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Introduction
The burning of fossil fuels and the resulting input of 
CO2 and other greenhouse gases into the atmosphere 
has already warmed the planet and will have a profound 
impact on the Earth, including the oceans, over the 21st 
century. The effects of increasing ocean temperatures, 
including rising sea levels, enhanced ocean stratification, 
decreased sea-ice extent, and altered patterns of ocean cir-

culation (e.g., IPCC, 2013), will have substantial impacts 
on fish and marine ecosystems (e.g., Doney et al., 2012; 
Brander 2010, 2013; Hollowed et al., 2013). In this study, 
we primarily focus on changes in the mean, variability and 
extreme sea surface temperatures (SSTs), with additional 
analyses of mixed layer depth (MLD), to better understand 
the changes in SSTs.

SST is a key variable in the climate system, regulating 
thermal and dynamical interactions between the ocean 
and atmosphere. Compared to most other ocean variables, 
SST is well sampled over the open ocean, especially since 
satellite measurements became available in 1979. While 
SSTs are generally available from archives of climate model 
simulations, the availability of temperature and other var-
iables as a function of depth is much more restricted. In 
addition, temperature controls all physiological processes 
in marine organisms (Fry 1971, Rivkin and Legendre, 
2001, Deutsch et al., 2015) and as such, SSTs are often a 
leading indicator and/or important driver of marine eco-
system fluctuations (Mueter et al., 2009; Drinkwater et 
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al., 2010; Ottersen et al., 2010), including fish distribu-
tions (e.g., Nye et al., 2009; Block et al., 2011; Pinsky et al., 
2013), fish recruitment (e.g., Planque and Fredou, 1999; 
Hunt et al., 2011; Kristiansen et al., 2011) and biodiver-
sity (Edwards and Richardson, 2004; Tittensor et al., 2010). 
Even bottom-dwelling marine organisms are greatly influ-
enced by changes in SST as most spend at least part of 
their life cycle either as pelagic larvae or depend on food 
sources that are affected by SST.  Furthermore, in the tem-
perate marine ecosystems on which we focused, the water 
column is mixed seasonally such that changes in SST are 
transmitted to deeper waters.

Observations indicate that the mean sea surface tem-
perature (SST) of the global ocean has risen by ~0.06°C
per decade from 1901–2012 and ~0.095°C per decade
from 1979–2012 (Hartmann et al., 2013). Observed SST 
trends (1900–2008) indicate that warming occurred over 
most of the global oceans with the exception of a small 
portion of the Atlantic to the south of Greenland and 
some areas in the equatorial Pacific, although there is dis-
agreement among data sets due to the paucity of obser-
vations in the tropical Pacific Ocean (Deser et al., 2010).  
The ensemble mean sea surface temperatures from cli-
mate models within the Coupled Model Intercomparison 
Project (CMIP3, Meehl et al., 2007, and CMIP5, Taylor et 
al., 2012) track the observed changes in globally averaged 
SST remarkably well over the 20th century, and the simu-
lated warming is consistent with the observed trends over 

~70% of the oceans (Knutson et al., 2013).
While basin-wide changes in the ocean are expected, 

it is critical to examine temperature changes along con-
tinental margins, which supply more than 75% of the 
world’s marine fish catch (IOC-UNESCO and UNEP, 2016). 
Approximately, 72% of coastal areas experienced signifi-
cant increases in SST at an overall rate of 0.25°C per dec-
ade from 1982 to 2010 (Lima and Wethey, 2012). Large 
Marine Ecosystems (LMEs) are defined as “coherent ocean 
areas generally along continental margins whose ecologi-
cal systems are characterized by similarities in bathymetry, 
hydrography, and biological productivity” (Sherman and 
Alexander, 1986; Sherman and Duda, 1999). LMEs were 
developed by the US National Oceanic and Atmospheric 
Administration (NOAA) to further ecosystem-based man-
agement and identify ocean regions for conservation. Of 
the 64 LME regions examined by Belkin (2009), all but 
three exhibited warming from 1982–2006 with many of 
the regions with the strongest warming occurring at high 
latitudes in the North Atlantic. 

Changing ocean temperatures, including seasonal dif-
ferences in warming trends, may influence the behavior, 
growth, reproduction and survival of marine species. 
For example, based on monthly SST data, Edwards and 
Richardson (2004) found that the marine pelagic commu-
nity response to climate change varied over the seasonal 
cycle, leading to a mismatch between trophic levels and 
functional groups. Yet, the seasonal cycle of temperature 
trends has been explored in only a few studies. Warming 
of SSTs was more intense in summer and fall than in win-
ter and spring off the northeast coast of the United States 
(Friedland and Hare, 2007; Thomas et al., 2017) and in the 

Caribbean (Chollett et al., 2012). In the Mediterranean, 
the observed warming trend was greatest in spring and 
lowest in winter, while the CMIP5 models project stronger 
warming in summer (López García and Belmonte, 2011; 
Shaltout and Omested, 2014).

Climate change may not only manifest in mean SST 
trends but also in changes in the variability and extremes. 
Climate change can impact extremes simply due to a 
shift in the mean state, e.g., with very high (low) tem-
peratures becoming more (less) frequent as the mean 
climate warms. However, increasing greenhouse gases 
may also alter the variability and the overall probability 
distribution of temperatures and other variables in the 
climate system, making extreme events even more or less 
extreme. For example, the spread of anomalies about the 
mean can become larger, e.g., as indicated by an increase 
in the standard deviation, or the distribution can change 
shape, e.g., by becoming more skewed. Observations indi-
cate that surface air temperatures over land have been 
becoming more extreme, primarily due to a shift in the 
mean towards higher temperatures (Ballester et al., 2009; 
Simolo et al., 2011; Weaver et al., 2014; Thompson et 
al., 2015), but with both increases and decreases in the 
standard deviation and/or skewness in some regions 
(e.g., Donat and Alexander, 2012; Fischer and Schär 2009; 
Screen, 2014; Schneider et al., 2015). Changes in precipita-
tion are likely to involve large changes in the probability 
distribution, with extreme precipitation events generally 
projected to rise (e.g., Kharin et al., 2007; IPCC, 2012; 
Kunkel et al., 2013), but it is not clear that the number 
or intensity of heavy precipitation events will increase in 
all locations or during all seasons (Alexander et al., 2013; 
Mahoney et al., 2013; Sardeshmukh et al., 2015; Huang 
and Ullrich, 2017). Changes in the distribution of other 
variables, including ocean temperatures, have received 
less attention and may exhibit different distribution 
changes than temperature or precipitation over land.

Most research on climate extremes has focused on 
land, including studies of heat waves, heavy precipitation 
events, droughts, and floods (e.g., IPCC, 2012).  Extreme 
conditions, however, also occur in the world oceans 
(Hobday et al., 2016) and there is a growing apprecia-
tion that extremes strongly influence population dynam-
ics and biogeography of many organisms (Portner et al., 
2001; Lynch et al., 2014). Recent studies have explored 
periods with very warm SSTs or “ocean heat waves” in 
the northwest Atlantic (Mills et al., 2013; Chen et al., 
2014, 2015), Northern Hemisphere oceans (Scannell et 
al., 2016), Mediterranean Sea (Black et al., 2004; Olita et 
al., 2007), off the coast of western Australia (Pearce and 
Feng, 2013; Wernberg et al., 2013), and over global coastal 
regions (Lima and Wethey, 2012). Significant negative 
effects on living marine resources and marine ecosystems 
were observed during some of these extreme periods 
(Mills et al., 2013; Wernberg et al., 2013; Pershing et al., 
2015; Caputi et al., 2016). Over the 21st century, changes 
in extreme SSTs will vary by region due to several fac-
tors, including internal climate variability and potential 
changes in ocean circulation, sea ice, stratification and 
ocean mixed layer depth (MLD).
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One metric of a changing climate that incorporates 
changes in both the mean and extremes is the time at 
which a future climate permanently departs from the cli-
mate of the past. Diffenbaugh and Scherer (2011) defined 
this “time of emergence” as the year when the coolest 
warm-season of the 21st century is hotter than the hottest 
warm-season of the late 20th  century.  Using climate 
model simulations from the CMIP3 archive, Diffenbaugh 
and Scherer found that surface air temperature in many 
regions of the globe will likely exceed the bounds of the 
20th century over the next four decades, with the most 
rapid emergence occurring in the tropics where the vari-
ability is low. A similar analysis conducted by Mora et al. 
(2013), based on the CMIP5, archive confirmed the general 
findings of Diffenbaugh and Scherer. They also examined 
the impact of changing air and ocean temperatures on 
biological hotspots and found that most marine hotspots 
will experience unprecedented warmth by the middle of 
the 21st century.

The surface layer of the ocean is often well mixed, and 
changes in the mixed layer depth affect SSTs. In addi-
tion to ocean temperatures, MLD variability affects the 
ocean’s chemistry and biology, by influencing the amount 
of nutrients near the surface and the period of time phy-
toplankton remain within the euphotic zone. Over much 
of the extratropical oceans the MLD exhibits a large sea-
sonal cycle: strong winds and convective mixing due to 
surface cooling, plus the ejection of salt during ice forma-
tion in polar regions, deepen the mixed layer in winter, 
while heating by solar radiation and light winds reduce 
mixing in summer. Air-sea heat fluxes are integrated over 
the mixed layer, with the resulting temperature change 
inversely proportional to the MLD. Thus, greenhouse gas-
induced heating from the atmosphere that is mixed over 
a shallower surface layer in summer than in winter could 
result in stronger positive SST trends during the warm 
season, especially where the climatological seasonal dif-
ferences in the MLD are large. Climate change is also likely 
to alter the MLD and thus can influence both tempera-
ture trends and variability. Based on models in the CMIP3 
archive, Jang et al. (2011) found that the MLD decreased 
over most of the North Pacific between 1980–1999 and 
2080–2999 during winter. However, future MLD changes 
over the remainder of the oceans, including the North 
Atlantic, have yet to be evaluated.

In this study, we used fields from global climate models 
to investigate how climate change affects the mean, vari-
ability, extremes, and time of emergence of SST anoma-
lies in select LMEs. The seasonal variability and change in 
MLD were explored, focusing on their impacts on SSTs: we 
hypothesized that ecosystems with shallower MLDs would 
exhibit greater surface warming. We used simulations 
from a large number of models in the CMIP5 archive and 
from a large ensemble of runs from a single climate model 
initialized with different atmospheric states to examine 
the spread in the results due to intrinsic climate variabil-
ity (i.e., changes due to interactions within the climate 
system). Given the focus of this Special Feature on the 
effects of climate changes on fish stocks in the Northern 
Hemisphere, particularly in the northeast Atlantic and 

around the United States, we examined maps encompass-
ing the eastern North Pacific, Arctic Ocean and the North 
Atlantic and performed regional analyses in these ocean 
basins.

Models, data and analysis methods
While marine heat waves have begun to be studied using 
daily SST data (e.g., Hobday et al., 2016) several previous 
studies of warm SST extremes have used monthly data 
including Bond et al. (2015) and Scannel et al. (2016). An 
analysis of observed daily and monthly SST variability indi-
cated that the variability on daily time scales was approxi-
mately 10–30% higher over most of the North Atlantic 
and Pacific with values reaching 50% in the Gulf Stream 
(not shown). However, monthly SST values are appropri-
ate for the spatial scales we have analyzed in this study, 
as extreme daily anomalies are more likely to be smaller 
in scale than the LMEs. In addition, mobile animals can 
avoid stressful conditions by moving laterally or vertically 
and thus be able to cope with high temperatures over a 
few days but could experience much greater stress if the 
abnormal heating last a month or more. Thus, our analy-
ses were performed using monthly averaged output from 
two different sets of model experiments and a gridded, 
observationally-based, SST data set.

CMIP 5
CMIP5 provided a framework for coordinated climate 
change experiments that were used extensively in the 
Intergovernmental Panel on Climate Change Fifth Assess-
ment Report (IPCC AR5; IPCC, 2013). The CMIP5 archive 
contains a collection of global climate and earth system 
model simulations from more than 20 different research 
centers around the world, some of which have developed 
more than one model. Climate models have four main 
components: atmosphere, ocean, land and sea ice. CMIP5 
also includes earth system models, which in addition to 
the four physical components also include chemistry and 
biology. Here we have used one ensemble member from 
26 models in the CMIP5 archive (listed in supplemental 
Table S1), 11 of which are earth system models. The high-
est horizontal resolution of the ocean component of the 
CMIP5 models is 0.5° latitude (lat) × 0.5° longitude (lon) 
and the lowest is 2.0° lat × 2.5° lon, but most models have 
resolutions between 0.5°–1.0° lat and 1.0°–1.5° lon. The 
“historical” simulations are initiated in 1860 and extend 
to 2005 based on climate forcings (i.e., changes in green-
house gases – including CO2, volcanic effects, solar output, 
and land use) derived from observations. Future changes 
in greenhouse gases (starting in 2006) are based on the 
Representative Concentration Pathways (RCP). Here we 
have examined the RCP8.5 “business as usual” scenario 
in which the radiative forcing increases by 8.5 Wm–2 by 
2100 corresponding to a CO2  concentration of ~940
p.p.m. (Meinshausen et al., 2011; van Vuuren et al., 2011).
We chose to do an in-depth analysis of one scenario with
multiple models rather than a more cursory examination
of multiple scenarios. RCP8.5 has the greatest increase in
greenhouse gases of the scenarios used in the IPCC AR5
and thus should have the greatest signal-to-noise ratio
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and indicate the potential for the greatest changes in 
extremes. In addition, actual greenhouse gas emissions 
have mostly closely matched RCP8.5 of all of the AR5 sce-
narios since their initiation in 2005 (Sanford et al., 2014).

CESM-LENS
Most climate change simulations have been conducted 
using only one or just a few (<5) ensemble members. 
However, due to the chaotic nature of the climate system, 
small differences in initial conditions at the start of model 
integrations will result in diverse climate trajectories over 
time. In the atmosphere, very small differences can grow 
rapidly resulting in dissimilar states after just a few weeks. 
Within a decade the ocean, ice and land also evolve dif-
ferently, as a result of internal variability in the climate 
system. Thus, differences in the CMIP5 simulations can 
arise due to internal variability in addition to differences 
in the model formulations. Averaging a large number of 
simulations performed using the same model and the 
same external forcing but different initial conditions can 
provide a robust estimate of the climate change signal, 
where variability unrelated to the forcing is obtained from 
the spread among the simulations, avoiding differences in 
model formulation as a contributor to the spread. In this 
unique experimental design, the climate change signal is 
well characterized by the ensemble mean, while the inter-
nal climate variability is represented by the spread among 
simulations (Deser et al., 2012a, 2012b, 2014).

To evaluate the relative contribution of intrinsic climate 
variability to SST changes over the 21st century we used 30 
simulations conducted as part of the Community Earth 
System Model large ensemble project (CESM-LENS; Kay et 
al., 2015). CESM (version 1; Hurrell et al., 2013) is a global 
earth system model developed at the National Center for 
Atmospheric Research (NCAR). All simulations in CESM-
LENS use the same historical forcing from 1920 to 2005 
and then the forcing based on the RCP 8.5 scenario from 
2006 to 2100. The spread in the 30 ensemble members 
was generated by round-off level differences in their initial 
air temperature fields (on the order of 10–14 K). The atmo-
sphere and land models in CESM have a horizontal resolu-
tion of about 1°. The ocean model has 60 vertical levels, 
where the layer thickness varies from 10 m near the surface 
to 250 m at depth. CESM1 was ranked as a top-performing 
model in CMIP5 by Knutti et al. (2013) and its climatic vari-
ability is similar to that in nature (Deser et al., 2017).

SST observations
For the analyses where model SSTs are compared with 
observations, we have used observations from the Hadley 
Center Ice-SST (HadISST1; Rayner et al., 2003) data set. The 
data set extends from 1870 to the present and is available 
on a 1° lat × 1° lon grid.

MLD
Mixed layer depth (MLD) was not available from all mod-
els in the CMIP5 archive, and the modeling centers that 
did provide MLD used different methods to estimate it. 
In addition, daily temperature, salinity, and density pro-
files were not archived. Thus, for CMIP5, we estimated 

MLDs based on monthly potential density data using the 
same threshold criteria as Suga et al. (2004), where the 
MLD is the depth at which the density exceeds the surface 
layer density by 0.125 kg m–3. MLD in the CESM-LENS is 
based on daily MLD values estimated from the maximum 
buoyancy gradient (Large et al., 1997), which were sub-
sequently monthly averaged. The different methodolo-
gies used to estimate MLD, in addition to different model 
physics, can result in regional MLD differences between 
CMIP5 and CESM-LENS.

Analysis methods
The SST was obtained from the ocean component of the 
CMIP5 and CESM-LENS models. We have interpolated all 
model fields to a 1° lat × 1° lon grid prior to performing 
any calculations in order to compare results between mod-
els and compute an ensemble model average. Changes in 
SST were evaluated using several different methods includ-
ing estimating the linear trend in the SST time series from 
1976 through 2099, both for annual and monthly means. 
The significance of the annual trends was evaluated using 
the Mann-Kendall test. We also examined changes in the 
mean and variability between periods, using 30-year inter-
vals: 1976–2005 for the historical period and 2070–2099 
for the future period. Variability in a given period was esti-
mated from the standard deviation, and the change in vari-
ability is shown by the ratio between the variance in differ-
ent periods, which provides the F-statistic. All values were 
computed for each model/simulation separately and then 
averaged together. The difference in means and variability 
between periods was assessed using two-sided t-tests and 
F-tests, respectively, computed for each model/simulation. 
The overall changes were deemed to be significant if 80%
(50%) of the models showed a significant change in the
t-test (F-test) at the 95% level (see Tebaldi et al., 2011).
When comparing the variability and histograms between
periods, we first detrended the SSTs in each period sepa-
rately, because the mean trend could change over time and 
contribute to the apparent variability within a period.

The change in extremes through time was examined 
via the time series of SST anomaly in each decade from 
1980–2100. The anomalies are relative to the monthly 
climatology from each individual climate model aver-
aged over the period 1976–2005. The time of emergence, 
also referred to as climate departure, indicates when a 
future climate becomes “different” than the past.  Here 
we used a very stringent measure for climate departures: 
when SSTs in the future exceed the warmest year or cor-
responding calendar month during the historical period. 
The percentage of years that exceeds this threshold based 
on the individual CMIP5 values reduces the potential for 
underestimating the uncertainty in the time of emergence 
(Hawkins et al., 2014).

Results
SST trends
The CMIP5 ensemble mean linear SST trend over the 
period 1976–2099 based on all calendar months is 
shown in Figure 1a.   The trend is positive over most of 
the domain, which includes the eastern North Pacific, 
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the North Atlantic and the Arctic oceans. It varies from 
approximately 0.25° to 0.5°C decade–1 with the strongest 
warming in the Bering Sea, along ~45°N in the western
North Atlantic and in the Norwegian and Barents seas. 
The main exception occurs from the Labrador Sea to the 
southeast of Greenland, where there is little if any warm-
ing. The pattern and magnitude of the trends are very 
similar in the CESM-LENS ensemble mean including an 
absence of warming to the southeast of Greenland but 
with stronger warming in the Bering Sea and Greenland 
Sea (Figure 1b). The lack of warming south of Greenland 
results from a reduction in the poleward transport of 
warm water in the upper ocean by the Atlantic meridional 
overturning circulation (AMOC) and lengthened exposure 
to surface cooling as sinking at high latitudes decreases 
(Drijfhout et al., 2012; Cheng et al., 2013). 

In general, the SST trends in March and September 
indicate that the warming is greater during summer 
than winter over most of the domain but especially 
at mid and high latitudes (Figure 1c–f). Indeed, the 
entire domain warms during September, but portions 
of the Labrador Sea and the northern North Atlantic 
exhibit a cooling trend during March in CESM-LENS 
(Figure 1d). The seasonal difference in the trend is 
also pronounced in the Arctic and surrounding seas. 
Most CMIP5 models project sea ice to decrease drasti-
cally during the 21st century in summer but still have 
thin ice cover over much of the Arctic during winter 
(supplemental Figures S1 and S2). The absence of ice 
allows for warming during summer, but ice restricts the 
SST to the freezing point of seawater (~–1.8°C), curtail-
ing increases in SST during winter.

 The annual linear SST trends during 1976–2099 in the 
18 LME regions, obtained from the ensemble mean value 
of the CMIP5 models, are depicted in Figure 2. The annual 
trends are all positive, ranging from approximately 0.05 to 
0.5°C decade–1.  A linear trend provides a good approxi-
mation of the overall SST changes in most LMEs (Climate 
Change Web Portal, 2017).

The monthly SST trends for 1976–2099 in CMIP5 and 
CESM-LENS are shown for the LMEs adjacent to North 
America (Figure 3) and for LMEs in the Arctic and European 
sectors (Figure 4). The median and even the 25th percen-
tile of the trends in both sets of experiments are positive 
in all regions for all months. The spread exhibited by the 
models within CMIP5 is much larger than in CESM-LENS, 
suggesting that the disparity in trend estimates is mainly 
due to the differences between the models (e.g., resolu-
tion, numerical methods, parameterizations), rather than 
due to internal variability (within a single model).  Despite 
the overall warming, the large spread in the CMIP5 esti-
mates results in at least one model exhibiting cooling 
during at least one month in the Newfoundland-Labrador 
Shelf and Central Arctic regions, and in the Greenland, 
West Greenland, Iceland and Barents Seas. Negative trends 
are likely related to a particular model’s reduction in 
AMOC in response to increasing greenhouse gases and to 
the areas in the North Atlantic where AMOC most strongly 
impacts SSTs as suggested by the findings of Cheng et al. 
(2013), Wang et al. (2014), and Céline (2017). 

Consistent with Figure 1, the amplitude of the SST 
trend in most LMEs is greater during summer than in 
winter months (Figures 3 and 4), altering the seasonal 
cycle over the 21st century. The seasonal cycle of SSTs in 

Figure 1: Ensemble mean SST trends from CMIP5 and CESM-LENS over the period 1976–2099. Trends are 
shown for all months (a, b), for March (c, d) and for September (e, f) based on CMIP5 (a, c and e) and CESM-LENS (b, 
d), and f). Color bar indicates trends in °C decade–1 with positive (negative) values in shades of red (blue). Only trends 
that are significant at a 95% level using a Mann-Kendall test are shown. Trends are positive and significant in most 
areas except the North Atlantic and Arctic Oceans in March. DOI: https://doi.org/10.1525/elementa.191.f1

https://doi.org/10.1525/elementa.191.f1
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Figure 2: SST trends in Large Marine Ecosystems in the Arctic and around North America and Europe. Colors 
denote the CMIP5 ensemble mean area-averaged SST trends (°C decade–1) during 1976–2099. All trends are signifi-
cant at the 95% level using a Mann-Kendall test. Regions are numbered following the LME convention: 1) Bering Sea, 
2) Gulf of Alaska, 3) California Current, 5) Gulf of Mexico, 6) Southeast US Shelf, 7) Northeast US Shelf, 8) Scotian
Shelf, 9) Newfoundland-Labrador Shelf, 10) Hawaii, 18) West Greenland, 19) Greenland Sea, 20) Barents Sea, 21) Nor-
wegian Sea, 22) North Sea, 24) Celtic-Biscay Shelf, 26) Mediterranean, 59) Iceland Shelf and Sea, and the 64) Central
Arctic. DOI: https://doi.org/10.1525/elementa.191.f2

Figure 3: Monthly SST trends during the period 1976–2099 for LMEs around North America. SST Trends (°C 
decade–1), computed for each model from the CMIP5 (red) and CESM-LENS (blue) experiments, are shown in box and 
whiskers format, where the end points indicate the maximum and minimum values, the box boundaries indicate the 
inter-quartile range (25% to 75%), and the median is the central line. The larger spread in CMIP5 relative to CESM-
LENS indicates the range of trends is substantially greater among different models than due to internal variability in 
an individual model. DOI: https://doi.org/10.1525/elementa.191.f3

https://doi.org/10.1525/elementa.191.f2
https://doi.org/10.1525/elementa.191.f3
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the 18 LMEs obtained from observations and the CMIP5 
ensemble mean, averaged over the historical period, are 
shown in Figures 5 and 6. Values are presented for the 
calendar months after removing the annual mean. The 
simulated seasonal cycle is very close to observations in 
most regions, although its amplitude is underestimated 
in the Northeast US Shelf, Scotian Shelf and Barents Sea 
LMEs. The SST seasonal cycle for future periods, and the 
percent difference between the two periods, is also shown 
in Figures 5 and 6. The temperature differences with the 
mean included between the periods from the range of 
CMIP5 models are shown in Figures S3 and S4-. In nearly 
all regions, the CMIP5 SST departures relative to the 
annual mean are colder in winter and warmer in summer, 
amplifying the seasonal cycle in the future relative to the 
historical period. The main exceptions are in the Gulf of 
Mexico region, where there is a very slight lengthening of 
summer, and in the California Current and Hawaii LMEs, 
where the seasonal cycle shifts slightly later in the year. 
The percent change during winter and summer months 

ranges between 3% and 8% for most subtropical, mid-lat-
itude and Pacific regions but exceeds 20% in many high 
latitude LMEs in the North Atlantic and European sectors. 
In addition to changes in sea ice (described above), the 
amplified seasonal cycle in the seas adjacent to the Arctic 
may result from the large mean seasonal cycle in MLD in 
these LMEs (discussed below).

Changes in warm extremes
In addition to the long-term warming trend, SST changes 
also manifest in shorter-term extremes. The largest 
monthly SST anomaly in each decade from the CMIP5, 
CESM-LENS and observations are shown in Figures 7 and 8. 
The anomalies, which can occur at any time of the year, 
are relative to the monthly climatology averaged over  
the period 1976–2005. There is a strong upward trend 
in the model simulations over the course of the 21st cen-
tury, with a general increase in the CMIP5 model spread. 
For example, in the Bering Sea the median value of the 
decadal maximum as simulated by the CMIP5 models 

Figure 4: SST trends during the period 1976–2099 from LMEs in the Arctic and around Europe. SST 
Trends (°C decade–1), computed for each model from the CMIP5 (red) and CESM-LENS (blue) experiments, are shown 
in box and whiskers format, where the end points indicate the maximum and minimum values, the box boundaries 
indicate the inter-quartile range (25% to 75%), and the median is the central line. The larger spread in CMIP5 relative 
to CESM-LENS indicates the range of trends is substantially greater among different models than due to internal vari-
ability in an individual model. DOI: https://doi.org/10.1525/elementa.191.f4
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increases from ~1.3°C in the 1980s to ~6.3°C in the 2090s,
where the values range from approximately 0.5°–3.0°C in 
the 1980s to 3.5°–9.8°C in the 2090s. The spread is much 
smaller in the CESM-LENS set of simulations, indicating 
that the differences between the models, rather than inter-
nal variability (as estimated by the CESM-LENS), contribute 
most to the spread.  

Given the large amount of internal climate variability 
and relatively modest signal for regional SST changes dur-
ing the historical period, the observed decadal maximum 
(as one “realization” of nature) will not necessarily be close 
to the median model value even for skillful climate mod-
els. In addition, the accuracy of individual models will vary 
between regions. Thus, as a broad check, the observed 
trend should lie within the range of the model projec-
tions. The observations are generally within the model 
spread and show an upward trend in decadal maxima in 
most regions (Figures 7 and 8), but the observed maxi-
mum is above all model values in the central Arctic and 
exhibits little change over time in the Barents Sea region. 
There is a large amount of inter-decadal variability in 
the observations relative to the upward trend in several 
regions. These results suggest that the climate change sig-
nal for decadal maxima is relatively small over the past 

35 years, but the models indicate that the signal relative 
to intrinsic variability should increase greatly as the 21st 
century progresses.

Changes in variability
Will sea surface temperatures become more variable 
in the future due to increasing greenhouse gases? We 
first address this question by mapping the SST stand-
ard deviation (σ) over the North Atlantic and eastern 
North Pacific during the historical (1976–2005) and 
future (2070–2099) periods in March and September for 
CMIP5 (Figure  9) and CESM-LENS (Figure S5). During 
both March and September in the historical period, s is 
relatively high in the Bering Sea, along the west coast of 
North America, at about 40°N associated with the North 
Pacific Current, and in the vicinity of 35°N, 160°W, where 
ENSO teleconnections strongly influence the ocean. 
In the Atlantic, σ is large along the Gulf Stream/North  
Atlantic Current and along the northern rim of the basin 
from the Labrador Sea to the Barents Sea. Regions of high 
variability along the ice edge shift northward as the ice 
retreats from March to September. Comparing σ between 
the historical and future periods shows a clear enhance-
ment in variability at higher latitudes (north of approxi-

Figure 5: The mean seasonal cycle of SST (°C) for LMEs around North America. Hadley observations for the his-
torical period (1976–2005) are in green, the CMIP5 ensemble mean during the historical period are in black, and the 
ensemble mean CMIP5 RCP8.5 experiments in the future period (2070–2099) are in red. Note the annual mean SST 
in each period has been subtracted. The percent change between the historical and future periods is shown in blue. 
The seasonal cycle is amplified in the future period. DOI: https://doi.org/10.1525/elementa.191.f5
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mately 60°N) in September (compare Figure 9b and d), 
where the disappearance of sea ice (Figure S1) allows for 
much larger fluctuations in SST. Changes in σ over the 
remainder of the domain in both winter and summer are 
subtle.

To highlight the differences between periods, the SST 
variance (σ2) ratio in the future relative to the historical 
period in CMIP5 is also shown in Figure 9. The signifi-
cant changes in SST variance (hatching) include increases 
in the Arctic in March as well as September. The percent-
age changes in March could be large in regions/models 
where ice disappears, even though the magnitudes of the 
changes are small (not shown). As SST σ2 is high on the 
equatorward side of the ice edge where air-sea heat fluxes 
are strong and variable, the poleward retreat of the ice in 
the future (Figures S1 and S2) will result in a decrease in 
SST σ2 in areas south of where the ice edge was located 
during the historical period. Thus, the poleward shift of 
the ice edge could explain the significant decrease in SST 
σ2 in the southern Bering Sea, Labrador Sea and Barents 
Sea. The ratio of SST σ2 increases significantly north of 

~40°N over much of the eastern Atlantic but decreases
south of Greenland in March. The changes in σ2 are not 

significant over much of the remainder of the domain in 
March and nearly all of the North Atlantic and eastern 
Pacific in September. The variance changes are similar in 
the CESM-LENS with the exception of the Labrador Sea 
(Figure S5).

The ability of the CMIP5 models to simulate the observed 
distribution of SST anomalies in the LMEs was assessed 
by comparing the simulated and observed histograms 
shown in Figures S6 and S7. Overall, there is reasonably 
good agreement between the simulated and observed SST 
distribution, although in the Hawaii LME and the Bering, 
Greenland and Norwegian seas the simulated distribution 
is broader (less peaked) than observed, while the reverse 
is true for the California Current. However, the shift in the 
distribution due to climate change (Figures 10 and 11) 
is much larger than the difference between the observed 
and simulated histograms in all 18 regions.

How does the probability distribution of SST anomalies 
in the LMEs change due to both a shift in the mean as 
well as in the variability as the climate warms? To address 
this question, histograms of the monthly SST anomalies 
from the CMIP5 simulations during the historical (black 
line) and future (red line) periods are shown for the LMEs 

Figure 6: CMIP5 ensemble mean seasonal cycle of SST (°C) for LMEs in the Arctic and around Europe. Hadley 
observations for the historical period (1976–2005) are in green, the CMIP5 ensemble mean during the historical 
period are in black, and the ensemble mean CMIP5 RCP8.5 experiments in the future period (2070–2099) are in 
red. Note the annual mean SST in each period has been subtracted. The percent change between the historical and 
future periods is shown in blue. The seasonal cycle is amplified in the future period. DOI: https://doi.org/10.1525/
elementa.191.f6

https://doi.org/10.1525/elementa.191.f6
https://doi.org/10.1525/elementa.191.f6


Alexander et al: Projected sea surface temperatures over the 21st centuryArt. 9, page 10 of 25 

in Figures 10 and 11. The trend has been removed from 
each 30-year period separately before computing the his-
tograms, as it is generally larger in the future than in the 
historical period (Table 1). Curves for the future period 
are shown with (red solid line) and without (red dashed 
line) the mean difference between the periods included; 
the latter facilitates the comparison of the amplitude and 
shape of the distributions in the two periods. All regions 
show a substantial shift of the distribution to warmer val-
ues due to an increase in the mean. The shift is so large 
that for most LMEs all of the SSTs during the last 30 years 
of the 21st century will be greater than the mean in the 
historical period, i.e., even the coldest anomalies relative 
to the 1976–2005 climatology will be greater than zero 
(red solid curves in Figures 10 and 11). However, the 
change in the width or shape of the distributions is very 
small in most regions, including little change in the tails 
of the distributions. The minimal changes in the distribu-
tions are corroborated by similar σ values during the his-
torical and future periods (Table 1). The largest changes 

occur in the central Arctic and Barents Sea LMEs, likely 
due to the elimination of sea ice enabling more SST vari-
ability (as discussed above). There is also a slight increase 
in SST variability for some eastern North Atlantic LMEs, 
including the Celtic Biscay Shelf.

Climate departures
A metric of the departure of future climates from the 
historical period, is given by the percentage of years in 
which the annual mean SSTs exceed the warmest year in 
the historical period (1976–2005). Maps of this metric, 
obtained from the CMIP5 models, are shown for three 
30-year periods: 2010–2039, 2040–2069 and 2070–
2099 in Figure  12. The percentage of years exceeding
this threshold during 2010–2039 is fairly small, but still
exceeds about half the years in the subtropical Atlantic,
where internal variability is low. As the climate warms
though the 21st century, a much larger fraction of years
during 2040–2069 surpass the maximum value in the
historical period, with exceedance rates of >80% over

Figure 7: Maximum monthly SST anomalies per decade for LMEs around North America.  The anomalies are rela-
tive to the historical period (1976–2005). They were obtained from the individual CMIP5 (red) and CESM-LENS (blue) 
simulations. They are shown in box and whiskers format, where the end points are the maximum and minimum 
values, the box boundaries are the inter-quartile range (25%–75%) and the median is the central line. Hadley SST 
observations are shown with black dots for the 1980s, 1990s, 2000s and the period 2006–2016. The observations lie 
within the range of the model variability for most LMEs. DOI: https://doi.org/10.1525/elementa.191.f7
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much of the subtropical, midlatitude and Arctic oceans. 
By 2070–2090 more than 95% of the years exceed the 
warmest year in the late 20th century over nearly all of the 
domain except for the northern North Atlantic, where the 
climate change signal is small or absent and intrinsic vari-
ability is large.

The percentage of months in each decade of the 21st 
century in which SSTs exceed the warmest value dur-
ing the corresponding calendar month in the historical 
period is shown for the 18 LMEs in Figures 13 and 14. 
The fraction of months exceeding this threshold increases 
over all decades in the 21st century in all regions, but the 
rate of change and the spread among CMIP5 models var-
ies greatly between regions. For example, in the Gulf of 
Mexico the percentage exceeding the maximum value in 
the historical period during 2040–2050 (indicated by the 
values at 2040) has a median value of ~75% (red line) and
ranges from approximately 50% to 100% (lightest gray), 
while in the Greenland Sea, the median values are lower 
(~35%) and the uncertainty larger (range of 0%–100%).

The time series of the annual anomalies relative to the 
maximum annual SST value during 1976–2005 indicates 
that the median CMIP5 value exceeds the historical value 
in all 18 LMEs by ~2050 (Figures S8 and S9).

The observed exceedance values (black line) during 
10-year periods from 1980 are also presented in Figure 13
and 14. The observed values exhibit an upward trend in
all 18 regions and generally lie within the model spread
(also see Figures S8 and S9). However, the observed values
of ~18% and 35% are at the very upper end of the model
range in the West Greenland and Scotian Shelf LMEs, dur-
ing 2005–2015, the last period with observations.

MLD and its influence on SST
The average mixed layer depth north of 20°N in March and 
September for the historical and future periods as well as 
the difference between them obtained from CMIP5 and 
the CESM-LENS ensemble means are shown in Figure 15. 
During the historical period, the MLD is greater than 50 m 
over most of the North Atlantic and eastern North Pacific 

Figure 8: Maximum monthly SST anomalies per decade for LMEs in the Arctic and around Europe. The anoma-
lies are relative to the historical period (1976–2005). They were obtained from the individual CMIP5 (red) and CESM-
LENS (blue) simulations. They are shown in box and whiskers format, where the end points are the maximum and 
minimum values, the box boundaries are the inter-quartile range (25%–75%) and the median is the central line. 
Hadley SST observations are shown with black dots for the 1980s, 1990s, 2000s and the period 2006–2016. The obser-
vations lie within the range of the model variability for most LMEs. DOI: https://doi.org/10.1525/elementa.191.f8
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in March. It is substantially deeper (>100 m) between 30°N 
and 45°N in the North Atlantic and portions of the eastern 
North Pacific and exceeds 400 m in the Subarctic portion 
of the North Atlantic. The MLD is much shallower and 
more uniform in September when the range is 20–60 m. 
In general, MLDs are deeper in the CMIP5 then in CESM-
LENS in winter, while the reverse is true during summer in 
the historical period. Recall that different methodologies 
were used to estimate MLD in CMIP5 and CESM-LENS due 
to how the data were archived. 

In CMIP5 and CESM-LENS the MLD exhibits signifi-
cant decreases in the future relative to the historical 
period over much of the domain in both March and 
September. The mixed layer shoals in the southern 
Labrador Sea and over much of the northern North 
Atlantic, shoaling by more than 100 m in March 
and 5 m in September in both data sets. Given the 
shallow climatological MLDs in summer, a 5–10  m  
change represents a substantial percentage change in the 
overall depth. The MLD also shoals over portions of the 
eastern Pacific and Atlantic north of ~30°N. The shallow-
ing of the mixed layer likely results from enhanced stabil-
ity as the heating from greenhouse gases is concentrated 
near the surface, with a decrease in salinity also con-
tributing to increased stratification in the Arctic Ocean 
and northern portions of the Atlantic and the Pacific 
(Capotondi et al., 2012; Climate Change Web Portal, 2017). 

There are regions where the MLD increases, including 
approximately 70°N–80°N, likely due to the retreat of sea 
ice exposing these areas to wind mixing.  The MLD also 
deepens in the subtropical eastern Atlantic in September, 
especially in CESM-LENS, due in part to an increase in 
the surface salinity, which makes the surface layer more 
convectively active. During March, the mixed layer also 
deepens in portions of the eastern North Atlantic, in both 
sets of model experiments, and in the Norwegian Sea in 
the CESM-LENS. The causes for this deepening are uncer-
tain, but may be related to changes in surface wind stress 
(Capotondi et al., 2012) or advection of warm water at 
depth. While the magnitude of the MLD changes is gen-
erally larger in winter than in summer, the seasonal cycle 
of the LME MLD trends can vary considerably over the 
seasonal cycle (Figures S10 and S11). For example, in the 
Norwegian Sea the MLD shoals over time in November 
and December but deepens during February through May 
in CESM LENS (Figure S11).

Seasonal variability in addition to long-term changes 
in MLD can affect the SST response to increasing green-
house gases, as heating from the atmosphere will be 
rapidly mixed over the surface layer of the ocean. The 
seasonal cycle of the SST trend relative to the monthly 
mean MLD during 1976–2005 obtained from CMIP5 and 
CESM-LENS is shown for the high latitude, midlatitude 
and subtropical regions in Figure 16. While the MLDs 

Figure 9: CMIP5 ensemble mean interannual SST standard deviation (°C). The year-to-year SST standard deviation 
(σ) for the historical period 1976–2005 (a, b) and the future period 2070–2099 (c, d), along with the future/histori-
cal SST variance (σ2) ratios (e, f), for both March (a, c, e) and September (b, d, f). The SST anomalies are computed for 
each model separately, de-trended within their respective periods, and the standard deviation (and the variance) are 
computed for each individual model and then averaged together. The variance ratios are cross-hatched, where >50% 
of the models show a significant change at the 95% level. Significant changes in SST variance are mainly found at 
higher latitudes and in the northern north Atlantic in winter. DOI: https://doi.org/10.1525/elementa.191.f9
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differ between the two sets of model experiments, several 
robust features emerge: i) the MLD is generally deepest 
during February or March and shallowest during June 
through August; ii) for nearly all regions, the SST trend 
decreases as the monthly mean MLD increases, and iii) 
because the MLD reaches a minimum of approximately 
15–30 m in summer in all regions the seasonal range is 
primarily set by the deep MLDs in late winter, although 
the MLD may reach the ocean bottom at some LME grid-
points especially during winter. While the LMEs exhibit a 
wide seasonal MLD variability, the areas with the greatest 
range occur at mid and high latitudes. Thus, the mean 
seasonal cycle in MLD acts to increase the upward SST 
trend in summer relative to winter, amplifying the sea-
sonal cycle of SST in the future, particularly at mid and 
high latitudes.

In several LMEs, the seasonal evolution of the relation-
ship between SST trends and MLD exhibits an oval shape 

(Figure 16), which is indicative of a “hysteresis loop” 
whereby the current state of the system depends on its 
evolution through previous states. For example, in the 
Celtic Biscay Shelf LME (red curve middle panels), the 
temperature trend is lower in May to July (months 5–7) 
than from August to October (months 8–10) for similar 
MLDs. The hysteresis loop in the SST trend found here is 
similar to the evolution of seasonal mean SSTs (Gil and 
Turner, 1976) in that both are greater in fall than in spring 
for the same MLD. An SST-MLD hysteresis loop tends to 
occur due to the asymmetric ocean response to the sur-
face heating and wind forcing over the seasonal cycle: the 
mixed layer reforms closer to the surface in spring, with 
no flux through the base of the mixed layer, but entrains 
water from below into the mixed layer when it deepens 
in fall into winter (Gill and Turner, 1976; Alexander et al., 
2000). As a result, heat accumulates while the mixed layer 
remains shallow from late spring into early fall, which 

Figure 10: Probability distributions of CMIP5 monthly SST anomalies averaged over the LMEs around North 
America. The results are shown for the historical period (1976–2005, black lines) and future period (2070–2099, red 
lines), where the SSTs have been linearly detrended within each period. The red dashed line shows the future distri-
bution of anomalies without the mean change to make it easier to compare the shapes of the future and historical 
distributions. Other than the change in the mean, the changes in the distributions are very small for most regions. 
DOI: https://doi.org/10.1525/elementa.191.f10
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contributes to the maximum SST trends occurring in 
August–September as opposed to June–July.  

Summary and discussion
We examined changes in SSTs from 1976 to 2099 using 
one simulation from 26 models in the CMIP5 archive 
and 30 simulations of the NCAR CESM as part of the 
large ensemble project. All of the simulations use the 
observed forcings through 2005 and the RCP8.5 “busi-
ness as usual” scenario for greenhouse gases through 
the remainder of the 21st century. Both sets of models 
show strong warming over the 21st century over most of 
the global oceans including the large marine ecosystems 
around North America, Europe, and the Arctic Ocean. 
The spread in the CMIP5 SST trends is generally larger 
than in the CESM-LENS, which indicates that there is 
greater uncertainty in the response to greenhouse gas 
forcing due to model differences (e.g., parameteriza-

tions, resolution, etc.) than internal climate variability. 
However, for some variables, such as regional sea level 
pressure changes in the extratropics, internal variability 
can be larger than the mean climate change signal (Deser 
et al., 2012b, 2014)

The projected warming trends are generally larger in 
summer than in winter. The enhanced warming in sum-
mer is consistent with previous regional studies (Chollett 
et al., 2012; López García and Belmonte, 2011; Shaltout 
and Omested, 2014) and with the enhanced amplitude 
of the observed seasonal cycle of SSTs in the northwest 
Atlantic (Friedland and Hare, 2007; Thomas et al., 2017). 
The summertime warming is especially pronounced at 
high latitudes, as portions of the Arctic Ocean and adja-
cent seas become ice free in summer, but it is still cold 
enough for a thin ice layer to reform in winter, enabling 
SSTs to increase well above freezing in summer but not 
in winter. Greater warming in summer may thermally 

Figure 11: Probability distributions of CMIP5 monthly SST anomalies averaged over the LMEs in the Arctic 
around Europe. The results are shown for the historical period (1976–2005, black lines) and future period (2070–
2099, red lines), where the SSTs have been linearly detrended within each period. The red dashed line shows the 
future distribution of anomalies without the mean change to make it easier to compare the shapes of the future and 
historical distributions. Other than the change in the mean, the changes in the distributions are very small for most 
regions. DOI: https://doi.org/10.1525/elementa.191.f11
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stress some marine organisms, while larger differences 
between summer and winter temperatures could modify 
the regional productivity, distribution and abundance of 
species (Edwards and Richardson, 2004). 

The stronger SST trends in summer than in winter are 
partly due to the climatological seasonal cycle in MLD: 
shallow summer mixed layers allow heating from the 
atmosphere to be concentrated in a thinner ocean layer 
compared to winter. This effect is amplified where the 
summer-winter MLD differences are large, particularly in 
the Arctic Ocean and surrounding seas.  In addition to the 
mean MLD seasonal cycle, SST trends and variability are 
also influenced by the greenhouse gas-induced changes 
in the MLD. The MLD decreases significantly over most 
of the North Atlantic and eastern North Pacific in both 
March and September due to an increase in near surface 
warming that enhances static stability (Capotondi et al., 
2012; Climate Change Web Portal, 2017) and inhibits mix-
ing. A decrease in MLD provides a positive feedback to 
SST increases over most of the oceans, because heating 
from the atmosphere due to increasing greenhouse gases 
is concentrated over a thinner ocean layer. SST trends are 
also influenced by changes in sea ice and dynamical ocean 
processes, including changes in ocean currents, upwelling 
and the strength and depth of the thermocline. 

The SST distribution can change due to both a shift in 
the mean, a change in the amplitude of the variability or 
to a change in the type of distribution. These changes can 
all impact extreme values. The SST changes by the end of 
the 21st century are primarily due to a positive shift in the 
mean, such that there will be a large increase in warm 
extremes and decrease in cold extremes relative to the his-
torical period (1976–2005), as exemplified in Figures 10 
and 11. The shift in the mean was so large in many regions 
that SSTs during the last 30 years of the 21st century will 
always be warmer than the warmest year in the historical 
period. The “time of emergence”, when the future (through 
the 21st century) stays warmer than at any time during the 
historical period, occurs much earlier at lower latitudes, 
consistent with the findings of Diffenbaugh and Scherer 
(2011) and Mora et al. (2013), due to the limited interan-
nual variability relative to the climate change signal. Thus, 
mid and high latitude species that are acclimated to a wide 
temperature range may be better able to adjust to climate 
change than species in the Caribbean and low latitudes 
in general, even though the amplitude of the changes are 
larger at high latitudes.

With the mean shift and linear trend removed, the 
changes in probability distributions are generally small; i.e., 
the standard deviation and histograms of SST anomalies in 

Table 1:  CMIP5 SST trends (°C decade–1) and inter-annual standard deviations (°C) with (w) and without (w/o) the 
trends for the historical (1976–2005, “20th C”) and future (2070–2099, “21st C”) periods in the 18 LME regions exam-
ined in this study. The NOAA-designated LME region numbers are also shown in the first column. DOI: https://doi.
org/10.1525/elementa.191.t1

Large Marine 
Ecosystem

SST Trend: 
(°C Decade-1)

Std Dev (σ)
w/Trend

Std Dev (σ)
w/o Trend

20th C 21st C 20th C 21st C 20th C 21st C

(1) E. Bering Sea 0.25 0.54 0.68 0.82 0.59 0.61

(2) Gulf of AK 0.17 0.41 0.70 0.77 0.64 0.64

(3) CA Current 0.14 0.36 0.53 0.62 0.49 0.51

(5) Gulf of Mexico 0.18 0.37 0.47 0.54 0.43 0.41

(6) SE US Shelf 0.18 0.35 0.46 0.53 0.41 0.42

(7) NE US Shelf 0.22 0.42 0.71 0.76 0.64 0.63

(8) Scotian Shelf 0.26 0.54 0.77 0.87 0.69 0.70

(9) Newfoundland-Labrador Shelf 0.19 0.49 0.59 0.74 0.53 0.57

(10) Hawaii 0.16 0.39 0.40 0.52 0.34 0.36

(18) West Greenland 0.08 0.27 0.42 0.53 0.38 0.41

(19) Greenland Sea 0.09 0.33 0.57 0.66 0.52 0.47

(20) Barents Sea 0.14 0.50 0.56 0.79 0.49 0.56

(21) Norwegian Sea 0.19 0.36 0.61 0.75 0.50 0.58

(22) North Sea 0.22 0.31 0.66 0.68 0.59 0.57

(24) Celtic Biscay Shelf 0.19 0.26 0.50 0.62 0.43 0.53

(26) Mediterranean 0.23 0.45 0.48 0.59 0.41 0.42

(59) Iceland Shelf/Sea 0.09 0.32 0.65 0.78 0.57 0.62

(64) Central Arctic 0.14 0.32 0.06 0.56 0.05 0.31
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the LMEs were similar in the historical and future periods. 
Some regions, did exhibit an increase in the SST variability, 
including the Arctic Ocean and surrounding seas where 
the increase in ice-free periods allowed the water temper-
ature to fluctuate, because it was not constrained to be at 
the freezing point. SST anomalies also exhibited enhanced 
variability in the future during March in the vicinity of 
Iceland. The reason for this increase is unclear but could 

be due to several factors including changes in the MLD, 
the North Atlantic Oscillation, storm track location and 
strength, and variability of the ocean gyres and AMOC. 

 The projected transition to much warmer conditions by 
the end of this century will likely have profound implica-
tions for marine ecosystems. At the end of the 21st century, 
temperatures in the Gulf of Maine could transition to be 
more like those near the New York Bight today, SSTs along 

Figure 12: Percent of years with annual SST anomalies exceeding the maximum during the historical period 
(1976–2005). Shown are three different 30-year periods: a) 2010–2039, b) 2040–2069, c) 2070–2099. Percent-
ages are computed for each CMIP5 model and then averaged together. Most of the northern oceans exceed the warm-
est historical year in the last three decades of the 21st century. DOI: https://doi.org/10.1525/elementa.191.f12
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the US west coast near the Canadian border could be more 
like those near central California, while SSTs in the north-
ern Norwegian Sea could be more like current conditions 
east of England. The warming could result in poleward 
migration of some fish species, which has already been 
documented in North American and European marine 
ecosystems (Perry et al., 2005; Nye et al., 2009; Pinsky et 
al., 2013), and lead to profound changes in the structure 
of marine ecosystems that could necessitate a reevalua-
tion of LME boundaries. The shift in the SST distribution 

results in exceptionally large warm extremes and the dis-
appearance of cold extremes relative to the end of the 
20th century in the RCP8.5 simulations. As the growth and 
reproduction of many species depends on their thermal 
tolerances, extreme temperatures could have a substan-
tial impact on fish population dynamics and biodiversity 
(Pörtner et al., 2001; Pörtner and Peck, 2010; Lynch et al., 
2014; Deutsch et al., 2015). 

We have used RCP 8.5 simulations to examine changes 
in monthly SST anomalies with a focus on coastal regions 

Figure 13: Percent of monthly SST anomalies in each decade that exceed the monthly maximum during 
1976–2005. Results are shown for CMIP5 models in the LMEs around North America. The ensemble median is red 
and Hadley SST observations are black. The outer envelope (light gray) shows the ensemble max/min range. The 2nd 
envelope (medium gray) shows the 10th–90th percentile range of the ensemble and the inner envelope (dark gray) 
indicates the inter-quartile range (25th–75th percentile). The decades were sampled every five years in overlapping 
10-year periods for smoothness. By mid-century most regions exceed the maximum during the historical period
(1976–2005) more than 80% of the time. DOI: https://doi.org/10.1525/elementa.191.f13
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Figure 14: Percent of monthly SST anomalies in each decade that exceed the monthly maximum during 1976–
2005. Results are shown for CMIP5 models in the LMEs in the Arctic and around Europe. The ensemble median is 
red and Hadley SST observations are black. The outer envelope (light gray) shows the ensemble max/min range. The 
2nd envelope (medium gray) shows the 10th–90th percentile range of the ensemble and the inner envelope (dark gray) 
indicates the inter-quartile range (25th–75th percentile). The decades were sampled every five years in overlapping 
10-year periods for smoothness. By mid-century most regions exceed the maximum during the historical period
(1976–2005) more than 80% of the time. DOI: https://doi.org/10.1525/elementa.191.f14

in northern portions of the Pacific and Atlantic and in 
the Arctic Ocean. At ~1° horizontal resolution, the CMIP5
models do not adequately resolve many processes includ-
ing ocean eddies, coastal upwelling, and interactions with 
topographic features, and where western boundary cur-
rents separate from the coast.  While a few studies have 
used higher resolution models to assess the effects of 

climate change on SSTs (e.g., Chamberlain et al., 2012 and 
Saba et al., 2016), they have focused on a small region or 
are based on a single model run with idealized forcing. 
A broader assessment of climate change on a wide array 
of ocean variables, using additional forcing scenarios and 
higher resolution models, and at daily time scales are all 
warranted.
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Figure 15: CMIP5 and CESM-LENS ensemble mean mixed layer depths (MLDs) during 1976–2005 and 
2070–2099. The CMIP5 values are presented on the left and the CESM-LENS values on the right. Shown are the time 
averaged March MLDs (m) during 1976–2005 (a, b) and 2070–2099 (c, d). The difference in March MLDs between 
the future (2070–2099) and historical (1976–2005) periods are shown in (e and f). A similar set of maps but for 
September are presented in panels (g–l). Changes in the MLD are cross-hatched where >80% of the models indicate 
a significant change based on a t-test at the 95% significance level. DOI: https://doi.org/10.1525/elementa.191.f15
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Figure 16: LME SST trends (°C decade–1) versus the calendar month mixed layer depth (MLD; in m).  Trends and 
MLDs were computed for 1976–2099 from the ensemble averaged CMIP5 (a, c, e) and CESM-LENS (b, d, f). LMEs are 
grouped by location: (a, b) high latitude, (c, d) midlatitude and (e, f) subtropics. Numbers denote calendar month, 
regression lines for each LME are shown with dashed lines, and the regression for all LMEs used in this study is 
shown by a black solid line. The MLD was not available from many CMIP5 models, so the values were computed from 
monthly mean potential density profiles using a ∆0.125 kg m–3 increase from the surface value to define the MLD. The 
CESM-LENS MLD values were calculated from the density gradient based on daily data and obtained directly from the 
model archive. Note that the MLD scale along the x-axis varies between panels. Positive SST trends increase as MLDs 
decrease. DOI: https://doi.org/10.1525/elementa.191.f16
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