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Motivation to study sea level in CORE-II
simulations

There are a growing number of observation-based measures
of sea level related patterns with the advent of the Argo floats
(since the early 2000s) and satellite altimeters (since 1993).
These measures provide a valuable means to evaluate aspects
of global model simulations, such as the global ocean-seaice
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simulations run as part of the interannual Coordinated Ocean-
ice Reference Experiments Griffies et al. (2009), Danabasoglu
et al. (2013). In addition, these CORE-II simulations provide

a means for evaluating the likely mechanisms causing sea

level variations, particularly when models with different skill
are compared against each other and observations. We have
conducted an assessment of CORE-Il simulations from 13
model configurations Griffies et al. (2013), with a focus on their
ability to capture observed trends in ocean heat content as well
as the corresponding dynamic sea level over the period 1993-
2007. Here, we provide a synopsis of the assessment.

The CORE-Il simulations are designed primarily for studies

of interannual variability (Doney et al., 2007, Large and
Yeager, 2012). The atmospheric state of Large and Yeager
(2009), used as part of the CORE-II air-sea flux calculations,
contains interannual satellite-based radiation only after 1983.
Over the 15 year period from 1993-2007, observed sea level
variations have a large component due to natural variability
e.g., Zhang and Church (2012), Meyssignac et al (2012). The
CORE-Il simulations thus provide a useful means to evaluate
interannual variability in ocean-ice models against observations
of sea level.

A notable limitation of our study is that we are not focused on
sea level changes associated with melting land ice. There are
complementary global model studies that consider the ocean’s
response to melt events (Gerdes et al., 2006, Stammer (2008),
Weijer et al., 2012 and Lorbacher et al, 2012). However, there are
large uncertainties with rates of observed liquid and solid runoff
from Greenland and Antarctica, thus prompting us to focus on
steric aspects of global and regional sea level variations.

Questions asked by the CORE-Il sea level study
Ocean warming causes ocean volume to increase due to a
decrease in density. According to Church et al. (2011), such
changes in global mean thermosteric sea level determine
about one-third to one-half of the observed global mean sea
level rise during the 20th and early 21 centuries. Although
limited largely to examinations of natural variability over the
relatively short period of 1993-2007, our assessment is of use
to determine the suitability of global ocean-ice models for
capturing the longer term trends that are the focus of studies
such as Church et al. (2011), and of great concern for climate
impacts from anthropogenic warming. In particular, we can
assess the ability of models to respect observed changes in
global ocean heat content and associated sea level trends,

as well as regional patterns of sea level change due to ocean
dynamics.

With this motivation, we focus the assessment on two general
questions:

« Do CORE-ll global ocean-ice simulations reproduce the
observed global mean sea level variations associated with
thermosteric effects estimated from the observation-based
analyses? To address this question, we focus on ocean heat
content trends, and how these trends are associated with
changes in thermosteric sea level.
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* Do CORE-Ill ocean-ice simulations reproduce observation-
based changes to dynamic sea level patterns? To address
this question, we partition dynamic sea level trends into
their halosteric and thermosteric patterns, as well as
bottom pressure contributions.

Results and discussion

As part of our synopsis, we present patterns from the CORE-

Il ensemble mean from the suite of 13 models analyzed by
Griffies et al. (2013), where again all results are computed over
the years 1993-2007. Where available, we compare CORE-I|
simulations to observation-based analyses. We also exhibit
time series of global volume integrated upper ocean heat
content and thermosteric sea level.

1. Time mean and anomalous dynamic sea level
We show the time mean dynamic sea level in Figure 1 (Front
cover image), both from the CORE-II simulations and from the
satellite-based analysis from AVISO (Archiving, Validation, and
Interpolation of Satellite Oceanographic Data) LeTraon et al.
(1998), Ducet et al. (2000). The models cluster around a global
root-mean-square difference from AVISO between 0.09-0.15 m,
with the ensemble mean having an RMS difference of 0.10 m.
The models generally are more consistent with observations

in the lower latitudes, with the high latitudes leading to

larger differences, particularly in regions of mode and deep
water formation (40-50 degrees latitude) as well as western
boundary currents in the Atlantic and Pacific. The north-south
gradient of dynamical sea level accross the Southern Ocean is
weaker for many of the simulations relative to AVISO, perhaps
suggesting a fluctuation towards a weaker than observed zonal
transport in the Antarctic Circumpolar Current, or perhaps

a shift in the overall latitude of the current. In general, we
conclude that each of the CORE-II simulations produces a
respectable 1993-2007 time mean dynamic sea level, meeting
or surpassing the accuracy of the historical simulations
considered as part of the CMIP3 analysis of Yin et al. (2010).

2. Linear trend in heat content and thermosteric
sea level
As shown in Griffies et al., (2013), the linear trend in CORE-II
simulated dynamic sea level over years 1993-2007 is dominated
by the trend in steric sea level, with changes in bottom pressure
(column mass) roughly an order of magnitude smaller. To
illustrate changes in the steric patterns, we show in Figure 2 the
linear trend in heat content per unit horizontal area as computed
over the upper 700 m of ocean, and the corresponding trends in
thermosteric sea level. The thermosteric trends largely reflect
the heat content trends, but with some modulation from the
thermal expansion coefficient. We compare these trends to
those found in observation-based analyses.

We note that the two observation-based analyses themselves
have differences, particularly in the North Atlantic, where
Domingues et al. (2008) show much less warming than Levitus
et al. (2012), and the Southern Ocean, where Domingues et al.
(2008) show a cooling absent from Levitus et al. (2012). To
the leading order, models capture the observed warming of the
central-west Pacific found in both observation-based analyses,



as well as the strong warming in the subpolar North Atlantic

as found in Levitus et al. (2012). The models show a general
cooling trend in the tropical northern hemisphere for the
Atlantic and Pacific, with a westward extension in this simulated
trend absent from both of the observational analyses.

The mechanism for the Pacific trend in the CORE-II simulations,

with general rise in the west and fall in the east, accords with
that discussed in such studies as Timmermann et al. (2010),

Feng et al (2010), Bromirski et al. (2011), Merrifield et al. (2012),

Zhang and Church (2012), and Meyssignac et al (2012), with
these studies suggesting that the west-east gradient reflects
the negative phase of the Pacific Decadal Oscillation. Likewise,
the increased heat content in the North Atlantic over this
period is dominated by natural variability. It is associated with
a decrease in surface cooling in the subpolar region related

to a change in the North Atlantic Oscillation (NAO) phase in
the presence of a positive Atlantic meridional overturning
circulation (AMOC) anomaly. Specifically, in the 1980s and
early 1990s, the NAO exhibited a persistent positive phase and
the associated large negative surface fluxes acted as a pre-
conditioner for enhanced AMOC. During this period, enhanced
poleward oceanic heat transport associated with an enhanced
AMOC was largely balanced by surface cooling due to the
positive NAO. Around 1995/1996, a reduction in the surface
ocean heat loss associated with a change in the NAO to its
negative (or neutral) phase allowed for the northward oceanic
heat transport to cause the subpolar gyre to transition to an
anomalously warm phase (e.g., see the discussion in Lohmann
etal., 2009, Robson et al., 2012, and Yeager et al., 2012).

3. Evolution of global mean heat content and
thermosteric sea level
For many purposes, the CORE-Il simulations are relatively
short, with the 60 years of CORE-Il atmospheric state (1948-
2007) repeated five times with an aim to reduce, although
admittedly insufficient to eliminate, long-term drift in the
deep ocean. Notably, the repeated 60-year cycle introduces a
spurious periodicity, and it also leads to a lag in the response
of the simulations to potential long term trends, such as the
warming of the latter portion of the 20th century. Additionally,
as discussed in Griffies et al. (2013), there is a slightly
weaker linear trend in the CORE-Il simulations relative to the
observations, with this smaller trend in CORE-Il revealed by the
time series in Figure 3 for the global mean heat content and
thermosteric sea level. Additionally, if we remove the linear
trend, the variability in the CORE-Il simulations correlates more
to that in Domingues et al (2008) than to Levitus et al (2012).

Conclusions

There is a general agreement between the CORE-Il simulated
patterns of heat content change and thermosteric sea level
change with the observation-based analyses. The global mean
also shows a general agreement, though with a cool bias. These
results lend confidence to both the observation-based analyses
and the CORE-Il simulations. Yet as with any model comparison
project, one is perhaps left with more questions than answers,
with this situation perhaps representing the real use of
comparison projects. Namely, it is critical to identify relevant
questions to make steps towards understanding as well as to
improve numerical models and observation-based analyses.
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Figure 2: The upper row shows the linear trend in annual mean ocean heat content per unit horizontal ocean area as vertically integrated over the
upper 700~m of ocean (W m2) for the years 1993-2007, computed from CORE-Il ensemble mean as well as the observation-based analysis from
Levitus et al. (2012) and an updated analysis from Domingues et al., (2008) and Church et al (2010) (see their Figure 6.3b). The lower row shows

the corresponding trends in thermosteric sea level (mm yr?).
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Model-model and model-observational differences may be

due to model error, CORE-Il atmospheric state errors, CORE-I|
experimental design limitations, and/or observational error or
limitations Griffies et al. (2013). One avenue to make progress
on these questions from the modelling perspective is to conduct
detailed analyses of physical processes, term-by-term. We have
in mind, for example, the analysis of Griffies and Greatbatch
(2012), who decomposed the global mean sea level budget
according to physical processes, as well as that from Palter et

al. (2013), who decomposed the local steric sea level budget
according to physical processes. Such analyses are nontrivial

to perform with a single model, and logistically even more
difficult across a suite of models such as the CORE-Il simulations
assessed here. Nonetheless, we contend that significant
progress will be made to understand model-model, and to some
extent model-observational, differences only when careful budget
analyses are performed at the level of physical processes.

Acknowledgements

We thank WCRP/CLIVAR for their ongoing support of the international
Working Group on Ocean Model Development (WGOMD). WGOMD is
the scientific panel responsible for organizing the Coordinated Ocean-
ice Reference Experiments. The conceptual and technical details
associated with global ocean-ice model comparisons have comprised
the majority of the panel’s deliberations since its inception in 1999. We
wish to thank in particular Anna Pirani from the CLIVAR staff for her
tireless and gracious support of WGOMD activities. Much of the analysis
made use of the free software package Ferret, developed at NOAA-
PMEL. We thank Frank Bryan, Matthew England and Andy Hogg for
comments and discussions that have greatly helped this paper. NCAR
is sponsored by the US National Science Foundation. E. Fernandez was
supported by the BNP-Paribas foundation via the PRECLIDE project
under the CNRS research convention agreement 30023488. C. Cassou
was supported by the GICC program via the EPIDOM project under the
convention agreement 10-MCGOT-GICC-7-CVS-131.

Heat content (0-700m) relative to 1988-1997

References

Bromirski, P., Miller, A., Flick, R., Auad, G., 2011. Dynamical suppression
of sea level rise along the Pacific coast of North America: Indications for
imminent acceleration. Journal of Geophysical Research, 116-C07005,
doi:10.1029/2010JC006759.

Church, J., Roemmich, D., Domingues, C. M., Willis, J. K., White, N. J.,
Gilson, J. E., Stammer, D., Kéhl, A., Chambers, D. P, Landerer, F. W,
Marotzke, J., Gregory, J. M., Suzuki, T., Cazenave, A., Traon, P.-Y. L., 2010.
Ocean temperature and salinity contributions to global and regional
sea-level change. In: Church, J. A., Woodworth, P. L., Aarup, T., Wilson,
W. S. (Eds.), Understanding Sea-Level Rise and Variability. Blackwell
Publishing, pp. 143-176.

Church, J., White, N., Konikow, L., Domingues, C., Cogley, J., Rignot,

E., Gregory, J., van den Broeke, M., Monaghan, A., Velicogna, |., 2011.
Revisiting the earth’s sea-level and energy budgets from 1961 to 2008.
Geophysical Research Letters, 38, L18601, doi:10.1029/2011GL048794.

Danabasoglu, G., Yeager, S., Bailey, D., Behrens, E., Bentsen, M.,

Bi, D., Biastoch, A., Béning, C., Bozec, A., Canuto, V. M., Cassou, C.,
Chassignet, E., Coward, A. C., Danilov, S., Diansky, N., Drange, H.,
Farneti, R., Fernandez, E., Fogli, P. G., Forget, G., Fujii, Y., Gri es, S. M.,
Gusey, A., Heimbach, P., Howard, A., Jung, T., Kelley, M., Large, W. G.,
Leboissetier, A., Lu, J., Madec, G., Marsland, S. J., Masina, S., Navarra, A.,
Nurser, A. G., Pirani, A, Salas y Mélia, D., Samuels, B. L., Scheinert, M.,
Sidorenko, D., Treguier, A.-M., Tsujino, H., Uotila, P., Valcke, S., Voldoire,
A., Wang, Q., 2013. North Atlantic simulations in coordinated ocean-ice
reference experiments phase Il (CORE-II). Part I: Mean states. Ocean
Modelling, submitted.

Domingues, C., Church, J., White, N., Gleckler, P., Wijffels, S., Barker, P.,
Dunn, J., 2008. Improved estimates of upper-ocean warming and multi-
decadal sea-level rise. Nature, 453,1090-1093.

Doney, S. C., Yeager, S., Danabasoglu, G., Large, W., McWilliams, J.,
2007. Mechanisms governing interannual variability of upper-ocean
temperature in a global ocean hindcast simulation. Journal of Physical
Oceanography, 37,1918-1938.

Heat content (0-700m) relative to 1988-1997

~
8f SN e T 8r

| |——ACCESS

—AWI

—Bergen

CERFACS

——CNRM

—FSu

1|—— GFDL-GOLD

=== CORE mean
= = =| evitus

1 Domingues

10%2Joule

”» ~ 4

Figure 3: Time series for

| | —— GFDL-MOM ocean heat content and
—ICTP .
— Kiel thermosteric sea level
MRI integrated over the upper
——NCAR
| |—nocs 700 m of ocean. To reduce
=== CORE mean dependence on a single
= = =| evitus
Domingues chosen reference date,

each result is computed
with respect to the ten year

1994 1996 1998 2000 2002 2004 2006 2008

1994 1996 1998 2000 2002 2004 2006 2008

mean for the respective
model or observational

ear ear
Thermosteric sea level (oy_700m) relative to 1988-1997 Thermosteric sea level (Oy—700m) relative to 1988-1997 time series, as computed
ORISR S "‘ ',‘~." over years 1988-1997. The
CORE-Il ensemble mean is
:ﬁ?ﬁESS 1 [—GFDL_MOM also shown, as (?ompu.ted
— Bergen " | ::(Ci:;P from all of the smulahons.
CERFACS | & MRI We also show estimates
:'(::Q'SM £ ||—NcaAr from observations based
—— GFDL-GOLD § 1 :gggg mean on analysis of Levitus et
. CORE mean | |= = =Levitus al. (2012} (global) and
Domingues Domingues Domingues et al. (2008)
(within the latitude range

65°S-65°N). Model results

1994 1996 1998 2000 2002 2004 2006 2008
year

14 | CLIVAR Exchanges No. 62, Vol. 18, No.2, August 2013

1994 1996 1998 2000 2002 2004 2006 2008

year are global.



Ducet, N., Le Traon, P.-Y., Reverdin, G., 2000. Global high-resolution
mapping of ocean circulation from TOPEX/Poseidon and ERS-1 and -2.
Journal of Geophysical Research, 105, 19477-19498.

Feng, M., McPhaden, M.J., and Lee, T., 2010. Decadal variability of the
Pacific subtropical cells and their influence on the southeast Indian
Ocean, Geophys. Res. Lett., 37, LO9606, doi:10.1029/2010GL042796.

Gerdes, R., Hurlin, W., Griffies, S., 2006. Sensitivity of a global ocean
model to increased run-off from Greenland. Ocean Modelling, 12,
416-435.

Griffies, S. M., Biastoch, A., Béning, C. W., Bryan, F., Danabasoglu, G.,
Chassignet, E., England, M. H., Gerdes, R., Haak, H., Hallberg, R. W.,
Hazeleger, W., Jungclaus, J., Large, W. G., Madec, G., Pirani, A., Samuels,
B. L., Scheinert, M., Gupta, A. S., Severijns, C. A., Simmons, H. L.,
Treguier, A. M., Winton, M., Yeager, S., Yin, J., 2009. Coordinated Ocean-
ice Reference Experiments (COREs). Ocean Modelling, 26, 1-46.

Griffies, S. M., Greatbatch, R. J., 2012. Physical processes that impact
the evolution of global mean sea level in ocean climate models. Ocean
Modelling, 51, 37-72.

Griffies, S. M., Yin, J., Durack, P. J., Bates, S., Behrens, E., Bentsen, M.,
Bi, D., Biastoch, A., Béning, C., Bozec, A., Cassou, C., Chassignet, E.,
Danabasoglu, G., Danilov, S., Domingues, C., Drange, H., Farneti, R.,
Fernandez, E., Goddard, P,, Greatbatch, R. J., llicak, M., Lu, J., Marsland,
S.J., Mishra, A,, Lorbacher, K., Nurser, A. G., Salas y Mélia, D., Palter,
J.B., Samuels, B. L., Schréter, J., Schwarzkopf, F. U., Sidorenko, D.,
Treguier, A.-M., heng Tseng, Y., Tsujino, H., Uotila, P, Valcke, S., Voldoire,
A.,Wang, Q., Winton, M., Zhang, Z., 2013. An assessment of global and
regional sea level in a suite of interannual core-ii simulations. Ocean
Modelling, in prep.

Large, W. G., Yeager, S., 2009. The global climatology of an interannually
varying air-sea flux data set. Climate Dynamics, 33, 341-364.

Large, W. G., Yeager, S., 2012. On the observed trends and changes in
global sea surface temperature and air-sea heat fluxes (1984-2006).
Journal of Climate, 25, 6123-6135.

Le Traon, P-Y., Nadal, F., Ducet, N., 1998. An improved mapping method
of multi-satellite altimeter data. Journal of Atmospheric and Oceanic
Technology, 15, 522-534.

Levitus, S., Antonov, J., Boyer, T., Baranova, O., Garcia, H., Locarnini,
R., Mishonov, A., Reagan, J., Seidov, D., Yarosh, E., Zweng, M. M.,
2012. World ocean heat content and thermosteric sea level change
(0-2000 m), 1955-2010. Geophysical Research Letters, 39, L10603,
doi:10.1029/2012GL051106.

Lohmann, K., Drange, H., Bentsen, M., 2009. A possible mechanism for
the strong weakening of the north atlantic subpolar gyre in the mid-

1990s. Geophysical Research Letters, 36 (15), 10.1029/2009GL039166.

URL

Lorbacher, K., Marsland, S. J., Church, J. A., Griffies, S. M., Stammer, D.,
2012. Rapid barotropic sea-level rise from ice-sheet melting scenarios.
Journal of Geophysical Research, 117, CO6003.

Merrifield, M., Thompson, P. R., Lander, M., 2012. Multidecadal sea
level anomalies and trends in the western tropical Pacific. Geophysical
Research Letters, 39, L13602.

Meyssignac, B., Salasy Melia, D., Becker, M., Llovel, W., and Cazenave, A.,
2012. Tropical Pacific spatial trend patterns in observed sea level:
internal variability and/or anthropogenic signature?, Climate of the
Past, 8, 787-802, doi:10.5194 /cp-8-787-2012, 2012.

Palter, J. B., Griffies, S. M., Galbraith, E. D., Gnanadesikan, A., Samuels,
B. L., Klocker, A., 2013. The deep ocean buoyancy budget and its
temporal variability. Journal of Climate, submitted.

Robson, J., Sutton, R., Lohmann, K., Smith, D., Palmer, M. D., 2012.
Causes of the rapid warming of the North Atlantic Ocean in the mid-
1990s. Journal of Climate, 25, 4116-4134.

Stammer, D., 2008. Response of the global ocean to Greenland
and Antarctic ice melting. Journal of Geophysical Research, 113,
doi:10.1029/2006JC004079.

Timmermann, A., McGregor, S., Jin, F.-F., 2010. Wind e ects on past and
future regional sea level trends in the Southern Indo-Pacific. Journal of
Climate, 23, 4429-4437.

Weijer, W., Maltrud, M., Hecht, M., Dijkstra, H., Kliphuis, M., 2012.
Response of the Atlantic Ocean circulation to Greenland ice sheet
melting in a strongly eddying ocean model. Geophysical Research
Letters, 39-L09606, doi:10.1029/2012GL051611.

Yeager, S. G., Karspeck, A., Danabasoglu, G., Tribbia, J., Teng, H., 2012.
A decadal prediction case study: late twentieth-century North Atlantic
ocean heat content. Journal of Climate, 25, 5173-5189.

Yin, J., Griffies, S. M., Stouffer, R., 2010. Spatial variability of sea-level
rise in 21st century projections. Journal of Climate, 23, 4585-4607.

Zhang, X., Church, J. A, 2012. Sea level trends, interannual and
decadal variability in the Pacific Ocean. Geophysical Research
Letters, 39 (21), 10.1029/2012GL053240. URL http://dx.doi.
org/10.1029/2012GL053240

CLIVAR Exchanges No. 62, Vol. 18, No.2, August 2013 | 15





