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ABSTRACT

To reveal the steric sea level change in 20th century historical climate simulations and future climate
change projections under the IPCC’s Representative Concentration Pathway 8.5 (RCP8.5) scenario, the
results of two versions of LASG/IAP’s Flexible Global Ocean-Atmosphere-Land System model (FGOALS)
are analyzed. Both models reasonably reproduce the mean dynamic sea level features, with a spatial pattern
correlation coefficient of 0.97 with the observation. Characteristics of steric sea level changes in the 20th
century historical climate simulations and RCP8.5 scenario projections are investigated. The results show
that, in the 20th century, negative trends covered most parts of the global ocean. Under the RCP8.5
scenario, global-averaged steric sea level exhibits a pronounced rising trend throughout the 21st century
and the general rising trend appears in most parts of the global ocean. The magnitude of the changes in
the 21st century is much larger than that in the 20th century. By the year 2100, the global-averaged steric
sea level anomaly is 18 cm and 10 cm relative to the year 1850 in the second spectral version of FGOALS
(FGOALS-s2) and the second grid-point version of FGOALS (FGOALS-g2), respectively. The separate
contribution of the thermosteric and halosteric components from various ocean layers is further evaluated.
In the 20th century, the steric sea level changes in FGOALS-s2 (FGOALS-g2) are largely attributed to
the thermosteric (halosteric) component relative to the pre-industrial control run. In contrast, in the 21st
century, the thermosteric component, mainly from the upper 1000 m, dominates the steric sea level change
in both models under the RCP8.5 scenario. In addition, the steric sea level change in the marginal sea of
China is attributed to the thermosteric component.
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Introduction

Sea level change is closely related to climate change
and very important to the development of coastal re-
gions and islands. Sea level rise in the world’s oceans
has been explored through the use of many datasets.
Gornitz et al. (1982) and Gornitz and Lebedeft (1987)
concluded that the rising rate of the global-averaged
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sea surface height (SSH) is about 12 cm per century
based on tide gauge data. The result is based on 193
stations, with the records longer than 20 years prior
to the year 1982 (Gornitz et al., 1982). Fairbridge
and Krebs (1962) concluded a rising rate of 1.2 mm
yr~! for the period 1900-50 from selected stations.
Klige (1982) showed a rising rate of 1.5 mm yr—! for
1900-75. Barnett (1988) came to a result of 1.15 mm
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yr=t for 1880-1986 based on 155 stations. Satellite
measurements show that SSH was rising at a rate of
3.4 mm yr—! during the period 1993-2008 (Cazenave
et al., 2009). This is almost twice the rising rate of
the 20th century, which is about 1.7 mm yr—! from
tide gauge records (IPCC, 2007). Coastal tide gauge
records indicate that similar rising rates have appeared
in some earlier decades (IPCC, 2007). Based on the
projection of sea level change from the 4th assess-
ment report (AR4) of IPCC, the global-averaged SSH
will rise by 0.22-0.44 m by the mid-2090s relative to
the year 1990. Therefore, results can be inconsis-
tent due to different datasets and time periods. Since
SSH can directly reflect the strength of ocean gyres
and 3D, large-scale ocean circulation, it is possible to
use sea level changes to estimate the Atlantic Merid-
ional Overturning Circulation (Hékkinen, 2001; Lan-
derer et al., 2007). Therefore, identifying the features
of sea level changes and predicting/projecting near-
future (refer here to the IPCC’s Representative Con-
centration Pathway 8.5 (RCP8.5) projection: 2006—
2100) SSH changes are of crucial importance to climate
change research and ocean circulation studies.

Global sea level changes through a diverse range
of processes, such as a change in absolute ocean mass,
variation in ocean salinity, and a change of specific
volume through net heating or cooling (Landerer et
al., 2007). The expansion or contraction of the oceans
through density change is a single component of en-
tire sea level change, commonly called “steric sea level
change”. The term “steric” is used here as pertain-
ing to the volume of the ocean depending on temper-
ature, salinity and pressure (Landerer et al., 2007).
The mechanisms responsible for global and regional
sea level changes have been discussed in many mod-
eling studies (e.g. Mikolajewicz et al., 1990; Bryan,
1996; Knutti and Stocker, 2000; Mikolajewicz and
Voss, 2000; Gregory et al., 2001; Levermann et al.,
2005). However, the projected spatial patterns and
causes of sea level changes remain different from one
model to another (Gregory et al., 2001; Landerer et
al., 2007). Much more effort has been devoted to the
assessment of various factors contributing to sea level
rise since the IPCC’s AR4 report, with the study of
global sea level rise receiving considerable attention
in recent decades (e.g. Gregory et al., 2001; Antonov
et al., 2002; Munk, 2002; Cazenave and Nerem, 2004;
Antonov et al., 2005).

Boussinesq approximation (Boussinesq, 1903) is a
classical assumption in ocean models. In this assump-
tion, conservation of volume is applied instead of mass
conservation. However, the volume response of the
global ocean to global warming is not conservative.
In recent decades, global-averaged sea level has risen
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mainly due to thermal expansion of seawater under
global warming (Church et al., 1991; Wu et al., 2006).
Under the TPCC’s Special Report on Emission Sce-
narios (SRES) A1B scenario, more than half of the
projected global sea level rise is attributed to ther-
mal expansion (IPCC, 2007). The Boussinesq approx-
imation models based on volume conservation cannot
reproduce such kinds of physical processes and thus
are unable to correctly capture the global steric sea
level rise related to ocean density changes (Greatbatch,
1994). Instead, we need to recalculate steric sea level
through ocean density models of this kind.

Two versions of the State Key Laboratory
of Numerical Modeling for Atmospheric Sciences
and Geophysical Fluid Dynamics, Institute of At-
mospheric Physics (LASG/IAP’s) coupled climate
system model Flexible Global Ocean-Atmosphere-
Land System (FGOALS) have been participat-
ing in the ongoing Coupled Model Intercom-
parison Project Phase 5 (CMIP5) experiments
(http://pcmdi3.linl.gov/esgeet /home.htm)  for  the
IPCC’s AR5 report. However, the performance of
FGOALS in sea level change simulation and projec-
tion has never been examined. Accordingly, this paper
aims to answer the following questions: (1) How well
do the two versions of FGOALS simulate the global
SSH pattern? (2) What were the characteristics of
steric sea level change in the 20th century according
to historical climate simulations performed by the two
versions of FGOALS? (3) How will global steric sea
level change in the 21st century under the IPCC’s
ARB RCP8.5 scenario projection? (4) Are there any
differences between the two versions of FGOALS in
projecting future global and regional sea level changes?
In this work, we focus on the steric sea level change due
to density changes of the ocean in the 20th century
historical climate simulations and the 21st century
projections under the RCP8.5 scenario. We show evi-
dence that global-averaged steric sea level will have a
pronounced rising trend throughout the 21st century
under the RCP8&.5 scenario. The magnitude of steric
sea level change in the 21st century is much larger than
that in the 20th century. In the historical climate sim-
ulations, steric sea level changes are largely attributed
to the thermosteric component in the second spectral
version of FGOALS (FGOALS-s2), while in the second
grid-point version of FGOALS (FGOALS-g2) they are
mainly attributed to the halosteric component. In
contrast, the contributions of the thermosteric com-
ponent dominate the steric sea level change under the
RCP8.5 scenario projections in both models.

The remainder of the paper is organized as follows.
Section 2 introduces the models, experiments and
analysis methods. The global and regional steric sea
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level changes and the individual contributions of the
thermosteric and halosteric components in the 20th
century historical climate simulations and RCP8.5 sce-
nario projections are analyzed in section 3. Finally, a
summary is presented in section 4.

2. Model and method description

2.1 Model, experiments, and data description

The CMIP5 experiments of the two versions of the
LASG/IAP’s coupled climate system model FGOALS
are analyzed. The first is the second spectral version
of FGOALS, known as FGOALS-s2 (Bao et al., 2013),
and the second is the grid-point Version 2, known as
FGOALS-g2 (Li et al., 2013). These two versions of
FGOALS are identical in their ocean, land, and cou-
pler components, but employ different AGCM (atmo-
sphere general circulation model) and sea ice com-
ponents. The ocean component of FGOALS is the
LASG/IAP’s Climate System Ocean Model version 2
(LICOM2), which has a horizontal resolution of about
1°x1° in the extra-tropical zone and 0.5°x0.5° in the
tropics, and 30 vertical levels. The land component is
the Community Land Model version 3 (CLM3). For
FGOALS-s2, the atmospheric component is the Spec-
tral Atmospheric Model of the IAP/LASG’s version 2
(SAMIL2), with a horizontal resolution of about 2.81°
(lon)x1.66° (lat) and 26 levels in the vertical direc-
tion. For FGOALS-g2, the atmospheric component is
the Grid-point Atmospheric Model of the IAP/LASG,
Version 2 (GAMIL2), with a horizontal resolution of
about 2.8°x2.8° and 26 levels in the vertical direc-
tion. The sea ice component of FGOALS-s2 is the
Community Sea Ice Model version 5 (CSIM5), while
in FGOALS-g2 it is the Los Alamos Sea Ice Model
(CICE). All four components are coupled together by
the NCAR’s flux coupler module, version 6 (CPL6).
For more details of the various model components,
readers are referred to Bao et al. (2013) and Li et al.
(2013).

The outputs of three sets of model experiments are
used in this study: (1) 20th century historical climate
simulations (1850-2005); (2) future climate change
projections under the RCP8.5 scenario (2006-2100);
and (3) a 500-yr pre-industrial control run. For details
of these experiments, please see Taylor et al. (2012).
In the analysis, we convert the monthly products of
these experiments to yearly variables.

In addition to model data, objective analysis dy-
namic ocean topography data was also used (Maxi-
menko et al., 2009). This dataset is constructed using
satellite altimetry, near-surface drifters, National Cen-
ters for Environmental Prediction (NCEP) wind, and
the geoid model of the Gravity Recovery and Climate
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Experiment (GRACE). The data represents mean
dynamic ocean topography, averaged for 1993-2002,
and is available at a spatial resolution of 0.5°x0.5°
(http://apdre.soest.hawaii.edu/projects/DOT).

2.2 Analysis method

The oceanic component of FGOALS is LICOM,
which applies the Boussinesq approximation (Liu et
al., 2004). The SSH predicted by the model is based
on the conservation of volume, which is called “dy-
namic sea level”. The term “dynamic” represents the
geostrophic balance between horizontal flow and SSH
gradients, so the flow is along the contours of equal
SSH (Gill, 1982). As stated in the Introduction part,
the dynamic sea level predicted by LICOM cannot cap-
ture the sea level changes associated with expansion
or contraction of the oceans due to density change.
Therefore, to examine the predicted sea level change
due to global warming, we need to recalculate steric
sea level by ocean density from LICOM. As shown be-
low, the calculation is based on mass conservation (Li

et al., 2003).
The mass conservation equation is written as:
0 0 0 0
9p  pu)  Opv)  Opw) _ 7 (1)

ot oz dy 0z

where p is density of seawater and u, v, w denote 3D
ocean current velocity. Based on this relationship, we
obtain the steric SSH (Hjy) tendency equation (Li et
al., 2003):
0
OH, = b @dz , (2)
ot Po JH ot

where Hy is the SSH caused by local density changes
due to vertical expansion or contraction of the ocean
column and H represents the sea bottom depth. It
is the main component of local sea level changes from
seasonal to climate change time scales (Church et al.,
1991; Pattullo et al., 1955). Here, po is 1026 kg m~3.

Based on Eq. (2), the steric SSH changes relative
to the year 1850 are calculated as follows:

O j—
Hy, = / p18s0 — Pt g (3)
H Po

Following Landerer et al. (2007), the changes of en-
tire steric SSH are further decomposed into two parts:
the thermosteric component and halosteric compo-
nent. The individual contribution to the entire steric
SSH change relative to the control run is calculated as:

0
p(Sc, Te,p) — p(Sc, Tiex, p)
H thermo = dZ, 4

,th [H p(SChTCvp) ( )

Hs,halo -

0 —
/ p(Sc, Tc, p) p(SEx,Tc,p)dZ’ 5)

—-H p(SCaTC7p)
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where the subscript EX refers to the 20th century his-
torical climate simulations or RCP8.5 scenario projec-
tions, C refers to the control run fields, and p rep-
resents the in situ density, depending on salinity S,
temperature 1" and pressure p (Gill, 1982).

Based on Eqgs. (4) and (5), we can estimate the
individual effect of temperature and salinity on the
entire steric SSH changes relative to the fields of the
control run. It is demonstrated that the sum of the two
individual effects can reasonably reproduce the entire
steric SSH field, with the difference between them at
least two orders of magnitude smaller than the entire
steric signals (Landerer et al., 2007).

3. Results

In the following analysis, we firstly examine the
mean dynamic sea level (commonly called “dynamic
ocean topography”) in the two versions of FGOALS
by comparing the model results to an objective anal-
ysis dataset. Then, we evaluate the steric sea level
changes and separate contributions of the thermosteric
and halosteric components in the 20th century histor-
ical climate simulations. Finally, we analyze the steric
sea level changes in the future climate change projec-
tions under the RCP8.5 scenario and discuss the dif-
ferences between FGOALS-s2 and FGOALS-g2.

3.1 Mean dynamic sea level

The dynamic sea level is closely linked to ocean
currents through geostrophic balance, which indicates
the deviation of SSH from the global mean (Yin et al.,
2010). To examine the performance of the FGOALS
models in simulating sea level distribution, we firstly
assess the simulated mean dynamic sea level by com-
paring model results to an objective analysis dataset
(Maximenko et al., 2009). Because the steric sea level
is calculated from Eq. (3), we can only obtain a SSH
anomaly pattern relative to the year 1850. We use
the dynamic sea level to assess the performance of the
models in simulating sea level distribution because the
objective analysis dataset provides dynamic sea level
data. In addition, though their physical processes are
quite different, the dynamic sea level and steric sea
level have similar patterns based on model results, es-
pecially in the tropics (Li et al., 2003).

The control runs of the two versions of FGOALS
reasonably reproduced the distribution of mean dy-
namic sea level, which reflects ocean topography fea-
tures (Fig.1). The spatial pattern correlation coeffi-
cient between the simulation and the observation is
0.97 for both FGOALS-s2 and FGOALS-g2. The cor-
responding RMSE is 0.177 m (0.172 m) for FGOALS-
s2 (FGOALS-g2). In the western boundary currents
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regions, such as the Gulf Stream and Kuroshio, the
dynamic sea level gradients are evidently sharp. The
highest (lowest) dynamic sea level value is found in
the western North Pacific (the Southern Ocean). The
strongest gradient also occurs in the Southern Ocean,
which is associated with the Antarctic Circumpolar
Current (ACC). The comparison to the observation in-
dicates a reasonable performance of the two versions
of FGOALS.

In the following analysis, we focus on the steric sea
level change, because in both the 20th century his-
torical climate simulations and future climate change
projections, the sea level changes caused by the expan-
sion or contraction of the ocean volume under global
warming play important roles.
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Fig. 1. Mean dynamic ocean topography from (a) obser-
vation, (b) FGOALS-s2, (¢) FGOALS-g2. Units: m.
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Fig. 2. Linear trends of SSH in (a, b) historical simulations (1850-2005) and (c, d) historical
and RCP8.5 simulations (1850-2100) with FGOALS-s2 and FGOALS-g2. The shaded areas are

statistically significant at the 5% level.

3.2 Steric sea level change in the 20th century
historical climate simulations

We firstly examine the spatial pattern of the steric
sea level trends in the 20th century historical climate
simulations (1850-2005). The negative trends cover
most parts of the global ocean in both models (Figs. 2a
and b). The trends are not the same in different oceans
in FGOALS-s2, with a rising trend mainly appear-
ing in the Arctic Ocean and mid-latitude oceans in
the Southern Hemisphere (Fig.2a). In particular, the
steric sea level in the marginal sea of China is ris-
ing in FGOALS-s2, but the trend is not significant in
FGOALS-g2.

The temporal evolution of global annual mean and
basin-averaged relative steric sea level height anoma-
lies during 1850-2005 are shown in Fig. 3. There is no
significant trend in global-averaged sea level evolution
in the historical climate simulation of FGOALS-s2,
while FGOALS-g2 shows a weak falling trend during
the period 1850-2005. The trends are —0.03 mm yr—!
and —0.3 mm yr~! for FGOALS-s2 and FGOALS-g2,
respectively (Figs.3a and b). The SSH anomalies in
different oceans are of different orders of magnitude.
The results from satellite data and hydrographic ob-
servations show a uniformly rising pattern around the
world’s oceans, which confirms the results of climate
models (IPCC, 2007). In both models, the change of

the Arctic Ocean is higher than the global average,
while the changes of other oceans are consistent with
the global average, with relative SSH anomalies close
to zero (Figs. 3¢—f).

To distinguish the contributions of temperature
and salinity to the entire steric sea level change in
the 20th century historical climate simulations, we es-
timate the thermosteric and halosteric effects relative
to the control run. For the average of the period 1990—
99, the steric sea level changes relative to the control
run are positive for most parts of the global ocean,
and the magnitude in FGOALS-g2 is larger than that
in FGOALS-s2 (Figs.4a and b). The steric sea level
changes are largely attributed to the thermosteric
(halosteric) component in FGOALS-s2 (FGOALS-g2).
For the global average of steric sea level change, the
contribution of the thermosteric component accounts
for about 106.7% and 31.6% for FGOALS-s2 and
FGOALS-g2, respectively. The weak contribution in
FGOALS-g2 may result from the treatment of water
flux exchanges in the model, since runoff from land
sources does not discharge into the ocean in this model
and thus the water process is not balanced. This partly
explains why the ocean salinity has a stronger and un-
conscionable change in FGOALS-g2 in comparison to
FGOALS-s2. Antonov et al. (2002) suggest that only
about 10% of the global-averaged steric sea level rise
can be attributed to the halosteric component in re-
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Fig. 3. Time series of global annual mean SSH anomaly from (a) FGOALS-s2 and (b) FGOALS-
g2. Basin-averaged evolution of SSH anomalies: deviation from the global mean change in (a, b)
at corresponding times: (c, d) Indian Ocean (40°S-15°N, 45°-105°E), Pacific (30°-65°N, 120°E—
105°W), and Atlantic (40°S—65°N, 50°W-0°) SSH and (e, f) ACC (80°-55°S, 180°W-180°E) and
Arctic Ocean (75°-90°N, 180°W-180°E) SSH. Units: cm.

cent decades. However, it is revealed in IPCC AR4
that, for the regional scale, the contributions of the
thermosteric and halosteric components can be com-
parably important. As a result, although ocean salin-
ity is not important for steric sea level changes at the
global scale, it plays a role at the regional scale (e.g.
Antonov et al., 2002; Ishii et al., 2006).

Similar to the changes in most parts of the global
ocean, the steric sea level in the marginal sea of China
shows a positive change relative to the control run
in both models, but with a weak negative change in
part of the East China Sea in FGOALS-g2 (Figs. 4a
and b). In both models, the thermosteric compo-
nent makes positive contributions to the steric sea level
change in the marginal sea of China (Figs.4c and d),
while the halosteric component makes negative contri-
butions (Figs. 4e and f).

Because steric sea level is the result of vertical in-
tegration throughout the whole depth, we further in-
vestigate the vertical structure of the steric sea level

changes relative to the control run for the average of
the period 1990-99. The contributions of the ther-
mosteric and halosteric components from each layer
were cumulatively summed up from the sea surface to
the deepest layer in the model, and the results are
shown in Figs.5 and 6. In FGOALS-s2, for the global
average the thermosteric component is larger than the
halosteric component throughout the depth, with the
largest contribution from the upper 1000 m (Fig. 5a).
At the basin scale, the vertical structure in the Pacific,
Atlantic and Indian Oceans are similar to the global
average. In the ACC, the effects from the thermosteric
and halosteric components are evident in the upper
3000 m. For the Arctic Ocean, the halosteric compo-
nent dominates the entire steric sea level changes in
the upper 1000 m. In contrast, in FGOALS-g2 the
halosteric component is larger than the thermosteric
component throughout the whole depth for the global
average (Fig.6a). The result is consistent with that
in Fig.4. The vertical structure in the Pacific Ocean,
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Fig. 4. (a, b) Steric SSH difference for the average of the period 1990-99 relative to the control
run. (¢, d) Thermosteric component as defined in Eq. (4). (e, f) Halosteric component as defined

in Eq. (5). Units: cm.

Indian Ocean and the ACC are similar to the global
average. For the Atlantic, the contributions of the
two components are comparable in the upper 2000 m,
but below 2000 m the thermosteric component domi-
nates the entire steric sea level change. For the Arctic
Ocean, the contributions of the two components com-
pensate each other, but the thermosteric component
has a larger negative value.

3.3 Future steric sea level change under the
IPCC’s RCP8.5 scenario

In this section, we focus on the future steric sea
level changes in the 21st century projections, under
the RCP8.5 scenario, which is a response to global
warming forced by increased greenhouse gas (GHG)
concentrations. For the period 18502100, the steric
sea level shows a general rising trend in most parts of
the global ocean except for several areas of the South-

ern Ocean (Figs. 2c and d). In addition, the steric sea
level in the marginal sea of China shows a rising trend
in both models.

The global-averaged steric sea level evolution shows
a pronounced rising trend throughout the 21st century
under the RCP8.5 scenario in both models (Figs.3a
and b). A constant acceleration in global-averaged
steric sea level rise during the 21st century has been
evaluated by many coupled atmosphere-ocean general
circulation models (Gregory et al., 2001). The pro-
nounced increasing value is from the year 2006, when
the RCP8.5 simulation begins. By the year 2100,
the global warming under RCP8.5 scenario produces
a steric SSH anomaly of 18 cm and 10 cm relative to
the year 1850 in FGOALS-s2 and FGOALS-g2, respec-
tively. In our study, as projected under the RCP8.5
scenario, the changes in different oceans in the 21st
century are more inconsistent than those in the 20th
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FGOALS-s2 for the average of the period 1990-99 relative to the control run. Start-
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cm.

century historical climate simulation. The steric sea
level averaged in the Arctic Ocean and the ACC are
much lower than that of the global average (Figs.3e
and f), but in the Atlantic and Indian Oceans are much
higher than that of the global average. The change in
the Pacific is nearly consistent with that of the global
average (Figs.3c and d). Note that this result is dif-
ferent from the basin-averaged evolution of dynamic
SSH anomalies in the Max Planck Institute for Meteo-
rology (MPI) coupled atmosphere-ocean general circu-
lation model (ECHAMS5/MPI-OM) under the IPCC’s
A1B climate change scenario (Landerer et al., 2007).
In previous studies, nearly all models show that the
dynamic sea level rise in the Arctic Ocean (Southern
Ocean) is more (less) than that of the global average
(Gregory et al., 2001). However, this feature is not
evident in the results of the steric sea level from the
two versions of FGOALS. This may be due to the dif-
ferences between the two kinds of sea level, as well as

model-dependence. Gregory et al. (2001) argued that
the simulated regional sea level changes from various
models are different from each other and lack agree-
ment about the distribution of these regional patterns.
As reported in IPCC AR4 (2007), the spatial variabil-
ity of sea level change is mainly due to the non-uniform
changes in temperature, salinity and associated ocean
circulation. Therefore, the patterns of temperature,
salinity and ocean circulation should be further exam-
ined.

The individual contribution of the thermosteric
and halosteric components relative to the control run
is further evaluated in the following. For the aver-
age of the period 2090-99, the steric sea level changes
relative to the control run are positive in almost all
the oceans, and with a much larger magnitude than
those in the historical climate simulation (Figs. 7a and
b). The separate evaluation of the thermosteric and
halosteric components shows that the contribution of
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Fig. 6. The same as Fig. 5, but for FGOALS-g2. Units: cm.

the thermosteric component is positive over most parts
of the global ocean (Figs.7c and d). The most signif-
icant signal of the thermosteric component is in the
Atlantic, while the Arctic and ACC show a weak sig-
nal. As Yin et al. (2010) has pointed out, in a warming
climate projection the deeper oceans can absorb more
heat and therefore show a stronger thermosteric signal.
The signs of the halosteric component are different in
different ocean basins (Figs.7e and f). A similar re-
sult is seen in the ECHAMS5/MPI-OM model result for
the IPCC A1B scenario (Landerer et al., 2007). The
steric sea level changes are largely attributed to the
thermosteric component. For global-averaged change,
the contribution of the thermosteric component ac-
counts for about 105.7% and 81.8% for FGOALS-s2
and FGOALS-g2, respectively. Although FGOALS-
g2 does not include runoff from land sources, under
the RCP8.5 scenario the ocean temperature shows a
significant warming trend that overwhelms the effect
of ocean salinity changes. Therefore, it is the ther-
mosteric component that dominates the steric sea level
change in both models under RCP8.5 scenario projec-
tion. We find that the most pronounced signals ap-

pear in the subtropical North Atlantic, with positive
anomalies for the thermosteric component and nega-
tive anomalies for the halosteric component. In addi-
tion, the steric sea level in the marginal sea of China
shows a weak positive change relative to the control
run (Figs. 7a and b). In both models, the thermosteric
(halosteric) component has a positive (negative) con-
tribution to the final changes of entire steric sea level
in the marginal sea of China (Figs. 7c—f). This conclu-
sion is similar to that from the 20th century historical
climate simulation results.

The dominance of the thermosteric and halosteric
components may be depth-dependent. To examine
this hypothesis, the vertical structures of the two steric
sea level components relative to the control run under
RCP8.5 scenario projection are shown in Figs. 8 and 9.
Generally, the thermosteric component is much larger
than the halosteric component in global-averaged con-
tribution throughout the depth. The largest contribu-
tions are mainly due to the upper 1000 m in FGOALS-
s2, while the contributions in FGOALS-g2 are slightly
deeper, especially for the thermosteric component con-
tribution (Figs. 8a and 9a). At the basin scale, the ver-
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Fig. 7. The same as Fig. 4, but for the average of the period 2090-99.

tical structures in the Pacific and Atlantic are similar
to the global average in both models. In the Indian
Ocean, the thermosteric component prevails through-
out the depth in FGOALS-s2, while the halosteric
component prevails within the upper 1000 m and
the two components are comparable below 1000 m
in FGOALS-g2. The responses averaged in the ACC
and the Arctic Ocean are much smaller than the other
oceans in amplitude. In the ACC region, the contri-
butions of the thermosteric and halosteric components
in FGOALS-s2 are similar in the upper 500 m, but be-
low 500 m the thermosteric component dominates the
final change (Fig.8e). In contrast, the halosteric com-
ponent is slightly larger than the thermosteric compo-
nent in the upper 1500 m, but slightly smaller than the
thermosteric component below 1500 m in FGOALS-g2
(Fig.9e). For the Arctic Ocean, the halosteric compo-
nent dominates the steric sea level change in FGOALS-
s2 (Fig. 8f). While the halosteric component is larger
than the thermosteric component in the upper 1000 m,

the two components tend to compensate each other,
resulting in the entire steric sea level change being
close to zero below 1000 m in FGOALS-g2 (Fig. 9f).
In summary, halosteric sea level change is important
in the Arctic Ocean. Our model results are consistent
with many previous studies in this regard (Landerer
et al., 2007; Yin et al., 2010).

4. Summary and discussion

4.1 Summary

To reveal the steric sea level change in the 20th
century century historical climate simulation and fu-
ture climate change projection under the RCP8.5 sce-
nario, the results of two versions of the LASG/IAP’s
FGOALS model were analyzed. Characteristics of
steric SSH changes in historical climate simulation
and under RCP8.5 scenario projection were revealed.
To distinguish the contributions of temperature and
salinity to the entire steric sea level change, separate
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contributions of thermosteric and halosteric compo-
nents were evaluated. The steric sea level changes rel-
ative to the control run in different oceans from various
ocean layers were assessed. The main conclusions are
as follows:

(1) Both versions of FGOALS reasonably repro-
duced the mean dynamic sea level features in com-
parison to an objective analysis dataset. The spatial
pattern correlation coefficient between the simulation
and the observation was 0.97 for both FGOALS-s2
and FGOALS-g2, and the corresponding RMSE was
0.177 m (0.172 m) for FGOALS-s2 (FGOALS-g2).

(2) In the 20th century historical climate simu-
lations, negative trends covered most of the global
ocean. The steric sea level changes could be largely at-
tributed to the thermosteric contribution in FGOALS-
s2, but to the halosteric contribution in FGOALS-g2.
For global-averaged steric sea level change, the contri-
bution of the thermosteric component accounted for
about 106.7% and 31.6% for the average of the pe-
riod 1990-99 relative to the control run in FGOALS-

s2 and FGOALS-g2, respectively. The contributions
were found to be mainly from the upper 1000 m in
FGOALS-s2, but from the whole depth in FGOALS-
g2.

(3) Under RCP8.5 scenario projection in both mod-
els, a pronounced rising trend in global-averaged steric
sea level throughout the 21st century was found, and
a general rising sea level trend appeared in most parts
of the global ocean. The magnitude of steric sea level
change in the 21st century was modeled to be much
larger than that in the 20th century.

(4) There were some differences found between the
two versions of FGOALS in projecting future steric
sea level change. Specifically, by the year 2100, the
steric SSH anomaly will be 18 c¢m and 10 cm rela-
tive to the year 1850 according to FGOALS-s2 and
FGOALS-g2, respectively. The steric sea level changes
were largely attributed to the thermosteric component,
and mainly from the upper 1000 m in both models.
For global-averaged change, the thermosteric compo-
nent accounted for about 105.7% and 81.8% for the
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average of the period 2090-99 relative to the control
run in FGOALS-s2 and FGOALS-g2, respectively.

(5) The steric sea level in the marginal sea of China
will rise in future climate change projection under the
RCP8.5 scenario. In both 20th century climate simu-
lation and 21st century projection under the RCP8.5
scenario, positive changes relative to the control run
were found in the marginal sea of China. The positive
changes were attributed to the thermosteric compo-
nent.

4.2 Discussion

The limitations of the current study should be ac-
knowledged. The performance of FGOALS in the pro-
jection of steric sea level change under the RCP8.5
scenario was firstly examined. While the main re-
sults were consistent with previous studies, e.g. the
pronounced rising trend and the dominance of the
thermosteric component in the entire steric sea level
change in the 21st century, differences were seen in
the steric sea level changes simulated by the two ver-
sions of FGOALS. The most significant difference was
that, in the 20th century, the steric sea level changes
were largely attributed to the thermosteric (halosteric)

component in FGOALS-s2 (FGOALS-g2). The reason
for the difference remains unknown. Further analysis
on the water flux budget across the ocean—atmosphere
and land—ocean boundaries is needed in future work.
The differences in the ocean mass structure and its
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Fig. 10. The ocean barotropic mass stream function
for the average of the period 1990-99 from the differ-
ences pattern between historical simulation and the pre-
industrial control run. Units: Kg s™*.
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associated ocean circulation features may also lead to
different results between models (Yin et al., 2010).
Changes in ocean circulation are important to sea
level changes, mainly at the decadal scale and local
or regional scales (Bryan, 1996; Landerer et al., 2007).
Large-scale ocean circulation changes may redistribute
ocean water masses and, thus, lead to different steric
sea level changes regionally (Landerer et al., 2007).
To understand the effects of ocean circulation on the
changes of sea level, we show the differences pattern
in the ocean barotropic mass stream function between
the 20th century historical climate simulation and pre-
industrial control run from FGOALS-s2 in Fig. 10.
The change of ocean circulation has a similar pattern
to the steric sea level changes, especially in the North
Atlantic and Southern Ocean (cf. Fig. 10 to Fig.4a),
demonstrating that the ocean circulation changes may
impact the sea level changes patterns, especially at the
regional scale.

Our estimation of the steric sea level change is
based on mass conservation. While steric sea level
change is a useful reference for total sea level changes,
we note that in observations the contribution of steric
sea level rise has decreased due to the increased melt-
ing of sea ice in recent years (Church et al., 2011), so
sea level rise caused by mass change should also be
studied in future work.

The CMIP5 has designed several scenarios for fu-
ture climate change projection. This study focused on
RCPS8.5, which is a rather tough projection of future
changes. In forthcoming work, we will examine the sea
level changes under other scenarios, such as RCP4.5
and RCP6. By comparing them, we can investigate
the response of SSH to different strengths of green-
house gases increase at the global as well as regional
scale.

Finally, we acknowledge that there are different
points of view on the nature of sea level changes. For
instance, Dobrovolski (2000) suggested that year-to-
year global sea level changes during the 20th century
are satisfactorily described by the discrete Wiener pro-
cess model, which indicated that sea level change was
a stochastic process. The nature of sea level changes
also deserves further study.
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