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Abstract Future physical and chemical changes to the
ocean are likely to significantly affect the distribution
and productivity of many marine species. Tuna are of
particular importance in the tropical Pacific, as they
contribute significantly to the livelihoods, food and eco-
nomic security of island states. Changes in water prop-
erties and circulation will impact on tuna larval dis-
persal, preferred habitat distributions and the trophic
systems that support tuna populations throughout the
region. Using recent observations and ocean projections
from the CMIP3 and preliminary results from CMIP5
climate models, we document the projected changes
to ocean temperature, salinity, stratification and cir-
culation most relevant to distributions of tuna. Under
a business-as-usual emission scenario, projections indi-
cate a surface intensified warming in the upper 400 m
and a large expansion of the western Pacific Warm Pool,
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with most surface waters of the central and western
equatorial Pacific reaching temperatures warmer than
29°C by 2100. These changes are likely to alter the
preferred habitat of tuna, based on present-day ther-
mal tolerances, and in turn the distribution of spawn-
ing and foraging grounds. Large-scale shoaling of the
mixed layer and increases in stratification are expected
to impact nutrient provision to the biologically active
layer, with flow-on trophic effects on the micronekton.
Several oceanic currents are projected to change, in-
cluding a strengthened upper equatorial undercurrent,
which could modify the supply of bioavailable iron to
the eastern Pacific.
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1 Introduction

Tuna harvested from the tropical Pacific Ocean and the
ecosystems that support them depend intimately on the
oceanic environment. The distribution of these marine
predators is linked to the horizontal displacement of wa-
ter of a suitable temperature, and to vertical changes in
the depth of the mixed layer. Areas where currents di-
verge or converge are also of major importance because
they are associated with the thermal fronts, upwelling
and eddies which enhance local productivity and, in
turn create important foraging areas.

Tuna make up the overwhelming majority of fish
harvested in the tropical Pacific Ocean and contribute
significantly to the livelihoods, food and economic se-
curity of many island nations throughout the region
(Bell et al. 2011, chapt. 1). A number of species are of
particular importance including: skipjack (Katsuwonus
pelamis, which comprise more than 60% of the catches
in the region), yellowfin (Thunnus albacares), bigeye

(Thunnus obesus) and albacore tuna ( Thunnus alalunga).

The response of these predators to oceanic conditions
varies between species and life stage (i.e. larvae, juvenile
and adult) and is primarily associated with the physiol-
ogy of the species and how the species they prey on -the
microneckton- are distributed. Of the four species, skip-
jack tuna appear to have the most limited physiology,
with adults predominately occurring in waters with a
temperature range of 20° — 29°C and with a dissolved
oxygen concentration above ~ 4.0 ml/l. Temperature
and oxygen tolerances are generally wider in the other
three species with albacore predominantly occurring in
cooler waters than yellowfin and bigeye, and bigeye able
to tolerate lower dissolved oxygen concentrations than
yellowfin and albacore (Bushnell and Brill 1992). Tuna
are most sensitive to water temperatures during their
larval stages, with thermal tolerances widening as they
grow. The distribution of primary production is also im-
portant for earlier life stages of tuna and micronekton.
This distribution will depend on both the physical and
chemical properties of the ocean and in particular, the
availability of oceanic nutrients. These are abundant at
depths, most often below the biologically-active layer
(euphotic zone), and the supply to this euphotic zone
depends upon oceanic currents and mixing processes.

Five ecological areas will guide our analysis, each
with distinct vertical hydrological structure and ecosys-

convergence zones of ocean surface currents. Of partic-
ular relevance to tuna catches in the western Pacific is
the boundary that exists between WP and PEQD, the
position of which is influenced by the El Nino Southern
Oscillation (ENSO), moving eastward during El Nino
and westward during La Nina by thousands of kilome-
tres (Maes et al. 2004). More than 90% of skipjack tuna
catches are located within the WP and demonstrate
associated shifts in distributions with ENSO (Lehodey
et al. 1997, this issue). Any future changes to the WP
or to the characteristics of ENSO could therefore have
a large influence on the availability of tuna stocks to
Pacific island states and to their associated economies.

This paper provides fisheries scientists and man-
agers with information on future projections of the phys-
ical properties of the tropical Pacific. We focus on the
parameters that are of relevance to tuna, and in partic-
ular, skipjack tuna, as this species comprises the great-
est proportion of tuna catches throughout this region
(Lehodey et al. 1997). We first introduce the climate
models used to project the ocean state (Section 2),
then examine changes to surface and subsurface tem-
peratures, vertical stratification, major ocean currents
and upwelling, as well as issues associated with future
projection of ENSO (Section 3). Finally, we describe
some of the limitations inherent in those projections
and discuss the implications for tuna as a result of the
projected physical changes (Section 4).

2 Methods

To examine future changes to the ocean we use output
from the third Coupled Model Intercomparison Project
(CMIP3), archived by the Program for Climate Model
Diagnoses Intercomparison (PCMDI). The CMIP3 repos-
itory contains 24 nominally independent models encom-
passing a broad range of resolutions and a variety of
physical parameterizations (Sen Gupta et al. 2009, Ta-
ble 1). Ocean horizontal resolutions vary from %O to
5°. Unless otherwise stated we compare present day
conditions from the end of the 20th century (1980-
2000) with future projections for 2100 and from the
business as usual SRESA2 emissions scenario (Nakicen-
ovic et al. 2000). Projections for 2100 are calculated by
taking a linear trend in a variable over the full 21st
century-unless otherwise stated, to minimize the effect

tems (Figure 1a): the Pacific Equatorial divergence (PEQD)of low frequency variability that can distort the climate

the Pacific Warm Pool (WP), the North Pacific Tropi-
cal Gyre (NPTG), the South Pacific Subtropical Gyre

change signal. The significance of projected changes is
established using a standard t-test. This assumes inde-

(SPSG) and the Archipelagic Deep Basins (ARCH; Longhugséndence among the models, which may lead to over-

2006). The time-dependent boundaries between each of
these provinces are predominantly associated with the

estimation of the areas where the changes should be
considered significant (Pennel and Reichler 2011).
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Some climate models exhibit spurious trends, unre-
lated to external forcing, that may affect the estimated
climate change signal. This drift is of a different sign,
magnitude and spatial distribution in different models
and as such has a negligible effect on averages across
multiple models (Sen Gupta et al 2012b; Tebaldi and
Knutti 2007). As the analysis below generally focusses
on the multi-model mean (MMM), we have neglected
errors introduced by model drift. However, when con-
sidering individual models, drift is likely to be a small
additional source of uncertainty.

We have adopted the approach of examining the
largest number of models possible for each diagnostic.
As such, the number of models used may vary in a given
analysis (Ounline Table S1). Given the importance of
ENSO behaviour on tuna, we also include preliminary
analysis on the currently available subset of models tak-
ing part in CMIP5 when discussing projected changes
to interannual variability.

3 Results
3.1 Sea surface temperatures

Under typical conditions, trade winds push the warmest
tropical waters to the western side of the Pacific basin,
forming the WP, where sea surface temperature (SST)
generally exceeds 29°C (Fig.1a). Along the equator and
the coast of South America, the prevailing winds cause
equatorial and coastal upwelling, respectively, forming
the PEQD, a relatively cool tongue of water (SST<
20°C) that extends across the Pacific and meets the
eastern edge of the WP. At 10°N, a band of warm wa-
ter extends across the entire basin, below the intertrop-
ical convergence zone (ITCZ). At 10°S, a similar band
only extends to 140°W a result of the South Pacific
Convergence Zone (SPCZ) being confined to the west-
ern Pacific. SST varies seasonally by +2 — 3°C near
25°N/S (e.g., Bell et al. 2011, chapt. 2), but by only
+1°C within 15° of the equator, where instead inter-
annual variability dominates (£2°C, Section 3.5). Over
the 1955-2003 period, warming trends of about 0.2° to
1°C have been observed in the western Pacific (Cravatte
et al. 2009), thereby increasing the horizontal extent of
the WP waters with temperatures greater than 29°C.
The CMIP3 MMM reproduces the observed large-
scale temperature field (Fig.1b). However, there is a
systematic cold offset, or bias in the central and west-
ern equatorial Pacific (i.e. the bias is present in almost
all the models) with simulated temperatures up to 2°C
too low in the MMM, with more extreme biases in in-
dividual models (Fig.1c). Conversely, on the eastern

boundaries, upwelling is too weak and temperatures too
warm.

The projections for 2100 suggest a statistically sig-
nificant MMM warming that exceeds 2.5°C over large
parts of the basin. The physical mechanisms driving
the spatial pattern of this warming are reasonably well
understood: a projected increase in the south easterly
trade winds (south of the equator), leads to a relatively
slow warming rate in the southeastern Pacific (Xie et al.
2010) while the enhanced equatorial warming is related
in part to a weaker Walker circulation (DiNezio et al.
2009).

The WP region is projected to warm in all mod-
els, with the warmest 9 million square km (which cor-
respond to the area of water enclosed by the 29°C
isotherm in observations) increasing by ~ 2.7 +0.4°C
(£0.4° is the standard deviation among the CMIP3
models). This is associated with the eastern edge of
the WP (as defined by the 29°C isotherm) moving east
by 6000 + 2000 km (Fig.2a). Projections also show that
the warming will be greatest in the cold tongue (> 3°C
east of 140°E, Section 4).

It is often more pertinent to define the WP edge by
a certain salinity surface (isohaline) than an isotherm
(i.e. 29°C). This alternative definition better reflects
the position of the front generated by strong rainfall in
the west and is a better proxy for the convergence zone
between WP (or fresh pool) and PEQD. The WP sur-
face salinity has decreased substantially over the past
50 years (1955-2003, 0.34 PSU, Cravatte et al. 2009),
although the extent to which natural variability has
contributed to this is uncertain. While the CMIP3 mod-
els also generally simulate a freshening in the WP over
this period, the magnitudes of change are considerably
smaller. The CMIP3 models generally project further
freshening (Online Figure S1) due to increased rainfall
over the WP and convergence zones. Projections sug-
gest that the edge of the fresh pool will be displaced
eastward by ~ 500 — 2000 km by 2100, much less than
the WP (Fig.2a).

3.2 Vertical temperature and salinity structure

Near the equator, WP waters extend to depth of ~
100 m, overlying a steep thermocline situated between
100 and 250 m (Fig.3a). In PEQD the mixed layer and
the thermocline are considerably shallower. Observa-
tional data from 1950 to 2008 show that surface warm-
ing of the central Pacific has penetrated vertically from
50 m to 100 m at the equator to the top of the thermo-
cline (> 1°C down to 100 m, Fig.3c). Surprisingly, in
the western Pacific, water temperatures have actually
decreased by up to 2°C through the thermocline depths
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(100 — 150 m, Fig.3c). It has been suggested that this
cooling is related to a weakening of the easterly equa-
torial winds that through dynamical ocean processes
cause an adiabatic lifting of the thermocline (Han et al.
2006). Vecchi et al (2008) note however that the brevity
of the data record precludes attributing the changes in
the Walker circulation to anthropogenic Global Warm-
ing. The depth of the observed warming varies with
latitude (Online Figure S2a), reaching 400 to 600 m
in the northern hemisphere subtropics (not shown; see
Bell et al. 2011, chapt. 3). The subsurface cooling noted
in the western equatorial region (10°S—10°N) is evident
between ~ 100 — 250 m. It extends southwards reach-
ing depth exceeding 800 m in the southern hemisphere
subtropical gyre (not shown). This enhanced vertical
contrast is also observed in the salinity change, with a
decrease in the WP and an increase in the thermocline
waters below the WP (Durack and Wijffels 2010).

In the equatorial band, projected MMM warming is
generally confined within the model mixed layer, reach-
ing +2.5°C at 50 m and ~ +1°C at 100 m— which is
of a similar magnitude to observed trends of the 20th
century (Fig.3c, 4a). Poleward of 10°N/S, the projected
warming penetrates to considerably greater depths than
at the equator, with a warming of ~ 1.5°C at 200 m
(Fig.2e, 4c). Below 100 m, and west of about 140°W,
very weak warming or moderate cooling is projected to
occur straddling the equator (Fig.3e), at about 160 m
and within 10°N/S. The cooling pattern is also simi-
lar to the observed trends and is again consistent with
a shoaling of the thermocline driven by a weakening
of the equatorial trade winds. Projected salinities also
show an enhanced freshening in the WP (Online Figure
S1) down to ~50 m (not shown).

3.3 Stratification and mixed layer depth

Stratification, which is associated with the density dif-
ference between the surface and the deep oceanic lay-
ers, characterizes the stability of the water column, and
therefore the potential extent of vertical exchange of
properties such as nutrients or oxygen. Its interplay
with the mixed layer, the region of homogenized tem-
perature, salinity, oxygen and nutrients that extends
from the surface to the mixed layer depth (MLD), has
important influences on primary production (Section
4).

The combined effect of the surface intensified warm-
ing and, in the WP, decrease in salinity, has lead to a
reduction in water density in the upper layers, conse-
quently increasing ocean stratification over the upper
200 m (Cravatte et al. 2009). In the MMM the strat-
ification tends to be too strong in the southern hemi-

sphere, possibly attributable to the tendency for the
SPCZ to extend too far east (Fig. 5a-c). Under the
ITCZ in the north, the MMM does not capture the full
strength of the stratification nor is it well represented
in the regions of the cold tongue bias.

Stratification is projected to continue to increase
across most of the tropical Pacific (Fig. 5d), with the
largest increases occurring in a wide area around the
WP and under the SPCZ and ITCZ where both tem-
perature and salinity effects reinforce each other. This
increase in stratification is projected to occur at depths
of between 20 and 150 m in the WP and at 20—100 m
in PEQD depending on location (thin lines on Fig.4;
see also Ouline Figure S3). In the SPSG and ARCH,
the depth range of increase widen to between 30 and
450 m, while increases in the NPTG occur predomi-
nantly between the surface and 250 m (Fig.4c; Online
Figure S4).

The observed annual maximum depth of the mixed
layer (MMLD) does not generally exceed 100 — 120 m
in the highly stratified WP (Online Figure S5a), but
reaches considerably deeper in the centre of the NPTG
and SPSG, where high-salinity waters are cooled during
the winter, causing convection and much deeper mixing.
The MMLD is projected to shoal in most of the tropical
Pacific (Online Figure S5d), with the most pronounced
shoaling occurring in the WP (~ 10 —25 m), and in the
western half of both tropical gyre provinces poleward of
~ 15°N/S (> 40 m). Under the SPCZ and ITCZ, where
model bias is highest (Online Figure S5c¢), projections
are not consistent. Projected increases in the winds near
25°S / 120°W will result in the MMLD increasing by
up to 40 m in this region.

3.4 Ocean currents and upwelling

Currents within the upper water column are expected
to change across the tropical Pacific in the future, par-
ticularly as a result of weakened equatorial and north-
easterly trade winds and strengthened south easterly
trade winds (Bell et al. 2011; Sen Gupta et al 2012b,
chapt 3). The MMM projections for large-scale surface
currents (0-50 m, Fig. 6b) show relatively small absolute
changes away from the equatorial band (12°S—10°N).
Near 9°S the upper South Equatorial Counter-Current
(SECC), which flows eastward across the Pacific, is pro-
jected to decrease substantially. Its surface flow is pro-
jected to turn towards the south, thereby reducing its
penetration to the east. The South Equatorial Current
(SEC), which flows westward across the Pacific, is pro-
jected to decrease in strength dramatically within 3°
of the equator, from ~ 30 cm.s™! to ~ 20 cm.s™! in
2100. Just underneath, the upper part of the eastward
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flowing Equatorial Under-Current (EUC) is projected
to increase substantially, leading to a ~ 20 m shoal-
ing of the EUC core (Fig. 6¢). At ~ 7°N, a decrease
in the upper part of the eastward flowing North Equa-
torial Counter-Current (NECC) is projected, while the
broad North Equatorial Current (NEC) demonstrates
no significant changes. The location of the fronts that
lie between the westward equatorial SEC, the eastward
SECC and NECC, which define the poleward bound-
aries of PEQD (Fig. 6b), also demonstrates little pro-
jected change.

Upwelling at the equator is projected to decrease in
intensity, as are the neighboring two regions of down-
welling near 4°N/S (Figure 7). This results in little pro-
jected change in the net upwelling integrated between
9°S and 9°N, which is most important to equatorial
temperature variations (Zhang and McPhaden 2006).

3.5 Interannual variability

We have explicitly attempted to isolate the global warm-
ing signal and remove the effects of year to year variabil-
ity in our analyses. However, long-term trends are likely
to impact ENSO characteristics. At present, there is
little consistency across the models with regard to pos-
sible changes in the magnitude or frequency of ENSO
variability. This is in part related to the significant bi-
ases in the climate models and their representation of
ENSO (Brown et al this issue). It also relates to the
fact that the characteristics of ENSO depend upon a
number of competing feedbacks that act to alter its
amplitude (Collins et al. 2010). Both CMIP3 and pre-
liminary results from CMIP5 models demonstrate both
increases and decreases in frequency and amplitude of
ENSO, generally within 20% of their 20th century val-
ues (Fig. 2¢).

Observations show that the depth of the thermo-
cline decreases during El Nifio events and increases dur-
ing La Nina events in the west Pacific, with the opposite
occurring in the east Pacific, on the order of 20 — 30 m
(Online Figure S6). Average shoaling of the thermocline
is projected to be in the order of ~ 10 — 20 m, by 2100.
This means that during El Nino events the thermocline
could be ~ 40 m shallower than the 20th century mean
position in the WP.

As noted above, the mean longitude of the east-
ern edge of the warm/fresh pool, which is subject to
large interannual excursions due to ENSO, will move
eastwards in the future. While the projected strength
of ENSO (Figure 2c) either increases or decreases de-
pending on the model, projected variability in the lo-
cation of the fresh pool edge shows either little change
or an increased variability (Figure 2b). This highlights

non-linearities that are still to be understood in model
projections of ENSO.

4 Discussion
4.1 Significance and limitations of this analysis

There are a number of known issues when examining
the future projections of the climate of the tropical Pa-
cific. Primary amongst these is the cold tongue bias:
most of the climate models are too cold along the equa-
tor and the cold tongue extends too far to the west.
This error also manifests in the simulation of precipi-
tation and ENSO, with impacts on the WP structure.
Another major bias is associated with the SPCZ; it is
zonally elongated and extends too far to the east in
most models (Brown et al 2011). As a result, precipita-
tion and wind patterns are distorted, with consequences
for ocean salinity and currents in the southwest Pa-
cific. These biases induce offsets that must be consid-
ered when assessing future projections (Brown et al this
issue).

Here, we have used output from the full suite of
climate models taking part in CMIP3, to examine pro-
jections in key physical parameters that are known to
affect the distribution of tuna species and their prey.
We have also discussed some of the systematic biases
that are evident in these properties and examined both
historical and projected changes in tropical Pacific over
the 21st century. The projections that we report should
therefore be interpreted in relation to their location
with respect to ecological provinces and dynamical fea-
tures. For example, as the MMM cold tongue extends
too far to the west, we expect that the large warming
projected between 140°E and of 160°W may be exag-
gerated, and a more realistic projection might confine
the largest warming to the east of 160°W (Brown et al
this issue).

While part of the observational trends discussed herein
may be due to natural variability (Vecchi et al 2008),
overall agreement with respect to the patterns of change
with climate models forced with increasing greenhouse
gas concentrations imply that the observed trends are
in general consistent with scenarios of anthropogenic
Global Warming. By averaging over multiple climate
models, we are able to reduce non-systematic model
biases and identify regions of model consensus. Av-
eraging, by its nature, removes the effect of outliers.
More (or less) extreme projected climate changes are
nonetheless feasible. As an example, while the projected
MMM SST warming in the warm pool area (defined
as the warmest 9.10%km?) is 2.7°C, three models show
warming that is over 3.2°C.
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4.2 Relevance of projections for tuna fisheries

The extension and warming of the WP and associated
stratification of the water column is likely to influence
tuna distributions and productivity across the tropical
Pacific region both directly, through changes in pre-
ferred thermal and dissolved oxygen habitats and in-
directly, via changing distributions and abundances of
tuna forage. Overall, it is anticipated that tuna pop-
ulations will re-distribute across the tropics and sub-
tropics and overall productivity throughout the region
will decrease (Lehodey et al. this issue). However, cli-
mate models can show significant inter-model differ-
ences in the present day fidelity and their projections
of future mean climate and variability and contain a
number of significant biases.

Skipjack tuna have a preferred thermal range of 20
to 29°C, with few tuna observed at temperatures be-
yond 17—30°C. Along the equator, the boundary of up-
per preferred temperatures (T= 29°C) is projected to
move eastward by 6000 + 2000 km (Fig.8a), accounting
for the large inter-model spread. Below the surface, this
isotherm is projected to move down to ~ 100 m west of
170°W, while the depth of the lower preferred tempera-
ture (T= 20°C) shows little change. In the eastern part
of the basin, the 20°C isotherm is projected to deepen
slightly, extending waters of a suitable thermal range
to skipjack. In the west Pacific, surface waters warmer
than 29°C are projected to expand to 20°S and more
than 20°N (Fig.8b, see also Online Figure S7). Assum-
ing similar thermal tolerances into the future and on
the basis of preferred thermal habitats alone, skipjack
tuna are likely to demonstrate substantial eastward and
poleward displacement in their habitat, consistent with
existing tuna modeling projections (Lehodey et al. this
issue).

The NPTG, SPSG and ARCH provinces are char-
acterized by a thick thermocline and a MMLD which
is situated below the euphotic zone Consequently these
regions are characterised by low levels of productivity.
Projected increases in stratification of the water column
in these provinces will increase dynamical barriers, fur-
ther limiting exchange between the euphotic layer, and
the deep, nutrient-rich layer (the nutricline), thereby
limiting further primary productivity. Conversely, in
the WP, the MMLD has little seasonality and is situ-
ated within the euphotic zone so that primary produc-
tivity can take place beneath it. Projected shoaling of
the MMLD may therefore increase nutrient exposure to
the sun, leading to enhanced primary production. These
processes however, will ultimately depend on the future
distribution of nutrients and the position of the nutri-
cline, whose estimation necessitates full biogeochemical

models. Recent efforts coupling a biogeochemical model
with one of the CMIP3 models projected a deepening in
the nutricline, below the WP, resulting in overall low-
ering of primary production (Bell et al. 2011, chapt.
4).

Most of the models are able to simulate the major
current systems in the tropical Pacific. There is however
large inter-model differences in the strength and loca-
tion of the currents. The SECC in particular is poorly
represented in many of the models, and non-existent
in some of them as a consequence of the SPCZ biases,
discussed above. Projected changes in the strength of
the major currents across the Pacific will affect bio-
logical activities and associated fisheries by influencing
horizontal transport of nutrients essential to primary
productivity, mixing processes supplying nutrients to
the euphotic zone, as well as influencing larval disper-
sion and connectivity (Munday et al. 2009). The largest
projected changes to the upper part (0 — 50 m) of the
major currents are those close to the equator where
the SECC, NECC and the equatorial part of the SEC
are projected to weaken. Sub-surface the upper EUC
is projected to shoal substantially and intensify in the
western and central Pacific. As the EUC is the primary
conduit of iron to the equatorial region (Mackey et al.
2002), such change could increase the productivity in
the eastern and central Pacific surface layers, where
iron appears to be the limiting nutrient (Sen Gupta
et al 2012a).

Dissolved oxygen concentrations are also important
in determining future projections of tuna distributions,
but are not available in the CMIP3 models. This thereby
limits the ability to examine interactions between tem-
perature and oxygen concentrations which may influ-
ence future tuna habitats.

5 Conclusions

A number of robust physical changes are projected for
the tropical Pacific which are likely to influence tuna
distribution and associated fisheries. While there are
significant biases in surface temperature in the models
which may affect the future distribution of temperature
change, substantial warming is evident everywhere, ex-
cept in the south eastern basin. This places much of
the western tropical Pacific outside of the temperature
range at which skipjack tuna exist today, reducing dra-
matically their preferred habitat at low latitudes, and
also increasing waters within their thermal range at
higher latitudes.

While we find some robust changes in the mean-
state, tuna distributions are also subject to dramatic in-
terannual variability and therefore likely to be very sen-
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sitive to any future changes in ENSO. Significant biases
exist in the simulation of ENSO in the CMIP3 mod-
els and there is little consistency with regards to what
these models suggest might happen to ENSO charac-
teristics in the future. Considerable work has gone into
improving the simulation of ENSO in the new CMIP5
models. Nevertheless, based on our preliminary results
from a subset of these models we are still no closer to
obtaining a model consensus.

Future warming will be more intense in the sur-
face ocean layers and, along with significant freshen-
ing driven by increased rainfall in the west, will lead
to an increase in stratification. Increased stratification
and weaker winds in the equatorial region is projected
to cause a shoaling of the mixed layed in most areas
except the southeastern Pacific. This will likely impact
both primary productivity and associated tuna forage:
In the subtropics, nutrient availability is likely to be re-
duced. Under the WP, uncertainty in the future depth
of the nutricline and associated specific processes make
projections of productivity unclear. In the PEQD, the
EUC shoaling has a potential to increase productivity;
however the combined effect of increases in stratifica-
tion and reduction in upwelling are not clear.

A number of models participating in CMIP5, will
include biogeochemical processes. This will allow direct
projections for both physical parameters and nutrient
concentrations, oxygen and phytoplankton. Assessing
the fidelity of these biogeochemical parameters will be a
challenge, however, given the relative sparsity of chem-
ical and biological data compared to physical data such
as temperature. This highlights the urgency of initi-
ating and maintaining new continuous monitoring pro-
grams, particularly in the South Pacific where there are
no long term biogeochemical monitoring programs
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Fig. 1 (a) Observed climatological SST from CARS with warm pool boundary (contour at 29°C) and oceanic provinces
superimposed, (b) multi-model mean (MMM; 1980-1999) SST, based on 19 models, (¢) MMM bias compared to observations,
with a strong cold bias along the equator (d) change in SST per 100 years for 21st century of the simulation under the SRES A2
scenario (based on a linear trend line). Quantitative model agreement is ubiquitous at 95% based on a Student t-test; Mottling
indicates regions where there is at least 80% agreement on the sign of the temperature change when the area mean change
has been removed (i.e. a measure of the agreement in the spatial pattern of change). Oceanic provinces are as follows: Pacific
Equatorial divergence (PEQD), Pacific Warm Pool (WP), North Pacific Tropical Gyre (NPTG), South Pacific Subtropical
Gyre (SPSG) and the Archipelagic Deep Basins (ARCH).



10 Ganachaud et al.
a) Change in warm/fresh pool edge longitude b) Change in fresh pool edge variability c) Change in NINO34 amplitudde/frequency
I < >
! ¢ Decreased Increased
100 ! 1.6 Frequency Frequency
20 \ 1
1 1*
[ ) | *
80 . | 1.4 1 Increased
@ ! .
v
2 15 / Amplitude
s z = 1.2} v/
g e 2 w -
< . 5 I
@ >10 ®e | 1
w 3 ‘ —
40 5 (] | & o ;
et I
v 8 E: 0.8f o
0 " 5 v S + Decreased
|
v 4 8 * Amplitude Y
" v 3, 0.6] . p
f ] I
0 + - 0 ‘ ‘
0 20 40 60 80 100 120 0 5 10 15 20 25 0.5 1 1.5
Warm pool change 20th century run variability
CMIP3 (SRESA2) CMIP5 RCP4.5 CMIP5 RCP8.5
® BCCR-BCM2. = IPSL-CM4
® CCCma-CGCM3.1(T47) ¢ MIROC3.2(medres) + CSIRO-MK3-6-0 % CSIRO-MK3-6-0
® CNRM-CM3 & MIUB ECHO-G + CanESM2 % CanESM2
CSIRO-MK3. + MPI_ECHAMS + GISS-E2-R % GISS-E2-R
CSIRO-MK3.5 4 MRI-CGCM2.3.2 + MIROCS * MIROC5
v GFDL-CM2.0 NCAR COSM3.0 MRI-CGCM3 MRI-CGCM3
v GFDL-CM2.1 v NCARPCM + inmem4 % inmemd
GISS-ER v UKMO-HadCM3 NorESM1-M
= INGV-ECHAM4

Fig. 2 Changes in WP and ENSO variability. a) change in the longitude of the equatorial (3°S to 3°N) warm pool and fresh
pool edge over the 21st century in individual CMIP3 models. b) change in the variability of the fresh pool edge (°longitude,
1 standard deviation). The fresh pool and warm pool are defined by model specific isohalines and isotherms, respectively,
chosen such that the area of bounded freshwater or warm water was equivalent to the area contained within the T= 29°C
isotherm and S= 34.8 isohalines in the observations from CARS. ¢) Ratio of 2050-2100 to 1950-2000 frequency and amplitude
of temperature anomalies (NINO3.4 index). Amplitude corresponds to one standard deviation. Frequency was computed as a
weighted average of NINO3.4 frequency by spectral power for all frequencies whose power was significant at 95% level. Panels
(b) and (c) contain addition preliminary results from the CMIP5 archive. CMIP5 data is still in progress and modelling groups

may replace certain data in the future. The shaded area delimits the 20% change.
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Fig. 3 Equatorial potential temperature averaged 5°S to 5°N (°C) as a function of longitude and depth. a) Observed long-
term mean b) Model bias (MMM— observations). ¢) Observed linear temperature trend over 50 years. d) MMM trend over
1950-2000. e) Projected trend in temperatures 2000-2100 (color shading). Overlaid (line contours) is the MMM 1950-2000
mean (a,b,d,e) and observed long-term mean (c). Observations are based on a new dataset (Durack and Wijffels 2010; Johnson
and Wijffels 2011) that has used observations from 1950-2008 to compute the mean state and trends (expressed as a 1950-
2000 trend). Multi-parametric regression technique was employed to reduce aliasing of the trend by various modes of climate
variability including ENSO and the PDO.
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Fig. 4 Average vertical temperature profiles for typical sites of each province (°C). The thick grey line corresponds to the
modern climatological temperature from CARS; the grey dashed line corresponds to projected MMM 100-year trend added to
CARS (1 standard deviation model spread: shaded region). The MMM stratification, thin black lines, is indicated by Brunt-
Viisild frequencies, N2 (i.e the measure of the strength of the vertical density gradient). Projected N2, dashed black line, is
thickened where the change is significant at 95% level. Provinces are defined as follows a) WP 5°S—5°N / 155°E—160°E; b)
PEQD 3°S—3°S / 140°W—130°W; ¢) SPSG 25°S—20°S 160°W—140°W.
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Fig. 5 Same as Fig. 1 but for density difference between 200m and surface (kg.m~2) (a) observed (WOA09), (b) MMM, (c)
MMM bias, (d) MMM projected change over the 21st century for A2 scenario. Mottling indicates regions where there is at
least 80% agreement on the sign of the change when the area mean change has been removed (i.e. a measure of the agreement

in the spatial pattern of change).
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Fig. 6 a) The primary ocean currents in the upper 100 to 200 m: In the subtropical gyre, two broad flows carry water
westward: the North Equatorial Current (NEC) and the South Equatorial Current (SEC). At the equator, a strong Equatorial
Undercurrent (EUC) carries waters to the east below the SEC. Narrow vigorous currents occur at the western boundaries:
East Australian Current (EAC); North Queensland Current (NQC); New Guinea Coastal Current (NGCU); Halmahera Eddy
(HE); Mindanao Eddy (ME); Mindanao Current (MC); and Kuroshio Current (KC). Some of the water outflows toward the
Indian Ocean (Indonesian Throughflow, ITF). Below atmospheric convergence zones, counter-current appear near the surface
and above the NEC and SEC: the North Equatorial Countercurrent (NECC) and the South Equatorial Counter Current
(SECC). b) Mean state (arrows) and projected change (colour contours) to the surface (0-50 m) zonal circulation; ¢) as (a)
for equatorial zonal flow averaged between 3°S and 3°N. Full line contours represent mean westward flow, contour interval
5 cm.s— 1. Mottline shows where the chance is sicnicant at 95% usine a Student t-test.
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Fig. 7 a) Vertical velocities of water (1076 m.s™!) at a
depth of 50 m, for 1990 (mean 1980 — 1999), averaged be-
tween 170°E and 110°W, where a positive velocity corre-
sponds to upwelling and a negative velocity to downwelling;
and b) Climate driven changes to vertical velocities for 2100
(full line if significant at 95%; dashed line otherwise). Val-
ues for individual CMIP3 models are indicated in the max-
ima (small circles). The strong equatorial upwelling shows de-
creases that are immediately balanced by strong downwelling
near 4°N—4°S so that net upwelling between 9°S and 9°N
does not change.
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Fig. 8 a) Isotherm depths: present day and projected along
the equator (3°S to 3°N). 20° — 29°C is the normal range
for skipjack tuna; 17° — 30°C are the extreme ranges. b)
Same but for longitudes 165° E. Data has been bias corrected,
i.e. present day is observed distribution and projections are
observed distribution plus anomalies from the climate models.
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