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Abstract

Climate models taking part in the coupled model intercomparison project phase 5 (CMIP5) all
predict a global mean sea level rise for the 21st century. Yet the sea level change is not spatially
uniform and differs among models. Here we evaluate the role of air—sea uxes of heat, water
and momentum (windstress) to nd the spatial pattern associated to each of them as well as the
spread they can account for. Using one AOGCM to which we apply the surface ux changes
from other AOGCMs, we show that the heat ux and windstress changes dominate both the
pattern and the spread, but taking the freshwater ux into account as well yields a sea level
change pattern in better agreement with the CMIP5 ensemble mean. Differences among the
CMIP5 control ocean temperature elds have a smaller impact on the sea level change pattern.

Keywords: sea level, climate model, CMIP5

Online supplementary data available from stacks.iop.org/ERL/9/034004/mmedia

1. Introduction experiencing as much as twice the global mean sea level
change and others much less (Landerteal 2007, Yinet al
During the last hundred years, global mean sea level h@$10, Pardaenst al 2011, Yin 2012). In particular, the future
been rising. The rate of rise was2 mm year* for 1972~ seq level change pattern is characterized by a meridional dipole
2008 (Churchet al 2011), and 3 mm year* since the i the North Atlantic with higher sea level rise north of #D
early 1990s (Cazenave and Nerem 2004, Ll@edl 2011). 5 jower to the south, a meridional dipole in the Southern

For the future, the climate models in the Coupled Mod@y ean \ith higher sea level rise north of S0and lower
Intercomparison Project Phases 3 and 5 (CMIP3 and CMIR the south, and higher sea level rise in the Western North

predict a continuing sea level rise, the rate of which depen Scic. These features can be seen in the model mean of
on the scenario of anthropogenic emissions, especially of C MIP5 simulations under the idealized 1% E£®cenario
(Pardaengt al 2011, Yin 2012). A large part of the historical ure 1(a). (In all gures showing sea level change, the
and future sealevelrise is due to the uptake of heat by the océgn . ' all gures 9 g€,
and the resulting thermal expansion, which is projected antity plotted is the difference between local sea level

contribute about 0.2 m to global mean sea level rise during taange and the global mean, because in this analysis we are

21st century under scenario RCP4.5, for instance (Yin 20180ncerned only with the geographical pattern.) We choose to

The steric sea level change due to changes in temperatﬁ?@lyse results for this scenario, in which the atmospheric CO
and salinity is not spatially uniform, with some regiongoncentratlon is increased by 1% each year, because it gives
minimal differences in radiative forcing among models.

Content from this work may be used under the terms of
the Creative Commons Attribution 3.0 licence. Any further, Although they tend to show these common features, the

distribution of this work must maintain attribution to the author(s) and tH@diVidlj'al models disagr_ee on the details and the magniFUde of
title of the work, journal citation and DOI. the regional changes (Yiet al2010, Pardaenst al2011, Yin
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Figure 1. Multi-model (a) ensemble mean and (b) spread (twice the standard deviation) of the CMIP5 sea levelrohaflyjehe gures
show the difference between the mean of the last and rst decades. Sea level change is shown relative to the global mean sea level rise i.e.
negative values indicate that the local sea level rise is less than global mean sea level rise.

2012, Boutte®t al2012), with the spread between the modelsurface freshwater ux is not accounted for in the experiment
being greatest at high latitudes ( gure 1(b); see also gursetup used.
S2 of Boutteset al 2012, for individual models). The spatial It has been shown that the windstress change has a
standard deviation of sea level change gives an indicationlafge effect on projected 21st century sea level change in
the magnitude of the spatial variation of sea level change. Aftise Southern Ocean (Bouttesal 2012) and Southern Indo-
100 years under the 1% G®cenario, the CMIP5 models havePaci ¢ (Timmermanret al 2010), while the heat ux change
aspatial standard deviation lying between 0.05 (CESM1-BG@gminates the sea level change in the North Atlantic (Bouttes
MRI-CGCM3 and NorESM1-ME) and 0.09 m (CanESM2egt al 2013). Here we systematically evaluate the role of all
MIROC-ESM and MPI-ESM-P) (table 1). three surface uxes, both separately and in conjunction, on
The patterns of change in surface uxes of momentumrojected sea level change worldwide in the CMIP5 models,
(windstress), heat (radiative, latent and sensible) and waleiterms of sea level pattern and spread between models. We
(precipitation and evaporation; our diagnostics do not includ@dso investigate the contribution to the model spread which
river runoff or freshwater uxes from sea ice freezing andrises from their having different control climate states of the
melting) between the atmosphere and the ocean in uend® ocean temperature eld.
the pattern of sea level change, principally through their
effects on ocean density; the pattern of sea level changeyethods
on decadal timescales can be well-approximated by steric
sea level change, with the contribution due to barotropi evaluate the role of the three surface uxes on the sea
circulation change being comparatively unimportant (Lowevel change, we use the FAMOUS model (Jones 2003, Smith
and Gregory 2006). Changes in ocean density are caused k@thal 2008). FAMOUS is an AOGCM based on HadCM3
directly, by the surface buoyancy uxes, and indirectly, throug{Gordonet al 2000), with a lower resolution which allows
the redistribution of interior properties caused by alterationsito run approximately twenty times faster. The ocean grid has
ocean horizontal and vertical circulation forced by changes évesolution of 3.75longitude by 2.5 latitude with 20 levels,
surface buoyancy and momentum uxes (Bout¢al2013). while in the atmosphere itis 7.%5ongitude by 5 latitude, with
For the recent past, the windstress change appears to play aertical levels.
role in setting the sea level change pattern in some regions, In the simulations, FAMOUS is run under control bound-
such as in the Indian and Paci ¢ oceans (Timmermahal ary conditions (including a prescribed g@alue xed at the
2010, Merri eld and Maltrud 2011, Nidheesdt al 2013). pre-industrial level). In each simulation, the surface uxes
For the future, models simulate various geographicabmputed by FAMOUS are modi ed by the addition of anoma-
patterns of the surface ux changes (gure 2). The largesdus surface uxes taken from one of the CMIP5 models.
changes in zonal wind stress are found in the Southeéfhe CMIP5 anomalous surface uxes are obtained as the
Ocean, where the spread is also the largest ( gures 2(a) afifference between the monthly mean ux in the CMIP5 1%
(b)). The heat ux change has its greatest magnitude in ti@0, simulation and the corresponding monthly mean ux in
North Atlantic and is also substantial in the Southern Ocednme control simulation. By considering the difference between
(gure 2(c)). These regions and the Western North Paci the 1% CQ and parallel pre-industrial control runs we remove
are where the spread is the largest ( gure 2(d)). The changry drift that would be present in the CMIP5 simulations.
in fresh water ux is characterized by higher values aroundls well as the effect of climate change due to £Ghe
the equator and at high latitudes, and smaller ones aroundnthly anomalous uxes also re ect internally generated
the tropics (gure 2(e)), while the greatest spread is at lowariability on monthly and longer timescales in the CMIP5
latitudes ( gure 2(f)). In this study we do not analyse the semodel concerned. Applying the uxes will therefore increase
level change in the Arctic Ocean because it is likely to biae variability on such timescales in the FAMOUS simulation,
linked with sea ice and runoff changes, whose effect on th#hough this added variability and the internally generated
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Table 1. CMIP5 models and experiments considered in this study. For each case, we give the spatial standard deviation of sea level change
(m), excluding the Mediterranean, Baltic and Red Seas, and the Hudson Bay. In most cases, including these marginal seas changes the rest
by less than 0.01 m, but the numbers in brackets give the results including these marginal seas in the two cases where it makes a substantic
difference. The last time shows the average over the models.The gures in this paper show the results for the restricted ensemble of nine
CMIP5 models for which we have carried out FAMOUS experiments with all three ux perturbations applied together (those shown in the
column marked “with all uxes'). Results are shown in the supplementary material available at stacks.iop.org/ERL/9/034004/mmediafrom
the larger ensemble of 14 models for which we have carried out experiments with individual uxes perturbed.

FAMOUS results

With CMIP5
With CMIP5 With CMIP5 With CMIP5 initial
Models CMIP5 results  wind heat freshwater With all uxes  temperature
ACCESS1-0 0.06 0.06 0.16 0.04 0.21
CESM1-BGC 0.05 0.06 0.08 0.05 0.09
CNRM-CM5 0.07 0.04 0.06 0.04
CanESM2 0.09 (0.08) 0.09 0.09 0.05
FGOALS-g2 0.06 0.04 0.06 0.04
HadGEM2-ES 0.06 0.06 0.07 0.04 0.08
IPSL-CM5A-MR  0.08 0.11 0.10 0.04 0.17
MIROC-ESM 0.09 (0.12) 0.07 0.10 0.06 0.13
MIROC5 0.08 0.08 0.09 0.05 0.11
MPI-ESM-P 0.09 0.07 0.08 0.04
MRI-CGCM3 0.05 0.04 0.08 0.03 0.06
NorESM1-ME 0.05 0.04 0.08 0.03 0.08
NorESM1-M 0.06 0.06 0.09 0.04 0.10
Inmcm4 0.07 0.04 0.05 0.04
Mean 0.07 (0.07) 0.06 0.09 0.04

variability of FAMOUS will not be correlated. Nonethelesshanges as well as the sea level change were available, and for
the effect of climate change is dominant (see section 3).  which we have run experiments with the three uxes separately
When applied in FAMOUS the anomalous uxes arend simultaneously (see table 1). There are ve other CMIP5
updated each day by interpolation in time between monthigodels for which the data were available but it was not possible
means. The FAMOUS simulations are run for 100 years, usit@run stable simulations with all three uxes simultaneously,
the surface uxes of the rst 100 years of the CMIP5 1% £0 because they caused too large a perturbation when imposed
simulations. All differences shown in the gures and statisticgether; we found the stable simulations could be achieved in
are between the average of the last decade (years 90-99) thiode cases if the applied ux changes were scaled down. This
the rst decade (years 0-9). Four sets of experiments até culty is probably related to the general oversensitivity we
carried out: the rst with the zonal and meridional windstreskave found in FAMOUS to the applied ux anomalies (see
anomalies added to FAMOUS, the second with the heat wection 3.5). We do not think our conclusions are qualitatively
anomalies, the third with the water ux anomalies, and thaffected by the restriction to a smaller ensemble because for the
fourth with the three uxes added simultaneously. simulations with uxes perturbed individually the results are
For the set of experiments with the heat uxes, we useery similar (shown in the supplementary material available at
a passive tracef, to avoid the feedback from the change oftacks.iop.org/ERL/9/034004/mmedia) from the larger set of
SST (because of the additional heat ux) on the atmosphetd CMIP5 models.
(gure 3(a), following Boutteset al 2013). T, is initialized
with To, the initial value of the FAMOUS temperature eld, 3 geg jevel change and uncertainties from the
and is transported lik& within the ocean. But unliké, which ¢ iface uxes
is forced by both the heat u¥ computed by FAMOUS and
the anomalous uxF°from the CMIP5 models (that i, IS |mposing the CMIP5 surface ux anomaliesin FAMOUS has a
forced byF C F9, Tc is forced byF only. The surface value profound effect on regional sealevel, butwith different patterns
of Tc is used as the SST by the atmosphere model, 'nSteaff&feach surface ux. Note that the forced response is generally
T, to compute the surface heat ux. We have veri ed that thigyrger than the internal variability for each of the experiments
method suppresses negative feedback via SST, as intendeqg¥ supplementary gures D-G available at stacks.iop.org/E
evaluating the volume integral dic during the experiment. R /9/034004/mmedia).
We nd that after 100 years it has hardly changed from its
initial value, indicating that the area integral®thas not been
signi cantly perturbed by the addition of heat to the ocean.
Most results in this paper are derived from the ensembfe previously discussed (Bouttes al 2012), the windstress
of nine CMIP5 models for which data for all three surface wplays a role mainly in the Southern Ocean, where it results in

3.1. Effect of the windstress change
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Figure 2. (a), (c) and (e) Multi-model ensemble mean and ((b), (d) and (f)) spread (twice the standard deviation) of the CMIP5 surface
uxes change: ((a) and (b)) zonal windstress charlgen 2/, ((c) and (d)) surface heat ux change into the ocedhm 2/, ((e) and (f))
freshwater ux change into the ocean (mm ddy.

a meridional dipole ( gure 4(a)). FAMOUS does not resolvén greater detail in Bouttegt al (2013). But it has also
eddies in the Southern Ocean, where they can react to chargesffect on the sea level change in the Southern Ocean
in wind stress and modify the ocean response. However( gure 4(c)), where it results in lower sea level rise south
higher resolution model which permits eddies shows resultsdf 45 S and generally higher sea level rise north of 25
agreement with FAMOUS with respect to the pattern of sefhis effect reinforces the impact of the windstress change
level change in the Southern Ocean in response to changRe to Antarctica, but in response to the heat ux change
in winds (Frankcombet al 2013). The change of winds alsothe area of lower sea level rise extends further north. As for
causes relative sea level rise in the Western North Pacifhe wind simulations, the change of sea level in the Southern
while in the North Atlantic it generally causes lower sea levghcean is mostly thermosteric ( gure 5(e) resembles 5(d) in
and does not explain the dipole pattern of change seen in {hg southern Ocean). However, the processes are different:
CMIPS models ( gure 1(a)). _ for the heat experiment, the convection is reduced due to the
The change of sea level in the Southern Ocean is MOsily. o456 buoyancy forcing, resulting in colder temperature

thermosteric (gure 5(b) resembles 5(a) in the SOUtherz51>ove 1000 m and warmer water below for the southern part,

Ocean) due tothe st_rengthened zonal win(_jstress an_d incre%ﬁg the upper colder water dominating the sea level change
Ekman transport which leads to a steepening of the isopycn bQUre 6(b). In the northern part, the sea level change is

(Boutteset al 2012). This results in higher temperature in th ominated by the warmer surface water resulting from the

northern part of the Southern Ocean and lower temperaturea'c?ditional heat. There is also warming in a lower layer, slantin
the southern part (gure 6(a)). In the Western North Paci c : 9 yer, 9

the windstress change leads to higher sea level rise. .ﬁ[]%wnwards to the north, due to weakened upward transport of

thermosteric sea level change is most important in the w at by parameterized eddies and mixing along isopycnals
regory 2000, Banks and Gregory 2006).

of the basin (. gure 5(b)), while the halosteric sea level chan -
In the Western North Paci ¢, the heat ux change leads

shows a maximum in the central part ( gure 5(c)). ) g e J

to higher sea level rise, similar to the effect of the windstress
change. As in the wind experiments, thermosteric sea level
change in the heat experiments is most important in the west
Unlike the windstress, the heat ux has a strong impact auf the basin ( gures 5(b) and (e)), and halosteric sea level
the sea level change in the North Atlantic, as is analysetange shows a maximum in the central part ( gures 5(c) and

3.2. Effect of the heat ux change

4
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for the heat ux. In the North Atlantic, the freshwater ux
a change contributes to the meridional dipole observed in the
CMIP5 models, but with smaller amplitude than the heat ux
F+F' F change, especially regarding the sea level rise north dil40
as discussed in Bouttex al (2013). In the Southern Ocean,
the freshwater ux change leads to higher sea level rise south
of 45 S, which counteracts the changes due to the windstress
and heat ux ( gure 4(e)). In the Western North Paci c, it has
only little effect on the regional sea level change.

T Tc Like the heat ux change, the fresh water ux modi es the
init with TO init with T0 buoyancy forcing. In the North Atlantic, the fresh water ux
has a similar effect as the heat ux for the same reasons, with
consequently thermosteric and halosteric sea level changes
that resemble those in the heat ux experiments ( gures 5(h)
and (i)). In the Southern Ocean, the higher sea level rise is
mainly halosteric ( gure 5(i)), because of the freshening of
surface water.

3.4. Spread due to the surface uxes

In the FAMOUS simulations, the spread between the simula-

T Ti tions with the uxes from different models is mainly due to
.. . e the heat and windstress changes ( gures 4(b) and (d)). The
init with To init with TCMIPS freshwater ux results in very small spread and hence cannot

explain the CMIP5 differences among models ( gure 4(f)). In
the Southern Ocean, the spread in the FAMOUS simulations is
Figure 3. Schematic representation of the experimental design.  due to both the windstress and heat differences among models,

(a) In the heat experiments, we use a passive tfegas sea surface while in the North Atlantic only the heat ux leads to a spread
temperature (SST) for the atmosphere to avoid the feedback fromcomparable to the one in the CMIP5 models.

changing the SST due to the additional heat ux. The temperature

whose initial eld is T, is forced by the surface heat uk C FO,

with F the heat ux computed interactively by FAMOUS af@the  3.5. Role of the surface uxes added separately or

anomalous heat ux from the CMIP5 modeBYis computed as the simultaneously

difference between the surface heat ux in each CMIP5 1% CO

experiment and its corresponding control. The passive tfRcisr ~ Comparing gures 1 and 4 gives that impression that, consid-

initialized with the initial temperature eldy, is forced byF only ering all basins, the pattern of sea level change is mostly set
and is transported like the temperature. (b) To test the impact oftflfy the windstress and heat ux change. Three quantitative

initial temperature eld, we use another passive traGeAs Tc, T . . ; .

is forced byF, but is initialized with the CMIP5 temperature elds measures support th's_ conclusion. First, the a.rea'we'ghted
Temips. It is then transported by the circulation like T. spatial standard deviation of sea level change is largest for

heat ux change and smallest for freshwater ux change
(f)). The magnitude of the halosteric change is higher, and(@ble 1). Second, the area-weighted spatial correlation co-
due to fresher water being subducted in the subtropical gy#tcient between the FAMOUS and CMIP5 ensemble—mean
(gure 7(a)), which is strengthened ( gure 7(b)) because ofea level change elds is 0.40 for the windstress ensem-
the increased zonal windstress ( gure 7(c)). Note that thepe and 0.37 for the heat ensemble, but only 0.18 for the
is no forced wind stress applied in the heat experiment. TH&shwater ensemble. Third, multiple linear regression of the
wind stress change is caused by the atmospheric circulatfeM!P5 ensemble-mean sea level pattern against the three
responding to SST change (SST is cooled in the westdtAMOUS ensemble—mean patterns gives higher coef cients
North Paci c), which in turn results from the modi ed oceanfor the windstress (0.36) and heat (0.20) than the freshwater
circulation caused by the imposition of the heating anomak®-02) experiments. These coef cients are scaling factors for
The SST change is not caused by the imposed anomalous fe@dinear combination of the separate patterns from FAMOUS
ux directly, owing to the use of the passive tracer ( gure 3)t0 obtain the best reconstruction to the CMIP5 eld for a given
model. Because they are smaller than unity, the comparison
suggests that the sea level response in FAMOUS is too large
(see below). The coef cients are also rather uncertain, because
Generally, the freshwater ux has a smaller impact on thihe separate patterns are somewhat degenerate.
sea level change than the two others. It results in local sea When all three uxes are applied together, the pattern
level changes of typically smaller amplitude, which can foof sea level change is better simulated, as shown by the
example be characterized by the model-mean spatial standaigher correlation coef cient of 0.57. The main features in
deviation of sea level change (table 1), which is 0.04 m; thke North Atlantic, Southern Ocean and Western North Paci ¢
corresponding statistic is 0.06 for the windstress and 0.@8e better represented in shape (gure 4(g)), but all have a

3.3. Effect of the freshwater ux change

5
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Figure 4. (a), (¢), (e), (g) and (i) Ensemble mean and ((b), (d), (f) and (h)) spread (twice the standard deviation) of the FAMOUS sea level
change ifn) obtained with FAMOUS forced by: ((a) and (b)) the CMIP5 windstress anomalies, ((c) and (d)) the CMIP5 heat ux anomalies,
((e) and (f)) the CMIP5 freshwater ux anomalies, and ((g) and (h)) the three surface ux anomalies simultaneously. (i) Sum of the
ensemble mean sea level from FAMOUS forced with the three separate surface uxes.

larger magnitude than in CMIP5. To con rm quantitatively thehe ensemble-mean FAMOUS simulation with all forcings
visual impression of similarity given by the most prominens 0.41, indicating that, in general, the FAMOUS response
features, we have constructed a vector by considering the ar@ahe imposed uxes is exaggerated; this is also apparent
integral of sea level change in 5 boxes: northern North Atlantic the higher values of spatial standard deviation of sea
(between 40 and 70l), southern North Atlantic (between 10level for the FAMOUS all- ux simulations than in CMIP5
and 40N), northern Southern Ocean (between 50 andS30 (table 1). For the heat ux forcing, a possible explanation
southern Southern Ocean (between 90 an&hnd western is that there may be a positive feedback due to anomalous
North Paci c (between 0 and 48l and 120E and 120W). advection of surface temperature anomalies (Wintorel
The correlation between this vector for the mean of the CMIZZ®13), which would amplify the response; this explanation
models and the mean of the FAMOUS simulations with atloes not apply to windstress or freshwater ux forcing, which
uxes is 0.94 (p< 0:01). It is larger than for the simulationsare not so closely coupled to sea surface conditions. Another
with the wind (0.80,p D 0:05), with the heat (0.72) D 0:09) possible explanation is that the ocean heat uptake ef ciency in
or with the freshwater ux (0.44p D 0:23). FAMOUS is rather small (@1 W m 2 K 1) and warming
The coef cient from the area-weighted linear regressiois more strongly pronounced at shallow depths compared
of the ensemble—mean CMIP5 sea level change pattern agawigh CMIP5 models in general (cf Kuhlbrodt and Gregory

6
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Figure 5. Ensemble means of FAMOUS ((a), (d) and (g)) steric, ((b), (e) and (h)) thermosteric and ((c), (f) and (i)) halosteric sea level
change i) for the three sets of FAMOUS experiments. The M0Omeridian used for the cross-section in gure 7 is indicated on panel f.

ensemble—mean pattern to that from the simulations with
all the uxes imposed simultaneously (gure 4(i), spatial
correlation of 0.87 between the two sea level change patterns),
which has likewise high values of the spatial standard deviation
of sea level change (table 1).

4. Sea level change and uncertainties from the
ocean control state

The simulations run with FAMOUS forced by the anomalous
surface uxes from the CMIP5 models show that model spread
in predictions of surface ux changes could be the main reason
for the spread in predictions of regional sea level change.
Another source of spread could arise from the models having
different control states i.e. their unperturbed climatological
elds of temperature and salinity. Previous analyses (Lowe
and Gregory 2006, Xie and Vallis 2012, Bouttgtsal 2012,
2013) have shown that regional sea level change in response to
surface momentum and buoyancy ux changes comes about
largely through redistribution of temperature and salinity,
because of changes in interior transports. If two models have
the same change in transport processes (velocity, diffusivity
or other mixing coef cients) but different initial elds, they
would predict different density changes and consequent sea

Figure 6. Temperature change (K) in the Southern Ocean for the level change.

three sets of FAMOUS experiments. To investigate this possibility, we have run one simulation
with FAMOUS under the 1% C@®scenario for each of the

2012). This would lead to relatively larger changes in sea leMeMIP5 models for which the control 3D temperature elds

gradients for a given depth-integrated heat uptake (cf Loweere available (table 1). In these experiments, no anomalous

and Gregory 2006, equation (9), which shows that changesiixes are imposed. A passive trackiis included ( gure 3(b)),

density gradients nearer the surface have a larger effect onwéich is initialized with the CMIP5 temperature eld and

surface slope). Further investigation is needed to establish titherwise treated exactly like the FAMOUS ocean temperature

reasons for the sensitivity (see section 5). T as regards surface ux and interior transportié used to

In FAMOUS, the responses to the three surface uxesompute surface heat uxes).

combine linearly to be a good approximation. Adding up the The ensemble—mean thermosteric sea level change com-

patterns of sea level change simulated by FAMOUS forcguited from the change if is similar to that computed from

by each of the surface uxes separately gives a very simildr ( gures 8(a) and (b)): the dominant features are higher sea

7



Environ. Res. Lett. 9 (2014) 034004 N Bouttes and J M Gregory

Figure 7. Ensemble mean change of (a) salinity (ppt), (b) barotropi,_clgure 8. Effect of initial eld of temperature: (a) thermosteric sea

streamfunction (Sv) and (c) zonal windstre$8 $Nm Zinthe __ level change in FAMOUS, (b) mean thermosteric sea level change
FAMOUS simulations forced with the surface heat ux. The sallnlt)(m) in the FAMOUS experiments with the passive trater

cross-section is in the Paci c at 160/, which is indicated on panels jpitialized with the CMIP5 temperature elds, (c) corresponding
b and c. The red colour for the salinity indicates less saline water gpread (twice the standard deviatiom)(

which tends to increase sea level. The control barotropic

streamfunction (Sv) averaged over 100 years is overplotted on pa - . . . .
b. (SV) g y P P aﬁerrent initial elds in the same way is considered. This

does not account for the differences in tracer transport due
level in the North Atlantic and east of Australia, lower se&p the diversity among the models regarding resolved ocean
level in the Western North Paci c and Southern Ocean. THarculation and representation of unresolved mixing by eddies,
spread is relatively small except in the western part of tfigrbulence and convection.
North Atlantic ( gure 8(c)). However, even in that region it is
still smaller than the sea level change. This indicates that whide Conclusions
the spread in model control climatology may be responsible
for some of the spread in sea level change, it is of mindm response to increasing G@brcing, the CMIP5 and earlier
importance compared to the model spread in the anomalAAGGCMs project geographically non-uniform patterns of sea
surface uxes of heat and momentum. We note, however, tHavel change. There are some common features among the
in these simulations only the passive effect of transportimgojections of the various models, but also many differences
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in magnitude and detail. By applying surface ux changes sinBouttes N, Gregory J M, Kuhlbrodt T and Smith R 2013 The drivers
ulated by CMIP5 AOGCMs to the FAMOUS AOGCM, we nd  of projected North Atlantic sea level changGém. Dyn.published
that windstress and surface heat ux changes mostly accountnline
for the common features: together they cause an increaséfittes N, Gregory J M, Kuhlbrodt T and Suzuki T 2012 The effect
the meridional sea level gradient across the Southern Oceaff windstress change on future sea level change in the Southern
(greater rise to the north) and sea level rise in the WesterrnOceanGeophys. Res. Le®9123602
North Paci ¢, while heat ux change is the cause of the dipol&azenave A and Nerem R S 2004 Present-day sea level change:
pattern in the North Atlantic (greater rise to the north). ChangesePservations and causev. Geophysi2 RG3001
in the surface freshwater ux have a smaller but non-negligibfeureh J A, White N J, Konikow L F, Domingues C M, Cogley J G,
effect on the CMIP5 ensemble mean pattern. The main caus&!gnot E, Gregory J M, van den Broelke MR, Monaghan A J and
of the model spread in the sea level change patterns projectegegco":]r'::’1 ! 2011;6?6\“82'8 thehEartgs sef-lggle_llzré%inergy
by the CMIP5 models is their spread in projected changes&n udgets from to 20UBeophys. Res. Le

. face heat uxes. The effect on rc).ecte(rjanlfcombe L M, Spence P, Hogg A McC, England M H and
windstress and sur . - . Proj Grif es S M 2013 Sea level changes forced by Southern Ocean
sea level change of model differences in simulating the ocea

) _ ; C€AN,indsGeophys. Res. Le#05710-5
temperature eld in the unperturbed climate state is relatively, 4on c Cooper C, Senior C A, Banks H, Gregory J M

small. ) . Johns T C, Mitchell J F B and Wood R A 2000 The simulation of
o AItho'ug.h FAMOUS has a relatively IQW resolution, qual-  ssT, sea ice extents and ocean heat transports in a version of the
itatively similar results for the effect of windstress change on yagiey Centre coupled model without ux adjustme@tim.

sea level with a higher resolution eddy-permitting model gives pyn.16147-68
con dence in our conclusions. It is possible that non-eddysregory J M 2000 Vertical heat transports in the ocean and their
resolving models are systematically in error in some respectseffect on time-dependent climate char@ém. Dyn.16 50115
in their Southern Ocean simulation in particular. That woulgbnes C 2003 A fast ocean GCM without ux adjustmehtétmos.
be a problem affecting all the CMIP5 models, none of which Ocean. TechnoR0 1857-68
is eddy-resolving, whereas the emphasis of the present wétkhlbrodt T and Gregory J M 2012 Ocean heat uptake and its
is to understand the differences among these models. consequences for the magnitude of sea level rise and climate

Remaining differences among the CMIP5 projections of changeGeophys. Res. Le89 118608 _
sea level change patterns that are not accounted for in #a@derer F W, Jungclaus J H and Marotzke J 2007 Regional
FAMOUS experiments must relate to their differences in dynamic and steric sea level change in response to the IPCC-A1B
resolved ocean circulation and representation of subgridscalgcenarial. Phys. Oceanogs7 296-312 _
tracer transports. Experiments applying a single set of typidafve! W, Meyssignac B and Cazenave A 2011 Steric sea level
surface ux anomalies to several models would Complementva”at'ons over 2004-2010 as a function of region and depth:
our analyses of results from several sets of CMIP5 ux anoma- Inference on the mass component variability in the North Atlantic
lies applied to a single model (FAMOUS). Such experimen}_s OceanGeophys. Res. LeG8L15608 . —

. owe J A and Gregory J M 2006 Understanding projections of sea

would show whether the sea level response to imposed surfac

lies is tvpically | than th level ch Fevel rise in a Hadley Centre coupled climate modigbeophys.
ux anomalies is typically larger than the sea level change o 11 ¢c11014

simulated in CMIPS gxperlments, and_ would help 'dent'fy,anlglerri eld M A and Maltrud M E 2011 Regional sea level trends
understand the remaining part of the inter-model spread in € ¢ 0 a Paci ¢ trade wind intensi catioBeophys. Res. Lett.

level change pattern. 38121605
Nidheesh A G, Lengaigne M, Vialard J, Unnikrishnan A S and
Acknowledgments Dayan H 2013 Decadal and long-term sea level variability in the

tropical Indo-Paci ¢ Ocear€Clim. Dyn.41381-402
For their roles in producing, coordinating, and making avaiRardaens A K, Gregory J M and Lowe J A 2011 A model study of
able the CMIP5 model output, we acknowledge the climate factors in uencing projected changes in regional sea level over
modelling groups (listed in table 1 of this paper), the World the twenty- rst centuryClim. Dyn.36 2015-33
Climate Research Programme's (WCRP) Working Group SHnith R'S, Gregory J M and Osprey A 2008 A description of the
Coupled Modelling (WGCM), and the Global Organization FAMOQS (version XDBUA) climate model and control run
for Earth System Science Portals (GO-ESSP). The researcfpe0sci- Model Devl 53-68 _ _
leading to these results has received funding from the E[JmMermann A, McGregor S and Jin F-F 2010 Wind effects on past
ropean Research Council under the European Community'san_d future regional sea level trends in the Southern Indo-Pdci ¢
Seventh Framework Programme (FP7/2007-2013), ERC gr ngllm.$3é4.?9—387M S IsB L Sarmi JL and
agreement number 247220, project “Seachange'. We thank 'Etr?? h' T”Lezsolsé amuets h' armiento J . an lati ith
editor and two anonymous reviewers for their comments which onener onnecting changing ocean circulation wit

heloed i hi - changing climatd. Clim.26 2268-78
elped improve this manuscript. Xie P and Vallis G K 2012 The passive and active nature of ocean

heat uptake in idealized climate change experim€lita. Dyn.
References 38667-84
Yin J 2012 Century to multi-century sea level rise projections from
Banks H T and Gregory J M 2006 Mechanisms of ocean heat uptakeCMIP5 modelsGeophys. Res. Le91L.17709
in a coupled climate model and the implications for tracer basedin J, Grif es S M and Stouffer R J 2010 Spatial variability of sea
predictions of ocean heat upta@eophys. Res. Le®3L07608 level rise in twenty- rst century projectionk Clim.234585-607



	Attribution of the spatial pattern of CO2-forced sea level change to ocean surface flux changes
	Introduction


