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Abstract

Seasonal and interannual variability of ocean bottom pressure (OBP) in the Southern Ocean was investigated
using Gravity Recovery and Climate Experiment (GRACE) data and a Pressure Coordinate Ocean Model (PCOM)
based on mass conservation. By comparing OBP, steric sea level, and sea level, it is found that at high latitudes the
OBP variability dominates the sea level variability at seasonal-to-decadal time scales. The diagnostic OBP based
on barotropic vorticity equation has a good correlation with the observations, indicating that wind forcing plays
an important role in the variability of the OBP in the Southern Ocean. The unique interannual patterns of OBP in
the Southern Ocean are closely associated with El Niño-Southern Oscillation (ENSO) and Southern Annular Mode
(SAM). Regression analysis indicates that ENSO and SAM influence the OBP through altering the Ekman transport
driven by surface wind.  The leading pattern of  OBP from PCOM are very similar  to observations.  Sensitive
experiments of PCOM show that surface wind forcing explains the observed OBP variability quite well, confirming
the importance of wind forcing and related oceanic processes. In the eastern South Pacific, the averaged OBP
shows a decrease (increase) trend before (after) 2011, reflecting the reverse trend in westerly wind. In the South
Indo-Atlantic Ocean, the averaged OBP has a weak increase trend during 2003–2016.
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1  Introduction
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Ocean bottom pressure (OBP) summarizes the total effect of
the atmosphere and ocean mass above the seafloor. In general,
the OBP variability is driven by three processes, i.e., redistribu-
tion of oceanic mass forced by local winds and ocean circula-
tions (Gill and Niller, 1973; Stepanov and Hughes, 2006; Cheng et
al., 2013), water mass flux (Chambers et al., 2017) and sea level
pressure (Ponte, 1999). Change in OBP can translate into equi-
valent change of sea level by , and  is the change of OBP,

 is the density of sea water,  is the gravitational acceleration.
Globally, OBP change accounts for approximately 60% of the
global mean sea level rise (Chambers et al., 2017). Therefore, new
insights into OBP variability can advance our understanding of
the ocean heat storage, sea level, the vertical structure of oceanic
variability, and other aspects of ocean circulation and climate.

The Southern Ocean is an important part of the global over-
turning circulation, global climate system, deep water morpho-
logy, and carbon cycle (Meredith et al., 2011). The changes of
OBP in the Southern Ocean are closely related to the variations of
zonal circumpolar circulation through geostrophic adjustment
toward equilibrium (Meredith et al., 2011). Given its close rela-

tionship with the zonal transport variations and meridional over-
turning circulation, it is important to understand what controls
the OBP variations in the Southern Ocean.

Before the launching of Gravity Recovery and Climate Experi-
ment (GRACE), studies of OBP mainly relied on sparse observa-
tions, theoretical diagnosis and numerical models (e.g., Gill and
Niller, 1973; Ponte, 1999; Vivier et al., 2005; Cabanes et al., 2006).
Ponte (1999) firstly simulated global OBP using a volume con-
served model. The model results illustrated high amplitude of
OBP in the Southern Ocean. Using sea level data and a barotrop-
ic model, Vivier et al. (2005) found the barotropic component
dominates the sea level variations at high latitudes in the South-
ern Ocean. The variations in the sea level and OBP at various
time scales in the South Atlantic have been explained by basin-
wide Sverdrup transport which is driven by local wind stress,
Ekman pumping, and barotropic/baroclinic Rossby waves
(Cabanes et al., 2006).

Since 2002, the launching of GRACE has made it possible to
monitor global and regional OBP variability, and reveal OBP’s re-
sponses to the global and regional changes in the climate system.
From sub-seasonal to interannual time scales, OBP changes are  
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consistent with sea level changes at high latitudes in the South-
ern Ocean (Quinn and Ponte, 2012; Piecuch et al., 2013). The
most significant seasonal OBP changes occur in continental and
coastal regions at high latitudes. In the Southern Ocean, the
amplitude of seasonal OBP signals is on the order of 4 cm to 5 cm
(Peralta-Ferriz et al., 2017). The interannual OBP variability is re-
markably large in the South Pacific and the South Indian Oceans
(Piecuch et al., 2013; Ponte and Piecuch, 2014), which accounts
for a large part of local total sea level variability. A number of
studies have reported the correlations between OBP and South-
ern Annular Mode (SAM) in the South Hemisphere (e.g., Zlot-
nicki et al., 2007; Bergmann and Dobslaw, 2012; Ponte and
Piecuch, 2014; Makowski et al., 2015; Liau and Chao, 2017). El
Niño-Southern Oscillation (ENSO) also has a noticeable impact
on global and regional OBP variations (Song and Zlotnicki, 2008;
Boening et al., 2012; Cazenave et al., 2012, 2014; Fasullo et al.,
2013; Wang et al., 2015). However, only a few studies have invest-
igated the impact of ENSO on OBP variations in the Southern
Ocean. OBP in the Southern Ocean also exhibits significant
decadal trends during the GRACE era, which were associated
with the change of surface winds in the southern hemisphere
(Johnson and Chambers, 2013; Makowski et al., 2015; Peralta-
Ferriz et al., 2017).

Over the past several decades, numerical oceanic models
have experienced pronounced improvements. These models
have been used to study the OBP variations in the world oceans
that were difficult to observe by the traditional instruments (e.g.,
Stammer et al., 1996; Ponte, 1999; Huang et al., 2001; Stepanov
and Hughes, 2006; Brunnabend et al., 2011; Androsov et al.,
2020). Most ocean models were based on the volume conserva-
tion associated with the Boussinesq approximations. In these
models, a globally uniform, time-dependent factor calculated
from the volume-averaged density change is used to compensate
for the Boussinesq approximation (Greatbatch, 1994). Previous
studies indicated that the Boussinesq models can predict sea
level changes with acceptable accuracy (Greatbatch, 1994;
Dukowicz, 1997). However, they replace mass conservation with
volume conservation, and thus violate conservation law of mass
and energy. Any diabatic process will cause faulty mass sources
or sinks, and produce a faulty pressure gradient force (Huang et
al., 2001). To overcome the limitation of the Boussinesq approx-
imations, mass conservation oceanic models are needed, which
can accurately handle the conservation of heat content, salt con-
tent and total mass in the ocean; thus, such models can more ac-
curately predict ocean bottom pressure, sea level change and
study the effect and response of the ocean during the course of
climate changes.

Overall, features and dynamics of OBP variations in the
Southern Ocean remain an interesting issue, and have not been
fully investigated. To date, the accumulating GRACE record is
more than one and half decades long; such data provides an un-
precedented view of OBP variability on the global and regional
scales. Combined with numerical models based on mass conser-
vation, the dynamics of OBP in the Southern Ocean can be ex-
amined more systematically. In this study we use both observa-
tional data and results from a mass-conservation model to ex-
plore the multiscale characteristics of the OBP in the Southern
Ocean; in particularly, we will explore the impacts of wind and
other atmospheric factors on the OBP variability.

The remainder of this paper is organized as follows. Model
configurations and methods used in this study are introduced in
Section 2. In Section 3, the seasonal and interannual variabilities
as well as the dynamics are discussed. Finally, Section 4 presents

the conclusions.

2  Data and methods

2.1  Data
Monthly OBP data used in this study are GRACE data of Re-

lease Level 6 (RL06) from the Center for Space Research (CSR) of
the University of Texas. The data has a resolution of 1°×1° and
spans from 2003 to 2016. Linear interpolation was performed to
reconstruct the values in months to avoid missing values. The
monthly sea level anomaly (SLA) data with a resolution of
0.25°×0.25° for 2003–2016 are obtained from the multi-satellite
convergence sea level anomaly data released by the European
Copernicus Marine Environment Monitoring Service (CMEMS).
Temperature and salinity data for 2004–2016 with vertical 58 lay-
ers and a spatial resolution of 1°×1° are from the monthly mean
global ocean Argo grid dataset (BOA-Argo; Li et al., 2017), which
can be downloaded on http://www.argo.org.cn/.

Atmospheric variables, such as monthly wind data for
2003–2016 are obtained from two reanalysis products: the Na-
tional Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR; Kalnay et al., 1996) with a
horizontal resolution of 2.5° and the European Centre for Medi-
um-Range Weather Forecasts (ECMWF) Re-Analysis-Interim
(ERA-Interim) Reanalysis data with a horizontal resolution of
0.25º. The Ekman transport derived from different reanalysis
products share similar features (figures not included). Therefore,
only results from ERA-Interim are shown. Monthly wind stress
and sea level pressure (SLP) data over 2003–2016 are used as for-
cing condition for model runs. Heat flux and freshwater flux are
obtained from Objectively Analyzed Air-sea Fluxes (OAFlux) of
Woods Hole Oceanographic Institute (http://oaflux.whoi.edu). In
this study, the Niño 3.4 index is used as the ENSO index, which is
downloaded from https://www.esrl.noaa.gov/psd/gcos_
wgsp/Timeseries/Nino34/. The SAM index is defined as the dif-
ference of the normalized monthly zonal mean SLP between 40°S
a n d  6 5 ° S  ( M a r s h a l l ,  2 0 0 3 ) ,  w h i c h  i s  a v a i l a b l e  f r o m
https://legacy.bas.ac.uk/met/gjma/sam.html.

The statistical significance of the correlation coefficient is
tested with the Student t-test, which determines whether two
populations express a significant difference among the popula-
tion means.

2.2  Methods

ΔZ
ΔZT ΔZS

According to Thomson and Tabata (1989), the steric sea level
variability ( ) contains two terms: the thermosteric sea level
variability ( ) and the halosteric sea level variability ( ),
that is

ΔZ = ΔZT + ΔZS =
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where a and  are the thermal expansion coefficient and salt
compression coefficient of seawater, respectively;  is the seawa-
ter density (unit: kg/m3); T is the seawater temperature (unit: °C);
S is the seawater salinity (unit: psu); Z is the depth (unit: m). Ac-
cording to Argo data,  and  here are set as 0 m and 2 000 m,
respectively.

The barotropic vorticity equation is used to quantify the dom-
inant atmospheric forcing mechanism and the oceanic response
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process to OBP variability (Boening et al., 2011):
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where η is the barotropic sea surface height (equivalent to OBP;
unit: m);  is the Coriolis parameter;  is latitude; β is the change
of Coriolis parameter with latitude, that is , R is the
radius of the earth; τ is wind stress (unit: N/m2); Pa is the sea sur-
face pressure (unit: Pa); –H is the depth of the seafloor (unit: m); r
is the bottom friction coefficient;  is the gravitational accelera-
tion (9.8 m/s2). The first and second terms on the left-hand side
represent the rate of relative vorticity convergence and vorticity
change caused by water column stretching; the third term repres-
ents the planetary vorticity gradient; the fourth and fifth terms
are the topographic stretching term and the dissipation term; the
first and second terms on the right side represent the effects of
wind stress curl and sea surface pressure.

Previous study indicated that the wind forcing and topo-
graphic effect are important (Boening et al., 2011). Furthermore,
time dependent terms can be omitted. Hence, Eq. (2) can be re-
duced to the following approximation:
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Integrating Eq. (3) leads to a relation between the zonal vari-
ability of OBP and the zonal accumulated effect of wind stress curl:

ηx ∼
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ηxewhere the term  is OBP at the starting station, which can be
obtained from GRACE data. This equation can be used to ex-
plore the relation between the variability of OBP and wind stress
curl and topographic effect.

2.3  Model
In this study, an Ocean General Circulation Model (OGCM)

based on mass conservation, Pressure Coordinate Ocean Model
(PCOM), is used. PCOM was originally developed by Huang et al.
(2001) and further improved by Zhang et al. (2014). As a model
based on mass conservation, PCOM can provide more accurate
simulations of sea surface height and OBP than the models based
on volume conservation, in particular for the cases involving dia-
batic processes associated with climate changes.

Ou et al. (2016) recently showed that the simulation perform-
ance of the PCOM 1.0 in current, salinity and temperature fields
are comparable to those of the Coordinated Ocean-ice Reference
Experiments (COREs) model. The PCOM model has 60 pressure
layers with a horizontal resolution of 1°×1°. Instead of a vertical
mixing scheme, PCOM adopts the climatological value of turbu-
lent mixing coefficients calculated by Zhang et al. (2014) (see
Huang et al. (2001) and Zhang et al. (2014) for more details of
PCOM). A spin-up run was performed for 600 years from a static
state and forced by the climatological monthly mean atmospher-
ic forcing, including fresh water flux, surface heat flux, surface
wind and SLP. By including SLP as an upper boundary condition,
the PCOM can simulate the OBP variability more accurately. The
initial temperature and salinity for the spin-up run are derived

from World Ocean Atlas 2009 (Antonov et al., 2010; Locarnini et
al., 2010). Restarting from the spin-up run, three experiments
have been carried out for 29 years. In this study, model outputs
over 2003–2016 are used. The control run (Exp. 1) is forced by
daily atmospheric forcing during 1990–2018. Exp. 2 and Exp. 3 are
the same as the control run, except excluding SLP forcing and
wind forcing, respectively.

3  Seasonal and interannual variability of OBP in the Southern
Ocean

3.1  Seasonal variability
SLA consists of contributions from OBP and steric sea level.

Figure 1 shows the seasonal variability of SLA, steric sea level and
OBP in the Southern Ocean for the period of 2003–2016. At mid
latitudes (30°S to 55°S), the pattern of steric sea level seasonal
variability is quite similar to that of SLA (Figs 1a and b), whereas
the pattern of OBP is different (Fig. 1c).

The relations between steric sea level, sea level and OBP can
be seen clearly from the ratio of these terms. As shown in Fig. 2a,
at middle latitudes, the ratio of steric sea level to sea level is posit-
ive, while the ratio of OBP to sea level is negative or weakly posit-
ive, indicating that steric contribution is the dominating term for
sea level at mid latitudes. At high latitudes (south of 55°S), posit-
ive values of SLA (Fig. 1a) occur during austral summer (DJF) and
reach maximum (above 4 cm); however, SLA becomes negative
and reaches the minimum (below 4 cm) during austral winter
(JJA). The ratio of OBP to sea level is about 1, indicating the dom-
inating role of OBP to sea level variability on seasonal time scales
(Figs 1c and 2b).

Vectors in Fig. 1c represent the Ekman transport. It is clear
that the positive (negative) anomaly of OBP in the South Indian
Ocean and South Atlantic Ocean (south of 60°S) during austral
summer (winter) is attributed to the convergence (divergence) of
the Ekman transport anomalies. Thus, Ekman transport induced
by wind stress dominates the seasonal variability of OBP in the
Southern Ocean, especially at high latitudes. Our analysis is con-
sistent with Peralta-Ferriz et al. (2017). They concluded that the
most significant seasonal OBP changes occur in ocean and
coastal regions at high latitudes, usually reaching 4 cm to 5 cm
equivalent root mean square (RMS) sea level.

Seasonal variability of OBP from PCOM simulation is shown
in Fig. 3a, which shows similar patterns to observations. In fact,
PCOM simulations can capture the positive and negative anom-
alies at the high latitudes of Southern Indian Ocean and Atlantic
Ocean during austral summer and winter very well. We also ex-
plored the roles of SLP and wind on OBP simulation in the South-
ern Ocean (Figs 3b and c). Comparing Figs 3a and b, there is al-
most no difference in their spatial distribution, indicating that on
seasonal time scales the SLP has little contribution to the change
of OBP due to the static adjustment of SLP. It can also be seen in
Fig. 3c that the impact of SLP on seasonal variability of OBP is al-
most negligible, except for the east coast of South America. The
sensitive experiments of PCOM further suggest that the seasonal
variability of OBP in the Southern Ocean is mainly generated by
wind forcing.

3.2  Interannual variability of basin mean observed and diagnos-
tic OBP
As discussed in Section 3.1, the seasonal variability of OBP in

the South Indian Ocean and South Atlantic Ocean are quite
strong and rather similar. Therefore, we select two special re-
gions in the Southern Ocean: the eastern South Pacific Ocean
(150°–80°W) and the South Indo-Atlantic Ocean (60°W–10°E).
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The interannual variability of SLA, steric sea level and OBP time
series averaged in these two regions are shown in Fig. 4. The cor-
relation coefficients between SLA and OBP in these two regions

are 0.87 and 0.86 (significant at 99% confidence level), which are
much higher than that between SLA and steric sea level (The cor-
relation 0.26 and 0.31, respectively). Hence, the interannual vari-
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Fig. 1.   Seasonal variability of AVISO SLA (top, a), steric sea level (middle, b), and GARCE OBP (bottom, c) in the Southern Ocean for
the period of 2004–2016 (color shading, in unit of cm). From left to right, each column represents austral summer (DJF, December,
January and February), autumn (MAM, March, April and May), winter (JJA, June, July and August), and spring (SON, September,
October and November), respectively. The vectors in c represent Ekman transport anomaly (in unit of 104 m3/(s·(o)) calculated from
ERA-interim. Climatological annual mean has been removed.
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Fig. 2.   Ratio of steric sea level to sea level anomaly (a), and ratio of ocean bottom pressure to sea level anomaly (b).
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ability of SLA is closely linked to the interannual variability of
OBP in the Southern Ocean. Previous studies have also shown
that at high latitudes, OBP variability resembles the sea level vari-
ations at seasonal and interannual time scales (Vivier et al., 2005;
Quinn and Ponte, 2012; Piecuch et al., 2013). Moreover, OBP
shows a weak decreasing trend before 2010 and an increasing
trend after 2010 in the eastern South Pacific Ocean, and an obvi-
ous increasing trend in the South Indo-Atlantic Ocean for the
period of 2004–2016. These interesting results will be discussed in
Section 4.

To better understand the relationship between wind stress
and OBP variability, barotropic vorticity equation (Eq. (4)) is used
to quantify the contribution of wind forcing and topographic ef-
fect to the interannual variability of OBP following Boening et al.
(2011). Figure 5 shows the reconstructed OBP indices in the
Southern Ocean. Due to land mass distribution, reconstructions
of OBP are carried out in three basins. The reconstructed OBP in-
dices by wind stress have high correlation coefficients (over 0.77,
significant at 99% confidence level) with OBP indices calculated
by GRACE. The correlations between them are still significant
after their trends are removed (figure not shown). It is evident
that the interannual variability of OBP is dominated by the baro-
tropic response to wind stress in the Southern Ocean. The topo-
graphic effect has a relatively strong amplitude due to steep bot-
tom topography, which play a secondly role in OBP variations.

3.3  Spatio-temporal variability of OBP
The empirical orthogonal function (EOF) analysis is applied

to further explore the spatial structure and temporal variations of

OBP in the South Pacific Ocean and South Indo-Atlantic Ocean.
The regression between Ekman transport and EOF’s principal
components (PCs) are also made. The trends of GRACE OBP and
Ekman transport have been removed before performing EOF
analysis. The first and second EOF modes with their PCs calcu-
lated by GRACE OBP for the period of 2003–2016 in the South Pa-
cific Ocean are shown in Fig. 6. The EOF1 and EOF2 explain 52%
and 12% of the total variance, respectively. The EOF1 is charac-
terized by the positive OBP anomalies at the high latitudes of the
South Pacific Ocean, and the center of maximum value is around
50°–65°S, 150°–90°W (Fig. 6a). The distribution of Ekman trans-
port is consistent with EOF1, displaying convergence (diver-
gence) over positive (negative) OBP. The EOF2 is depicted as a
dipole in southeast-northwest direction with opposing centers of
action (Fig. 6b), where the convergence (divergence) Ekman
transport is accompanied by positive (negative) OBP anomalies.
The correlation coefficient between PC1 and Niño 3.4 index is
0.49 (Fig. 6e, significant at 90% confidence level), and the correla-
tion coefficient between PC2 and SAM index is 0.61 (Fig. 6f),
which is significant at 99% confidence level.

PCOM is also capable of capturing the interannual variability
of OBP quite well. Comparing Figs 6a and b with Figs 6c and d,
the characteristics of the leading two EOF modes of observed
OBP are well reproduced in the PCOM control run (Exp. 1). In the
South Pacific Ocean, positive center and a dipole can also be
clearly seen in EOF1 and EOF2 of PCOM OBP, respectively (Figs
6c and d). The vectors are the regression of Ekman transport
against the time series of the first two EOF components of PCOM
simulated OBP. The EOF1 and EOF2 explain 37% and 13% of the
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Fig. 3.   Seasonal variability of OBP (in unit of cm) obtained from PCOM runs: a. in control run (Exp. 1), b. without air pressure forcing
(Exp. 2), c. without wind forcing (Exp. 3) averaged in austral summer (DJF, December, January and February; first column), autumn
(MAM, March, April and May; second column), winter (JJA, June, July and August; third column), and spring (SON, September,
October and November; fourth column) in the Southern Ocean from 2004 to 2016. Climatological annual mean has been removed.
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total variance, respectively. The correlation coefficient of PC1
between GRACE OBP and PCOM OBP is 0.78 (significant at 99%
confidence level), but the correlation coefficient of PC2 of them is
0.28 (Figs 6e and f). The PC1 of simulated OBP also has a close re-
lationship with the Niño 3.4 index (r=0.55, significant at 95% con-
fidence level), while PC2 has no statistical connection with SAM
index (r=–0.02).

The EOF analysis of GRACE OBP in the South Indo-Atlantic
Ocean is shown in Fig. 7, and the vectors are also the regression
between Ekman transport and PCs. The EOF1 and EOF2 explain
34% and 14% of total variance, respectively. The EOF1 is featured
by positive OBP anomalies around 40°–60°S, 30°–120°E in the
South Indian Ocean, accompanied with the Ekman transport
convergence around 50°S (Fig. 7a). The EOF2 shows a center of
negative anomalies of OBP in the South Indo-Atlantic Ocean
around 50°–60°S, 60°W–30°E (Fig. 7b). The negative anomaly cen-
ters are closely linked to the divergence of Ekman pumping an-
omaly. The correlation coefficients between the two PCs and
SAM index are 0.54 and 0.43, respectively (Figs 7e) (both signific-
ant at 99% confidence level). The SAM index used in this study is
defined as the difference of the normalized monthly zonal mean
SLP between 40°S and 65°S (Marshall, 2003); thus, it is not sur-
prising for the good relationship between both PCs. On the other
hand, PCs calculated by GRACE OBP in the South Indo-Atlantic
O c e a n  d o  n o t  h a v e  s i g n i f i c a n t  r e l a t i o n  w i t h  N i ñ o  3 . 4

index.

EOF1 and EOF2 of PCOM OBP in the South Indo-Atlantic

Ocean are also shown in Figs 7c and d, which explain 31% and

17% of total variance, respectively. Although the centers in EOFs

for PCOM OBP are weaker than that for GRACE, the spatial struc-

tures are clearly reproduced in the PCOM simulation, i.e., posit-

ive center (40°–60°S, 60°–120°E) in EOF1 corresponds to Ekman

transport convergence and negative center (50°–65°S, 10°–55°E)
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GRACE.  In b, R14 is the correlation coefficient between South At-
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in EOF2 is accompanied by Ekman transport divergence. The
correlation coefficient between PC1 and SAM index is 0.69, which
is significant at 99% confidence level. The first two EOF mode
time series between the GRACE observed and PCOM simulated
OBPs are well correlated, with the correlation coefficients of 0.78
and 0.71, respectively (both are significant at 99% confidence
level). Figure 7 indicates that the PCOM reproduced the interan-
nual variability quite well in the South Indo-Atlantic Ocean.

The high correlation between PCs and Niño 3.4 index (or

SAM index) (Figs 6 and 7) inspired us to examine OBP variability

associated with ENSO and SAM. As shown in Fig. 8a, regression

map of GRACE OBP shows positive value (1 or even higher) coin-

cident with Ekman convergence at high latitudes (around 50°

–70°S) in the South Pacific Ocean. Such a pattern is quite similar

to that of EOF1 in the South Pacific Ocean (Fig. 6a). The regres-

sion map of GRACE OBP and Ekman transport with SAM index is

shown in Fig. 8b. The positive center of OBP companied by Ek-

man transport convergence occurs around 40°–60°S in the South

Indian Ocean, which has a close relation with EOF1 in the South

Indo-Atlantic Ocean (Fig. 7a). Moreover, a dipole pattern of OBP
in the southeast-northwest direction appears in the regre-
ssion map in the South Pacific Ocean (resembling EOF2, Fig. 6b).
Figure 8c shows the regression maps of PCOM OBP and Ekman
transport with Niño 3.4 index. It is noted that the positive value of
the regression coefficient of PCOM OBP is obvious in Southern
Pacific Ocean, companies with the Ekman transport conver-
gence. Such a pattern is similar to the regression map of GRACE
OBP (Fig. 8a) and EOF1 in the South Pacific Ocean (Figs 6a and c).
The distribution of regression of PCOM OBP and Ekman trans-
port with SAM index is shown in Fig. 8d, and it is very similar to
that of GRACE OBP (Fig. 8b).

The regression maps of SST and SLP with PCs (Fig. 9) further
prove the close relationship of OBP variability with ENSO and
SAM. The regression map of SST shows an “ENSO-like” pattern
with PC1 for both GRACE OBP and PCOM OBP (Figs 9a and d).
The distribution pattern (Figs 8b and d) of the regression maps
are closer to circular annular mode distribution and the meridi-
onal see-saw SLP anomalies are obtained with PCs in GARCE
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Fig. 6.   The spatial structures of the first EOF mode (a) and the second EOF mode (b) of the GRACE OBP (shade; cm) in the South
Pacific Ocean from 2003 to 2016, and the spatial structures of the first EOF mode (c) and the second EOF mode (d) of the PCOM OBP
(shade; cm) in the South Pacific Ocean from 2003 to 2016, and the rincipal component (PC) time series of the first EOF mode (e) and
the second EOF mode (f). The green line in f represents the Niño 3.4 index. The pink line in f represents the SAM index. The vectors
denote Ekman transport (104 m3/(°)) regressed on to each time series. Monthly climatology has been removed before EOF analysis.
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(Figs 9b and c) and PCOM (Figs 9e and f), which demonstrates
the impact of SAM on OBP via altering wind field. The slight dif-
ference between simulation and observations indicates that
changes in the observed OBP have other impact factors, but the
contribution of the wind field is dominant. Thus, it is concluded
that ENSO and SAM play important roles in interannual OBP
variability in the Southern Ocean, by modulating the Ekman
transport driven by sea surface winds. The strong interannual
variability of OBP is located at high latitudes in the Southern
Ocean (Fig. 10a). The high variance centers correspond well to
patterns of OBP EOFs (Figs 6a and 7a). PCOM control run repro-
duces the high variance centers quite well (Fig. 10b). The pattern
and amplitude in Exp. 2 are almost the same as that in control
run (Figs 10b and c), indicating that SLP forcing is not important
in interannual variability of OBP. The variance of OBP in Exp. 3 is
extremely weak (Fig. 10d), which further confirms that the wind
forcing dominates the interannual variability of OBP in the
Southern Ocean.

As shown in Figs 4 and 5, remarkable trends are captured in
GRACE OBP indices and reconstructed OBP indices. The OBP in-
dices show an increasing trend in the South Pacific Ocean after
2010, and in the South Indo-Atlantic Ocean from 2003 to 2016.
Such trends account for the increasing trends of SLA during these
periods. GRACE OBP in the South Pacific Ocean shows a weakly

decreasing trend before 2010 (Fig. 11a) and an obvious increas-
ing trend (over 1 cm/a) after 2010 (Fig. 11b). The correlation
coefficient is 0.55 (significant at 99% confidence level) between
Niño3.4 indices and PC1 calculated by GRACE OBP in the South
Pacific Ocean (Fig. 6e). Furthermore, EOF1 is dominated by nat-
ural variability. In particular, the Interdecadal Pacific Oscillation
(IPO) (Henley et al., 2015), whose phase was reversed from posit-
ive (El Niño-like state) to negative in the late 2010s. The Ekman
transports over the South Pacific Ocean are enhanced during this
decade of warming. In the South Indo-Atlantic Ocean (Fig. 11c),
the OBP has an increasing trend, which was possibly due to fresh
water input associated with the glaciers melting. The contribu-
tion of wind forcing was not significant, since the trend of Ekman
transport was weak (Fig. 11f).

Figures 11d–f show the trend of Southern Ocean OBP simu-
lated by PCOM. The OBP trend in the Ocean is well simulated in
PCOM (Figs 11d and e). In comparison, the PCOM simulation in
the South Indo-Atlantic Ocean is not so good (Fig. 11f), and the
difference is likely due to the fact that fresh water input associ-
ated with the glaciers melting is not included in the current ver-
sion of PCOM model.

4  Conclusions
In this study, we investigated the seasonal and interannual

variabilities of OBP in the Southern Ocean and the possible im-
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Fig. 7.     The structures of the first EOF mode (a) and the second EOF mode (b) of the GRACE OBP (shade; cm) and the spatial
structures of the first EOF mode (c) and the second EOF mode (d) of the PCOM OBP (shade) in the South Indo-Atlantic Ocean from
2003 to 2016, and the principal component (PC) time series of the first EOF mode (e) and the second EOF mode (f). The pink lines in e
and f represent the SAM index. The vectors denote Ekman transport (m3/(°)) regressed on to each time series. Monthly climatology
has been removed before EOF analysis.
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Fig. 8.   GRACE OBP anomaly (shading) and Ekman transport anomaly (vectors) regressed onto Niño 3.4 index (a) and SAM index (b)
and PCOM OBP anomaly (shading) Ekman transport anomaly (vectors) regressed onto Niño 3.4 index (c) and SAM index (d) from
2003 to 2016. Ekman transport anomaly data are from ERA-Interim.
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Fig. 9.   SST (unit: °C) pattern regressed onto PC1 time series (upper panels) and SLP (unit: hPa) pattern regressed onto PC2 time series
(middle panels) in the South Pacific Ocean, and SLP pattern regressed onto PC1 time series of OBP anomaly in the South Indo-
Atlantic Ocean (lower panels);  OBP based on GRACE (left  panels)  and PCOM (right panels).  The anomalies are calculated by
subtracting climatological annual cycle.
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Fig. 10.   Standard deviation of interannual GRACE OBP (in unit of cm) in the Southern Ocean (a), standard deviation of interannual
OBP in the Southern Ocean from control run of PCOM (Exp. 1) (b), standard deviation of interannual OBP in the Southern Ocean from
control run of PCOM (Exp. 2) (c), and standard deviation of interannual OBP in the Southern Ocean from control run of PCOM (Exp.
3) (d) from 2003 to 2016.
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Fig. 11.   Trends of OBP (color shading, mm/a) and Ekman transport (vector, m3/(°)) based on Grace (left panels) and PCOM (right
panels). a, b, d and e. For the two periods of 2003–2010 (a, d) and 2011–2016 (b, e) in the South Pacific Ocean; c and f. for the period of
2003–2016 in the South Indo-Atlantic Ocean.
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pact of wind fields. By comparing steric sea level, OBP and the
sea level anomalies from 2003 to 2016, it is found that the steric
sea level and the total sea level distribution are well-correlated to
each other at mid-latitudes in the Southern Ocean. In contrast,
the OBP variability dominates the sea level variability at seasonal
and interannual time scales at high latitudes. The reconstructed
OBP based on barotropic vorticity equation has a good correla-
tion with the observations, not only at the annual cycle but also at
interannual timescales. Thus, wind forcing plays an important
role in the variability of the OBP in the Southern Ocean.

At interannual timescales, ENSO and SAM have significant
impacts on the OBP variability in the southern Pacific and south-
ern Indian Ocean. The leading patterns of OBP correspond well
to Ekman transport associated with ENSO and SAM. The pattern
of the leading EOF modes of PCOM OBP are very similar to the
observed OBP, with a significant correlation coefficient at 0.78
(significant at a 99% confidence level). Sensitive experiments of
PCOM show that surface wind forcing accounts for the over-
whelming part of the observed OBP variability, while the SLP for-
cing can be ignored at seasonal and interannual timescales.

Although PCOM can reproduce seasonal and interannual
OBP changes quite well in the Southern Ocean, the model needs
further improvements. In particular, the effects of glaciers and
rivers should be included, such improvements can enhance
model performance in simulating the impacts of global warming
on the regional OBP and sea level change. Currently, the timeser-
ies of GRACE satellite data is not long enough for the decadal
analysis. Given the important role of OBP in sea level change,
longer time series of observational data are crucial for exploring
OBP mechanisms and predicting sea level change.
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