9 -6.2 -2.5 -9.4 

-22.2 -24. 7 -25.9 -20.5 -41.0 
2.71 0.75 5.76 2.81 2.64 

while stronger cooling results in more rapid penetration 

speed of the subduction depth though it affects little on 
subduction rate as long as cooling is imposed. 

These results clearly demonstrate that both baro­
clinicity and cooling are important parameters for heat 

and material transports between the surface mixed layer 
and the interior ocean and hence for decadal climate 

variations. However, recent climate studies give atten­

tion primary to the variation of atmospheric cooling 
when annual variations of subduction is discussed. We 
propose that much attention should be also given to the 
variations in baroclinicity as well as cooling. 
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