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The impacts of opening the Drake Passage (DP) on the oceanic general circulation are examined. When the DP is open, wind 
stress at mid- and high latitudes gives rise to a wind-driven gyre, which induces a meridional heat exchange between mid- and 
high latitudes in the Southern Ocean. After the opening of the DP, the Antarctic Circumpolar Current (ACC) forms and its as-
sociated strong temperature front blocks the heat transport from mid-latitudes to high latitudes. A simple box model is formu-
lated, in which the effects of the wind stress (for the case of DP closed) and the thermal front (for the case of DP open) on the 
variability of Antarctic Bottom Water (AABW) and North Atlantic Deep Water (NADW) are explored. The sensitivity exper-
iments demonstrate that: (1) When the DP is closed, the enhancement of the wind-driven gyre leads to the decline of AABW 
formation in the Southern Ocean and the increase of NADW formation in the North Atlantic. As a result, water in high lati-
tudes of the Southern Ocean becomes warmer, so does the bottom water of global ocean. (2) When the DP is open, there is no 
formation of AABW until the intensity of thermal front along ACC exceeds a threshold value (it is 4.03°C in our model). 
Before the formation of AABW, temperature in most of the oceans is higher than that after the formation of AABW, which 
usually leads to the cooling of high latitudes of the Southern Hemisphere and the bottom water in global ocean. When the 
strength of the thermal front is lower than the critical value, there is no AABW formation, and temperature in most of the 
oceans is slightly higher. These results demonstrate that during the opening of the DP, changes in wind stress and the 
formation of the thermal front in the Southern Ocean can substantially affect the formation of AABW and NADW, thus 
changing the state of meridional overturning circulation in the global ocean. 
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Changes in land-sea distribution and topography are among 
the most important factors inducing changes in ocean circu-
lation [1]. Over the long geological history, major changes 
in ocean circulation and climate were usually accompanied 
by the changes of global topography; the opening of the DP 
was one of the most significant events in this category. Ac-
cording to paleogeographic record, the DP was opened up 

before late Eocene [2], which resulted in the formation of 
Antarctic Circumpolar Current (ACC), followed by the sig-
nificant growth of ice sheet in Antarctica and rapid cooling 
of the deep ocean [3]. Berger’s study [4] showed that the 
temperature difference between surface and bottom water in 
the equatorial area increased from 7°C before the opening 
of the DP to 26°C after the opening, representing the signif-
icant impacts of the opening of the DP on the global climate 
change. The fact is further confirmed by the other paleocli-
matic observations [5]. 
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Numerical simulations have demonstrated the important 
effect of DP opening on ocean circulation and global cli-
mate. Using an ocean circulation model with idealized to-
pography, Gill and Bryan [6] found that the closure of the 
DP creates a condition favorable for the formation of 
AABW. However, when the DP is open, warm water from 
low latitudes cannot cross the ACC; thus, it sinks to the 
subsurface north of the DP and forms Antarctic Intermedi-
ate Water (AAIW). Meanwhile, an upwelling is generated 
in the south of the DP. Cox [7] and England [8] noted that the 
opening of the DP may change the overturning circulation in 
SH and induce the changes of water masses, such as AAIW. 
Taking the air-sea interaction into consideration, Toggweiler 
and Bjornsson [9] estimated that the sea surface temperature 
(SST) and air temperature (SAT) at high latitudes of the 
Southern Hemisphere (SH) could drop by 3°C after the DP 
opens, together with about the same amount of warming in 
high latitudes of the Northern Hemisphere (NH). Using a 
fully coupled model, Sijp and England [10] compared the 
states of global climate when the DP is closed, partly opened 
(with a channel depth of 690 m deep), and completely 
opened (with the realistic topography). They found that only 
when the DP is completely opened, NADW forms and leads 
to the warming of the NH and cooling of Antarctic Zone. 

The comprehensive air-sea coupled models have their 
advantage to get better simulation of global ocean circula-
tion; however, they rely heavily on parameterizations for 
subgrid scale processes. Unfortunately, these parameters are 
most tuned towards the current climate state. As a result, 
most models may not be able to simulate climate and oce-
anic circulation under climate conditions which are dramat-
ically different from the current climate state. Compared 
with those complex models, box models [11] have some  

unique advantages because they require much less computer 
power; thus, they can be implemented for long time scale 
simulation. In addition, they can be used to explore the 
fundamental physical processes in the oceanic general cir-
culation.  

For example, they have been used in studies on the vari-
ability of thermohaline circulation [12, 13] and the for-
mation of NADW [13, 14]. In this paper, we use a simple 
box model to explore the impacts of wind stress and ocean 
thermal front variability on the ocean circulation before and 
after the opening of the DP. Our box model incorporates 
both the Northern and Southern Hemispheres. In the NH, 
we will examine dynamical processes associated with the 
formation of NADW and its impacts in controlling THC. In 
order to simulate the effects of the DP on ocean circulation 
and climate change, the SH in the box model is divided into 
mid- and high-latitude columns, the latter corresponds to the 
area where AABW forms. In the vertical direction, there are 
three layers, and the second and third layers are designed 
for simulating the variation of NADW and AABW. 

1  Model formulation and experiment design 

1.1  Model formulation 

In order to study Atlantic Meridional Overturning Circula-
tion (AMOC), a 4×3 box model is formulated (Figure 1). 
Starting from the left hand side, the consequent columns 
represent the Antarctica, middle latitudes in the SH, the 
equatorial region (low latitudes) and middle and high lati-
tudes in the NH. To ensure a stable state of AMOC [15], the 
low latitude (30°N–30°S) area in both hemispheres is com- 

 

 

Figure 1  Sketch of the 4×3 box model in the Atlantic Ocean. T and S for temperature and salinity (with the subscripts indicating the relevant box numbers, 
starting the equatorial surface box as number one), u and w for the horizontal and vertical velocity, H and L for the depth and width, p for precipitation minus 
evaporation (freshwater flux), and T*

 for specified reference temperature at the sea surface. 
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bined into a single water column. The middle latitude boxes 
in the Southern Hemisphere (hereafter SH boxes) span a 
range of 30°S to 60°S. To characterize the formation and 
variation of NADW the boxes representing middle and high 
latitudes in the Northern Hemisphere (hereafter NH boxes) 
range from 30°N to 60°N. To investigate the influence of 
the DP, we extend box models used in previous studies 
[12–14] by adding on a separate water column for the Ant-
arctic Zone from the SH boxes, named Antarctica boxes 
(about 15° wide, hereafter AA boxes). There are two major 
branches in AMOC, and the upper one (related to NADW) 
and the lower one (related to AABW) are located at differ-
ent depths [16]. In order to simulate such fundamental fea-
tures, the model is divided into three layers in the vertical 
direction, with the thickness of 500, 1500 and 3000 m, re-
spectively. 

Similar to previous studies, we assume that the strength 
of THC is regulated by the meridional density difference 
between boxes at low and high latitudes, and all properties 
are well mixed in each box [11, 17]. Seawater density is 
assumed to be a linear function of salinity and temperature 

  0 1 ,   1,  2,  3,...,12,i i iT S i        (1) 

where =0.17 kg m3 °C1, =0.77 kg m3 are the thermal 
expansion and haline contraction coefficients, respectively. 

Pressure at any point in a water column can be calculated 
from hydrostatic relation. Because the model is highly 
truncated, the effect of Coriolis force is omitted. In the hor-
izontal direction we assume that velocity is linearly propor-

tional to the pressure gradient, that is 
p

u c
d





, where c is 

a proportional coefficient, p is pressure difference between 
center points of two adjacent boxes, and d is distance be-
tween them. 

After simple manipulations, the formula of velocity is 
derived. Take 12u

 
as an example 
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0T  and 

*
0S  are reference temperature (25°C) and salinity (35). C1 is 

the so-called frictional coefficient, which can be estimated 
from the vertical velocity of large-scale circulation in the 

world ocean [12] and it is assumed to be invariant under 
different climate conditions. 

Other components of horizontal direction are slightly 
different, and yet they can be derived accordingly. The ver-
tical velocities can be inferred from conservation of mass. 
Since density in the ocean varies very slightly, mass con-
servation can be approximately replaced by volume conser-
vation; therefore, vertical velocity can be calculated from 
the divergence of horizontal velocity. 

The upper boundary conditions are as follows: 
(i) Temperature. A restoring boundary condition (Ray-

leigh condition) applies to the temperature of the upper lay-
er 

 *
0 ( ),f pH c T T    (4)

 where 68.1 10   m s1 [18], T* is the prescribed refer-
ence temperature on the surface. For simplicity, we set 

* *
1 0T T  25°C, * *

3 2 0T T  . For the Antarctica, we set  
*
4T  2°C. 

(ii) Salinity. A natural boundary condition applies, i.e., 
the freshwater flux through the upper surface of the up-
per-layer box is specified. For the steady state, the algebraic 
sum of the applied fresh water fluxes is zero.  

Taking box 1 as an example, the equations for the heat 
and salt balances are 
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Introducing the non-dimensional variables, the corre-

sponding equations become 
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Similarly, a whole set of equations of temperate, salinity 
and velocity for all boxes can be obtained. Some parameters 
of the box model are shown in Table 1. 

1.2  Design of experiments 

The oceanic circulation and atmospheric circulation have 
been significantly changed after the opening of the DP, in-
cluding the abrupt reversal in THC [19, 20], from the 
Southern Ocean Deep Water (SODW) dominated mode to 
the NADW dominated mode [20]. This thermohaline rever-
sal is a complex process, including many changes in the  
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Table 1  Parameters used in the model 

Parameter Value Remarks 

L 3×106 m width 

H 500 m depth of upper layer 

 3 
coefficient of the depth of 
middle layer 

 6 
coefficient of the depth of 
bottom layer 

 0.5 
coefficient of the width of 
Antarctica column 

 1  

 1  

 1  

p 0.3×3.8×108 m s1 mean annual precipitation [12] 

C1 200/9 frictional coefficient 

 
 

climate coupled system, such as changes in bathymetry and 
air-sea interaction (such as wind stress, heat flux, and evap-
oration and precipitation). If changes in the distribution of 
evaporation and precipitation were taken into consideration, 
reversal of thermohaline circulation can be simulated in our 
box model as well. However, our focus in this study is the 
effect of wind stress changes associated with the closure of 
the DP and thermal fronts associated with an opened DP on 
formation and change of NADW and AABW. Therefore, 
we designed the following experiments: 

First, appropriate initial conditions are chosen, and the 
model is run until a steady state of thermodynamic-mode 
circulation is reached (a thermodynamic-mode circulation is 
controlled by buoyancy fluxes alone, including heat flux 
and freshwater). This steady model circulation is further 
integrated forward in time by adding wind-driven gyration 
between boxes 1 and 2 and between boxes 1 and 3, which 
represents a simple parameterization of the dynamic effect 
of wind stress. When the model reaches a steady state again, 
we use it as a testing bed for further numerical experiments. 
Such a circulation can be called a thermodynamic-dynamic 
mode. 

There are two sets of experiments. The first set is de-
signed for the case of a closed DP. In this set, wind stress in 
the SH and Antarctic boxes is changed, i.e., the strength of 
the gyration between SH and AA boxes is alternated. The 
second set is designed for the case of an opened DP. In this  

set, the temperature gradient, i.e., the strength of thermal 
front, between the two columns is changed. By comparing 
variability of temperature, salinity and volume transport 
obtained from these two sets of experiments, we can explore 
the impacts of closing/opening the DP. 

1.2.1  The initial state 

The initial state of model is obtained by two steps, as de-
scribed above. 

(i) A thermodynamic-mode circulation controlled by 
buoyancy fluxed alone 

Due to different choices of parameters, there are two 
major modes of THC in box models [12]. The thermal mode 
refers to the circulation in which the water in equatorial 
region warms up and spreads poleward at the surface, cool-
ing all the way and thus sinking in the high latitudes; finally, 
water returns to the equator via deep flow. The saline mode 
flows in an opposite direction. Observations indicate that 
the circulation in the Atlantic Ocean is in thermal mode [12, 
21]; thus, we choose appropriate salinities and temperatures 
to obtain a representative thermal mode controlled by 
buoyancy fluxes, in which cold water upwellings in low 
latitudes, and there are formations of NADW and AABW in 
the Northern and Southern Hemispheres, respectively. 

Using the initial conditions of Table 2, we run the model 
to a steady state, named as initial state 1, whose tempera-
tures and salinities are shown in Table 3. Since the model is 
subject to surface buoyancy forces only, the circulation is 
called in a thermodynamic mode. 

(ii) The final initial state including wind-stress induced 
gyration 

To introduce the impacts of wind stress to the steady 
state obtained in a), the parameterization scheme of Guan 
and Huang [22] is employed, i.e., the impacts of wind stress 
are represented by horizontal volume exchange rate, gyra-
tion between adjacent boxes in the upper ocean.  

Based on the NCEP data, the zonally integrated Ekman 
transport induced by wind stress is 9 Sv at the latitude of the 
DP in the Atlantic sector [23]. For simplicity, we assume 
that when the DP is open, the strength of gyration between 
boxes 1 and 2 is 12=9 Sv, and that between boxes 1 and 3 
is 13=9 Sv, while that between boxes 3 and 4 is set to 0. 

Table 2  Initial conditions for each box 

Box number 1 2 3 4 5 6 7 8 9 10 11 12 

Temperature (°C) 25 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
Salinity (psu) 35 35 35 35 35 35 35 35 35 35 35 35 

Table 3  A steady state controlled by buoyancy fluxes alone 

Box number 1 2 3 4 5 6 7 8 9 10 11 12 

Temperature (°C) 22.59 1.47 2.88 1.04 0.23 1.47 0.42 1.04 1.04 0.92 1.04 1.04 
Salinity (psu) 35.53 34.82 35.19 34.98 34.96 34.82 35.06 34.98 34.98 34.98 34.98 34.98 
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Table 4  Steady state controlled by both buoyancy flux and wind stress 

Box number 1 2 3 4 5 6 7 8 9 10 11 12 

Temperature (°C) 20.96 3.20 4.28 0.77 0.76 3.20 0.30 0.77 0.77 0.83 0.77 0.77 
Salinity (psu) 35.35 35.07 35.16 34.95 35.00 35.07 35.00 34.95 34.95 34.98 34.95 34.95 

 
With the gyration , which is induced by wind stress de-

scribed above, added on to the steady state obtained in a), 
we obtain another steady state as the basis of sensitivity 
experiments, and the corresponding temperatures and salini-
ties are shown in Table 4. This steady state is also a stable 
thermal-mode circulation, in which the transport of NADW 
and AABW is 4.25 Sv and 6.64 Sv, respectively. The tem-
perature difference between box 3 and box 4 is 5.04°C. 
Since the model is now subject to both buoyancy force and 
wind stress, the circulation is called in a thermodynamic-     
dynamic mode. 

1.2.2  Experiment I––the impacts of wind stress 

Stommel [11] assumed the THC is driven by buoyancy, 
without taking the impacts of wind stress into consideration 
[22]; therefore, his model could not be used to study the 
impacts of wind stress at the latitude of the DP. Based on 
paleoclimatic proxy data, Toggweiler and Samuels [24, 25] 
pointed out that the wind stress at the DP, instead of buoy-
ancy, plays a crucial role in driving THC. There is no east-     
west boundary at the latitude of the DP; thus, the Sverdrup 
theory does not apply. As a result, water mass transport 
across this latitude band consists of non-geostrophic flow 
only, and such transport can be merely driven by wind stress 
only. Under certain assumptions, the strength of AMOC can 
be fully expressed as a function of wind stress at the DP [26]. 

To investigate the impacts of wind stress, the experiment 
is designed as follows. Starting from the steady state de-
scribed in Table 4, we keep surface buoyancy forcing on 
unchanged, and vary the strength of gyration between boxes 
3 and 434, whose value is set to the following values: 0, 
4.5, 9, 18, 27, 36, 45 Sv. For each value of 34, the model is 
restarted from the same initial state and run to a steady state. 
Through this process, we can examine the transient (namely, 
the time-dependent) behavior of the system in response to 
changes in the strength of wind stress. 

1.2.3  Experiment II––the impacts of the thermal front 

The opening of the DP leads to the formation of ACC, and 
thus exerts a profound influence on global climate [10, 27]. 

According to the thermal wind relation 0( ) ,V g    


f  

the vertical shear of zonal horizontal velocity is linked to the 
meridional density gradient. Taking the volume transport of 
ACC as 130 Sv [27] and omitting the contribution due to 
salinity, the temperature difference between boxes 3 and 4 
is estimated at 6°C (This calculation is based on the as-
sumption that density is a linear function of temperature and 
salinity). 

In our model, due to the wind-stress induced gyration, 

temperature and salinity can exchange freely between boxes 
3 and 4 when the DP is nominally closed. After the DP is 
opened, a strong thermal front is formed, which blocks such 
exchange. We designed the following experiments to study 
this dynamic effect. Restarting from the initial state and 
keeping the other boundary conditions unchanged, we run 

the model replacing the restoring boundary condition of *
4T  

for box 4 by the following condition. In this experiment *
4T  

is no longer prescribed as a constant; instead, it can change 

with temperature of box 3 *
4 3 34 ,T T t    where 34t  is 

prescribed, and its value can be set to the following values: 
0, 1, 2, 3, 4, 5, 6, 7°C. 

2  Model results  

2.1  The impacts of wind-stress induced gyration 

2.1.1  Changing of the wind-induced volume transport 34 

As described above in Experiment I, 34 represents the role 
of wind stress in the latitude band of the DP. With the in-
crease of 34, the temperatures of all boxes increase, except 
for box 1. In comparison, the largest temperature increase is 
found in the bottom layer, especially in box 10, whose tem-
perature increases by 2.7°C. Changes of temperature and 
salinity of boxes 1–4 induced by change of 34 are shown in 
Figure 2. Because the relaxation temperature is specified in 
upper layer, temperature change in equatorial upper layer 
box 1 is minimal, with the amplitude only of 0.015°C. The 
largest temperature changes occur in boxes 3 and 4, reach-
ing about 1.1°C and 1.8°C, respectively. Obviously, the 
wind-induced gyration has a much bigger impact on tem-
perature and salinity for the boxes directly exposed to sur-
face than the other boxes. The temperature difference of box 
1 and box 9 shows a decrease trend, which is consistent 
with the discovery inferred from paleoceanography record 
that the temperature difference between the equatorial sur-
face and bottom layers was much smaller than that in the 
present climate [4].  

Toggweiler and Bjornsson [9] pointed out that heat 
transfer of THC linked to the DP is set up primarily by the 
circulation at high latitudes of the SH and the NH, and 
changes in the temperature at the equatorial band play a 
minor role only. In our model, however, temperature is 
slightly reduced at the equatorial band, and synchronous 
warming in high latitudes of both the Southern and North-
ern Hemispheres is observed. Such changes can be attribut-
ed to the following reasons. (1) Increase of the wind-stress 
induced gyration results in more heat being transferred  
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Figure 2  Dependence on 34 of temperature and salinity in upper layer boxes. Temperatures of boxes 1–4 are shown in the left panels, salinities on the 
right. The stars mark the experimental values whereas the lines clearly show the trend. 

from the SH boxes to the AA boxes, giving rise to the cool-
ing of the equatorial region. Meanwhile, the gyration be-
tween boxes 1 and 2 leads to warming in the Northern 
Hemisphere boxes. (2) There is a slight increase of 
upwelling at the equatorial band, which brings cold deep 
water to the upper layer, leading to the cooling of the sur-
face temperature. 

Changes in salinity are relatively small. This may be be-
cause salinities we set are uniform at the initial state. As 34 
is increased, the salinities of all boxes in middle and bottom 
layers are slightly decreased, except for boxes 4 and 8. 
Given the thermal expansion coefficient and the haline con-
traction coefficient and the range of temperature and salinity, 
we can find that temperature plays a more important role 
than salinity does. This finding is consistent with the results 
obtained by Sijp and England [28] through numerical ex-
periments based on a coupled model. Once bottom water is 
formed in the AA boxes, boxes 4, 8, and 9–12 have the 
same temperature and salinity. This implies that AABW is 
formed and it is transported northward, which will be dis-
cussed further shortly. 

The ranges of velocity change decrease gradually from 
top to bottom (figure not shown), so does volume transport. 
Changes of major water masses are shown in Figure 3. Ac-
cording to our model design, AABW is represented by 
downwelling in AA boxes (with specific reference to that 
from box 4 to box 8). The formation of AABW changes 
slightly when 34 changes from 0 to 4.5 Sv and further to 9 
Sv. However, once it reaches the same value of 9 Sv as the  

 

Figure 3  Dependence of the volume fluxes of the major water masses on 
34. (a) The solid line for NADW and the dashed line for AABW. (b) 
Equatorial upwelling, the solid line for the upper layer, and the dashed line 
for the lower layer. In both panels, the values in experiment are marked in 
diamonds. 

other two gyrations, the decreasing speeds up. The for-
mation of AABW is reduced to 6 Sv when 34 is 45 Sv, and 
such a large decline results from temperature rising in AA 
boxes due to large 34. AABW with high temperature and 
low salinity is the main source of bottom water in the world 
ocean. It flows northward along the ocean floor, and its 
trace can be found in 50°N [16]. In our box model, the 
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properties of AABW can be traced to box 9, that is, around 
30°N, which is consistent with observations. With the in-
crease of 34, AABW formation is weakened so that less 
bottom water reaches the latitudes north of 30°N, and this 
explains why we obtain the maximal amplitude of change in 
box 10. In contrast to the trend of the volume transport of 
AABW, the volume transport of NADW (denoted by sink-
ing from box 2 to box 6) gradually increases. This is related 
to the so-called see-saw effect [9, 10] of the high-latitude 
temperatures between both hemispheres. During this period, 
the upwelling of upper layer in low latitudes shows an in-
creasing trend (which is the reason for temperature decrease 
of box 1), whereas that of lower layer decreases.   

2.1.2  Transient responses of the initial state to the wind- 
stress induced gyration 

In this section, we examine the transient behaviors of the 
system to the addition of a gyration of34 = 9 Sv. Overall, 
ranges of temperature changes for boxes in the NH and the 
Antarctic zone are significantly higher than those of other 
regions in the same layer. The largest adjustment appears 
still in box 10, which is approximately 1°C. As for salinity, 
the ranges of changes decrease gradually from top to bot-
tom. Adjustment of salinity in the bottom layer takes longer 

time, which is in agreement with Oliver et al. [17]. Huang 
et al. [12] suggested that thermohaline catastrophe is a sur-
face phenomenon. However, there is no such catastrophe in 
our experiment; in fact, the adjustment in our model ex-
periments takes place along a different path. Although 
changes of properties first take place in the surface layer, 
the signal can penetrate to deep boxes. In particular, the 
temperature adjustment can be transferred downward rap-
idly. As a result, the whole circulation system changes ac-
cordingly. 

Figure 4 shows the time evolution of temperature and sa-
linity of boxes 1–4 and 8, and the formation rates of NADW 
and AABW. As mentioned above, gyration has much great-
er impact on the boxes it directly affects. Therefore, ad-
justments of boxes 3 and 4 are nearly complete shortly after 
the gyration perturbations set in, and the corresponding am-
plitudes of change are larger than other boxes (Figures 4(c) 
and 4(d)). As the major factors controlling the formation of 
AABW, the adjustment of temperature and salinity in box 8 
is crucial in determining the circulation of whole basin, in 
particular in the deep ocean. Since 34 is directly applied to 
box 4, it warms box 4, and thus more heat is transferred to 
box 8. Salinity in box 8 increases during the first phase of 
adjustment (Figure 4(e)). In comparison, density perturba- 

 

 
Figure 4  Time evolution of some model properties for the case in which perturbation of 34 is 9 Sv. (a)–(e) Temperatures (solid line in unit of °C) and 
salinities (dashed line) of boxes 1–4 and 8; (f) the formation rates of NADW (solid line) and AABW (dashed line). To be clear, evolution of these properties 
is drawn from the time when the perturbations set in. 
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tion due to temperature increase overpowers that due to 
salinity change during this stage. As a result, the formation 
rate of AABW decreases due to warming of box 8. As time 
progressing, the formation rate of AABW enters the recov-
ery phase. When the model runs to 2000 yr, both positive 
salt feedback and negative thermal feedback come to a new 
equilibrium stage. Their combined effects maintain the for-
mation rate of AABW at a level slightly lower than the ini-
tial value. 

The formation rate of NADW is increased and has a 
shorter adjustment time than AABW. Salinity adjustment in 
boxes 1 and 2 is quite different from that in box 8. In fact, 
salinity adjustment in boxes 1 and 2 takes much longer time 
and has almost the same tendency (Figures 4(a) and 4(b)). 
However, as the formation of NADW is controlled primari-
ly by temperature rather than salinity, and the adjustment of 
temperature difference is established in less than 250 yr 
from the beginning. Consequently, the adjustment of 
NADW formation takes much less time than AABW. The 
difference in adjustment time of NADW and AABW is 
closely related to changes of the deep/bottom water circula-
tion. The typical time scale for the global thermohaline cir-
culation is on the order of a thousand years; thus, the ad-
justment of AABW takes much longer time [29].  

2.2  The impacts of the thermal front 

2.2.1  Changing of the strength of thermal front 

The formation of the thermal front due to the opening of  

the DP has a significant impact on THC. The strength of 
this front plays a key role in regulating the circulation. 
When 34t  4°C (especially when 34t  3°C), tempera-

tures in all boxes change only slightly. For each fixed value 
of 34 ,t  boxes in the middle layer (boxes 5–8) have the 

same temperature, because there is no AABW formation 
and NADW plays a dominated role. As can be seen from 
Figure 5, there is a decreasing trend of temperature of the 
upper layer boxes, but the tendency is not remarkable, ex-
cept in box 4. When 34t  increases, temperature in box 4 

decreases rapidly. It can even drop below 0°C when 

34t  4°C, which greatly benefits the formation of AABW. 

Temperatures in deep layer boxes tend to increase, but the 
amplitude of change is less than 0.2°C. The largest temper-
ature adjustment appears when t34 is increased from 4 to 
5°C. All properties have a linear trend when t345°C. 

Change of salinity is more subtle than that of temperature. 
This can be attributed to the fact that the restoring boundary 
condition for temperature is employed in this experiment, 
whereas salinity has only passive responses accordingly 
[30]. Similarly, the largest changes of salinity appear when 

34t  is increased from 4 to 5°C. The largest salinity change 

appears in box 4 and salinity change in box 3 is slightly 
smaller. Obviously, changes of the thermal front also affect 
its neighboring ocean region the most. 

As discussed above, when 34t  4°C there is no 

AABW formation and NADW plays a dominating role. In  

 

 
Figure 5  Same as in Figure 2, but for t34 changing. 
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Figure 6  Same as in Figure 3, but for t34 changing. 

this case, NADW can even extend to the Antarctic Zone, 
and thus temperature in boxes 5–8 is the same. No signifi-
cant changes of formation of NADW and upwelling at low 
latitudes are detected when 34t  4°C. When 34t  is 

increased further, the system goes through an abrupt change 
(Figure 6). AABW begins to form, and its rate increases 
from 0 to 6.5 Sv. In contrast, the formation rate of NADW 
suddenly decreases from 7.2 to 5.4 Sv. Changes of NADW 
and AABW tend to be slow when 34t  5°C. These results 

show that there is a threshold in the response of the system 
to increase of the strength of the thermal front. In our model, 
the value is 4.03°C. For any given value of 34t  5°C, 

water in the column of AA region and in the bottom layer 
south of the equatorial region has the same temperature, 
whereas temperatures of the middle layer decrease gradual-
ly from north to south. This suggests that after the formation 
of AABW, the controlling power of NADW is reduced. In 
contrast to the response to gyration, when 34t  is in-

creased from 4 to 7°C, change in upwelling at low latitudes 
is not monotonic, which may result from the mutual ad-
justments of NADW and AABW, plus the adjustments of 
temperature and salinity in the equatorial band. 

2.2.2  Transient responses of the initial state to thermal 
front perturbation 

In the stable initial state, temperature of box 3 is 2.88, and 
thus 34t  is 4.88°C. In the previous section, we showed 

that there is a rapid response of the system when 34t  ex-

cesses 4.03°C. In other words, the adjustment processes are 
different for 34t  4°C and 34t  5°C. These two pro-

cesses are examined below. 
The time evolution of the model for the case 34t  4°C 

is shown in Figure 7 (solid lines). The temperature changes 

in boxes of the upper and middle layers in SH and AA re-
gion have amplitudes larger than other boxes of the same 
layer, and change in box 8 is the largest (4.3°C). In the bot-
tom layer, the largest change in temperature still appears at 
the northern end of the model (box 10). The amplitudes of 
salinity decrease gradually from the top to bottom, with the 
maximum appearing in box 4, being 1.7 psu. Because we 
choose to parameterize the strength of the thermal front by 

specifying *
4 3 34T T t   , temperature in box 4 raises dras-

tically right after the perturbation set in (see Figure 7(d)). 
Temperature adjustment of boxes 3 and 4 can induce 
changes in the circulation, and thus salinity changes in re-
sponse. Afterward, salinity in box 4 begins to decline, and 
its trend is similar but slightly lags behind the temperature. 
The abrupt warming of box 4 at the beginning of the ex-
periment results in temperature rising in most areas in the 
model during the first phase of adjustment, when NADW is 
dominating. The anomalous heat collected from the upper 
layer of the equatorial region and the NH is transported to 
the AA region by NADW; hence, temperature of the middle 
and bottom layer over there is increased, which in turn leads 
to the decrease of AABW formation. 

When t34=5°C, properties changes in the model ocean are 
smaller than the case t34=4°C. The circulation pattern in this 
case is similar to that for the case with horizontal volume 
exchange 34 added on. Temperature changes in all boxes 
are similar to those described in Section 2.1. However, the 
adjustment of salinity behaves differently. Noting that ad-
justments of NADW and AABW are similar to those in-
duced by changing the strength of the wind-stress induced 
gyration. Therefore, the circulation is thermally controlled. 
Comparing these two cases, t34=4°C and t34=5°C, we 
conclude that in the case of front induced circulation change, 
e.g., t34=4°C, the adjustment of the system is relatively fast. 
As a result, the model ocean goes through an immediate and 
remarkable adjustment. 

3  Summary and conclusions 

In this study we examine the influence of opening the DP 
on the general circulation using a simple box model. Two 
sets of experiments are designed to test the impacts of the 
wind-stress induced gyration and the thermal front at the 
latitude band of the DP on the circulation for the cases with 
the DP closed or open. 

When the DP is closed and the strength of gyration at the 
latitude band of the DP is increased, the formation of 
NADW is enhanced but the formation of AABW declines. 
When gyration is greater than 4.5 Sv, AABW can even 
reach north of 30°N and exerts a controlling effect on bot-
tom water of the whole model ocean. Waters in the AA 
boxes and bottom layer warm up, and temperature differ-
ence decreases between the upper and bottom layers at low  
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Figure 7  Time evolution of some model properties for cases t34=4°C (solid lines) and t34=5°C (dashed lines). (a)–(d) Temperatures (°C) of boxes 1, 3, 4 
and 8 and the conresponding salinities (psu); (e) and (j) formation rates of NADW and AABW. T=0 indicates the beginning of these experiments when the 
perturbations set in. 

latitudes. Both facts imply that the opening of the DP can 
lead to the cooling of subsurface ocean. 

One of the key findings of our model is the remarkable 
effect of the thermal front formed after the opening of the 
DP on THC. When the thermal front is weaker or stronger 
than a critical value, the circulation is significantly different. 
Below this critical value a major feature is no AABW for-
mation, while NADW plays a dominate role in controlling 
the temperature. When the thermal front becomes stronger 
than the critical value, through a rapid process AABW be-
gins to form. Afterward, AABW, instead of NADW, begins 
to play a leading role. Our model results show that the 
changes of wind stress and the formation of thermal front 
during the course of the DP opening and ACC widening 
affect the formation of NADW and AABW, and further 
change the state of THC. 

The model presented here is highly truncated, without 
including many important processes, such as evapora-
tion/precipitation, sea-air interaction, and sea ice. These 
physical mechanisms are, however, indispensable for a 
comprehensive study of the mode shift of THC; thus, they 
should be taken into consideration in future study. 
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