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Abstract The impact of Antarctic bottom water (AABW) formation on the Weddell Gyre and its north-
ward propagation characteristics are studied using a 4000 year long control run of the GFDL CM2.1 model
as well as sensitivity experiments. In the control run, the AABW cell and Weddell Gyre are highly correlated
when the AABW cell leads the Weddell Gyre by several years, with an enhanced AABW cell corresponding
to a strengthened Weddell Gyre and vice versa. An additional sensitivity experiment shows that the
response of the Weddell Gyre to AABW cell changes is primarily attributed to interactions between the
AABW outflow and ocean topography, instead of the surface wind stress curl and freshwater anomalies. As
the AABW flows northward, it encounters topography with steep slopes that induce strong downwelling
and negative bottom vortex stretching. The anomalous negative bottom vortex stretching induces a cyclon-
ic barotropic stream function over the Weddell Sea, thus leading to an enhanced Weddell Gyre. The AABW
cell variations in the control run have significant meridional coherence in density space. Using passive dye
tracers, it is found that the slow propagation of AABW cell anomalies south of 358S corresponds to the slow
tracer advection time scale. The dye tracers escape the Weddell Sea through the western limb of the Wed-
dell Gyre and then go northwestward to the Argentine Basin through South Sandwich Trench and Georgia
Basin. This slow advection by deep ocean currents determines the AABW cell propagation speed south of
358S. North of 358S the propagation speed is determined both by advection in the deep western boundary
current and through Kelvin waves.

1. Introduction

Antarctic bottom water (AABW) is the densest water mass in the world’s ocean, which fills the deepest layer
of the ocean and is an important component of the lower limb of the global meridional overturning circula-
tion [e.g., Orsi et al., 1999]. Changes in the strength and properties of AABW could influence the global over-
turning circulation and thereby exert great impacts on the earth’s energy and freshwater budgets, sea level,
and deep ocean ecosystems [e.g., Church et al., 2011; Sutherland et al., 2012].

The formation of AABW takes places at few sites near the Antarctic continental margins [Rintoul, 1998]. As
the circumpolar deep water south of the Antarctic Circumpolar Current (ACC) is brought to the continental
margins by the subpolar gyres, it mixes with very cold and dense shelf water. In addition, sea ice formation
and brine rejection can produce convecting plumes and therefore the saltiest water that descends along
the continental slope and replenish the AABW layer offshore. Many studies have suggested a dominant role
of Atlantic sources (Weddell Sea) of AABW, although the Ross Sea and Adeli�e land region also play roles.
Analyses of water mass and oceanic chlorofluorocarbon budget estimate that 60–70% of AABW is formed
in the Weddell Sea [Carmack, 1977; Orsi et al., 1999]. Coupled climate models suggest that Southern Ocean
deep convection mainly occurs in the Weddell Sea, which also implies a strong AABW formation in the
Atlantic [e.g., Santoso and England, 2008; Martin et al., 2013; Latif et al., 2013].

The subpolar gyre over the Weddell Sea is a zonally elongated cyclonic circulation and is called the Weddell
Gyre. It extends from the Antarctic Peninsula eastward to the Kerguelen Plateau and is bounded by the Ant-
arctic continent to the south and South Scotia and North Weddell Ridges in the north [Gordon et al., 1981;
Orsi et al., 1993]. Around 308E, circumpolar deep water is frequently injected into the eastern limb of the
Weddell Gyre and is then transported westward along the southern branch of this gyre. This water mass
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gradually changes its properties as it mixes with the ambient cold and dense shelf waters and finally leads
to formation of AABW. Martin et al [2013] pointed out that the AABW formation over the Weddell Sea has a
significant multicentennial variability in a fully coupled Kiel climate model. They argued that the strong
AABW formation or deep convection is triggered by a strong buildup of heat at mid-depth by the westward
return flow of the Weddell Gyre which imports warm water from the South Atlantic to the convection
regions. Therefore, the Weddell Gyre plays an important role in the AABW production and long-term vari-
ability. On the other hand, how the AABW formation impacts the Weddell Gyre has rarely been studied.
Beckmann et al [1999] suggested that the Weddell Gyre is primarily determined by wind forcing using a
coupled ocean-sea ice regional model. Wang and Meredith [2008] found the link between the Weddell Gyre
strength and wind stress curl is very weak in 20 IPCC AR4 models; instead, the gyre strength is strongly cor-
related with the upper ocean meridional density gradient that is determined by salinity anomaly. Their
results imply that the AABW formation and export variability may have a potential to impact the Weddell
Gyre strength, since the AABW formation itself is closely related to density and salinity changes in the Wed-
dell Sea. Therefore, one purpose of the present study is to investigate how AABW formation changes impact
the Weddell Gyre and what are the potential mechanisms behind this influence.

In addition to AABW formation, the Weddell Gyre favors northward export of AABW. The AABW can be con-
veyed northward by the western limb of the Weddell Gyre and then escapes the Weddell Sea along South
Sandwich Trench and Scotia Sea (Figure 1) [Orsi et al., 1993, 1999; Locarnini et al., 1993; Naveira Garabato
et al., 2002]. However, these studies are based on sparse observations and thus the AABW export remains
poorly quantified. Using a coarse global ocean-sea ice model, St€ossel and Kim [2001] suggested that the
AABW anomaly can propagate to the subtropical Atlantic a few years later through baroclinic Kelvin waves
with phase speed corrected for the model’s grid resolution. Santoso and England [2008] argued that the
temperature anomaly induced by AABW fluctuation is dominated by isopycnal heaving, while the salinity
anomaly is dominated by along-isopycnal propagation. This implies that the density anomalies associated
with AABW fluctuation can propagate to the interior ocean with the speed of baroclinic waves in their
coarse resolution fully coupled climate model. Given these uncertainties and debates, the other purpose of
the present paper is to examine the northward export and propagation characteristics of AABW in our fully
coupled climate model. The role of the Weddell Gyre in the AABW export is also addressed in our model.

2. Model Description and Experimental Design

The coupled model used in this study is Geophysical Fluid Dynamics Laboratory (GFDL) Coupled Model ver-
sion 2.1 (CM2.1) [Delworth et al., 2006]. The atmospheric model has a median resolution of approximately
28 3 28, with 24 levels in the vertical. The ocean and ice models have a horizontal resolution of 18 in the
extratropics, with finer meridional grid-spacing in the tropics (�1/38). The ocean model has 50 levels in the
vertical, with 22 evenly spaced levels over the top 220 m. A 4000 year control simulation is conducted with
atmospheric constituents and external forcing held constant at 1860 conditions. Characteristics of the
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Figure 1. Ocean depth of the global ocean used in GFDL CM2.1 for the fully coupled control (C) and perturbed experiments (P). Unit is m.
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model’s Atlantic Meidional Overturning Circulation (AMOC) and its variability have previously been
described [e.g., Delworth and Zeng, 2012], as well as its Pacific decadal-scale variability [Zhang and Delworth,
2015]. The impact of Southern Ocean wind on the AMOC using this model was described in Delworth and
Zeng [2008]. The realism of the model characteristics as described in these previous studies provides some
level of confidence that this model is an appropriate tool for studies of the AABW and Weddell Gyre. We
perform analyses using the last 3000 years of the simulation (1001–4000) to avoid initial model drift.

To study the influence of AABW formation on the Weddell Gyre, we conduct a perturbed experiment for 40
years in which we impose 1Sv (1 Sv 5 106 m3 s21) negative freshwater anomaly on the Weddell Sea to artifi-
cially increase formation rates of AABW. Compared to the internal multidecadal fluctuations of freshwater in
the Weddell Sea in GFDL model (�0.08 Sv change from mature positive phase to negative phase), this ideal-
ized freshwater anomaly is huge. Similar waterhosing experiments are also conducted by previous work
[Zhang et al., 2011a,b; Zhang and Wu, 2012; Zhang et al., 2014]. The coupled model normally computes air-
sea fluxes of heat, water, and momentum that depend on the gradients in these quantities across the air-
sea interface. In our perturbation experiment this process continues, but after these fluxes are calculated
we add an additional (negative) freshwater flux to the model ocean. The model ocean therefore ‘‘feels’’ the
fluxes that are computed based on evaporation and precipitation at the air-sea interface, plus an extra flux
that corresponds to an idealized negative freshwater flux over the Weddell Sea. The 1 Sv freshwater anoma-
ly is uniformly distributed in the Weddell Sea (608S–708S, 508W–08W) (see box in Figure 2c). In the current
paper, we only focus on AABW change induced by the freshwater anomaly in the Weddell Sea, because the
strongest AABW formation rate and variability is found in this model over the Weddell Sea (not shown),
which is consistent with observations and other models mentioned in section 1. It is worth noting that the
atmospheric model cannot directly feel these altered freshwater fluxes. The atmosphere is only impacted
through any changes to the ocean that the freshwater flux anomalies induce. Note also that we use natural
boundary condition for the surface salinity balance in CM2.1. That means the anomalous freshwater input is
real water, rather than a virtual salt flux. Thus, the model ocean can feel vertical velocity induced by the
freshwater anomaly and the total salt in the world ocean is conserved. The local salinity changes are due to
freshwater dilution or concentration. To increase the signal-to-noise ratio, we perform the same perturba-
tion experiment using 10 ensemble members. Each ensemble member is initialized from different points in
the control run separated by 20 years. The responses are taken as the ensemble mean differences between
the perturbed experiment and the control run. All results shown in paper are based on annual mean data.

To better understand the northward export and propagation characteristics of AABW, we release continu-
ous passive dye tracers in the Weddell Sea. Within the volume of water from 608S–708S, 508–08W, and from
572 m depth to the ocean bottom, the value of the passive dye is set to 1.0. When a water parcel leaves this
volume the passive dye is no longer reset to 1, but can become diluted as the water mixes with other water
parcels of differing origin.

Note that the sensitivity experiments designed here are purely idealized, which are used to understand the
physical processes regarding the relationship between AABW formation/export and Weddell Gyre in GFDL
model rather than to simulate a future climate scenario. Same purposes can be obtained if we use other
methods to artificially change the formation rates of AABW, such as deepening the channel.

3. A Close Relationship Between AABW Formation and Weddell Gyre in the Fully
Coupled Control Run

Before examining linkages between the AABW formation and Weddell Gyre, we first show their features
and definition. Figures 2a and 2b present the long-term mean global meridional overturning circulation
(GMOC) in depth space and density space, respectively. In depth space, the GMOC is characterized by broad
positive values north of 608S in the upper 3500 m, and negative values south of 608S. The former primarily
represents the clockwise AMOC north of 308S and wind-driven Deacon Cell between 608S and 308S, while
the latter denotes the anticlockwise AABW cell. Over the upper 300 m, the shallow cells over the tropics are
antisymmetric across the equator with a positive stream function in the north and a negative stream func-
tion in the south. These mainly reflect the subtropical cells (STC) over the Pacific Ocean. We use the AABW
cell strength that is defined as absolute value of the minimum stream function south of 608S to represent
the rates of AABW formation and export in the current paper, which is also seen in previous studies
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[Stouffer et al., 2007]. The long-term mean AABW cell in depth space in the GFDL model is approximately
8 Sv using this definition, which is considerably smaller than observed estimates (21 6 6 SvÞ [Ganachaud
and Wunsch, 2001]. In density space, the Pacific STC, AMOC, and AABW cell are layered very well by the den-
sity axis, with the lightest STC in the top, the AMOC in the middle, and the densest AABW cell in the bottom
(Figure 2b). Consistent with Zhang [2010], the maximum AMOC value is shifted northward in density space
as compared to the depth space (Figure 2a versus Figure 2b). In contrast, the position of the AABW cell min-
imum in density space does not change as much compared to that in depth space (Figure 2a versus Figure
2b). We note that the AABW cell is much stronger in density space than in depth space, with a value of
approximately 16 Sv. Moreover, there is greater meridional coherence of the AABW cell in density space
than in depth space. The AABW cell signal is clearly seen from the high latitudes to 208S in density space,
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(b) Long term mean GMOC in CM2.1 (density space)
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Figure 2. Long-term mean (a) global meridional overturning circulation (GMOC) in depth space, (b) GMOC in density space, and (c)
vertically integrated barotropic stream function in the fully coupled control run. Only positive stream function values are shown in (c).
Unit is Sv.
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whereas the AABW cell is separated by the Deacon Cell around 608S in depth space. Hence, studies of sub-
polar and subtropical AABW cell connectivity are more natural in density space than in depth space. These
AABW cell differences displayed in depth and density spaces are also mentioned by D€o€os and Webb [1994].

The Weddell Gyre structure is primarily barotropic [e.g., Orsi et al., 1993; Wang and Meredith, 2008, see also Fig-
ure 9c], and thus we use the maximum barotropic stream function in the Weddell Sea to represent the strength
of the Weddell Gyre. A larger (smaller) stream function value in the Weddell Sea indicates a stronger (weaker)
Weddell Gyre circulation. As shown in Figure 2c, the Weddell Gyre is featured by a strong clockwise circulation
east of the Antarctic Peninsula with a double cell structure. These two subgyre centers sit on each side of the
Prime Meridian, which is also seen in observation and other models [Orsi et al., 1993; Beckmann et al., 1999;
Wang and Meredith, 2008]. The eastern boundary of Weddell Gyre is around 408E, which is close to the western
flank of the Kerguelen Plateau. Compared to the clear boundary of the Weddell Gyre, the Ross Gyre (fills the
Ross Sea) and Australia-Antarctic Gyre (over the Australia-Antarctic basin) are less distinct in the GFDL model.

A time series of AABW cell strength in depth space is constructed from the CM2.1 control simulation. Spec-
tral analysis of this time series shows a significant peak at multidecadal time scales of approximately 70–
110 year (Figure 3a). This multidecadal variability also appears in Southern Ocean SST fields averaged over
various domains (Figures 3b and 3c). The physical explanations for connections between the AABW cell and
SST are as follows: The long-term mean subsurface temperature over the Southern Ocean is warmer than
surface SST (Figure 7e). The strong AABW formation increases ocean deep convection, which entrains warm
subsurface water to the surface and therefore leads to a warm/cold temperature anomaly in the surface/
subsurface (not shown). Opposite conditions occur for a weaker-than-normal AABW cell. The warm (cold)
SST over the Southern Ocean further induces Antarctic sea ice decrease (increase), thereby leading to a mul-
tidecadal fluctuation in sea ice extent (Figure 3d).
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(c) Southern Ocean (50S−70S) SST
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Figure 3. Power spectrum (black lines) of the (a) Antarctic bottom water (AABW) cell, (b) AABW source region (608S–708S, 508W–08W) aver-
aged SST anomaly, (c) Southern Ocean (708S–508S, 08E–08W) averaged SST anomaly, and (d) Antarctic sea ice extent in the fully coupled
control run. All the time series are normalized by their standard deviation before spectrum analysis, thus the unit in y-axis is 1. Note that
the spectrum in y-axis is linear and the x-axis denotes periods. The blue lines overlapped on the spectrum are the 95% confidence level.
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The AABW cell and Weddell Gyre are strongly linked in the CM2.1 control simulation. Figure 4a exhibits the
50 year low-pass filtered AABW cell and Weddell Gyre time series. A stronger than normal AABW cell corre-
sponds to a stronger than normal Weddell Gyre and vice versa. The highest positive correlation (0.82)
occurs when the AABW cell leads the Weddell Gyre by about 7 years (Figure 4b). These results suggest that
the Weddell Gyre responds to changes in AABW formation and the adjustment time is on the order of sev-
eral years. We also show in Figure 4c the coherency spectrum of unfiltered AABW cell and Weddell Gyre
indices. The AABW cell and Weddell Gyre are strongly linked on 70–110 year band. This multidecadal coher-
ence coincides with the peak period of AABW cell variability (Figure 4c versus Figure 3), further implying a
potential impact of AABW formation on the Weddell Gyre. In the next section, we will use a sensitivity
experiment to investigate the detailed physical mechanism of this connection. It is worth noting that there
is a significantly negative correlation at a positive lag of 35 years (Figure 4b), indicating a negative feedback
of the Weddell Gyre on the AABW cell. The long time scale impact of Weddell Gyre on AABW cell (�35 year)
is closely related to mechanisms causing the 70–110 year internal variability over the Southern Ocean,
which is beyond the purpose of current paper. Here we focus on the positive correlation between the
AABW cell and Weddell Gyre when AABW cell leads.

We show in Figure 5 the northward propagation of AABW cell variation during the Southern Ocean internal
cycle. As mentioned above, the AABW cell meridional connectivity is more clearly resolved in density space.
Thus, the AABW cell index at each latitude is defined as the absolute value of the minimum stream function
below 1036 kg/m3 in density space (Figure 2b). We then calculate the lead lag correlation of AABW cell
index at each latitude versus the AABW cell index at 69.58S in density space. The northward propagation of
AABW volume and thus the AABW cell variation is generally classified into two regimes separated by 358S.
South of 358S, the propagation speed of AABW cell is very slow, which is on the order of decades. The
AABW cell propagation north of 358S is faster, as indicated by the fact that the anomalies are almost in
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Figure 4. (a) Time series of 50 year low-pass filtered AABW index in depth space and Weddell Gyre anomalies in the control run. These
time series are normalized by their own standard deviation and thus the unit is 1. (b) Lead-lag correlation between the AABW index and
Weddell Gyre. The red dots overlapped on the blue line indicate that the correlation is significant at 95% confidence level based on the t-
test. (c) Coherent spectrum of AABW and Weddell Gyre. The dashed black line in Figure 4c is the 95% significance level.
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phase in different latitudes; this suggests an important role for Kelvin wave propagation. The slow AABW
cell propagation in high latitudes appears to be related to the slow export of AABW from the Weddell Sea.
Figure 6 shows the lagged regression of barotropic stream function against the AABW index at 69.58S. At
lags of 0–8 year, the Weddell Gyre gradually strengthens, which is consistent with Figure 4. At lags of 12–20
year, the flow trapped in the Weddell Gyre gradually flows from the Weddell Sea to the Argentine Basin
through the South Sandwich Trench and Georgia Basin (Figure 1). This slow AABW cell propagation in high
latitudes can be also seen in the isopycnal depth anomaly using the same model [Zhang et al., 2016]. Note
that the AABW cell propagation in 538S–358S band is not that smooth (Figure 5). This is because the ACC
and eddy activities are very strong there. The ACC can transport signals from the Weddell Gyre to all longi-
tudes, and thus the lead-lag correlations calculated using statistical methods can be somewhat noisy. In the
next section, we will use passive dye tracers to better illustrate relevant processes.

4. Simulated Ocean Responses to an Anomalous Freshwater Forcing Over the
Weddell Sea

4.1. AABW Cell and Weddell Gyre Responses
Through an anomalous 21 Sv freshwater forcing experiment we artificially change the strength of AABW forma-
tion and examine the impact of AABW formation on the Weddell Gyre and the equatorward propagation of
AABW volume. We first examine the AABW cell response (Figures 7a–7d). The GMOC response averaged for years
21–40 after beginning the anomalous negative freshwater flux shows broad negative stream function anomalies
in both depth and density spaces (Figures 7a and 7c), indicating a strengthening of AABW formation. The maxi-
mum anomaly occurs south of 608S, extending northward to the Northern Hemisphere with decreasing magni-
tude (Figures 7a and 7c). Figures 7b and 7d show the time evolutions of AABW cell indexes in both the control
run and the perturbed experiment. Forced by a negative freshwater anomaly, the AABW cell strength gradually
increases and becomes stable after about 20 years. The AABW cell adjustment processes are quite similar in
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depth and density spaces,
although the AABW cell has a
larger magnitude response in
density space than in depth
space. The AABW cell strength-
ening entrains subsurface warm
water to the surface, which in
turn leads to a temperature
dipole over the Southern Ocean
with a warm/cold temperature
anomaly in the surface/subsur-
face (Figures 7e and 7f).

The AABW cell strengthening is
largely associated with the posi-
tive salinity anomaly induced
by the negative freshwater flux.
Figures 8a–8e show the sea sur-
face salinity (SSS) evolution in
the first 20 years. At 1–4 years,
the positive salinity anomaly is
mainly trapped in the forcing
region (Figure 8a). After this ini-
tial period, the positive salinity
anomaly gradually spreads
eastward by the Weddell Gyre
and further covers the entire
Southern Ocean via the Antarc-
tic circumpolar current (ACC)
(Figures 8b–8e). The positive
salinity anomaly increases den-
sity over the Southern Ocean,
induces deep convection, and
thus spins up the AABW cell.

We next examine the Weddell
Gyre adjustments, as shown in
Figures 9a and 9b. The Weddell
Gyre gradually increases in
response to an anomalous neg-

ative freshwater flux and goes to a quasi-equilibrium state around year 27 (Figure 9b). Note that the starting year
of stable Weddell Gyre response (�27th year) lags the stable AABW cell response (�20th year) by several years
(Figure 7b versus Figure 9b), suggesting a passive Weddell Gyre response to the AABW cell. Here the delayed time
scale and in phase responses between the Weddell Gyre and AABW cell are in agreement with that in the fully
coupled control run (Figures 7 and 9 versus Figure 4). Figure 9a exhibits the spatial pattern of Weddell Gyre
response averaged in the last 20 (year 21–40) years. As expected, the barotropic stream function displays broad
increases over the Southern Ocean, with the largest increase over the forcing region (Weddell Sea). It is interesting
to see that the positive barotropic stream function response is not only trapped over the Weddell Basin but also
extends northwestward to the Argentine Basin through the South Sandwich Trench and Georgia Basin. The north-
ward expansion of Weddell Gyre closely follows the topography, implying potential interactions between the cur-
rent and topography. A similar phenomenon occurs over the Ross Sea. The Weddell Gyre strengthening is also
clearly seen from the zonal mean zonal current (Figures 9c and 9d). The long-term mean zonal current averaged
over the Weddell Sea is primarily barotropic, with an eastward flow north of 658S and a westward flow south of
658S. This corresponds to a cyclonic Weddell Gyre over the Weddell Sea (Figure 2c). The zonal current response
shows the same sign as in the fully coupled control run, indicating an increase of Weddell Gyre strength in the
perturbed experiment (Figures 9c and 9d).
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To investigate the physical processes controlling the Weddell Gyre strengthening, we introduce the vertical
integration of steady linear vorticity equation in a homogeneous ocean and use the b plane approximation.
The equation is listed as follows:

b
@w
@x

5f E2Pð Þ1 k � r3s
qo

2fWB1AHr4w; (1)

where w is the vertically integrated barotropic stream function and has forms of
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@w
@x

5

ð0

2H
vdz and

@w
@y

5

ð0

2H
udz: (2)

Here H is water depth. The first term on the right side of equation (1) (f E2Pð Þ) is the impact of freshwater
forcing on the interior barotropic stream function. E denotes evaporation, P represents precipitation, and f
is the Coriolis force. The balance between the term on the left side of equation (1) b @w

@x and f E2Pð Þ is the
well-known Goldsbrough solution [e.g., Huang, 1993]. Since the applied freshwater forcing (21 Sv) in the
perturbed experiment is large, this term may be significant. In the real-world and fully coupled control simu-
lation, the freshwater flux also changes due to the precipitation, runoff as well as Antarctic sea ice melting.
The second term on the right side of equation (1) (k�r3s

qo
) is the contribution of wind stress curl on barotropic

stream function. r3s in equation (1) is wind stress curl, and qo is seawater density. The balance between b
@w
@x and k�r3s

qo
is a classic Sverdrup relationship. The third term on the right side of equation (1) (2fWB) is the

bottom vortex-stretching term, which assesses the role of topography in the barotropic stream function
(also see in Zhang and Vallis [2007]). Here WB is the bottom vertical velocity. Over steep sloping topography,
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WB is the bottom flow across topographic isobaths (2uB � rH) with the geostrophic approximation. uB is
bottom horizontal flow. We can deduce that the ocean barotropic stream function will deviate from the
Sverdrup and/or Goldsbrough transports if the bottom vertical velocity is large enough. That means we
need to take into account not only the roles of surface wind stress and/or freshwater but also the vertical
velocity at the bottom when considering the ocean barotropic transport. The fourth term on the right-hand
side of equation (1) (AHr4w) is the lateral viscosity, which is used to close the circulation. AH is the lateral
viscosity coefficient.

First, we check the role of freshwater forcing in the strengthened Weddell Gyre response. Figures 8f–8j
show the sea surface height (SSH) evolution in the first 20 years. Since we extract freshwater from the ocean
in the Weddell Sea in the perturbed experiment, the direct result is a decreasing of SSH in the forcing region
(Figures 8f–8g). As the negative freshwater flux continues, the SSH in the Weddell Sea continues to decrease
(Figures 8h–8j). The negative SSH anomaly favors clockwise circulation in the Weddell Sea according to geo-
strophic adjustment. Thus, the freshwater forcing plays a positive role in the strengthened Weddell Gyre
response. Figure 10a shows the magnitude of the freshwater contribution (f E2Pð Þ) to the barotropic stream
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function response (equation (1)). It shows negative values in the forcing region, which suggests a southward
interior flow over the Weddell Basin, favoring an anomalous clockwise circulation and therefore a spin-up of
the Weddell Gyre. It is worth noting that, after about a decade, the negative SSH anomaly gradually extends
to the Australia-Antarctic Basin and Ross Sea (Figures 8i and 8j). Moreover, the shape of the negative SSH
anomaly no longer likes a smooth oval that appears in the first 10 years. Instead, it mainly follows the
topography and resembles the stable barotropic stream function response (Figure 8j versus Figure 9a). This
implies that the dynamical circulation becomes important in the SSH response once the ocean current
builds.

We next examine the contribution of surface wind stress curl to the Weddell Gyre strengthening. We show
in Figure 11 the evolution of surface wind stress/SST and wind stress curl responses. The responses in the
first 4 years are mainly confined in the forcing region (Figure 11a), with a cooling SST anomaly correspond-
ing to a weak anticlockwise wind over the Weddell Sea. These responses further extend to the entire South-
ern Ocean in the following years (Figures 11b–11e). In general, the SST anomaly is negative over the forcing
region and positive elsewhere over the Southern Ocean. The overlying wind stress anomaly is characterized
by a prevailing westerly wind (Figures 11b–11e). Here the positive SST anomaly is mainly due to the strong
deep convection and strengthened AABW cell, which entrains local warm subsurface water to the surface
(Figures 7a and 7d). In the forcing region, the strengthened Weddell Gyre brings cold water from near the
coastal regions further to the north, thereby leading to negative SST anomalies. The surface wind response
over the Southern Ocean is largely associated with the local warm SST feedback, as shown later. Consistent
with the wind stress response, the wind stress curl anomaly over the Weddell Sea is primarily positive
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throughout the evolution (Figures 11f–11j), which favors producing an anomalous anticlockwise gyre. The
magnitude of wind stress curl contribution (k�r3s

qo
) to the barotropic stream function response (equation (1))

is further shown in Figure 10b. The Weddell Sea is dominated by positive curl anomalies, which suggests a
northward interior flow according to Sverdrup balance. This eventually generates an anticlockwise circula-
tion to conserve the mass and vorticity. Therefore, the wind stress curl induced circulation tends to counter
the Weddell Gyre strengthening. Moreover, the magnitude of wind stress curl contribution is much smaller
than the freshwater forcing (Figure 10a versus Figure 10b). We therefore conclude that the negative role of
wind stress curl is very small in the Weddell Gyre response shown in Figures 9a and 9b.

We perform two sensitivity experiments to verify that the westerly wind anomaly over the Southern Ocean
is associated with warm SST feedback (Figures 11a–11e). In the first experiment, we restore the model SST
at every step to the seasonal cycle of climatological SST as derived from the control simulation. This restor-
ing is done only over a portion of the Southern Ocean (508S–908S, 08E–3608E), while the ocean everywhere
else is fully active. The second experiment is the same as the first, but SST is restored over the same domain
to a field that is the sum of the seasonal cycle of SST from the control simulation plus the SST anomaly
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south of 508S averaged over the last 20 years (Figure 12a) from the freshwater experiment. Both experi-
ments are 50 years in duration and differences between the two experiments over the last 40 years are tak-
en as the response to the SST anomaly. We use a 10 member ensemble with initial conditions taken from
widely separated points of the coupled control simulation and examine ensemble mean differences. In
response to a warm SST anomaly in the Southern Ocean, the sea level pressure (SLP) anomaly is character-
ized by a negative phase of the Southern Annular Mode (SAM) and weakened westerly winds (Figure 12b).
The weakened westerly can amplify the initial SO warm SST anomaly via decreased latent heat loss and
southward Ekman transport, which in turn generates a local weak positive air-sea feedback.

Finally, we examine the contribution of deep current-topography interaction to the Weddell Gyre response.
As shown in Figure 7, the AABW cell significantly strengthens in the perturbed experiment. When the
AABW flows northward, it passes the steep slopes such as from the continental shelf to the Weddell Sea,
from the South Scotia Ridge to the Scotia Sea and Sandwich Trench, and from the Georgia Basin to the
Argentine Basin. The strong northward AABW outflow interacts with these steep downslopes, which can
induce strong bottom downwelling (WB � 2uB � rH) (Figure 10d). Figure 10d shows broad negative values
over steep slopes, especially over the margins of Weddell Basin, South Sandwich Trench, and Argentine
Basin. These bottom downwelling regions further induce negative bottom vortex stretching (2fWB) (Figure
10c). According to equation (1), the negative bottom vortex stretching favors southward interior flow over
the Weddell Basin, produces an anticlockwise circulation, and thus strengthens the Weddell Gyre. The nega-
tive bottom vortex stretching over the South Sandwich Trench further extends the positive stream function
anomaly northward to the South Argentine Basin, which constrains the barotropic stream function and SSH
responses following the topography (Figures 8j and 9a). Interactions between the AABW outflow and
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Figure 12. (a) SST (8C) and surface wind stress (N/m2) responses (P-C) averaged in the last 20 years (21–40 year). (b) Sea level pressure
(SLP) response to an anomalous Southern Ocean warm SST anomaly. Red (blue) contours denote positive (negative) SLP values. Contour
interval for SLP is 0.2 hPa.
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topography also occur in other basins over the Southern Ocean. We find that bottom downwelling and neg-
ative bottom vortex stretching (Figures 10c and 10d) southeast of Australia and over the southeast Pacific
Basin coincide with the positive stream function responses over these basins that are constrained by topog-
raphy (Figure 9a). The positive contribution from interactions between the AABW and topography to the
Weddell Gyre is much larger than the positive role of freshwater (Figure 10a versus Figure 10c). The fresh-
water contribution is 2 orders of magnitude smaller than the contribution from topography. Therefore, the
Weddell Gyre strengthening in response to an enhanced AABW cell mainly arises from interactions between
the AABW outflow and topography (Figure 7). This also explains why the Weddell Gyre spins up (down) fol-
lowed by a stronger (weaker) than normal AABW cell as part of the internal variability in the Southern
Ocean in the fully coupled control run (Figure 4).

4.2. Northward Propagation of AABW Anomaly
Differences in the AABW cell between the perturbed experiment and the control run show remarkable
anomalies between the 1036.9 and 1037.3 isopycnal levels (Figure 7c). We show in Figure 13 the AABW cell
response averaged over these isopycnal depths as a function of latitude and time. In general, the AABW cell
change propagates northward with two different speeds. One is the slow propagation from the high lati-
tude source region to the equator throughout the entire experiment. The other is the fast propagation with-
in 258S–208N after about 15 years, in which the AABW cell changes at these latitude bands are almost in
phase. The former slow speed is consistent with the tracer advection time scale discussed below, while the
latter is largely associated with the fast Kelvin wave propagation as the AABW export reaches the Atlantic
western boundary.

Figure 14 shows the time evolution of annual mean passive dye distributions in the deep ocean (3800 m)
every 5 years in the perturbed experiment and the corresponding segment of the control simulation. When
a water parcel enters a specified volume over the Weddell Sea (608S–708S, 508W–08W, 572 m to the bottom
of the ocean), a passive dye is added to the water with a concentration of 1.0. After any water parcel exits
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Figure 13. Time evolution of AABW response (P-C) in density space averaged over 1036.9–1037.3 kg/m3 isopycnal depths as a function of
latitude for running 40 years. Unit is Sv.
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that volume, the passive dye mixes through advection and other processes and becomes diluted. We first
examine the characteristics of the dye distribution in the fully coupled control run (Figures 14a–14h) at
points in time after starting to inject the dye. The passive dye tracers have their maximum signals over the
Atlantic Ocean, with a secondary maximum over the Australia-Antarctic Basin. The northward propagation
of dyes mainly occurs over the Atlantic basin. In the first 5 years, the passive dyes are mainly trapped in the
Weddell Sea (Figure 14a). The dyes then escape the Weddell Sea by two pathways (Figures 14b–14h). One
is northwestward to the Argentine Basin through the South Sandwich Trench and Georgia Basin. The other
is eastward to the Australia-Antarctic Basin and Ross Sea. These two pathways are also found in observation-
al AABW export from the Weddell Sea [Orsi et al., 1999]. The source region passive dyes also spread to the
eastern part of Scotia Sea, which is clearly seen from the deep ocean (not shown), although the dye concen-
tration in the Scotia Sea is much lower than that over the South Sandwich Trench. Note that the passive
dyes in the Atlantic Basin are mainly confined south of 208S during the evolution (Figures 14a–14h), indicat-
ing that the AABW outflow in the model cannot cross this latitude. This is in agreement with the long-term
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Figure 14. Time evolution of passive dyes in the fully coupled control run (left) and perturbed experiment (right). Unit is 1.
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mean AABW cell in density space, which shows a negative stream function south of 208S and below
1036 kg/m3 (Figure 2b). Note also that the source region dyes take about two to three decades to reach the
Argentina Basin (Figures 14a–14f), which matches the AABW cell propagation time scale from the high lati-
tude to the subtropics (Figure 5).

In the perturbed freshwater experiment, the passive dyes are spread further away from the source region as
compared to the control run (Figures 14a–14h versus Figures 14i–14p). The dyes in the Argentine Basin can
be further advected northward to the equator along the Atlantic western boundary (Figures 14m–14p). The
eastward advection of passive dyes can reach the Southeast Pacific Basin and the dyes South of Indian are
even advected back to the Atlantic by the Agulhas Current (Figures 14m–14p). In addition, the dye concen-
tration outside the source region is much higher in the perturbed experiment than in the control run (Fig-
ures 15a–15h). There is an exception over the South Sandwich Trench where negative dye concentration
anomaly appears (Figures 15a–15h). The Weddell Gyre plays an important role in exporting passive dyes
from the source region. As exhibited in Figures 15i–15p, the Weddell Gyre is strengthened in the perturbed
experiment, with a northward extension to the South Sandwich Trench. As mentioned in the last subsec-
tion, the Weddell Gyre strengthening is due to interactions between the increased AABW outflow and
topography. Therefore, more dye can be conveyed northward by the western limb of the strengthened
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Figure 15. Time evolution of passive dye (left) and barotropic stream function (right) responses (P-C). Units are 1 for dyes and Sv for
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Journal of Geophysical Research: Oceans 10.1002/2016JC011790

ZHANG AND DELWORTH AABW AND WEDDELL GYRE CHARACTERISTICS 5841



Weddell Gyre and then escape the Weddell Sea along the South Sandwich Trench. This eventually leads to
more dye being advected to the Argentine Basin and less dye staying in the South Sandwich Trench. The
continued northward spreading of dyes from the Argentine Basin to the equator is largely associated with
the strengthened deep western boundary current in the perturbed experiment. Figures 16a–16c show the
deep ocean current at 3800 m in the fully coupled control run, perturbed experiment and their differences.
Consistent with the barotropic stream function response (Figures 15i–15p), the strengthening of Weddell
Gyre and northwestward flow in the South Sandwich Trench are clearly seen in the perturbed experiment
(Figures 16b and 16c). The strong AABW outflow exported by the Weddell Gyre leads to a strong deep west-
ern boundary current from the Argentine Basin to equator in the perturbed experiment (Figures 16b and
16c), which is in sharp contrast to the control run (Figure 16a). This deep western boundary current in the
perturbed experiment is strong enough to project on the AABW propagation. Thus, the slow tracer
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Figure 16. Deep ocean current at 3800 m in (a) control run, (b) Perturbed run, and (c) their difference (P-C) averaged in the last 20 years
(21–40 year). Unit is m/s.
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advection speed is still seen north of 258S after about 15 years during the AABW propagation (Figure 13), in
addition to the fast Kelvin wave signal. By comparing the AABW propagation with passive dye spreading
(Figure 13 versus Figures 14i–14p), we further confirm that the slow northward propagation of AABW signal
on decadal time scales is consistent with the slow tracer advection speed by the mean deep current.

5. Interhemispheric Teleconnection From the Southern Ocean to the Northern
Hemisphere

Forced by a negative freshwater flux over the Weddell Sea, the SST response is characterized by a bipolar
seesaw after about 16 years (Figures 10a–10e), with warm anomalies over the Southern Hemisphere and
cold anomalies over the North Pacific and North Atlantic Oceans. This SST bipolar seesaw becomes more
significant in the last 20 years (Figures 12a). We find such SST pattern formation is associated with both
ocean and atmosphere bridges.

The deep convection change in the Weddell Sea affects the AMOC. Figure 17 shows the time evolution of
AABW cell and AMOC responses over the subpolar deep convection region and AMOC southward outflow
region (308S) as well. The AABW cell (AMOC) index in the AMOC outflow region is defined as the absolute
value of minimum (maximum) stream function at 308S. The AABW cell strength over the Weddell Sea gradu-
ally increases in response to a negative freshwater forcing (red line). After about 15 years, the AABW cell at
308S starts to increase (magenta line). The delayed subtropical AABW cell response arises from the advec-
tion time of deep ocean current (Figure 13). The increased AABW cell strength at 308S then leads to a
decrease of AMOC at the same latitude (magenta line versus blue line). This decreased AMOC signal at 308S
(blue line) quickly propagates to the Northern Hemisphere deep convection region by fast Kelvin waves,
which in turn generate a decreased extratropical AMOC (green line) and thus generating negative SST
anomalies over the North Atlantic and North Pacific Oceans. The above physical processes are consistent
with the argument proposed by Martin et al. [2013] and Swingedouw et al. [2009].

The Southern Ocean signals are also conveyed to the Northern Hemisphere via atmospheric teleconnec-
tions. In response to the freshwater forcing, an intense SST warming develops over the southeastern Pacific
and extends rapidly to the entire ACC region (Figures 10a and 10b). Northwest wind anomalies develop far-
ther north of the warm SST anomalies (Figures 10a and 10b), and these subsequently lead to a northward
extension of the warm SST anomaly due to anomalous latent heating and further development of north-

west wind in the equatorial eastern Pacif-
ic in the following years (Figure 10c). The
fast positive wind-evaporation-SST (WES)
[e.g., Xie and Carton, 2004] feedback
shown here conveys the warm SST
anomalies over the Southern Ocean to
the equator. Once the warm SST anoma-
ly reaches the equatorial eastern Pacific,
it will trigger the tropical positive
Bjerknes feedback to further amplify the
initial SST anomaly. The entire tropical
Pacific is covered by warm SST anomalies
after about 10 years (Figures 10c–10e).
The warm SST anomaly over the tropical
Pacific then induces the positive phase
of Pacific North America (PNA) telecon-
nection [e.g., Horel and Wallace, 1981],
leading to a PDO-like [e.g., Zhang and
Delworth, 2015, 2016] SST pattern with
cold SST anomalies over the western and
central North Pacific (Figures 10d–10e).
Similar processes occur over the Atlantic
basin (Figures 10c–10e).
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6. Discussion and
Summary

In the current paper, we investi-
gate the impact of Antarctic
Bottom Water (AABW) forma-
tion on the Weddell Gyre and
its northward propagation char-
acteristics based on a 4000
years long control run of the
GFDL CM2.1 model as well as
additional sensitivity experi-
ments. This is the first study
using a fully coupled model to
systematically examine the rela-
tionship between AABW cell
and the Weddell Gyre on
decadal time scales. The export
of AABW from the Weddell Sea
has been investigated by sparse
observation and coarse ocean-
only and coupled models [e.g.,
Naveira Garabato et al., 2002;
Orsi et al., 1999; St€ossel and Kim,
2001; Santoso and England,
2008]. However, their results
sometimes are contradictory.
Therefore, it is very necessary to
reexamine the AABW northward
propagation characteristics
using a relatively higher resolu-
tion GFDL model.

Here our GFDL CM2.1 model
shows that the AABW cell and
Weddell Gyre are highly corre-
lated, with an enhanced AABW
formation corresponding to a

spin-up of the Weddell Gyre and vice versa. The positive correlation is highest when the AABW cell leads
the Weddell Gyre by about 7 years. To examine what processes determine the passive response of the Wed-
dell Gyre to AABW cell, we conduct a sensitivity experiment in which we impose a 1 Sv negative freshwater
flux anomaly on the Weddell Sea to artificially increase AABW formation. It is found that the Weddell Gyre
strengthening is largely attributable to interactions between the increased AABW outflow and ocean topog-
raphy, rather than the surface wind stress curl and freshwater anomalies. As the AABW flows northward, it
flows down steep slopes which can induce strong bottom downwelling and negative bottom vortex
stretching. The anomalous negative bottom vortex stretching induces a clockwise barotropic stream func-
tion over the Weddell Sea and thus leads to an enhanced Weddell Gyre. The surface negative freshwater
flux anomaly also plays a positive role in the Weddell Gyre strengthening. However, the magnitude of fresh-
water contribution is too small to be considered. In contrast to the positive roles of bottom vortex stretch-
ing and freshwater, the wind stress curl contributes negatively to the Weddell Gyre response.

Our GFDL CM2.1 control run also shows that the AABW cell variations have significant meridional coherence
in density space. The northward propagation of AABW cell is very slow in the region south of 358S, with a
time scale on the order of two to three decades. In sharp contrast, the AABW cell propagation is almost in
phase north of 358S due to the fast speed of Kelvin wave. Using passive dye tracers, we find the slow propa-
gation of AABW cell south of 358S matches the slow tracer advection time scale. The dye tracers escape the
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Weddell Sea through the western limb of Weddell Gyre and then go northwestward to the Argentine Basin
along South Sandwich Trench and Georgia Basin. This slow dye advection by the deep ocean currents from
the Weddell Sea to Argentine Basin finally determines the slow AABW cell propagation south of 358S. The
AABW cell in our fully coupled model is a little bit weak compared to observation, which leads to a weak
deep western boundary current north of Argentine Basin. Thus, the AABW cell propagation north of 358S in
control run is dominant by fast Kelvin wave signal. On the contrary, the slow tracer advection speed north
of Argentine Basin can still project onto the AABW cell propagation in the negative freshwater forcing
experiment due to the strong AABW cell and deep western boundary current.

The sensitivity of AABW cell and Weddell Gyre responses to the magnitude of freshwater forcing is exam-
ined. Figure 18 shows the AABW cell and Weddell Gyre evolutions in response to 0.1, 0.5, and 1 Sv negative
freshwater forcing over the Weddell Sea. The results in fully coupled control simulation are also presented
to do comparison. A close inspection finds that the AABW cell increase is not linear to the negative freshwa-
ter increase (Figure 18a). The AABW cell increase in 20.5 Sv run (�16.2 Sv averaged in the last 20 years) is
more than 5 times larger than that in 20.1 Sv run (�2.4 Sv), while the AABW cell increase in 21 Sv run
(�26.7 Sv) is less than 2 time smaller than that in 20.5 Sv run (�16.2 Sv). Similar situation occurs in the
Weddell Gyre response (Figure 18b). The physical processes causing these nonlinear responses will be
examined in future. In spite of magnitude differences, the sign responses among different experiments are
the same. This provides us confidence in trusting our analysis mentioned above.

We primarily investigate the impact of AABW formation on the Weddell Gyre in this study. A question will
naturally arise: does the converse relationship also hold? As mentioned in section 1, the Weddell Gyre
appears to impact AABW formation. The east branch of Weddell Gyre transports salty circumpolar deep
water southward to the continental shelf, which in turn generates the dense water that replenishes the
AABW offshore. To confirm this hypothesis, we perform an idealized sensitivity experiment in which the
Weddell Gyre is artificially strengthened due to surface anomalous wind stress curl. In the sensitivity experi-
ment, a stronger-than-normal Weddell Gyre corresponds to an increased AABW formation. On one hand,
the strengthened Weddell Gyre transports more salty circumpolar deep water southward to the continental
shelf, leading to an increased AABW formation. On the other hand, the spin-up of Weddell Gyre corre-
sponds to a strengthened upwelling that entrains subsurface salty water to the surface and therefore trig-
gers the AABW formation. Therefore, the AABW formation and Weddell Gyre in GFDL CM2.1 model are
strongly coupled together. More details of their interactions will be examined in future.

One caveat of the present study is that the horizontal resolution of the GFDL CM2.1 ocean model is approxi-
mately 18, and it therefore cannot explicitly simulate mesoscale eddies in the Southern Ocean. It also simu-
lates boundary currents that are broader than observed. Thus, it would be very useful to repeat these
analyses and sensitivity experiments with other models to assess the robustness of the results, especially
models with substantially higher resolution. It should also be stressed that more direct ocean observation,
particularly subsurface observations over the far Southern Ocean, are also needed to better assess the mod-
el variability and verify the existence of AABW pathways in the real world.
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