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[11 Changes in upper ocean stratification during the second half of the 21st century,
relative to the second half of the 20th century, are examined in ten of the CMIP3 climate
models according to the SRES-A2 scenario. The upper ocean stratification, defined here as
the density difference between 200 m and the surface, is larger everywhere during the
second half of the 21st century, indicative of an increasing degree of decoupling between
the surface and the deeper oceans, with important consequences for many biogeochemical
processes. The areas characterized by the largest stratification changes include the Arctic,

the tropics, the North Atlantic, and the northeast Pacific. The increase in stratification is
primarily due to the increase in surface temperature, whose influence upon density is
largest in the tropical regions, and decreases with increasing latitude. The influence of
salinity upon the stratification changes, while not as spatially extensive as that of
temperature, is very large in the Arctic, North Atlantic and Northeast Pacific. Salinity also
significantly contributes to the density decrease near the surface in the western tropical
Pacific, but counteracts the negative influence of temperature upon density in the tropical

Atlantic.
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1. Introduction

[2] The upper ocean stratification plays a key role in many
ocean biogeochemical processes. In particular, mixed layer
depth (MLD) regulates the interplay between light avail-
ability for photosynthesis and nutrient supply from the deep
to upper oceans. Light availability and nutrient levels, whose
relative importance is region dependent, are major factors in
biological productivity. The density gradient at the base of
the mixed layer affects entrainment processes, which play a
crucial role in mixed layer deepening and in supplying
nutrients to the euphotic zone. The upper ocean stratifica-
tion, defined here as the density difference between the
mixed layer and the deep ocean, can also influence ocean
ventilation, the process by which surface quantities are
injected, or “subducted,” into the ocean interior, with
important consequences for the oceanic uptake of carbon
and oxygen.

[3] Some studies have examined the influence of global
warming upon MLD in the North Pacific [Merryfield and
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Kwon, 2007; Luo and Rothstein, 2009; Jang et al., 2011],
and in the Southern Ocean [Sen Gupta et al., 2009]. Overall,
MLDs are projected to shoal in these two regions, with the
largest changes found in the areas of climatological deepest
mixed layers, such as the Subtropical Gyre in the North
Pacific. In the Southern Ocean, the MLD shoals in a broad
band extending from the central Indian Ocean south-
westward toward the Drake Passage and continuing to the
western South Atlantic. However, in many areas, the MLD
projected changes are relatively small, as illustrated in
Figure 1 for four of the climate models participating in the
Climate Model Intercomparison Project version 3 (CMIP3)
at a location in the northeast Pacific (~50°N, 145°W).
Figure 1 compares winter (JFM) vertical density profiles
averaged over the period 1950-1999 (20th century simula-
tion, solid line) with the profiles averaged over the period
2050-2099 for the 21st century simulations according to the
Special Report on Emissions Scenarios (SRES) A2 scenario
(dot-dash line). The MLD varies among the models, as seen
by visual inspection (Figure 1), ranging from 60 to 70 m in
the GFDL-CM2.1 and CGCM3.1(T47) models to ~100 m
in CCSM3 and UKMO-HadCM3. While the depth of the
mixed layer does not seem to change appreciably in
Figure 1, the density gradient at the base of the mixed layer
is much larger during the second half of the 21st century,
indicative of an increasing tendency for the upper ocean to
decouple from the deep ocean. In this study we will focus
upon this vertical density gradient, and will examine how it
is projected to change over the World Ocean as a conse-
quence of global warming.
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Figure 1. Winter (JEM) vertical density profiles at the location of Ocean Weather Station Papa (50°N,
145°W) for four of the CMIP3 climate models: (a) CCSM3, (b) GFDL-CM2.1, (c) CGCM3.1(T47),
and (d) UKMO-HadCM3. The profiles are averaged over the period 1950-1999 (solid lines), and
2050-2099, according to the SRES-A2 scenario (dot-dash lines). Potential density values are relative to

1000 kg m ™.

[4] In a pioneering study with an earlier version of the
Geophysical Fluid Dynamics Laboratory (GFDL) climate
model, coupled to a carbon cycle model, Sarmiento et al.
[1998] found that the projected decrease of oceanic uptake
of CO, in the 21st century had a strong high-latitudes sig-
nature, and was particularly large in the Southern Hemi-
sphere. The primary reason for those high-latitude changes
was not the decreased rate of deep-water formation, but the
increased stratification of the upper water column. In fact,
the density gradient at the base of the first model layer
showed a large positive trend in a global average sense, and
was accompanied by a decrease of the global mean oceanic
oxygen, which was suggested by Sarmiento et al. [1998] as a
possible tracer of the changes in the carbon balance.

[5] Oceanic oxygen observations show concentration
declines in many areas of the World Ocean, with the North
Pacific and tropical oceans being the best resolved regions
due to the availability of long-term moorings and repeated
hydrographic sections [Sarmiento et al., 1998]. In particular,
time series from mid-depth waters at station Papa (50°N,
145°W) show long-term declines of 7 pmol/kg/decade as
well as shoaling of the level of hypoxia (taken as the
60 pmol/kg surface) over the period 19562006 [Whitney
et al., 2007]. Similar changes are observed in the California
Current System during 1984-2006 [Bograd et al., 2008] and
in the Oyashio Current region off Japan [Ono ef al., 2001;

Watanabe et al., 2003]. The mid-depth changes in the Oya-
shio Current region appear to be correlated with those
observed at station Papa, with a lead of about 7 years, an
indication of the possible role of advective processes. In the
Tropics, Stramma et al. [2008] have constructed time series
of oxygen over selected regions in the tropical Atlantic,
Pacific, and Indian Oceans using both historical and recent
observations. Oxygen declines were found in the 300-700 m
depth range, together with a vertical expansion of the zone of
hypoxia. A comprehensive list of the observational studies
documenting oxygen changes is provided by Keeling et al.
[2010]. All the observed changes appeared to be related to
variations in physical quantities, such as ocean stratification,
ventilation, and circulation, rather than changes in oxygen
utilization [Dore et al., 2003, 2009]. Given the fundamental
role played by oxygen in the biogeochemical cycle, it is very
important to understand the influence of climate change upon
ocean stratification and circulation.

[6] In this study we use a subset of the climate simulations
performed in the context of the Coupled Model Intercom-
parison Project Phase 3 (CMIP3) [Meehl et al., 2007], and
used for the Intergovernmental Panel on Climate Change
Fourth Assessment Report (IPCC-AR4) to examine the
changes in upper ocean stratification over the second half
of the 21st century relative to the second half of the
20th century.
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Table 1. List of the CMIP3 Models Used in This Study®
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Model Oceanic Model Oceanic Resolution Atmospheric Resolution Reference
CGCM3.1 (T47) MOML.1 1.85° x 1.85°, L29 T47 L31 Kim et al. [2002]
CSIRO-MK3.5 MOM2.2 0.84° x 1.875°,L31 T63 L18 Gordon et al. [2002]
GFDL-CM2.0 OM3P4 1°(1/3°) x 1°, L50 2.5° x 2°,L24 Delworth et al. [2006]
GFDL-CM2.1 OM3.1P4 1°(1/3°) x 1°, L50 2.5° x 2°,L24
INGV-SXG OPA8.2 2° x 2°(1°), L31 T106 L19 Valcke et al. [2000]
MIROC3.2 (medres) COCO03.3 1.4°(0.5°) x 1.4°, 143 T42 L20 K-1 model developers 2004
ECHAMS/MPI-OM MPI OM 1.5° x 1.5° L40 T63 L31 Jungclaus et al. [2006]
MRI-CGCM2.3.2 Bryan-Cox 2°(0.5°) x 2.5°,L23 T42 L30 Yukimoto et al. [2001]
CCSM3 POP 1.1°(0.27°) x 1.1°, L40 T85 L26 Collins et al. [2006]
UKMO-HadCM3 Bryan-Cox 1.25° x 1.25°, L20 2.75° x 3.75°, L19 Gordon et al. [2000]

“The standard CMIP3 IDs are used for the models. Information about ocean model components, oceanic and atmospheric resolutions, and relevant

references documenting the models, are also included.

[7] Previous studies [Liu et al., 2005; Xie et al., 2010]
have examined different aspects of sea surface tempera-
ture (SST) change due to global warming in different
subsets of the CMIP3 models. In particular, Xie et al.
[2010] have used a large ensemble of simulations per-
formed with the Geophysical Fluid Dynamics Laboratory
climate model (GFDL-CM2.1) and with the National Center
for Atmospheric Research (NCAR) Community Climate
System Model Version 3 (CCSM3) to identify patterns of SST
changes, and relate them to changes in surface heat fluxes,
wind stress and ocean dynamics.

[8] Global warming is also associated with changes in the
hydrological cycle [Allen and Ingram, 2002; Held and
Soden, 2006; Richter and Xie, 2010; Stephens and Ellis,
2008], with increased precipitation over the Tropics and
high-latitudes, and decreased precipitation in the subtropical
regions, so that sea surface salinity (SSS) changes can also be
expected. Some observational studies [Cravatte et al., 2009;
Durack and Wijffels, 2010] have found large decreasing
trends in the tropical Pacific and high-latitude regions over
the second half of the 20th century and beginning of the 21st
century, in qualitative agreement with the model projected
changes in the hydrological cycle. Twenty-first century pro-
jections of the salinity fields from the CMIP3 models have
been examined by Terray et al. [2012] in the Tropics.
However, model projections over the Global Ocean have
not been fully considered, and the relative influence of SST
and SSS upon surface density and upper ocean stratification
has also not been examined. Due to the nonlinearity of the
equation of state, the influence of salinity upon density is
dependent on temperature, and becomes increasingly larger
at high-latitudes, where temperatures are colder. These
high-latitude areas are also the regions where precipitation
is projected to increase, and where a large reduction in
SSS can be expected, possibly resulting in surface density
decrease.

[9] The major goal of this study is to examine patterns of
stratification change, identify areas where changes are par-
ticularly large, and clarify the relative role of SST and SSS
in producing those patterns. The paper is organized as fol-
lows: In section 2 we describe the models and the analysis
procedure. In section 3 we consider the changes in SST
occurring over the second half of the 21st century versus
the second half of the 20th century. Changes in SSS and
their relationship to the surface freshwater fluxes are
described in section 4, while changes in surface density

and stratification are described in section 5. Conclusions
are drawn in section 6.

2. Models and Methodology

[10] We examine simulations of the 20th century (20C3M)
as well as simulations of the 21st century according to the
Special Report on Emission Scenarios (SRES) A2 sce-
nario, the high-forcing scenario characterized by CO,
concentrations reaching a value of 820 PPM by year 2100
[Nakicenovic et al., 2000; Meehl et al., 2007]. Most of the
studies that have examined CMIP3 simulations have focused
on the SRES-A1B scenario, which is characterized by inter-
mediate greenhouse gas forcing [Nakicenovié et al., 2000].
The different scenarios start diverging appreciably around
year 2020, so that it is uncertain which scenario can best
represent the future CO, increase for the rest of the 21st
century. The SRES-A2 scenario is used here as it can pro-
vide the best signal-to-noise ratio. The results obtained in
this study can be qualitatively compared with similar anal-
yses using the SRES-A1B simulations described in the lit-
erature, thus providing a broader perspective on the
influence of climate change upon different upper ocean
quantities.

[11] We use ten models, whose basic characteristics are
listed in Table 1. The first criterion for the model’s selection
was the availability of both oceanic and atmospheric data
needed for this study. Preliminary analyses of upper ocean
density structure and MLD in the North Pacific and North
Atlantic led us to the elimination of other models, due to
their unrealistic MLDs in the North Pacific, also noted by
Jang et al. [2011], or unrealistically extensive ice cover in
the northwest Atlantic. Based on recent studies on the choice
and use of multimodel ensembles [Pierce et al., 2009; Knutti
et al., 2010; Santer et al., 2009] we expect our ensemble to
include enough members to produce meaningful and repre-
sentative results. For example, Pierce et al. [2009] showed
that for future average temperature over the western United
States the ensemble skill approached the same asymptote
once any 6 GCMs were included. Further, using a metric of
precipitation trend, 11 randomly selected GCMs produced
results almost identical to those using the 11 “best” GCMs
[Knutti et al., 2010], and detection and attribution of changes
in atmospheric water vapor were insensitive to whether
the “best” or “worst” 10 GCMs were used [Santer et al.,
2009].
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[12] The model output has been downloaded from the
Program for Climate Model Diagnosis and Intercomparison
(PCMDI) archive. Since there is no consistency in the
number of ensemble members among models and scenarios,
only one ensemble member per model has been considered.
For those models with more than one ensemble member, the
first member (referred to as “run 1”) has been chosen. The
models used for the study differ in their horizontal and ver-
tical resolutions, as shown in Table 1, and in their sub-grid
scale parameterizations (see references, for each model, in
Table 1). Among the ten models used, only CGCM3.1(T47)
and MRI-CGCM2.3.2 use flux adjustments, heat and fresh-
water for CGCM3.1(T47), and heat, freshwater and momen-
tum for MRI-CGCM2.3.2. All other models are not flux
adjusted [Randall et al., 2007].

[13] Reichler and Kim [2008], among others, have shown
that the average of the multimodel ensemble is more similar
to observations than any individual model, likely due to the
compensation of individual model errors. For this reason, we
will focus here upon ensemble average quantities, although
it is not known whether the multimodel mean can provide
the best future projection. In addition, examples of results
from individual models will also be shown to illustrate the
range of differences among models, and elucidate some of
the processes involved. We have examined monthly values
of upper ocean potential temperature, salinity, potential
density, as well as surface wind stress, evaporation and
precipitation. Evaporation has been obtained by dividing the
surface latent heat flux by the latent heat of vaporization of
water. Not all the models have density available in the
PCMDI archive. Since we are interested in examining the
relative contribution of potential temperature and salinity to
the density and stratification changes, density has been
computed from potential temperature and salinity using the
nonlinear equation of state (EOS-80).

[14] To examine the changes in upper ocean stratification
we consider the difference between density at 200 m and
surface density. The use of 200 m as our reference depth
seemed appropriate to characterize the upper ocean vertical
density gradient. In most regions this depth is below the
annually averaged MLD (see Figure 1 as an example), so
that the vertical density difference provides an estimate of
the density gradient at the base of the mixed layer. In other
regions, like the subtropical gyres, the Southern Ocean and in
the areas of the North Atlantic where deep convection occurs,
the mixed layer can reach several hundreds meters, so our
reference depth may lie within the mixed layer, and the cri-
terion used cannot be interpreted as a measure of the changes
in the density jump at the base of the mixed layer. However,
the use of 200 m as a reference depth provides a good esti-
mate of the upper ocean density gradients even in weakly
stratified regions. The use of a deeper level (400 m) leads to
very similar patterns of stratification changes (not shown).

[15] The results presented in this paper are primarily in the
form of difference fields between the average conditions
over the second half of the 21st century (2050-2099,
Period2), and the second half of the 20th century (1950-
1999, Periodl). Trends over the 20th century and beginning
of the 21st century are also computed for comparison
with corresponding observational estimates. Since we are
considering only one ensemble member per model, we
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have chosen 50 years, a relatively long averaging period,
to define the changes in model climatology.

[16] Natural variability of the climate system occurs on
decadal/multidecadal timescales. The “Inter-decadal Pacific
Oscillation” (IPO) [Power et al., 1999] or “Pacific Decadal
Oscillation” (PDO) [Mantua et al., 1997], as well as the
Atlantic Multidecadal Oscillation (AMO) [Enfield et al.,
2001] are examples of modes of climate variability associ-
ated with multidecadal variations that could affect a 50-year
mean. Based upon a 40-member ensemble of CCSM3 simu-
lations for the period 2000-2060 according to the SRES-A1B
scenario, Deser et al. [2010b] have shown that much of the
uncertainty associated with climate change projections is due
to internal climate variability. Thus, 50 years may not be a
sufficiently long period to define mean conditions over the
20th and 21st centuries. In other words, not all of this vari-
ability is removed by averaging over 50 years for the purpose
of defining mean conditions for the second halves of the 20th
and 21st centuries.

[17] The model output at PCMDI only includes few
ensemble members for each model, so that it is difficult to
accurately quantify the influence of natural variability on the
50-year means for each model. To gain some insight on the
influence of internal variability upon estimates of mean con-
ditions and forced climate response, we use a 500 year Pre-
Industrial control integration (Plentrl) of CCSM3. CCSM3 is
one of a few models, among those used in this study, with a
long Plentrl simulation available at PCMDI, and the study
of Deser et al. [2010b] has provided a broad overview of
the uncertainties in climate projections associated with
internal variability in that model. Figure 2 shows the stan-
dard deviation of 50-year mean temperature (Figures 2a
and 2c¢) and salinity (Figures 2b and 2d) fields, both at the
surface (Figures 2a and 2b) and 200 m (Figures 2¢ and 2d),
based upon ten non-overlapping 50-year segments of the
Plentr]l simulation of CCSM3. Differences in mean condi-
tions from segment to segment are entirely due to internal
variability.

[18] Over most of the ocean standard deviations are
smaller than 0.2°C for temperature, and 0.1 psu for salinity.
For temperature, the regions where the spread is larger
include the Kuroshio Extension, the Southern Ocean,
from 150°W to 60°W, and the North Atlantic. At 200 m
(Figure 2c), standard deviations of ~0.3—0.5°C are also seen
in the North Pacific along bands extending southwestward
from the northeastern basin. We will see in section 3 that the
temperature changes (Period2-Periodl) in the Kuroshio
Extension are larger than the spread of the mean in the same
area (Figure 7a). However, in the North Atlantic, variations
of the mean can be as large as 1°C, both at the surface and at
200 m (Figures 2a and 2c), and represent a significant frac-
tion of the temperature difference between Period2 and
Periodl in CCSM3 (Figure 7a). In the Southern Ocean, the
standard deviation of the 50-year mean, although smaller
than in the North Atlantic, is also comparable to the period
difference in Figure 7a.

2.1.

[19] The use of multimodel ensembles for climate projec-
tions is relatively new, and has prompted several studies that
discuss various approaches for determining the robustness

Statistical Significance
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SST Linear Trend (1900-2008)
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Figure 3. (top) Multimodel ensemble average of SST trend (°C per century) over the period 1900-2008.
The 20th century simulations (20C3M) were used for 1900-2000, while the SRES-A2 scenario was used
for 2000-2008. (bottom) Multimodel standard deviation of the trend.

and reliability of multimodel means [e.g., Tebaldi and
Knutti, 2007; Knutti et al., 2010; Tebaldi et al., 2011]. Due
to inter-model dependency, common biases, and limited
representativeness of the sample of models with regard to
fundamental uncertainties, the application of common sta-
tistical techniques based on model spread to determine sta-
tistical significance of multimodel means is questionable
[Tebaldi and Knutti, 2007]. The approach adopted for some
of the results presented in the IPCC-AR4 Summary for
Policymakers [see, e.g., Alley et al., 2007, Figure SPM.7] is
to indicate areas where a certain percentage of models agree
on the sign of the change. In this example changes were
considered robust (as highlighted by stippling) where more
than 90% of the models agreed on the sign of the change,
while areas where less than 66% of the models agreed were
left white. However, as pointed out by Tebaldi et al. [2011],
models may disagree in areas where the signal-to-noise ratio
is small, information that is important to retain. Instead,

Tebaldi et al. [2011] suggest to first assess the statistical
significance of each model in the ensemble. For locations
where fewer than 50% of the model results have statistical
significance, the simulated changes are essentially indistin-
guishable from “noise.” For the remaining locations, the
agreement in the sign of the changes among the models is
considered. Stippling is used for the grid points where at
least 80% of the models agree in sign, and white is used for
the areas where less than 80% of the model agrees. The latter
are areas where the signal is above the internal variability
“noise” in each model, but there is large uncertainty across
models. In this study, we have adopted the above procedure,
as outlined by Tebaldi et al. [2011], to provide a measure of
significance for the ensemble average period differences of
potential temperature and salinity. The 95% statistical sig-
nificance for each model is estimated relative to the standard
deviation of the fields during Period1 and Period2, using a
t-test approach [Wilks, 1995].
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2.2. Model Drift

[20] Climate models are integrated forward in time from a
set of initial conditions, and will “drift” from the initial state
until a quasi-equilibrium state is reached. The CMIP3 archive
includes pre-industrial control integrations that were carried
out for several hundred years and provided initial conditions
for the 20th century integrations, at the end of which the
scenario simulations started. However, the adjustment of the
deep ventilated ocean can take thousands of years to equili-
brate, so that some model drift can be expected to be present
and may affect our results. Some studies [Cai and Gordon,
1999; Covey et al., 2006; Sen Gupta et al., 2009] have
addressed the issue of climate drift in climate models. In
particular, Sen Gupta et al. [2009] have examined the mag-
nitude of the drift in the CMIP3 archive, with focus upon the
Southern Ocean. The drift was computed from a 100-year
segment of the control integration overlapping with the
20th century simulations. For most models significant drifts
were found below ~500 m, except for the INGV-SXG
model which had large drift at all depths. It was also indi-
cated that there is no systematic bias in the sign of the drift,
since the drift was effectively removed by averaging across
the models. The ensemble average drift was maximum
around 1000 m. Thus, we expect that the results presented
in this study, consisting of ensemble averages of fields in
the upper ocean should be little affected by model drift.

3. Changes in the Temperature Field

[21] Validation of modeled SST trends is hampered by
limitations in the observational record, including the avail-
ability of time series long enough to enable the detection of a
small trend within a relatively large-amplitude natural vari-
ability. Deser et al. [2010a] have examined both recon-
structed and un-interpolated data sets, and verified their
consistency with related fields (surface air temperature, sea
level pressure, precipitation and cloudiness) to assess the
sign and magnitude of 20th century (1900-2008) SST
trends. Apart from the eastern equatorial Pacific, which is
not well-constrained by observations, all data sets examined
by Deser et al. [2010a] show warming everywhere, except
in the northwestern Atlantic [see Deser et al., 2010a,
Figure 1]. The magnitude of the warming varies among
the different observational data sets, and is overall larger
in the un-interpolated ones. All data sets show warming in
the Southern Ocean within ~30°-50°S, especially in the
Indian and Atlantic sectors, although the regional details
differ among the various products. The areas of enhanced
Southern Ocean warming are approximately located along
the Subtropical Front (STF) [Clifford, 1983; Hofmann,
1985], separating the cold and fresh waters of the Southern
Ocean from the saltier and warmer subtropical waters.

[22] The 1900-2008 SST trend for the ten models
ensemble is shown in Figure 3 (top). The SRES-A2 scenario
is used for the period 2000-2008. Consistent with the Deser
et al. [2010a] results, a warming trend is found everywhere
except in the North Atlantic, just South of Greenland, where
the model ensemble average shows a weak cooling. The model
ensemble average shows enhanced warming in the Tropics, in
the North Pacific and in the Southern Ocean. While the North
Pacific, Southern Ocean and tropical Atlantic warming are
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consistent with some of the observational products used by
Deser et al. [2010a], the tropical Pacific maximum is in dis-
agreement with most of the observationally derived trends,
some of which (HadISST1, Kaplanv2) suggest a cooling in the
central/eastern equatorial Pacific. Whether this disagreement
results from model deficiencies or can be attributed to the
paucity of tropical observations is unclear. As discussed later
in this section, the tropical maximum exhibited by climate
models in their 21st century projections has been the subject
of several studies [Liu et al., 2005; Di Nezio et al., 2009;
Xie et al., 2010]. The 20th century trends have large differ-
ences across models (not shown), both in terms of patterns and
intensity. Figure 3 (bottom) shows the spread of the modeled
trends. The spread can result from both model error and
internal variability, as shown by Deser et al. [2010b]. The
largest disagreement among models is found in the North
Atlantic, north of 45°N, including the area where the model
ensemble average shows cooling, as well as in the Bering
Sea, Barents Sea, and in the Kuroshio Extension.

[23] The ensemble mean epoch difference fields (Period2,
2050-2099 minus Periodl, 1950-1999) for SST according
to the SRES-A2 scenario, is shown in Figure 4a. The
ensemble mean SST difference is significant over most of
the ocean, with agreement among models on the sign of the
change. Exceptions are portions of the North Atlantic and
the Southern Ocean, where there is model disagreement. At
200 m, statistical significance and model agreement are
found in the subtropical gyres, most of the Tropics, and
Southern Ocean (Figure 4b). Notice how the patterns of
warming at the surface and 200 m differ. In the tropical
Pacific, at 200 m warming is limited to the eastern half of
the basin, while a weak cooling is present in the western
equatorial Pacific, likely associated with a shoaling of the
thermocline [Han et al., 2006].

[24] The general pattern of surface warming (Figure 4a)
has strong similarities with the 20th century trend in Figure 3
(top). In particular, SSTs are enhanced in the equatorial
band, especially in the Pacific, with maximum values of
~2.4°C. This is the enhanced equatorial response (EER)
pattern described by Liu et al. [2005], and further investi-
gated by Xie et al. [2010] in the GFDL-CM2.1 model. In that
model, reduced SST damping along the equator associated
with the mean evaporation pattern appears to be responsible
for the enhanced warming. The dominant role of air-sea
interactions for the EER is consistent with the absence of the
enhanced equatorial warming at 200 m (Figure 4b). Tem-
perature increases of ~2°C are also seen in the Southern
Ocean, along the 30°—45°S band, especially in the Indian
and Pacific sectors, consistent with the 20th century trend. A
temperature increase of up to 3°C is seen close to the
southern tip of Australia, also consistent with the 20th cen-
tury trend in both the model ensemble average and obser-
vations. Large SST changes, up to ~3.5°C, are found in the
Barents Sea and along the Kuroshio Extension in the North
Pacific.

[25] The pattern of SST increase is qualitatively similar
to that described by Xie et al. [2010, Figure 2] for the
GFDL-CM2.1 model considering the SRES-A1B scenario.
A noticeable feature of the pattern in Figure 4a, also dis-
cussed by both Liu et al. [2005] and Xie et al. [2010] is the
larger warming in the Northern Hemisphere relative to the
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Figure 5. Multimodel ensemble average of the surface wind stress difference between Period2 and
Periodl. Arrows show the wind stress changes, shading shows differences in magnitude.

Southern Hemisphere. The main reason for this hemispheric
asymmetry is associated with the changes in wind stress,
which weakens in the northern subtropics and midlatitudes,
but strengthens in the Southern Hemisphere subtropics in the
Pacific, and, to a lesser degree, Atlantic sectors (Figure 5).
In particular, the tongue of reduced warming that extends
northwestward from the west coast of southern South
America (Figure 4a) coincides with an area of strong
enhancement of the Southern Hemisphere trade winds.
Figure 5 also shows large changes in the Southern Ocean
midlatitude westerlies, which shift poleward and intensify, as
discussed by previous studies [Sen Gupta et al., 2009, and
references therein]. The stronger westerlies along roughly
60°S are accompanied by enhanced equatorward Ekman
transports, which serve to mitigate the warming. In the North
Atlantic, the pattern of warming is characterized by banded
structures extending northeastward from the Caribbean.
These structures have also been noticed by Xie et al. [2010],
and attributed to ocean dynamics.

[26] Figure 4c shows the multimodel standard deviation of
SST differences, a measure of the differences among models
and uncertainty in the SST change projections. The largest
differences among models are found in the Arctic Ocean,
especially the Barents Sea, as well as in the North Atlantic,
North Pacific, and Southern Ocean. Differences in ice cover
may be partly responsible for the different SST changes in
the Arctic, while inter-model differences in the position of
the Gulf Stream and Kuroshio, as well as their projected
changes, may give rise to local differences in SST change in
the North Atlantic and North Pacific. Figure 4c also shows
the presence of inter-model differences in SST change of the
order of ~0.5°-0.75°C over the Southern Ocean. The degree
of warming south of 45°S appears to be related to the
degree of intensification of the midlatitude westerlies in
each model, as shown in Figure 6, where the average
warming in the 50°—60°S circumpolar belt is plotted against
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the changes in wind speed averaged over the same area.
The models with stronger westerlies in the second half of
the 21st century show modest warming, while models with

ASST vs. ATAU (21¢-20c)
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Figure 6. Changes in the amplitude of the surface wind
stress over the circumpolar belt between 50°S and 60°S
versus changes in SST averaged over the same region. The
50°S—60°S circumpolar band is the area in the Southern
Ocean with the largest intensification of westerlies in the
multimodel mean (Figure 5). The correlation coefficient
between wind stress and SST changes is —0.71, which is
significant at the 97.5% level.
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Figure 7. SST differences (Period2-Periodl) for the ten individual models. Hatching indicates statistical
significance at the 95% level.
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small changes in their circumpolar winds tend to warm
more. The poleward strengthening of the circumpolar winds
is due to both increase in the greenhouse gases and ozone
depletion, and varies among models depending on the
degree of ozone recovery prescribed in each model [Son
et al., 2008].

[27] At 200 m, the largest discrepancies among models are
also found in the Arctic, North Atlantic, as well as along
tropical zonal bands around 10°-15° from the equator. Com-
parison with Figure 4b indicates that while the spread in the
Arctic is associated with natural variability, the model spread
in the North Atlantic and Tropics correspond to statistically
significant changes of different sign in different models. In the
Tropics, temperature changes at a fixed depth are likely asso-
ciated with vertical displacements of the mean isotherms. The
mean structure of the thermocline as well as the position of the
mean tropical currents may vary from model to model.

[28] To illustrate the range of uncertainty in the SST
changes, Figure 7 shows the SST epoch differences (Period2-
Period1) for all the ten models. The equatorial warming in the
Pacific ranges from 2°-2.4°C (INGV-SXG) to ~3.5°C
(CSIRO-MK3.5), with a pattern that is either eastward inten-
sified (UKMO-HadCM3, ECHAMS/MPI-CM, CGCM3.1
(T47), INGV-SXG, MRI-CGCM2.3.2), westward intensified
(GFDL-CM2.1), or quasi-uniform along the equator (CCSM3,
GFDL-CM2.0, CSIRO-MK3.5, MIROC3.2(medres)). Large
differences among models are also found in the North
Pacific, where some models show extensive warming up
to 4°C (CCSM3, UKMO-HadCM3, MIROC3.2(medres)),
while other models, INGV-SXG being the extreme case,
show only moderate warming. In the North Atlantic, with the
exception of MIROC3.2(medres), all models show areas of
negligible warming or cooling, but there are differences in
the exact location of those areas. In the Arctic Ocean, the
INGV-SXG shows extensive warming over the whole Arctic,
while for the rest of the models the warming is limited to the
Barents Sea, with varying magnitudes.

4. Changes in the Salinity Field

[20] Figure 8a shows the ensemble average of the mean
evaporation minus precipitation (E-P) over the period 1950—
1999. The large-scale pattern is in agreement with observa-
tional estimates over the period 1980-1993 [Josey et al.,
1998]. Precipitation exceeds evaporation in the tropics,
especially over the western equatorial Pacific and eastern
Indian Ocean, along the Pacific Intertropical Convergence
Zone (ITCZ, 5°=7°N), and in the area of the South Pacific
Convergence Zone (SPCZ), extending southeastward from
the equator to ~10°S. Enhanced precipitation is also found
at high-latitudes, poleward of 45° in both hemispheres.
Evaporation exceeds precipitation in the sub-tropics, espe-
cially in the eastern part of the basins in the Southern
Hemisphere. The ensemble average projected changes in
E-P (Figure 8b) have a spatial distribution that is very sim-
ilar to the mean E-P field: precipitation, relative to evapora-
tion, increases over the tropical regions and in high-latitudes,
and decreases in the subtropics over the second half of the
21st century, an indication of a strengthened hydrological
cycle [Held and Soden, 2006].

[30] These changes in the surface freshwater flux into the
ocean can be expected to have a large impact upon salinity.
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Durack and Wijffels [2010] have used a large number of
salinity profiles from historical archives and the Interna-
tional Argo Program to compute global multidecadal linear
trends of ocean salinity. Before examining the changes in
salinity over the second half of the 21st century, we compare
the ensemble average mean salinity and salinity trend over
the second half of the 20th century with those estimated by
Durack and Wijffels [2010]. In contrast with SST, to first
order there are no direct feedbacks between SSS and fresh-
water flux, so that salinity is weakly constrained by the
surface forcing. In climate models, where the oceanic and
atmospheric components interact freely, the surface salinity
field may develop unrealistic features.

[31] Figure 9 compares the ensemble average mean
salinity in 1950-2000 (Figure 9, bottom) with that computed
by Durack and Wijffels [2010], and reproduced from their
paper in Figure 9 (top), over the same period. Notice that the
study of Durack and Wijffels [2010] does not include mar-
ginal seas. The polar regions were also not included in their
analysis. Apart from the underestimate of the salinity values
in the Southern Hemisphere subtropics, and the excessive
freshening in the area of the SPCZ, the latter likely due to the
models too intense and extensive SPCZ regions [Lin, 2007;
Bellucci et al., 2010], the model-derived SSS compares well
with the observed both in pattern and magnitude. The
models even reproduce the strong salinity contrast between
the salty Arabic Sea and the fresh Bay of Bengal in the
northern Indian Ocean. However, in spite of the good com-
parison of the multimodel mean, individual models may
have large salinity biases in some regions (not shown). The
mean salinity pattern from the models has a strong similarity
with the mean E-P field shown in Figure 8a, so that areas
with low SSS are approximately found in regions of negative
E-P, and saltier regions tend to be co-located with regions of
positive E-P, an indication of the controlling influence of the
local surface forcing upon the SSS distribution. However, in
some areas, like the northeast Pacific, low salinity waters
extend all the way to the equator along the western coast of
North America, in spite of the positive E-P south of 30°N.
Southward advection of low salinity water by the California
Current is likely responsible for the difference between SSS
and local freshwater flux forcing along the western coast of
North America, south of 30°N.

[32] The multimodel ensemble SSS trend during 1950—
1999 is compared in Figure 10 with the observational esti-
mate of Durack and Wijffels [2010]. The trend is overall
weaker in the multimodel average (Figure 10b) than in
observations, but the general pattern is consistent between
the two products. Individual model’s trends (not shown) are
as large as those found in observations (Figure 10a), but
trend patterns in different models are shifted in space, and
are of different sign in some regions, so that the averaging
procedure leads to some loss of signal. A similar reduction in
amplitude associated with averaging across multiple model
simulations was noted by Knutti et al. [2010] for precipita-
tion. The major discrepancies between the multi model mean
trend (Figure 10b) and the observational estimate of Durack
and Wijffels (Figure 10a) are found in the North Pacific
where the observed trend shows a large freshening across the
whole basin while the model freshening trend is confined to
the eastern half of the North Pacific, and in the North
Atlantic, where the multimodel mean has a negative trend.
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a) Mean E-P 1950-1999
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Figure 8. (a) Multimodel ensemble mean of evaporation (E) minus precipitation (P) averaged over
1950-1999. (b) Multimodel ensemble mean of the E-P difference (Period2-Period1). Units are mm/day.
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Figure 9. (top) Mean SSS (psu) computed from observations by Durack and Wijffels [2010], courtesy of
P. Durack and S. Wijffels. (bottom) Multimodel ensemble average of mean SSS over the same period
1950-1999 from the 20th century simulations. Notice that the analysis of Durack and Wijffels [2010] does

not include marginal seas.

The application of the statistical significance criteria
described in section 2 to the multimodel 50-year trend
(Figure 10c) shows that there are only few areas where the
trend is statistically significant in 50% of the models and
there is agreement in sign in at least 80% of the models.
These areas include the northeast Pacific, the western

tropical/subtropical North Atlantic and some regions of the
Southern Ocean. On the other hand, there are large areas that
are white in Figure 10c relative to Figure 10b (for example
the North Atlantic north of ~45°N, and large parts of the
northern and tropical Pacific), indicating model disagree-
ment on the sign of a detectable trend signal, and thus large

Figure 10. (a) 50-year SSS linear trend (psu (50 yrs)~') over the period 1950-2000 computed from observations by
Durack and Wijffels [2010], courtesy of P. Durack and S. Wijffels. (b) Multimodel ensemble average of SSS trend over
1950-1999 from the 20th century simulations. (c) Same as Figure 10b, but including statistical significance and robustness
information, as described for Figure 4. The broad areas that are white in Figure 10c relative to Figure 10b identify regions of
large uncertainty, as the trend signal is above the internal variability level in 50% of the models in those areas, but the models

disagree on the sign of the trend.
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uncertainty in the models simulation of the trend over the
second half of the 20th century.

[33] The change in the pattern of SSS between the
second half of the 21st century and the second half of the
20th century (Figure 11a) is very similar to the trend seen in
Figure 10b. Hatched and white areas have the same mean-
ing as in Figure 4. The areas where the salinity changes are
significant across models, and there is agreement in sign for
eight of the models used, include the western tropical
Pacific, northeast Pacific, part of the Arctic, Labrador Sea
and part of the North Atlantic, as well as the tropical
Atlantic. The signal in the Southern Ocean is small, except
near the Antarctic Peninsula.

[34] Figure 11c shows that the models tend to disagree in
their SSS projections in the western tropical Pacific, espe-
cially in the SPCZ area, in the Indian Ocean, as well as in the
North Atlantic and Arctic. Comparison with Figure 1la
suggests that in the western tropical Pacific, eastern half of
the Indian Ocean, and in the Arctic east of ~150°E most
models agree in sign, so that the model spread is an indica-
tion of differences in magnitude. On the other hand, between
45°E and 135°E in the Arctic, and in vast regions of the
North Atlantic, there seem to be a large uncertainty also on
the sign of the change.

[35] At 200 m, the largest salinity changes are the fresh-
ening of the Arctic, and the increased salinity in the sub-
tropical North Atlantic and in the Mediterranean Sea
(Figure 11b), changes that appear to be robust among
models, as indicated by the hatching. The largest spread
among models is found in the Arctic (Figure 11d). Holland
et al. [2008] have shown that all the fourteen models con-
sidered in their study exhibit a decrease in sea ice volume
during the 21st century, according to the SRES-A1B sce-
nario, which is consistent with the overall freshening of the
Arctic seen in Figure 11 (we expect the SREAS-A2 sce-
nario to have qualitatively similar projections). However,
the magnitude of sea ice loss, as well as the relative roles
of changing melt and growth, varied considerably among
models, and appeared to be dependent upon the initial ice
climatology. The large spread in salinity projections in the
Arctic may partly reflect the different ice loss in different
models. Changes in precipitation and runoff can also play
an important role in the Arctic salinity changes [Rawlins
et al., 2010]. Differences in precipitation projections, as
well as in the specification of runoff in different models,
may also be important factors in the large model spread of
salinity projections over the Arctic.

[36] Figure 12 shows the SSS changes for individual
models, to illustrate inter-model differences. While there is
agreement on the large-scale patterns of SSS changes, the
regional expression of those changes differ among models.
For example, freshening in the western equatorial Pacific is
confined to a relatively narrow meridional band in CCSM3
and MIROC3.2(medres), while in the rest of the models the
freshening is of broader meridional extent. In particular, in
UKMO-HadCM3 freshening is predominant over most of
the north Pacific. MIROC3.2(medres) shows a large fresh-
ening in the Indian Ocean, which is absent in many of the
other models. In the Arctic, there are areas where the models
agree in sign, explaining the robustness seen in Figure 11a
(hatched area), but large differences in sign and magnitude
are seen west of ~135°E.
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[37] While the surface freshwater flux has a large impact
on the salinity field locally, the salinity changes are not
completely determined by the surface fluxes. Figure 13
compares the changes in SSS (Figures 13b and 13d,
repeated from Figure 12) with the changes in the surface
freshwater flux (Figures 13a and 13c) for two models, the
UKMO-HadCM3 and the NCAR-CCSM3. Among the
models examined in this study, the UKMO-HadCM3 is one
with extensive North Pacific freshening. Apart from a
narrow band in the vicinity of the Kuroshio Extension,
salinity decreases over the entire North Pacific, even in the
subtropics, where the changes in E-P are positive. In the
NCAR-CCSM3 the SSS changes tend to be more closely
co-located with the freshwater flux changes. However, there
are areas, like the northeast Pacific, where decreased SSS is
found along the western coast of North America all the way
to Baja California, in spite of the positive E-P change south
of ~35°N. As already noted for the mean salinity field, this
is likely the result of southward advection of low-salinity
waters by the California Current.

5. Density and Stratification Changes

[38] Not all the models used in this study have potential
density available in the PCMDI archive. Density can be
computed from temperature (T) and salinity (S) through the
equation of state. Due to the nonlinearity of the equation of
state, errors can arise when the equation is applied to
monthly mean temperature and salinity fields. Here we
use the McDougall, Wright, Jackett, and Feiste]l (MWIJF)
[McDougall et al., 2003] polynomial approximation to
compute density from T and S. To test the accuracy of the
density values computed using the equation of state, for
some of the models that provide density output we have
compared the surface density changes computed directly
from the density fields with the changes computed from
time averages of T and S using the equation of state. Apart
from the Arctic, and very localized areas in the northwest
Atlantic and northwest Pacific, errors are very small. Thus,
for consistency, we compute density using the equation of
state for all the models.

[39] Density changes are estimated as

AP:P<727§2) —0(7131)7 (1)

where overbars indicate time average quantities, 7| and T,
are the average temperature and salinity fields during
Periodl (1950-1999), while 7' and S, are the average T and
S conditions during Period2 (2050-2099). The relative
influence of the temperature and salinity changes upon the
density changes is then estimated as

Apr = p(T2,51) — p(T1,51), 2)

Aps = p(Tl,Ez) - P(T17§1)> (3)

with Apzy and Apg being the density changes due to the T
and S changes, respectively. The approach outlined in
equations (2) and (3) is not exact, as the sum of Apzy and
Aps does not exactly match Ap, but the discrepancies are
very small, so that (2) and (3) provide a good estimate of the
T and S contributions to the density changes. Figures 14a
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Figure 12. SSS difference for all ten models. Hatching indicates statistical significance at the 95% level.
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Figure 14. (a and b) Multimodel ensemble average of potential density (o, units) differences (Period2-
Periodl) at the surface (Figures 14a, 14¢, and 14¢) and 200 m (Figures 14b, 14d, and 14f). The contribu-
tion of the (c and d) temperature and (e and f) salinity changes to the density changes are also shown.
Hatching indicates areas where at least nine of the 10 models agree on the sign of the density change,
while white areas are either areas where changes are smaller than the contour interval in absolute value,
or where less than six models agree on the sign of the change.

and 14b show the ensemble average density change at the
surface (Figure 14a) and at 200 m (Figure 14b). Due to the
approach chosen to compute density (equations (1)—(3)), we
cannot estimate the statistical significance of the density
change for each model (which requires the evaluation of the
amplitude of natural variability in periods 1 and 2). Thus, we

resort to a measure of robustness, and indicate the degree of
models’ agreement on the sign of the density changes.
Hatching is used when 90% of the models agree on the sign,
while areas with less than 60% agreement are left white. At
the surface, the density changes are particularly pronounced
in the tropical Indo-Pacific sector and in the Arctic, while at

Figure 15. (top) Multimodel ensemble average of stratification changes (Period2-Periodl), (middle) temperature contribu-
tion, and (bottom) salinity contribution. Stratification is defined as the density difference between 200 m and the surface.
Hatching identifies areas where at least 90% of the models agree on the sign of the change. White areas correspond to
regions where changes are below the contour interval in absolute value or less than 60% of the models agree on the sign

of the change.
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200 m the largest decreases are found in the subtropical
gyres of the Pacific Ocean. In most regions, the temperature
change is the major contributor to the density change
(Figures 14c and 14d), favoring a density decrease every-
where, its influence decreasing with increasing latitude. The
influence of salinity is more spatially limited, but can
have large regional contributions to the density changes
(Figures 14e and 14f). At the surface, salinity dominates the
density changes in the Arctic east of the dateline, and por-
tions of the North Atlantic and northeast Pacific, and con-
tributes to the density decrease in the western tropical
Pacific. Both at the surface and at 200 m, the salinity
increase in the western tropical Atlantic counteracts the
influence of the warming and reduces the density change in
that area.

[40] Changes in stratification are computed as the differ-
ences between 200 m and surface density changes. Results
for the multimodel ensemble are shown in Figure 15, where
hatching and white shading are used as in Figure 14. Apart
from the small area of the Arctic around 45°E, 80°N, where
a hint of decreased stratification can be seen, stratification
changes are positive everywhere. As indicated by the
hatching, stratification changes are robust in most of the
North Pacific, North Atlantic, Indian Ocean, as well as in
the Arctic Ocean east of ~135°E. Temperature is the major
contributor to the stratification changes in the tropical and
sub-tropical regions (Figure 15, middle), while salinity
dominates the changes in the Arctic, northeast Pacific and
North Atlantic (Figure 15, bottom), and also enhances the
stratification increase in the western tropical Pacific and
counteracts the warming in the tropical Atlantic.

6. Summary and Conclusions

[41] In this study we have documented the changes in
upper ocean stratification projected by ten of the climate
models participating in the Climate Model Intercomparison
Project version 3. The changes have been computed as the
difference between the mean conditions during 2050-2099,
according to the SRES-A2 scenario, and the mean condi-
tions in 1950-1999. Different aspects of the upper ocean
density structure are important for ocean biogeochemical
processes. Here we focus upon the density difference
between the surface and 200 m, as indicative of the degree of
coupling between the upper ocean mixed layer and the
deeper ocean. The increase in stratification results from the
large decrease in surface density, which, in turn, is a con-
sequence of the SST and SSS changes. To provide a measure
of statistical significance of our multimodel mean results we
have first estimated the statistical significance of the SST
and SSS changes in each models, to detect whether the cli-
mate change signal could be isolated from the model natural
variability background, and then, for the areas where a signal
could be detected in at least 50% of the models, we have
examined the agreement on the sign of the change among
models [Tebaldi et al., 2011].

[42] The models used for this study differ in their projec-
tions at the regional scale. However, when a global per-
spective is adopted, patterns of broad-scale change emerge
that are robust among models. Extensive stratification
increases which meet the criteria of statistical significance
and robustness adopted in this study for the temperature and
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salinity projections can be expected in the western tropical
Pacific, Arctic Ocean east of ~135°E, tropical Atlantic,
northeast Pacific, and part of the North Atlantic.

[43] While temperature increases everywhere in the
models, with the largest values in the tropics and along the
Kuroshio Extension, the changes in sea surface salinity
partly reflect the changes in the surface freshwater flux,
which is characterized by increased precipitation over
evaporation in the tropics and high-latitudes, and reduced
precipitation in the sub-tropics. The salinity changes are
also influenced by oceanic advection, leading, in some
models, to freshening in areas where the changes in the net
freshwater flux into the ocean are negative. Most models,
and the multimodel mean, project an increased salinity
contrast between the tropical Pacific and Atlantic oceans,
with the tropical Pacific becoming fresher, and the tropical
Atlantic saltier.

[44] Temperature changes are the largest contributor to the
density and stratification changes at the broad scale. The
temperature influence is largest in the tropical regions, and
decreases with latitude. Salinity, on the other hand, appears
to have a large regional influence, dominating the density
and stratification changes in the Arctic, northeast Pacific and
North Atlantic, and significantly contributing in the western
tropical Pacific and tropical Atlantic.

[45] What are the possible consequences of the increased
ocean stratification? The density jump at the base of the
mixed layer has a direct impact upon entrainment, the pro-
cess responsible for mixed layer deepening and for bringing
nutrient-rich deep waters into the euphotic zone, where
photosynthesis occurs. While other processes (mesoscale
eddies, tropical and extra-tropical cyclones, atmospheric
transport) may also play a key role in supplying nutrient to
the euphotic zone, in most areas of the World Ocean nutrient
availability for primary production relies upon entrainment
processes. Some of the areas where the largest stratification
changes occur, the Gulf of Alaska, California Current
System, Northwest Atlantic, and along the subtropical front in
the Southern Ocean, coincide with some of the most produc-
tive areas of the World Ocean (see maps of primary production
at  http://www.science.oregonstate.edu/ocean.productivity/).
Thus, the projected stratification changes could have a large
impact on phytoplankton and the broader food web. The
effects of such changes may have already begun happening in
sub-tropical waters [Polovina et al., 2008]. Moreover, in four
climate models that include representations of marine eco-
systems and carbon cycle, a decrease in global mean primary
productivity is found that approaches 20% by the end of the
21st century relative to pre-industrial conditions [Steinacher
et al., 2010]. The increase in upper ocean stratification can
also impact the ventilation processes. For example, Mode
Waters are projected to form on lighter isopycnal surfaces,
and their volume is expected to be significantly reduced in the
21st century, based on the CMIP3 models simulations [Luo
and Rothstein, 2009]. The declining trend of oceanic oxy-
gen concentration observed in several areas is also attributed
to stratification changes, but it is a non-local problem [e.g.,
Bograd et al., 2008]. Further studies are needed to examine
the characteristics of ocean ventilation in a warmer climate.
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