
Deep ocean warming assessed from altimeters, Gravity Recovery
and Climate Experiment, in situ measurements, and a
non‐Boussinesq ocean general circulation model

Y. Tony Song1 and Frank Colberg1,2

Received 16 August 2010; revised 15 October 2010; accepted 7 December 2010; published 15 February 2011.

[1] Observational surveys have shown significant oceanic bottom water warming, but
they are too spatially and temporally sporadic to quantify the deep ocean contribution to
the present‐day sea level rise (SLR). In this study, altimetry sea surface height (SSH),
Gravity Recovery and Climate Experiment (GRACE) ocean mass, and in situ upper ocean
(0–700 m) steric height have been assessed for their seasonal variability and trend maps.
It is shown that neither the global mean nor the regional trends of altimetry SLR
can be explained by the upper ocean steric height plus the GRACE ocean mass. A
non‐Boussinesq ocean general circulation model (OGCM), allowing the sea level to rise as
a direct response to the heat added into the ocean, is then used to diagnose the deep
ocean steric height. Constrained by sea surface temperature data and the top of atmosphere
(TOA) radiation measurements, the model reproduces the observed upper ocean heat
content well. Combining the modeled deep ocean steric height with observational upper
ocean data gives the full depth steric height. Adding a GRACE‐estimated mass trend,
the data‐model combination explains not only the altimetry global mean SLR but also its
regional trends fairly well. The deep ocean warming is mostly prevalent in the Atlantic
and Indian oceans, and along the Antarctic Circumpolar Current, suggesting a strong
relation to the oceanic circulation and dynamics. Its comparison with available bottom
water measurements shows reasonably good agreement, indicating that deep ocean
warming below 700 m might have contributed 1.1 mm/yr to the global mean SLR or
one‐third of the altimeter‐observed rate of 3.11 ± 0.6 mm/yr over 1993–2008.

Citation: Song, Y. T., and F. Colberg (2011), Deep ocean warming assessed from altimeters, Gravity Recovery and Climate
Experiment, in situ measurements, and a non‐Boussinesq ocean general circulation model, J. Geophys. Res., 116, C02020,
doi:10.1029/2010JC006601.

1. Introduction

[2] Assessing present‐day sea level changes has been an
important component of the 2007 Intergovernmental Panel
for Climate Change (IPCC) report, and it can have societal
implications because of the possibility of sea level rise (SLR)
acceleration and consequent threat to many low lying parts of
the inhabited world [Church et al., 2010]. Satellite altimeters
have observed a global mean SLR of 3.11 ± 0.6 mm/yr since
1993–2008 [Ablain et al., 2009]. In theory, the SLR should
be explained by its geophysical causes, which are the ther-
mosteric expansion of the ocean water due to ocean warm-
ing, and ocean mass addition mainly due to land ice, ice
shelf, and glacier melting [Bamber et al., 2007; Rignot et al.,
2008; Chen et al., 2009]. The upper ocean (0–700 m)
warming and its thermosteric rise can be estimated from

in situ measurements of ocean temperature profiles. These
in situ measurements include using conductivity, temperature
and depth (CTD) sensors, expendable bathythermographs
(XBT), and Argo floats (Argo), which give a rate of 1.2 ±
0.8 mm/yr for the same period [Willis et al., 2004, 2008,
2009; Ishii and Kimoto, 2009]. In addition, the Gravity
Recovery and Climate Experiment (GRACE) data infer an
ocean mass change of 0.85 ± 0.5 mm/yr over 2002–2008,
after corrected by a glacial isostatic adjustment (GIA) model
[Paulson et al., 2007]. Although the GRACE record is 10
years shorter than the altimetry period, several studies have
examined the issue of closing the sea level budget, i.e., the
altimeter‐observed SLR should match the sum of the steric
sea level (SSL) and the ocean mass changes [Lombard
et al., 2007; Willis et al., 2008; Leuliette and Miller,
2009; Cazenave et al., 2009]. Particularly, Leuliette and
Miller [2009] showed that the sea level budget could be
closed to the range of data errors. However, their studies
only apply to the GRACE period from 2003 to 2007, and it
is still unclear whether their conclusion holds for the entire
altimetry period. In addition, CTD/XBT/Argo only mea-
sures upper ocean temperature profiles; therefore, the steric
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contribution from deep oceans has not been accounted for in
those studies.
[3] Recent observational surveys have shown significant

oceanic bottom water warming. For example, Johnson et al.
[2007, 2008a, 2008b], Meredith et al. [2008], and Purkey
and Johnson [2010] have shown that abyssal oceans are
warming. Most interestingly, Masuda et al. [2010] demon-
strated a mechanism of fast teleconnection between changes
in the surface air‐sea heat flux off the Adilie Coast of
Antarctica and the bottom water warming in the North
Pacific by moving the ocean representation backward in
time with a 4‐D data assimilation system. In contrast to the
conventional estimates of a multicentennial timescale, they
have shown that the connection can be established over only
a few decades through the action of internal and topographic
waves. However, in situ observations in deep oceans are
spatially and temporally sporadic. It is still impossible to get
an accurate estimate of the full depth steric height and ocean
heat content from data alone. In addition, less attention has
been given in quantifying the regional sea level changes and
ocean heat content, even though departures from the global
mean SLR could reach several decimeters in some regional
areas. For example, it is shown that the mean sea level over
the South China Sea has a rise rate of 11.3 mm/yr during
1993–2000 and a fall rate of 11.8 mm/yr during 2001–2005
[Cheng and Qi, 2007]. For the northeast coast of the United
States, a collection of model projections have shown a rapid
SLR in the next century, and the rise could have a greater
effect on the heavily populated coastal regions than esti-
mated previously [Yin et al., 2009]. A recent review has
concluded that improving estimates of the spatial variability
in future sea level changes should be an important research
target in coming years [Milne et al., 2009].
[4] Ocean models have been the primary tools in quanti-

fying sea level changes and project the 21st century sea level
rise as well as estimate ocean heat content [Wunsch et al.,
2007; Yin et al., 2009; Gregory et al., 2004]. However,
most of these ocean models are designed to conserve vol-
ume rather than mass [e.g., Haidvogel and Beckmann,
1999]. The volume conservation is imposed upon the
ocean model by applying the Boussinesq approximation,
which consists of the following three assumptions: (1)
assuming a volume conservation law in the continuity
equation, (2) replacing the variable density by a mean
density in the momentum equations, and (3) using geopo-
tential depth in the equation of state. Under these approx-
imations, a uniform heating from the surface would not
cause sea level rise in a Boussinesq ocean model.
Greatbatch [1994] first noticed the incapability of Boussi-
nesq models to represent the thermosteric effect on sea level
rise and as a consequence introduced a globally uniform
correction (Boussinesq correction). However, the globally
uniform correction does not necessarily work in representing
regional seal level changes, which is the main topic of this
study. Similar concerns about ocean bottom pressure (OBP)
have also been raised by Ponte [1999] and Greatbatch and
Lu [2001]. They have noted that in a Boussinesq ocean
surface heating effectively induces a mass loss, thereby
creating a negative bottom pressure anomaly, with no
immediate increase in sea level. Huang and Jin [2002]
argued that the Boussinesq approximation was inconsistent
with either altimetry sea surface height (SSH) or GRACE

OBP. Differently, Losch et al. [2004] argued that the non‐
Boussinesq effects were most likely negligible with respect
to other model uncertainties. However, their study was
based on a 4° coarse resolution ocean model and the con-
clusions were not drawn by being compared with data.
Nevertheless, these studies and concerns have never been
confirmed by the most recently available long‐term records
of altimetry and GRACE data.
[5] Satellite altimeters have been observing ocean volume

changes for about 17 years [Ablain et al., 2009], and
GRACE data has been used to derive ocean mass changes
for about 7 years [Tapley et al., 2004]. In situ CTD/XBT/
Argo measurements have been used to derive upper ocean
thermosteric expansion and ocean heat content for an even
longer period [Ishii and Kimoto, 2009; Levitus et al., 2009].
Here we will assess these three data sets with focuses on
their seasonal variability and regional trends. As will be
shown later, the data assessment is necessary not only for a
better understanding of data uncertainties and incomplete-
ness, but also for identifying model deficiencies. Different
from previous modeling studies, we will examine results
from a non‐Boussinesq terrain‐following ocean general
circulation model (OGCM) to avoid uncertainties involving
Boussinesq approximations in representing sea level chan-
ges and its regional trends.
[6] The paper is organized as follows: In section 2, sat-

ellite observations and in situ data sets are assessed and
documented to reveal the fact that significant gap and
uncertainties remain in the sea level budget with respect to
their global mean and regional trends over the altimetry
period. In section 3, we describe the ocean model and
compare model results with observations. In section 4, we
will combine the model with the observational data to give
the full depth ocean heat content and steric sea level. We
suggest that a complete explanation of the altimetry SLR
map is possible. We will then verify the model by available
ocean bottom water measurements. A summary and dis-
cussions are given in section 5.

2. Sea Level, Ocean Mass, and Upper Ocean
Steric Expansion

[7] Three data sets have been analyzed: the altimetry SSH,
GRACE OBP, and in situ upper ocean SSL. The altimetry
SSH anomaly is a merged product of TOPEX/Poseidon,
Jason‐1, ERS‐1, and EVISAT, which is produced and dis-
tributed by AVISO as part of the SSALTO ground proces-
sing segment (http://www.aviso.oceanobs.com). We have
used the 1/4° gridded data with delayed time processing
procedures that include corrections of glacial isostatic
adjustment (GIA), tide, and atmospheric pressure. The data
consist of weekly averages from 1993 to 2008. Figure 1
gives the annual amplitude, phase, and regional trends of
the altimetry SSH.
[8] Since 2002, GRACE has been providing monthly

estimates of the Earth’s gravity field on spatial scales of a
few hundred kilometers [Tapley et al., 2004]. On seasonal to
interannual timescales, changes in the gravity field can be
interpreted as changes in a thin layer of water covering the
Earth. Over the oceans, this is equivalent to changes in OBP.
The pressure at the ocean bottom is the sum of the atmo-
spheric pressure and the weight per unit area of the water
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column, and can be approximately decomposed into three
parts

pb ¼ pa þ
Z ��

�H
g�dz � pa þ g�0�

� þ
Z 0

�H
g�dz; ð1Þ

here pa is the atmospheric pressure, h* is the sea level ele-
vation, H is the ocean depth, g is the gravity coefficient, and
r is ocean density. This equation reveals that the ocean
bottom pressure is a combined contribution from atmo-
spheric pressure, sea level, and water density.
[9] As the sea level responds to atmospheric pressure like

an inverted barometer (ib), i.e., an increase in pa of 1 mbar
corresponds to a surface depression of approximately 1 cm,
the barometric correction to the sea level

�ib ¼ � pa
g�0

ð2Þ

is often combined into the sea level. Substituting equation
(2) into equation (1) and differentiating the equation with
respect to time gives their anomaly relations
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Equation (3) reveals that the ocean bottom pressure change
is the contribution from the fluctuations of the barometri-
cally corrected sea level and water density, a difference of
two large terms. The term involving the density is referred to

as the steric effect because changes in SSL are caused by
changes in the density of the ocean column, implying an
expansion or contraction of the column

SSL ¼ � 1

�0

Z 0

�H

@�

@t
dz: ð4Þ

For convenience, OBP often translates to the thickness of
water (i.e., OBP = pb/gr0). In this way, the OBP would have
the same dimension as SSH in meters. Without particular
indication, hereafter, we will refer to the OBP as the nor-
malized pressure in centimeters of water. For its applications
to ocean dynamics, we refer to Song and Zlotnicki [2008]
and Zlotnicki et al. [2007]. We also refer to the barometri-
cally corrected sea level as SSH, i.e., h = h* − hib, which is
the data shown in Figure 1.
[10] We use GRACE OBP data from Chambers [2008].

The data are processed from the most recent GRACE
gravity field solutions (Release‐04 from JPL and GFZ, and
Release‐04.1 from CSR), and publicly available from the
GRACE web site (http://gracetellus.jpl.nasa.gov). This data
set includes both atmospheric and nontidal oceanic pres-
sure, which is consistent with equations (1)–(3). At the time
this paper was written, the GRACE mission had released
75 months of data between April 2002 and December 2008
(with discontinuous a few months of missing data). These
monthly OBP are equivalent water thickness values on a
1° grid with three different smoothing radiuses of 250, 500,
and 750 km. They act as to reduce the short wavelength
errors and remove the north‐south strips in the GRACE
gravity field solutions. We have used the data with the

Figure 2. GRACE OBP maps of (a) annual amplitude, (b)
annual phase, and (c) trends from 2003 to 2008.

Figure 1. Altimetry SSH maps of (a) annual amplitude, (b)
annual phase, and (c) trends from 1993 to 2008.
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smoothing radius of 500 km from the CSR release. Figure 2
shows the maps of the OBP annual amplitude, annual
phase, and regional trends over the period of 2003∼2008.
[11] It is important to point out that changes in gravity also

reflect changes in the solid Earth such as Postglacial Rebound
and even lithospheric redistribution after major earthquakes
[Han et al., 2006]. The GRACE mass estimates have a
number of complications that contribute to their uncertainty.
These include the sampling of nearby land signal along the
coasts [Guo et al., 2010] and the presence of correlated errors
in the GRACE solutions [Swenson and Wahr, 2006; Duan
et al., 2009], and geocenter motion errors [Swenson et al.,
2008]. In summary, large uncertainties in GRACE data
remain. These uncertainties are found in both global and
regional scales. Because this reason, we only use the global
mean of the GRACE data to infer ocean mass gain. Its spatial
distribution is not used in our calculations, but serves for
comparison with the ocean model fields.
[12] When comparing the OBP maps (Figure 2) with the

corresponding SSH maps (Figure 1), we notice that they are
quite different. First, most of the seasonal variability in SSH
(Figure 1a) is related to the major oceanic circulation fea-
tures, such as the Gulfstream and Kuroshio extensions and
the equatorial current system, while the OBP (Figure 2a) has
little signature of them. Second, there are strong coastal OBP
features in marginal seas and coastal oceans (Figure 2a),
which may be related to the land hydrology signals that leak
into the ocean grid. This may be a consequence of applying
smoothing filters during the data processing [Swenson and
Wahr, 2006]. Finally, the high OBP values in the Bay of

Bengal of the Indian Ocean, particularly in the trend map are
a result of seafloor motions of the 2004 Andaman‐Sumatra
earthquake, which has been studied by Han et al. [2006] and
Song and Han [2011].
[13] We have also examined upper ocean (0–700 m) SSL

data from Ishii and Kimoto [2009] and Kuo et al. [2008].
This data set consists of monthly 1° grid maps from January
1945 to December 2006. Figure 3 displays the maps of
annual amplitude, phase, and regional trend of the SSL over
the period of 1993–2006. The SSL annual amplitude and
phase (Figures 3a and 3b) are almost identical to the cor-
responding SSH patterns (Figures 1a and 1b), suggesting
that the seasonal SSH variability is largely explained by the
upper ocean thermosteric expansion. This similarity sug-
gests that surface heat is essentially stored above the sea-
sonal thermocline, thereby producing the near‐surface steric
changes in sea level. However, their regional trends are
quiet different, although there are similarities in the western
Pacific and northern Atlantic. In general, the regional trends
in the upper ocean SSL are much weaker than in the SSH
trends. This is also true for the period of 2003–2006 when
all three data sets are available (not shown). The dis-
crepancies in regional trends suggest that a significant
source or cause to the present‐day SLR is missing. This is
the main issue to be discussed in this paper.
[14] To gain insight into the discrepancy among these

three data sets, particularly, in their trend maps, we rewrite
equation (3) into the sea level change equation and divided
into four variables. The three variables in the right are the
geophysical causes of the sea level change

@�
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�0
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The total in the brackets is the full depth SSL and has been
divided at 700 m into upper ocean (0–700 m) and deep
ocean (below 700 m) contributions, to be consistent with
available upper ocean data of Levitus et al. [2009] and Ishii
and Kimoto [2009]. The sea level closure equation (5)
suggests that SLR is the combined contribution from steric
expansion due to full depth ocean warming and ocean mass
gain due to mainly freshwater addition. Notice that altimetry
SSH, GRACE ocean mass, and in situ upper ocean SSL data
represent only three of the four variables in the closure
equation. The contribution from deep oceans has not been
accounted for.
[15] Figure 4a compares the time series of these three

variables for their global (65°S–65°N) means. Since GRACE
is only available after 2003 we have used Domingues et al.’s
[2008] ocean mass estimate from glacier and ice cap con-
tributions (the heavy red line), which gives a global mean
SLR of 0.8 ± 0.2 mm/yr over 1993–2003. For the GRACE
period of 2003–2008, a rate of 0.85 ± 0.5 mm/yr is used,
consistent with Willis et al. [2008] and Leuliette and Miller
[2009]. These two estimates suggest that the global ocean
mass has been increased by about 0.85 mm/yr over 1993–
2008 (thin black line). Because we don’t have the Ishii upper
ocean SSL after 2006, we have projected the trend for 2007–
2008 the same as the previous years, which gives a rate of
1.2 ± 0.8 mm/yr (thin blue line). Figure 4b compares the
altimetry SSH with the sum of the upper ocean SSL and the
GRACE ocean mass. It can be seen that the upper ocean SSL

Figure 3. Upper ocean SSL maps of (a) annual amplitude,
(b) annual phase, and (c) trends from 1993 to 2006.

SONG AND COLBERG: DEEP OCEAN WARMING ASSESSED C02020C02020

4 of 16



trend when added onto the GRACE trend does not match the
altimetry trend of the SLR even with taking their error bars
into consideration.
[16] In summary, we can conclude the following from the

data assessment:
[17] 1. The seasonal variability of altimetry SSH (Figures 1a

and 1b) can be explained quite well by the in situ upper
ocean steric height (Figures 3a and 3b), suggesting that
surface heat is essentially stored above the seasonal ther-
mocline, thereby producing the near surface steric changes
in sea level. No significant contribution from deep oceans is
needed to close the sea level budget in its annual amplitude
and phase maps.
[18] 2. Differently, the altimetry SSH trend map (Figure 1c)

cannot be explained by the sum of the in situ upper ocean SSL
and the GRACE ocean mass (Figures 2c and 3c). This is also
true for the period of 2003–2006 when all three data sets are
available. Note that this conclusion does not necessarily
conflict with Leuliette and Miller [2009] or Cazenave et al.
[2009] because they only compared the global means over
2003–2007.
[19] 3. In addition, the global mean SLR of 3.11 mm/yr

from altimeters does not match the upper ocean SSL rate of
1.2 mm/yr plus the GRACE trend of 0.85 mm/yr (Figure 4b)

over the altimetry period, leaving one‐third of the altimetry
SLR unexplained.
[20] It should be noted that previous studies on the sea

level budget closure only consider the global mean time
series for a short period of time from 2003 to 2007. For
example, Lombard et al. [2007] found a strong discrepancy
between altimetry minus GRACE and in situ based steric
sea level trend over 2003–2005 and related the discrepancy
to inadequate sampling of in situ measurements. The inad-
equate sampling was later confirmed in large part to a set of
systematic errors in the Argo data [Willis et al., 2009]. After
the systematic errors corrected, Willis et al. [2008] still
found a discrepancy of 3.3 mm/yr between 2003 and 2008
and suggested systematic long‐period errors in one or more
of these observing system. With slightly better Argo cov-
erage over the period 2004–2008, Leuliette and Miller
[2009] shown that the sea level budget can be closed
within the range of error bars for both phase and amplitude.
Figure 4b shows that such a closure is possible for the short
period of their studied, but the gap widens beyond the error
bars if considering the entire altimetry period from 1993 to
2008. Another issue is that these studies applied the glacial
isostatic adjustment (GIA) correction over the ocean using
the Paulson et al. [2007] model, which increases the trend

Figure 4. (a) Time series of altimetry SSH, GRACE ocean mass, and upper ocean (0–700 m) SSL from
Ishii and Kimoto [2009], averaged over global ocean (65°S–65°N). The heavy red line before 2003 is the
estimated ocean mass with a trend of 0.8 mm/yr from Domingues et al. [2008]. (b) Comparison of the
altimetry SSH with the combined upper ocean SSL and GRACE ocean mass.
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of observed ocean mass variations by 1 mm/yr. However,
Cazenave et al. [2009] further improved the budget closure
by reproducing GRACE estimate but with a different GIA
model, the ICE‐5G (VM4) model [Peltier, 2004], which
gives a much larger rate of 1.9 mm/yr in ocean mass change.
Peltier [2009] has a similar budget closure result as
Cazenave et al. [2009]. More recently, Wu et al. [2010]
simultaneously estimated the present‐day water transport
and GIA, which gives a global nonsteric mean sea level rise
(or ocean mass change) of only 0.54 ± 0.3 mm/yr. The
inconsistency of the GRACE ocean mass estimates between
these studies is clearly a big problem. In the following, we
will take a different approach to the sea level budget issue
by focusing on diagnosing the deep ocean steric height from
a non‐Boussinesq ocean model.

3. Non‐Boussinesq Terrain‐Following Coordinate
OGCM

[21] Our non‐Boussinesq ocean general circulation model
(OGCM), based on Song and Hou [2006] and Song et al.
[2011], is an evolving version of ROMS [Shchepetkin and
McWilliams, 2005] (http://www.myroms.org). It has a 1/4°
horizontal resolution and is coupled to a sea ice model
[Budgell, 2005]. The major feature of the non‐Boussinesq
model is the stretched pressure coordinate (sp coordinate)
system that allows both terrain‐following coordinate feature
[Song and Haidvogel, 1994] and non‐Boussinesq approx-

imations of the seawater. Both polar regions are included
with the northern pole shifted toward the Russian continent.
The water depth of the model is divided into 30 terrain‐
following levels. The shallowest water is 20 m and the
deepest water sets 5500 m, and the topography data is from
ETOPO2. The model is spun‐up for 30 years with the
NCEP/NCAR monthly climatology [Kalnay et al., 1996] to
reach an approximately steady state and is then driven by
daily NCEP/NCAR reanalysis forcing from 1990 to 2008.
The surface heat flux is corrected by the daily sea surface
temperature (SST) data and the surface salt flux is corrected
by the sea surface salinity climatology [Barnier et al., 1995;
Conkright et al., 2002]. No water mass from land‐based
water is added to the ocean, but the evaporation minus
precipitation (E‐P) distribution is still applied and corrected
by river runoff climatology, such that the freshwater flux has
insignificant contribution to the sea level. For simplicity, we
call this part of freshwater flux as E‐P‐R, standing for the
evaporation minus precipitation (E‐P) distribution and the
climatology restoration.

3.1. Model Calibration

[22] Before comparing the model with observations, we
have first calibrated the model for the following aspects.
Figure 5 summarizes these calibrations.
3.1.1. Heat Flux Consistency
[23] Figure 5a gives the surface heat flux of the model.

Although the seasonal heat flux varies dramatically, it has a

Figure 5. Model calibration: (a) globally averaged surface heat flux and its time mean, (b) model SSH
and OBP, (c) zoom in the model OBP and corresponding surface freshwater flux (E‐P‐R, evaporation
minus precipitation and restoring to sea surface salinity data), and (d) sea ice area observations and cor-
responding model results for both polar regions (seasonal cycles removed).
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positive global mean of 1.05 Wm−2 averaged over the entire
surface of the Earth or 1.45 Wm−2 averaged over the surface
of the global ocean, indicating the ocean gains heat from
atmosphere. The model heat flux is consistent with the
observed increasing concentrations of carbon dioxide and
other greenhouse gases that lead to an imbalance at the top
of atmosphere (TOA) of 0.9 ± 0.5 W m−2 [Trenberth and
Fasullo, 2010]. In the real ocean, surface heating causes
sea level rise. This is true in our non‐Boussinesq model, as
shown in Figure 5b. The surface heat flux causes a total
global SLR of 62 mm over 1975–2008 in the model, cor-
responding to a global SLR of 1.82 or 1.26 mm/yr per
1 Wm−2 heat flux averaged over the surface of the global
ocean. This is consistent with Wunsch et al. [2007], who
estimated that a heat flux of 1 Wm−2 would cause a global
sea level rise of about 1.3 mm/yr. Note that the model SSH
is essentially the steric height because no land‐based water
mass is added to the ocean.
3.1.2. Mass Conservation Consistency
[24] Figure 5b also gives the model OBP or ocean

mass change, which is conserved and shows no drift in the
34 yearlong simulation. With no mass addition from land‐
based waster sources, the model should conserve mass. This
is essentially true in our non‐Boussinesq model. Figure 5c
zooms in the OBP and compares it with model surface
freshwater flux (E‐P‐R) for the period from 1993 to 2008.
Note that the model has a small amount of freshwater flux.
However, the model mass change is consistent with the
freshwater flux in a very small range of 0.1 mm.

Figure 7. Model OBP maps of (a) annual amplitude,
(b) annual phase, and (c) trends from 2003 to 2008.

Figure 6. Model SSH maps of (a) annual amplitude,
(b) annual phase, and (c) trends from 1993 to 2008. NB,
non‐Boussinesq approximations.

Figure 8. Model upper ocean (0∼700 m) SSL maps of
(a) annual amplitude, (b) annual phase, and (c) trends from
1993 to 2006.
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3.1.3. Sea Ice Extension Consistency
[25] We have also compared the sea ice areas with satellite

observations because sea ice is believed to be sensitive to
ocean warming. Figure 5d shows that the model agrees well
with the satellite‐observed sea ice extension from SMMR
and SSM/I in both Arctic and Antarctic regions [Stroeve and
Meier, 1999], suggesting that the ocean is neither over
heating nor over cooling at least in its two polar regions.
Next we focus on comparing the model with the three
observational data sets that have been assessed earlier.

3.2. Comparison With Data

[26] Figure 6 gives the model SSH for comparison with
altimetry SSH data, Figure 7 gives model OBP corre-
sponding to the GRACE data, and Figure 8 give the model
upper ocean (0–700 m) SSL for comparison with Ishii and
Kimoto [2009] SSL data. First, the model SSH agrees well
with the altimetry SSH in both annual amplitude and phase
maps (Figures 1a and 1b). However, the model trends show
significant cooling in the eastern tropical Pacific (Figure 6c),
which is not seen in the altimetry data (Figure 1c). This
typical cold bias is observed in many coupled climate models
but may also be caused by the NCEP/NCAR forcing which
has insufficient grid resolution in the tropical oceans. Second,
the modeled OBP (Figure 7) differs from the GRACE OBP

(Figure 2) in intensity, phase, and most predominantly, in
trends. The reason for the differences seen in the trends may
be a consequence of seafloor motions that have been
observed by GRACE, but not included in the model simu-
lation. In addition, GRACE data represents both mass addi-
tions from land and internal ocean mass changes, while the
model does not include land‐based water sources. Third, the
model upper ocean (0–700 m) SSL (Figure 8) compares
favorably to Ishii and Kimoto [2009] data (Figure 3) for
the annual amplitude and phase maps, but less so for the
trends. Nevertheless, seasonal variability of the model SSH
is explained well by the model upper ocean SSL. This is
consistent with our earlier data assessment that the seasonal
variability of altimetry SSH can be explained well by the in
situ upper ocean SSL.
[27] Figure 9 compares times series of model SSH and

OBP with altimetry and GRACE data in both global means
and basin averages. In order to allow for a meaningful
comparison between model and observation, we have to
deal with the issue that the model does not have the ocean
mass from land‐based water sources (the external mass).
Thus, the model only estimates internal mass changes,
including effects of evaporation, precipitation, and restoring
terms (E‐P‐R). GRACE data on the other hand contains
both, internal and external mass changes and hence is not

Figure 9. Time series of altimetry data (green and red dots), internal mass change from GRACE (blue
curve), model SSH (black curve), and OBP (magenta curve). They are averaged over the (a) global ocean
(65°S–65°N), (b) Indian Ocean, (c) Pacific Ocean, and (d) Atlantic Ocean. The global mean of GRACE
ocean mass (external mass change) has been added to the model SSH to be consistent with altimetry data.
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comparable to model values per se. To correct this dis-
crepancy, we make use of the fact that the globally averaged
GRACE ocean mass change is equivalent to the external
mass added from land sources. Equivalently this means that
the global averaged mass change as calculated by the model
is zero (this is true as shown in Figure 5b). Consequently,
GRACE internal mass changes can be calculated simply by
removing its global mean. This allows for comparing model
OBP with the internal GRACE OBP. A similar argument is
made for the model SSH, which does not include external
mass input from land sources, but altimetry data do. In order
to compare model values with observations we add the
GRACE global mean (external mass change) to the model
SSH (internal mass change). For the years that are not
covered by GRACE an ocean mass trend of 0.85 mm/yr has
been assumed [Domingues et al., 2008], and has been added
to the modeled SSH. Figure 9 compares the time series of
model (total) SSH and OBP with altimeter SSH and
GRACE internal mass changes. The comparison suggests
some phase lags (1∼2 months) in the global and Atlantic
averages of SSH, indicating errors in the model or in
GRACE which may be related to land signal leakages into
the ocean. In general, the model agrees well with the
altimetry SSH and GRACE in their global means and basin
averages.

[28] The time series of modeled upper ocean (0–700 m)
and deep ocean (below 700 m) SSL are shown in Figure 10,
and are compared with in situ upper ocean SSL of Ishii and
Kimoto [2009]. First of all, we notice that the time series of
the deep ocean steric heights have very little annual and
interannual signals. However, their warming trends are
significant; in fact, they are slightly higher than those of the
upper oceans, with rates of 1.1, 1.3, 1.0, and 1.4 mm/yr for
the global ocean and locally for the Indian, Pacific, and
Atlantic Ocean, respectively. The observed deep ocean
warming will be discussed in more detail in section 4. The
upper ocean model‐data comparison shows that the model
results are consistent with data from Ishii and Kimoto
[2009], except for a positive bias that becomes apparent
after 2004. It is unclear whether this bias is due to the
insufficient correction of the instrument bias [Willis et al.,
2008] or due to NCEP/NCAR reanalysis used to force the
model.
[29] To further investigate the differences, we have also

calculated the model heat content and compared it with
Levitus et al. [2009] in Figure 11. The upper ocean (0–700m)
heat content is calculated using

HC tð Þ ¼
Z Z

A

Cp

Z 0

�700m
T tð Þ�ðtÞdz

� �
dA; ð6Þ

Figure 10. Time series of in situ upper ocean (0–700 m) SSL (red curve), corresponding model upper
ocean (0–700 m) SSL (blue curve), and model deep ocean (below 700 m) SSL (thick magenta curve).
They are averaged over the (a) global ocean, (b) Indian Ocean, (c) Pacific Ocean, and (d) Atlantic Ocean.
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where t is time, T(t) and r(t) are the ocean temperature and
density field, A is the ocean area, andCp (=3990 J/kg/C) is the
heat capacity. The 700 m depth is chosen in order to be
consistent with the available upper ocean data. Figure 11
shows that the model is consistent with the upper ocean
heat content in both global and basin averages. However,
differences between their annual amplitudes are apparent. In
the Indian Ocean, the model shows the largest annually cycle.
Observations compare well with the seasonal cycle before
2003 but start to deviate from the mean thereafter. For the
Atlantic Ocean the model amplitude of the seasonal cycle is
smaller than those of the observations. These differences may
indicate model deficiencies in resolving the heat transport
between these two oceans, even though their global means
and Pacific basin averages compare fairly well.

4. Comparison With Bottom Water
Measurements and Altimetry SLR Map

[30] So far, we have mostly assessed the upper ocean (0–
700 m) data, satellite SSH and OBP data, and compared
them with the model. In this section we focus our attention
on the deep ocean. Figure 12 shows the model deep ocean
SSL below 700 m. Note that the seasonal variability in the
deep ocean SSL is rather weak, particularly for the annual

amplitude. This is consistent with the previous data
assessment, suggesting that deep oceans contribute very
little to the seasonal variability of the sea level. However,
the story is different for the regional trends. The model
suggests a significant deep ocean warming trend, particu-
larly in the North Atlantic and along the Antarctic Cir-
cumpolar Current (ACC). The warming features appear
closely related to the oceanic circulation and dynamics. As
such they may provide an explanation as to why altimetry
SLR cannot be adequately explained by the sum of upper
ocean (0–700 m) SSL and ocean mass change calculated
from GRACE (discussed in section 3).
[31] In order to verify a possible hypothesis that connects

the deep ocean warming to the missing part of the sea level
budget closure, the following two conditions should be
fulfilled: (1) The model deep ocean warming should be
consistent with available bottom water measurements, and
(2) its combination with the in situ upper ocean SSL and
GRACE data should explain the altimetry SLR in both
global mean and regional trends. In the following we discuss
these two conditions in more detail.

4.1. Comparison With Bottom Water Measurements

[32] We have compared the model with two sets of ocean
bottom water measurements. The first data set is from

Figure 11. Time series of in situ upper ocean (0–700 m) heat content (red curve) and corresponding
model results (black curve). They are averaged over the (a) global ocean, (b) Indian Ocean, (c) Pacific
Ocean, and (d) Atlantic Ocean. All time series are seasonally averaged (every 3 months).
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Johnson et al. [2007, 2008a, 2008b]. They suggested that
deep oceans below 2000 m along several sections had
warmed since 1990. In Figure 13, we show the model
temperature trends below 2000 m, as well as along‐section‐
averaged temperature change profiles. These profiles cor-
respond to those of Johnson et al. [2007, 2008a, 2008b].
First, we notice that the deep ocean warming is unevenly
distributed among the abyssal basins with the Atlantic
Ocean experiencing the strongest warming, the Indian
Ocean the second warmest, and the Pacific Ocean the least
(Figure 13a). This agrees with the basin‐averaged in situ
upper ocean SSL data in Figure 10. Figures 13b–13e com-
pare the model temperature change profiles with the mea-
surements of Johnson et al. [2007, 2008a, 2008b]. The
section‐averaged profiles generally suggest that the Atlantic
and Indian sections have warmed faster than the Pacific
sections. This uneven basin‐to‐basin warming is also evi-
dent in observational data. For example, in the Indian
Ocean, Johnson et al. [2008a] show a temperature rise of
about 0.05–0.1°C has been taken place between 1995 and
2007. The model gives a similar temperature profile rise in
the range of 0∼0.07°C for that section (Figure 13b). In the
Pacific, Johnson et al. [2007] show warming of 0.008°C has
occurred between 1991 and 2006 on the north‐south section
(0.01°C between 1992 and 2003 in the east‐west section).
The corresponding model profiles give values within
−0.01∼0.02°C for these sections (Figures 13c and 13d). In
the Atlantic Ocean, Johnson et al. [2008b] show a section
temperature profile with a maximum warming of 0.13°C

near 5000 m depth between 1983 and 2003. Our model
shows a similar maximum warming of 0.13°C, but is located
at a depth of 3000 m between 1990 and 2008 (Figure 13e).
This middepth warming might be associated with changes in
the North Atlantic Deep Water as shown by Johnson and
Doney [2006] that a bottom‐intensified warming signal in
the South Atlantic linked with the Antarctic Bottom Water.
Nevertheless, the model reproduces those main features of
the observations.
[33] Next we compare the model with Purkey and

Johnson [2010] with focus on the oceanic bottom water
warming and its contribution to SLR. Purkey and Johnson
[2010] use topographic features to divide the globe into
32 abyssal basins, as shown in Figure 14a, and estimated a
deep temperature trend for each of these abyssal basins
using measurements along 28 full depth and high‐quality
hydrographic sections over the period 1981–2010. They also
calculated basin means of SLR due to abyssal thermal
expansion below 4000 m from the bottom water surveys,
which has been reproduced in Figure 14a. We have also
calculated the local SLR, as shown in Figure 14b. Note that
the local SLR is not necessarily uniformly distributed in an
arbitrary abyssal basin as estimated by Purkey and Johnson
[2010] from the limited numbers of observations. To have a
meaningful comparison, we will first compare their geo-
graphic distributions of local SLR trends, and then their
global averages with model values. The model agrees
remarkable well with the geographic distributions of
warming and cooling trends from the bottom water surveys
in the 32 abyssal basins. For example, toward the west of the
Mid‐Atlantic Ridge the South Atlantic Ocean exhibits a
north‐south‐oriented tripole with large warming trends
surrounding a smaller area of cooling. To the east of the
Mid‐Atlantic Ridge cooling trends are rather dominant.
These patterns are mostly consistent with observed trends of
warming or cooling. The Indian Ocean consists of several
small abyssal basins, which show a pattern of warming in
the south and cooling in the north. This pattern is again
consistent with the bottom water survey. In the Pacific
Ocean, the model suggests cooling trends in most of the
abyssal basins except for the subpolar basin in the North
Pacific and to the east of New Zealand. This trend is not
seen in the observations, suggesting some model deficien-
cies here. The model shows further cooling trends in the two
abyssal basins off Antarctica corresponding to the eastern
Indian Ocean and the eastern Pacific Ocean sector. We don’t
know what kind of physical mechanisms causes the cooling
trends in these abyssal basins. Sensitivity study might give
some clue, but it is beyond the scope of this study. Never-
theless, taken together the model gives a global mean SLR
contribution of 0.018 mm/yr from all abyssal oceans below
4000 m over 1990–2000. This is less than the 0.053 ± 0.017
mm/yr estimated by Purkey and Johnson’s for the period of
1990s–2000s, suggesting the model may underestimate
bottom water warming in total. The averaged warming trend
in the deep waters (1000∼4000 m) south of the Sub‐
Antarctic Front (SAF, approximately at 40°S) exhibits the
strongest warming trend corresponding to 0.11 mm/yr of
global sea level rise. This is slightly higher than Purkey and
Johnson’s [2010] rate of 0.093 ± 0.081 mm/yr over 1990s–
2000s. Interestingly, the total contributions from the two
parts (below 4000 m and 1000–4000 m south of the SAF) in

Figure 12. Model deep ocean (below 700 m) SSL maps of
(a) annual amplitude, (b) annual phase, and (c) trends from
1993 to 2006.
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the model are consistent with the estimate of Purkey and
Johnson [2010]. The model also confirms their conclusion
that deep water warming is mostly prominent in the Ant-
arctic south of the Sub‐Antarctic Front.

4.2. Comparison With Altimetry SLR Map

[34] Sea level trend map is another constrain of the deep
ocean warming because the full depth steric height due to
ocean warming, plus the ocean mass addition from land‐
based water sources, should explain the altimetry SLR map.
Since our model appears consistent with the upper ocean (0–
700 m) and bottom water (below 4000 m) steric heights
(Figures 10–14), we can use the model as a proxy for an
estimate of the full depth steric height due to ocean warm-
ing. For easy comparison, we have reproduced the altimetry
SLR map in Figure 15a, while Figure 15b is the combina-
tion of the in situ upper ocean (0–700 m) SSL from Ishii and
Kimoto [2009], deep ocean (below 700 m) SSL from model,
and an additional external ocean mass trend of 0.85 mm/yr
as suggested by Domingues et al. [2008] and GRACE data
(see Figure 4a). The data‐model combination explains the
altimetry trend map quite well, except for the eddy features,
which are not resolved by the in situ upper ocean SSL data.
Furthermore, the combined SSH values in the subpolar

region off Greenland are much higher than the altimetry
data. This discrepancy is likely due to melting of Greenland
glaciers, which has been measured by GRACE and reported
by Velicogna [2009], but is not included in the model.
Nevertheless, we obtain a global mean steric rise of 1.1 mm/
yr from the model deep ocean warming below 700 m.
Adding to the 1.2 ± 0.8 mm/yr from in situ upper ocean (0–
700 m) SSL and about 0.85 ± 0.5 mm/yr from GRACE, the
resulting sea level rise matches the altimetry SLR of 3.11 ±
0.6 mm/yr fairly well.
[35] It should be noted that about 82% of the ocean water

is below 700 m if assuming a mean depth of 3800 m. Even
if the deep ocean just warmed slightly, its contribution to the
global SLR cannot be ignored because of its large volume.
For the last 18 years, altimetry data have suggested that the
global sea level has been raised with an accelerated rate.
This is also true for the corresponding upper ocean SSL
derived from in situ measurements. In fact, upper ocean heat
content from Levitus et al. [2009] has shown an increase
since 1955, despite some interannual variations. Such a
long‐term upper ocean warming would eventually affect
deep oceans [Masuda et al., 2010]. Bottom water measure-
ments and our model simulation show a consistent warming
rate since 1990s. We understand that recent Argo floats can

Figure 13. (a) Regional trends of model ocean temperature below 2000 m, and (b–e) temperature profile
changes averaged along the corresponding sections marked by the heavy lines in Figure 13a, from 1990 to
2008.
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Figure 14. (a) Basin mean of SLR from the 1990s to the 2000s below 4000 m, reproduced from Purkey
and Johnson [2010]. (b) Model local SLR map from 1990 to 2008 due to abyssal thermal expression
below 4000 m. (c) Time series of the bottom water contributions to the SLR south of SAF (1000–4000 m)
as marked by the magenta line in Figure 14b and below 4000 m. The blue bars represent Purkey and
Johnson’s [2010] estimate with uncertainty ranges.
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go deeper, up to depth of 2000 m, but most abyssal oceans
are still unmeasured. Therefore, ocean models are necessary
to fill the data gaps.

5. Summary and Discussions

[36] In this paper, we have first assessed altimetry SSH,
GRACE ocean bottom pressure, and in situ upper ocean
steric sea level data with a focus on their seasonal variability
and regional trends. The seasonal variability of altimetry
data can be explained well by the upper ocean SSL, sug-
gesting little contribution from deep oceans to the annual
amplitude and phase maps of sea level changes. This makes
sense because short‐term surface heating and cooling stays
or leaves the upper ocean layer in short timescales. This is
also reproduced by our model.
[37] However, the story is different for the sea level trend

maps. Our data assessment shows that the altimetry SLR
cannot be explained by the sum of upper ocean (0–700 m)
SSL and GRACE‐derived ocean mass. This is true not only
for their global means but also for their regional trends over
the altimetry period. On global averages, they can only
explain two‐thirds of the observed sea level rise, leaving

another one‐third unexplained. One hypothesis that may
explain the missing component of SLR is that the steric
contribution from deep oceans below 700 m has not been
accounted for in this budget.
[38] To test such a hypothesis, we have used a non‐

Boussinesq OGCM that is mass conserving instead of vol-
ume conserving and uses terrain‐following coordinates
instead of typical staircase approximations of the bathyme-
try. These model properties allow for a better representation
of thermal expansion and deep water properties [Huang and
Jin, 2002; Gerdes, 1993]. The model is calibrated and
compared with a suite of data sets from satellite observations
and in situ measurements in terms of their global means,
basin averages, and regional trends for various periods of
time. Particularly, the model is shown to be consistent with
in situ upper ocean steric height [Ishii and Kimoto, 2009],
upper ocean heat content [Levitus et al., 2009], deep ocean
temperature profiles [Johnson et al., 2007, 2008a, 2008b],
and bottom water measurements [Purkey and Johnson,
2010]. We have then used the model deep ocean SSL,
combined it with the in situ upper ocean steric height, to
create a full depth steric height. This combination is a proxy
of the full depth ocean thermal expansion due to global

Figure 15. (a) Regional SSH trends derived from altimeters. (b) Combined trends from Ishii and Kimoto
[2009] SSL data (0–700 m), model SSL (below 700 m), and a uniform GRACE trend of 0.85 mm/yr. The
data‐model combination explains most of the altimetry SLR. The overheated northern Atlantic subpolar
gyre may be due to the lack of Greenland freshwater flux in the model.
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warming. Adding an extended ocean mass rate from
Domingues et al. [2008] and GRACE data, it explains the
altimetry sea level rise in both global means and regional
trends.
[39] In summary, we have proposed a plausible hypothe-

sis that deep ocean warming may have contributed up to
one‐third of the observed altimetry SLR. First, we empha-
size the importance of maintaining heat and mass con-
servations and physical consistencies in ocean models
(Figure 5). We understand that the model diagnosed deep
ocean warming is not data, but the total heat added to the
model is consistent with the estimate from the TOA radia-
tion measurements, which is 0.9 ± 0.5 W m−2 for the entire
Earth since 1985–2009 [Trenberth and Carron, 2001;
Trenberth and Fasullo, 2010], roughly equivalent to the
model heat flux of 1.05 W m−2. On the other hand, heat
content in the upper oceans (0–700 m) is known from var-
ious in situ observations [Levitus et al., 2009] and the model
apparently reproduces the upper ocean observations well
(Figure 11). Therefore, the remaining heat has to be in the
deep ocean. We have put a great effort to verify the model
deep ocean warming, as shown in Figures 13–15. Such an
approach to estimate deep ocean warming has not been done
before. Second, we emphasize the important roles played by
the oceanic circulation and dynamics in distributing heat
within the global ocean and to the deep ocean. The inno-
vative idea of this study is to explore the physical me-
chanisms of the ocean circulation and dynamics that
distribute heat to the deep ocean in a unique pattern that
explains the altimetry SLR not only in terms of its global
mean, but also in its regional trends. Our results show that
the deep ocean warming concentrates only in a few places
where ocean circulation plays an important role (Figure 12).
In addition, the deep ocean warming differs greatly from the
upper ocean warming in geographical locations (compare
Figure 3c with Figures 12c and 14a), indicating that the
vertical diffusion is unlikely the cause. For example,
Masuda et al. [2010] have shown that changes in the heat
content of the deep ocean are far more sensitive to the air‐
sea thermal interchanges than previously considered.
Clearly, more studies are needed for a better understanding
of these oceanic processes that distribute heat in the deep
ocean. Last, we emphasize the importance of continuous
deep ocean observations not only for narrowing the gaps in
the sea level budget, but also for improving ocean models,
which are the primary tools for projecting future sea level
changes and have played a key role in previous IPCC
reports. This study seems to suggest that the deep ocean
might have contributed to the present‐day SLR more than
previously thought [Trenberth, 2010]. If this is the case, the
enormous heat stored in the deep ocean would have a pro-
found effect on the climate and deserves a serious attention
in projecting future sea level changes.
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