
Oceans and climate  
in 2050 and beyond, 

what to expect  
and what to do 

 
Ocean: common heritage  

of humankind 

Vladimir Ryabinin 
Executive Secretary, IOC  

Assistant Director-General, UNESCO 
 
 

IPCC/WMO Workshop, Paris, 31 March 2015  



*  90%	  	  of	  all	  goods	  shipped	  by	  sea	  
*  Coastal	  zone	  -‐	  home	  to	  44%	  of	  human	  population	  -‐	  by	  2025	  
projected	  to	  reach	  75%	  
*  Main	  source	  of	  protein	  	  
for	  >4	  billion	  people	  	  
comes	  from	  fisheries	  
*  Every	  (2nd)	  breath	  you	  take	  
comes	  from	  the	  ocean	  
*  Major	  sink	  of	  anthropogenic	  	  
carbon	  and	  excessive	  heat	  

The	  Ocean	  –	  an	  endangered	  source	  	  
of	  social	  and	  economic	  wealth	  	  



*  The	  only	  intergovernmental	  body	  in	  UN	  	  
specializing	  in	  ocean	  science,	  services,	  
observations,	  data	  exchange	  and	  	  
capacity	  development	  
*  1960,	  	  147	  Member	  States	  

The	  Intergovernmental	  Oceanographic	  
Commission	  of	  UNESCO:	  

	  

Objectives	  
*  Healthy	  ocean	  
*  Early	  warning	  for	  ocean	  hazards	  
*  Resilience	  of	  society	  and	  ecosystems	  	  

to	  climate	  change	  &	  variability	  
*  Knowledge	  of	  emerging	  issues	  



Trying	  to	  turn	  curiosity	  driven	  science	  
to	  societally	  useful	  technology:	  	  
progress	  of	  ocean	  observations	  
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Appendix 3.A:  
Availability of Observations for Assessment of 
Change in the Oceans

Sampling of the ocean has been highly heterogeneous since 1950. 
The coverage in space, time, depth and number of ocean variables 
has evolved over time, reflecting changes in technology and the con-
tribution of major oceanographic research programs. Changes in the 
distribution and quality of ocean measurements over time complicate 
efforts to detect and interpret change in the ocean. This Appendix pro-
vides some illustrative examples of the evolution of the ocean observ-
ing system on which the assessment of ocean change in this chapter 
is based. A more comprehensive discussion of ocean sampling is pro-
vided in the literature cited in this chapter. Sampling of sea surface 
temperature is discussed in Chapter 2.

3.A.1 Subsurface Ocean Temperature and Heat Content

Temperature is the best-sampled oceanographic variable, but even 
for temperature sampling is far from ideal or complete. Early oceano-
graphic expeditions included the Challenger voyage around the world 
in the 1870s, the Meteor survey of the Atlantic in the 1920s, and the 
Discovery investigations of the Southern Ocean starting in the 1920s. 
More frequent basin-scale sampling commenced in the late 1950s with 
the International Geophysical Year. The number of profiles available for 
assessment of changes in temperature and ocean heat content in the 
upper 700 m generally increases with time since the 1950s (Figure 
3.A.1). Near-global coverage of the upper half of the ocean was not 
achieved until the widespread deployment of Argo profiling floats in 
the 2000s (Figure 3.A.2).
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Figure 3.A.1 |  Number of temperature profiles extending to 700 m depth in each 1° ! 1° square, by decade, between 65°N and 65°S.

Early measurements of temperature were made using reversing ther-
mometers and Nansen bottles that were lowered from ships on station 
(not moving). Starting in the 1960s conductivity-temperature-depth 
(CTD) instruments with Niskin bottles gradually gained dominance for 
high-quality data and deep data collected on station during oceano-
graphic cruises. From at least 1950 through about 1970, most subsur-
face measurements of ocean temperature were made with mechanical 
bathythermographs, an advance because these instruments could be 
deployed from a moving ship, albeit a slowly moving one, but these 
casts were generally limited to depths shallower than 250 m. Expend-
able bathythermographs (XBTs) that could be deployed from a rapidly 
moving ship and sampled to 400 m came into widespread use in the 
late 1960s, and those that sampled to 700 m became predominant 
in the 1990s, greatly expanding oceanographic sampling. Starting in 
2000, Argo floats began sampling the ocean to a target depth of 2000 
m, building to near-global coverage by 2005. Prior to the Argo era, 
sampling of the ocean below 700 m was almost solely achieved from 
ships on station deploying Nansen bottles with reversing thermom-
eters or later using CTDs with Niskin bottles. Today ship-based station 
data still dominates sampling for waters deeper than 2000 m depth 
(the maximum depth currently sampled by Argo floats). An illustration 
of the limited data available for assessment of change in the deep 
ocean is provided in Figure 3.3, which shows locations of full-depth 
oceanographic CTD sections that have been occupied more than once 
since about 1980. The depth coverage of the ocean observing system 
has changed over time (Figure 3A.2, top panel) with a hemispheric bias 
(Figure 3.A.2, middle and lower panels). The Northern Hemisphere (NH) 
has been consistently better sampled than the Southern Hemisphere 
(SH) prior to the Argo era.



Services:	  coastal	  zones	  	  
prone	  to	  flooding	  



2004	  Sumatra	  Tsunami	  

More than 230 000  
fatalities around  
the Indian Ocean 



Tohoku	  Earthquake	  and	  Tsunami	  2011	  

15,891	  deaths,	  
6,152	  injured,	  and	  	  
2,584	  people	  missing	  
Fukushima nuclear  
power plant impacted,  
nuclear pollution 

132 Knowledge Notes from the Learning from Megadisasters Project

The Great East Japan Earthquake of 2011
On March 11, 2011, an earthquake of magnitude 9.0 occurred in the Pacific Ocean off the 
coast of Japan’s Tohoku region. The quake shook the ground as far away as western Japan 
and lasted for several minutes. A half hour later, a tsunami of unprecedented force broke 
over 650 kilometers of coastline (figure 1), toppling sea walls and other defenses, flooding 
more than 500 km2 of land, and washing away entire towns and villages. 

KNOWLEDGE NOTES: 
EXECUTIVE SUMMARY

FIGURE 1: The tsunami struck a wide area of Japan

Source: The 2011 Tohoku Earthquake Tsunami Joint Survey Group http://www.coastal.
jp/ttjt/index.php



IOC	  Tsunami	  Warning	  Systems:	  	  
part	  of	  oceanographic	  services	  



Past	  climate	  and	  sea-‐level	  in	  the	  past:	  
ocean	  was	  different	  
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Figure 5.3 |  Orbital parameters and proxy records over the past 800 kyr. (a) Eccentricity. (b) Obliquity. (c) Precessional parameter (Berger and Loutre, 1991). (d) Atmospheric 
concentration of CO2 from Antarctic ice cores (Petit et al., 1999; Siegenthaler et al., 2005; Ahn and Brook, 2008; Lüthi et al., 2008). (e) Tropical sea surface temperature stack 
(Herbert et al., 2010). (f) Antarctic temperature stack based on up to seven different ice cores (Petit et al., 1999; Blunier and Brook, 2001; Watanabe et al., 2003; European Project 
for Ice Coring in Antarctica (EPICA) Community Members, 2006; Jouzel et al., 2007; Stenni et al., 2011). (g) Stack of benthic b18O, a proxy for global ice volume and deep-ocean 
temperature (Lisiecki and Raymo, 2005). (h) Reconstructed sea level (dashed line: Rohling et al., 2010; solid line: Elderfield et al., 2012). Lines represent orbital forcing and proxy 
records, shaded areas represent the range of simulations with climate models (Grid Enabled Integrated Earth System Model-1, GENIE-1, Holden et al., 2010a; Bern3D, Ritz et al., 
2011), climate–ice sheet models of intermediate complexity (CLIMate and BiosphERe model, CLIMBER-2, Ganopolski and Calov, 2011) and an ice sheet model (ICe sheet model for 
Integrated Earth system studies, IcIES, Abe-Ouchi et al., 2007) forced by variations of the orbital parameters and the atmospheric concentrations of the major greenhouse gases. (i) 
Rate of changes of global mean temperature during Termination I based on Shakun et al. (2012).

et al., 2008). Such close linkages between CO2 concentration and cli-
mate variability are consistent with modelling results suggesting with 
high confidence that glacial–interglacial variations of CO2 and other 
GHGs explain a considerable fraction of glacial–interglacial climate 
variability in regions not directly affected by the NH continental ice 
sheets (Timmermann et al., 2009; Shakun et al., 2012).

5.3.2.2 Last Glacial Termination

It is very likely that global mean surface temperature increased by 3°C 
to 8°C over the last deglaciation (see Table 5.2), which gives a very 
likely average rate of change of 0.3 to 0.8°C kyr–1. Deglacial global 
warming occurred in two main steps from 17.5 to 14.5 ka and 13.0 
to 10.0 ka that likely reached maximum rates of change between 
1°C kyr–1 and 1.5°C kyr–1 at the millennial time scale (cf. Shakun et 
al., 2012; Figure 5.3i), although regionally and on shorter time scales 
higher rates may have occurred, in particular during a sequence of 
abrupt climate change events (see Section 5.7).

For the last glacial termination, a large-scale temperature reconstruc-
tion (Shakun et al., 2012) documents that temperature change in the 
SH lead NH temperature change. This lead can be explained by the 
bipolar thermal seesaw concept (Stocker and Johnsen, 2003) (see also 
Section 5.7) and the related changes in the inter-hemispheric ocean 
heat transport, caused by weakening of the Atlantic Ocean meridional 
overturning circulation (AMOC) during the last glacial termination 
(Ganopolski and Roche, 2009). SH warming prior to NH warming can 
also be explained by the fast sea ice response to changes in austral 
spring insolation (Stott et al., 2007; Timmermann et al., 2009). Accord-
ing to these mechanisms, SH temperature lead over the NH is fully 
consistent with the NH orbital forcing of deglacial ice volume chang-
es (high confidence) and the importance of the climate–carbon cycle 
feedbacks in glacial–interglacial transitions. The tight coupling is fur-
ther highlighted by the near-zero lag between the deglacial rise in CO2 
and averaged deglacial Antarctic temperature recently reported from 
improved estimates of gas-ice age differences (Pedro et al., 2012; Par-
renin et al., 2013). Previous studies (Monnin et al., 2001; Table 5.A.4) 

Global	  mean	  sea	  level	  was	  lower	  	  
then	  at	  present	  by	  approximately	  
	  120	  m	  at	  the	  Last	  Glacial	  Maximum	  
approximately	  19	  000	  -‐	  20	  000	  years	  ago.	  	  	  
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13.1.3 Processes Affecting Sea Level 

This chapter focusses on processes within the ocean, atmosphere, land 
ice, and hydrological cycle that are climate sensitive and are expected 
to contribute to sea level change at regional to global scales in the 
coming decades to centuries (Figure 13.1). Figure 13.2 is a navigation 
aid for the different sections of this chapter and sections of other chap-
ters that are relevant to sea level change.

Changes in ocean currents, ocean density and sea level are all tightly 
coupled such that changes at one location impact local sea level and 
sea level far from the location of the initial change, including changes 
in sea level at the coast in response to changes in open-ocean tem-
perature (Landerer et al., 2007; Yin et al., 2010). Although both tem-
perature and salinity changes can contribute significantly to region-
al sea level change (Church et al., 2010), only temperature change 
produces a significant contribution to global average ocean volume 
change due to thermal expansion or contraction (Gregory and Lowe, 
2000). Regional atmospheric pressure anomalies also cause sea level 
to vary through atmospheric loading (Wunsch and Stammer, 1997). All 
of these climate-sensitive processes cause sea level to vary on a broad 
range of space and time scales from relatively short-lived events, such 
as waves and storm surges, to sustained changes over several decades 
or centuries that are associated with atmospheric and ocean modes of 
climate variability (White et al., 2005; Miller and Douglas, 2007; Zhang 
and Church, 2012).

Water and ice mass exchange between the land and the oceans leads 
to a change in GMSL. A signal of added mass to the ocean propagates 
rapidly around the globe such that all regions experience a sea level 
change within days of the mass being added (Lorbacher et al., 2012). 
In addition, an influx of freshwater changes ocean temperature and 
salinity and thus changes ocean currents and local sea level  (Stammer, 
2008; Yin et al., 2009), with signals taking decades to propagate around 

Figure 13.1 |  Climate-sensitive processes and components that can influence global and regional sea level and are considered in this chapter. Changes in any one of the com-
ponents or processes shown will result in a sea level change. The term ‘ocean properties’ refers to ocean temperature, salinity and density, which influence and are dependent on 
ocean circulation. Both relative and geocentric sea level vary with position. Note that the geocenter is not shown.

the global ocean. The coupled atmosphere–ocean system can also 
adjust to temperature anomalies associated with surface freshwater 
anomalies through air–sea feedbacks, resulting in dynamical adjust-
ments of sea level (Okumura et al., 2009; Stammer et al., 2011). Water 
mass exchange between land and the ocean also results in patterns 
of sea level change called ‘sea level fingerprints’ (Clark and Lingle, 
1977; Conrad and Hager, 1997; Mitrovica et al., 2001) due to change in 
the gravity field and vertical movement of the ocean floor associated 
with visco-elastic Earth deformation (Farrell and Clark, 1976). These 
changes in mass distribution also affect the Earth’s inertia tensor and 
therefore rotation, which produces an additional sea level response 
(Milne and Mitrovica, 1998). 

There are other processes that affect sea level but are not associated 
with contemporary climate change. Some of these result in changes 
that are large enough to influence the interpretation of observational 
records and sea level projections at regional and global scales. In par-
ticular, surface mass transfer from land ice to oceans during the last 
deglaciation contributes significantly to present-day sea level change 
due to the ongoing visco-elastic deformation of the Earth and the cor-
responding changes of the ocean floor height and gravity (referred to 
as glacial isostatic adjustment (GIA)) (Lambeck and Nakiboglu, 1984; 
Peltier and Tushingham, 1991). Ice sheets also have long response 
times and so continue to respond to past climate change (Section 
13.1.5).

Anthropogenic processes that influence the amount of water stored in 
the ground or on its surface in lakes and reservoirs, or cause changes in 
land surface characteristics that influence runoff or evapotranspiration 
rates, will perturb the hydrological cycle and cause sea level change 
(Sahagian, 2000; Wada et al., 2010). Such processes include water 
impoundment (dams, reservoirs), irrigation schemes, and groundwater 
depletion (Section 13.4.5). 



Warming,	  where	  does	  the	  heat	  go?	  
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Box 3.1 | Change in Global Energy Inventory

The Earth has been in radiative imbalance, with less energy exiting the top of the atmosphere than entering, since at least about 1970 
(Murphy et al., 2009; Church et al., 2011; Levitus et al., 2012). Quantifying this energy gain is essential for understanding the response 
of the climate system to radiative forcing. Small amounts of this excess energy warm the atmosphere and continents, evaporate water 
and melt ice, but the bulk of it warms the ocean (Box 3.1, Figure 1). The ocean dominates the change in energy because of its large 
mass and high heat capacity compared to the atmosphere. In addition, the ocean has a very low albedo and absorbs solar radiation 
much more readily than ice. 

The global atmospheric energy change inventory accounting for specific heating and water evaporation is estimated by combining 
satellite estimates for temperature anomalies in the lower troposphere (Mears and Wentz, 2009a; updated to version 3.3) from 70°S 
to 82.5°N and the lower stratosphere (Mears and Wentz, 2009b; updated to version 3.3) from 82.5°S to 82.5°N weighted by the ratio 
of the portions of atmospheric mass they sample (0.87 and 0.13, respectively). These temperature anomalies are converted to energy 
changes using a total atmospheric mass of 5.14 = 1018 kg, a mean total water vapor mass of 12.7 =�1015 kg (Trenberth and Smith, 2005), 
a heat capacity of 1 J g–1 °C–1, a latent heat of vaporization of 2.464 J kg–1 and a fractional increase of integrated water vapor con-
tent of 0.075 °C–1 (Held and Soden, 2006). Smaller changes in 
potential and kinetic energy are considered negligible. Standard 
deviations for each year of data are used for uncertainties, and 
the time series starts in 1979. The warming trend from a linear fit 
from 1979 to 2010 amounts to 2 TW (1 TW = 1012 watts). 

The global average rate of continental warming and its uncer-
tainty has been estimated from borehole temperature profiles 
from 1500 to 2000 at 50-year intervals (Beltrami et al., 2002). 
The 1950–2000 estimate of land warming, 6 TW, is extended into 
the first decade of the 21st century, although that extrapolation 
is almost certainly an underestimate of the energy absorbed, as 
land surface air temperatures for years since 2000 are some of 
the warmest on record (Section 2.4.1).

All annual ice melt rates (for glaciers and ice-caps, ice sheets 
and sea ice from Chapter 4) are converted into energy change 
using a heat of fusion (334 = 103 J kg–1) and density (920 kg 
m–3) for freshwater ice. The heat of fusion and density of ice may 
vary, but only slightly among the different ice types, and warm-
ing the ice from sub-freezing temperatures requires much less 
energy than that to melt it, so these second-order contributions 
are neglected here. The linear trend of energy storage from 1971 
to 2010 is 7 TW.

For the oceans, an estimate of global upper (0 to 700 m depth) 
ocean heat content change using ocean statistics to extrapo-
late to sparsely sampled regions and estimate uncertainties 
(Domingues et al., 2008) is used (see Section 3.2), with a linear 
trend from 1971 to 2010 of 137 TW. For the ocean from 700 to 
2000 m, annual 5-year running mean estimates are used from 
1970 to 2009 and annual estimates for 2010–2011 (Levitus et 
al., 2012). For the ocean from 2000 m to bottom, a uniform rate 
of energy gain of 35 [6 to 61] TW from warming rates centred on 
1992–2005 (Purkey and Johnson, 2010) is applied from 1992 to 
2011, with no warming below 2000 m assumed prior to 1992. 
Their 5 to 95% uncertainty estimate may be too small, as it 
(continued on next page)

Box 3.1, Figure 1 |  Plot of energy accumulation in ZJ (1 ZJ = 1021 J) within 
distinct components of the Earth’s climate system relative to 1971 and from 1971 
to 2010 unless otherwise indicated. See text for data sources. Ocean warming 
(heat content change) dominates, with the upper ocean (light blue, above 700 m) 
contributing more than the mid-depth and deep ocean (dark blue, below 700 m; 
including below 2000 m estimates starting from 1992). Ice melt (light grey; for 
glaciers and ice caps, Greenland and Antarctic ice sheet estimates starting from 
1992, and Arctic sea ice estimate from 1979 to 2008); continental (land) warming 
(orange); and atmospheric warming (purple; estimate starting from 1979) make 
smaller contributions. Uncertainty in the ocean estimate also dominates the total 
uncertainty (dot-dashed lines about the error from all five components at 90% 
confidence intervals).
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Frequently Asked Questions  
FAQ 13.1 |  Why Does Local Sea Level Change Differ from the Global Average?

Shifting surface winds, the expansion of warming ocean water, and the addition of melting ice can alter ocean cur-
rents which, in turn, lead to changes in sea level that vary from place to place. Past and present variations in the 
distribution of land ice affect the shape and gravitational field of the Earth, which also cause regional fluctuations 
in sea level. Additional variations in sea level are caused by the influence of more localized processes such as sedi-
ment compaction and tectonics.

Along any coast, vertical motion of either the sea or land surface can cause changes in sea level relative to the land 
(known as relative sea level). For example, a local change can be caused by an increase in sea surface height, or by a 
decrease in land height. Over relatively short time spans (hours to years), the influence of tides, storms and climatic 
variability—such as El Niño—dominates sea level variations. Earthquakes and landslides can also have an effect by 
causing changes in land height and, sometimes, tsunamis. Over longer time spans (decades to centuries), the influ-
ence of climate change—with consequent changes in volume of ocean water and land ice—is the main contributor 
to sea level change in most regions. Over these longer time scales, various processes may also cause vertical motion 
of the land surface, which can also result in substantial changes in relative sea level.

Since the late 20th century, satellite measurements of the height of the ocean surface relative to the center of the 
Earth (known as geocentric sea level) show differing rates of geocentric sea level change around the world (see 
FAQ 13.1, Figure 1). For example, in the western Pacific Ocean, rates were about three times greater than the global 
mean value of about 3 mm per year from 1993 to 2012. In contrast, those in the eastern Pacific Ocean are lower 
than the global mean value, with much of the west coast of the Americas experiencing a fall in sea surface height 
over the same period. (continued on next page)
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FAQ13.1, Figure 1 |  Map of rates of change in sea surface height (geocentric sea level) for the period 1993–2012 from satellite altimetry. Also shown are relative 
sea level changes (grey lines) from selected tide gauge stations for the period 1950–2012. For comparison, an estimate of global mean sea level change is also shown 
(red lines) with each tide gauge time series. The relatively large, short-term oscillations in local sea level (grey lines) are due to the natural climate variability described 
in the main text. For example, the large, regular deviations at Pago Pago are associated with the El Niño-Southern Oscillation.
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FAQ 13.1 (continued)

Much of the spatial variation shown in FAQ 13.1, Figure 1 is a result of natural climate variability—such as El Niño and 
the Pacific Decadal Oscillation—over time scales from about a year to several decades. These climate variations alter 
surface winds, ocean currents, temperature and salinity, and hence affect sea level. The influence of these processes 
will continue during the 21st century, and will be superimposed on the spatial pattern of sea level change associated 
with longer term climate change, which also arises through changes in surface winds, ocean currents, temperature 
and salinity, as well as ocean volume. However, in contrast to the natural variability, the longer term trends accu-
mulate over time and so are expected to dominate over the 21st century. The resulting rates of geocentric sea level 
change over this longer period may therefore exhibit a very different pattern from that shown in FAQ 13.1, Figure 1.

Tide gauges measure relative sea level, and so they include changes resulting from vertical motion of both the land 
and the sea surface. Over many coastal regions, vertical land motion is small, and so the long-term rate of sea level 
change recorded by coastal and island tide gauges is similar to the global mean value (see records at San Francisco 
and Pago Pago in FAQ 13.1, Figure 1). In some regions, vertical land motion has had an important influence. For 
example, the steady fall in sea level recorded at Stockholm (FAQ 13.1, Figure 1) is caused by uplift of this region 
after the melting of a large (>1 km thick) continental ice sheet at the end of the last Ice Age, between ~20,000 and 
~9000 years ago. Such ongoing land deformation as a response to the melting of ancient ice sheets is a significant 
contributor to regional sea level changes in North America and northwest Eurasia, which were covered by large 
continental ice sheets during the peak of the last Ice Age.

In other regions, this process can also lead to land subsidence, which elevates relative sea levels, as it has at Char-
lottetown, where a relatively large increase has been observed, compared to the global mean rate (FAQ 13.1, Figure 
1). Vertical land motion due to movement of the Earth’s tectonic plates can also cause departures from the global 
mean sea level trend in some areas—most significantly, those located near active subduction zones, where one tec-
tonic plate slips beneath another. For the case of Antofagasta (FAQ 13.1, Figure 1) this appears to result in steady 
land uplift and therefore relative sea level fall. 

In addition to regional influences of vertical land motion 
on relative sea level change, some processes lead to land 
motion that is rapid but highly localized. For example, 
the greater rate of rise relative to the global mean at 
Manila (FAQ 13.1, Figure 1) is dominated by land subsid-
ence caused by intensive groundwater pumping. Land 
subsidence due to natural and anthropogenic processes, 
such as the extraction of groundwater or hydrocarbons, 
is common in many coastal regions, particularly in large 
river deltas.

It is commonly assumed that melting ice from glaciers 
or the Greenland and Antarctic ice sheets would cause 
globally uniform sea level rise, much like filling a bath 
tub with water. In fact, such melting results in region-
al variations in sea level due to a variety of processes, 
including changes in ocean currents, winds, the Earth’s 
gravity field and land height. For example, computer 
models that simulate these latter two processes predict a regional fall in relative sea level around the melting ice 
sheets, because the gravitational attraction between ice and ocean water is reduced, and the land tends to rise 
as the ice melts (FAQ 13.1, Figure 2). However, further away from the ice sheet melting, sea level rise is enhanced, 
compared to the global average value. 

In summary, a variety of processes drive height changes of the ocean surface and ocean floor, resulting in distinct 
spatial patterns of sea level change at local to regional scales. The combination of these processes produces a 
complex pattern of total sea level change, which varies through time as the relative contribution of each process 
changes. The global average change is a useful single value that reflects the contribution of climatic processes (e.g., 
land-ice melting and ocean warming), and represents a good estimate of sea level change at many coastal loca-
tions. At the same time, however, where the various regional processes result in a strong signal, there can be large 
departures from the global average value.

FAQ13.1, Figure 2 |  Model output showing relative sea level change due to 
melting of the Greenland ice sheet and the West Antarctic ice sheet at rates of 
0.5 mm yr–1 each (giving a global mean value for sea level rise of 1 mm yr–1). 
The modelled sea level changes are less than the global mean value in areas 
near the melting ice but enhanced further afield. (Adapted from Milne et al., 
2009)

!3.0 !2.0 !1.0 0.0 0.2 0.4 0.6 0.8 1.0 1.1 1.2 1.3
Sea level change (mm yr-1)
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Figure 12.29 |  February and September CMIP5 multi-model mean sea ice concentrations (%) in the Northern and Southern Hemispheres for the periods (a) 1986–2005, (b) 
2081–2100 under RCP4.5 and (c) 2081–2100 under RCP8.5. The model sea ice concentrations are interpolated onto a 1° ! 1° regular grid. One ensemble member per model is 
taken into account in the analysis, and the multi-model mean sea ice concentration is shown where it is larger than 15%. The number of models available for each RCP is given in 
parentheses. The pink lines indicate the observed 15% sea ice concentration limits averaged over 1986–2005 (Comiso and Nishio, 2008, updated 2012). 

relationships can be understood on simple physical grounds (see the 
aforementioned references for details).

These results lend support for weighting/recalibrating the models 
based on their present-day Arctic sea ice simulations. Today, the opti-
mal approach for constraining sea ice projections from climate models 
is unclear, although one notes that these methods should have a 
credible underlying physical basis in order to increase confidence in 
their results (see Section 12.2). In addition, they should account for 
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February September September February
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b) 2081!2100 average, RCP4.5 (39)

c) 2081!2100 average, RCP8.5 (37)
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the potentially large imprint of natural variability on both observations 
and model simulations when these two sources of information are to 
be compared (see Section 9.8.3). This latter point is particularly critical 
if the past sea ice trend or sensitivity is used in performance metrics 
given the relatively short observational period (Kay et al., 2011; Over-
land et al., 2011; Mahlstein and Knutti, 2012; Massonnet et al., 2012; 
Stroeve et al., 2012). A number of studies have applied such metrics 
to the CMIP3 and CMIP5 models. Stroeve et al. (2007) and Stroeve et 
al. (2012) rejected several CMIP3 and CMIP5 models, respectively, on 
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Durack and Wijffels (2010) and Durack et al. (2012) examined trends 
in global sea surface salinity (SSS) changes over the period 1950–
2008. Their analysis revealed strong, spatially coherent trends in SSS 
over much of the global ocean, with a pattern that bears striking 

 resemblance to the climatological SSS field and is associated with an 
 intensification of the global water cycle (see Sections 3.3.2.1, 10.4.2 
and 12.4.5). The CMIP5 climate model projections available suggest 
that high SSS subtropical regions that are dominated by net evapora-
tion are typically getting more saline; lower SSS regions at high lati-
tudes are typically getting fresher. They also suggest a continuation 
of this trend in the Atlantic where subtropical surface waters become 
more saline as the century progresses (Figure 12.34) (see also Terray et 
al., 2012). At the same time, the North Pacific is projected to become 
less saline.

12.4.7.2 Atlantic Meridional Overturning

Almost all climate model projections reveal an increase of high latitude 
temperature and high latitude precipitation (Meehl et al., 2007b). Both 
of these effects tend to make the high latitude surface waters lighter 
and hence increase their stability. As seen in Figure 12.35, all models 
show a weakening of the AMOC over the course of the 21st century 
(see Section 12.5.5.2 for further analysis). Projected changes in the 
strength of the AMOC at high latitudes appear stronger in Geophysical 
Fluid Dynamics Laboratory (GFDL) CM2.1 when density is used as a 
vertical coordinate instead of depth (Zhang, 2010a). Once the RF is sta-
bilized, the AMOC recovers, but in some models to less than its pre-in-
dustrial level. The recovery may include a significant overshoot (i.e., a 
weaker circulation may persist) if the anthropogenic RF is eliminated 
(Wu et al., 2011a). Gregory et al. (2005) found that for all eleven models 

Figure 12.34 |  Projected sea surface salinity differences 2081–2100 for RCP8.5 rela-
tive to 1986–2005 from CMIP5 models. Hatching indicates regions where the multi-
model mean change is less than one standard deviation of internal variability. Stippling 
indicates regions where the multi-model mean change is greater than two standard 
deviations of internal variability and where at least 90% of the models agree on the 
sign of change (see Box 12.1). The number of CMIP5 models used is indicated in the 
upper right corner.

Atlantic Meridional Overturning Circulation at 30oN

(S
v)
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v)

Figure 12.35 |  Multi-model projections of Atlantic Meridional Overturning Circulation (AMOC) strength at 30°N from 1850 through to the end of the RCP extensions. Results are 
based on a small number of CMIP5 models available. Curves show results from only the first member of the submitted ensemble of experiments.
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a. Surface pH 

b. Surface pH in 2090s (RCP8.5, changes from 1990s)
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2008). Future projections using ocean carbon cycle models indicate 
that undersaturated conditions will be reached first in winter (Orr et 
al., 2005). In the Southern Ocean, it is projected that wintertime under-
saturation with respect to aragonite will begin when atmospheric 
CO2 will reach 450 ppm, within 1-3 decades, which is about 100 ppm 
sooner (~30 years under the IS92a scenario) than for the annual mean 
undersaturation (McNeil and Matear, 2008). As well, aragonite under-
saturation will be first reached during wintertime in parts (10%) of 
the Arctic when atmospheric CO2 will reach 410 ppm, within a decade 
(Steinacher et al., 2009). Then, aragonite undersaturation will become 
widespread in these regions at atmospheric CO2 levels of 500–600 
ppm (Figure 6.28).

Although projected changes in pH are generally largest at the surface, 
the greatest pH changes in the subtropics occur between 200 and 300 
m where subsurface increased loads of anthropogenic CO2 are similar 
to surface changes but the carbonate buffering capacity is lower (Orr, 
2011). This more intense projected subsurface pH reduction is consis-
tent with the observed subsurface changes in pH in the subtropical 
North Pacific (Dore et al., 2009; Byrne et al., 2010; Ishii et al., 2011). As 

Figure 6.28 |  Projected ocean acidification from 11 CMIP5 Earth System Models under 
RCP8.5 (other RCP scenarios have also been run with the CMIP5 models): (a) Time 
series of surface pH shown as the mean (solid line) and range of models (filled), given 
as area-weighted averages over the Arctic Ocean (green), the tropical oceans (red) and 
the Southern Ocean (blue). (b) Maps of the median model’s change in surface pH from 
1850 to 2100. Panel (a) also includes mean model results from RCP2.6 (dashed lines). 
Over most of the ocean, gridded data products of carbonate system variables (Key et 
al., 2004) are used to correct each model for its present-day bias by subtracting the 
model-data difference at each grid cell following (Orr et al., 2005). Where gridded data 
products are unavailable (Arctic Ocean, all marginal seas, and the ocean near Indone-
sia), the results are shown without bias correction. The bias correction reduces the range 
of model projections by up to a factor of 4, e.g., in panel (a) compare the large range 
of model projections for the Arctic (without bias correction) to the smaller range in the 
Southern Ocean (with bias correction).

subsurface saturation states decline, the horizon separating undersatu-
rated waters below from supersaturated waters above is projected to 
move upward (shoal). By 2100 under the RCP8.5 scenario, the median 
projection from 11 CMIP5 models is that this interface (aragonite sat-
uration horizon) will shoal from 200 m up to 40 m in the subarctic 
Pacific, from 1000 m up to the surface in the Southern Ocean, and from 
2850 m to 150 m in the North Atlantic (Figure 6.29), consistent with 
results from previous model comparison (Orr et al., 2005; Orr, 2011). 
Under the SRES A2 scenario, the volume of ocean with supersaturated 
waters is projected to decline from 42% in the preindustrial Era to 
25% in 2100 (Steinacher et al., 2009). Yet even if atmospheric CO2 does 
not go above 450 ppm, most of the deep ocean volume is projected 
to become undersaturated with respect to both aragonite and calcite 
after several centuries (Caldeira and Wickett, 2005). Nonetheless, the 
most recent projections under all RCPs scenarios but RCP8.5 illustrate 
that limiting atmospheric CO2 will greatly reduce the level of ocean 
acidification that will be experienced (Joos et al., 2011).

In the open ocean, future reductions in surface ocean pH and CaCO3 
(calcite and aragonite) saturation states are controlled mostly by the 
invasion of anthropogenic carbon. Other effects due to future climate 
change counteract less than 10% of the reductions in CaCO3 satura-
tion induced by the invasion of anthropogenic carbon (Orr et al., 2005; 
McNeil and Matear, 2006; Cao et al., 2007). Warming dominates other 
effects from climate-change by reducing CO2 solubility and thus by 
enhancing [CO3

2–]. An exception is the Arctic Ocean where reductions 
in pH and CaCO3 saturation states are projected to be exacerbated 
by effects from increased freshwater input due to sea ice melt, more 
precipitation, and greater air–sea CO2 fluxes due to less sea ice cover 
(Steinacher et al., 2009; Yamamoto et al., 2012). The projected effect 
of freshening is consistent with current observations of lower satura-
tion states and lower pH values near river mouths and in areas under 
substantial fresh-water influence (Salisbury et al., 2008; Chierici and 
Fransson, 2009; Yamamoto-Kawai et al., 2009).

Regional ocean carbon cycle models project that some nearshore sys-
tems are also highly vulnerable to future pH decrease. In the California 
Current System, an eastern boundary upwelling system, observations 
and model results show that strong seasonal upwelling of carbon-
rich waters (Feely et al., 2008) renders surface waters as vulnerable 
to future ocean acidification as those in the Southern Ocean (Gruber 
et al., 2012). In the Northwestern European Shelf Seas, large spatio-
temporal variability is enhanced by local effects from river input and 
organic matter degradation, exacerbating acidification from anthropo-
genic CO2 invasion (Artioli et al., 2012). In the Gulf of Mexico and East 
China Sea, coastal eutrophication, another anthropogenic perturba-
tion, has been shown to enhance subsurface acidification as additional 
respired carbon accumulates at depth (Cai et al., 2011).

6.4.5 Future Ocean Oxygen Depletion

It is very likely that global warming will lead to declines in dissolved O2 
in the ocean interior through warming-induced reduction in O2 solubil-
ity and increased ocean stratification. This will have implications for 
nutrient and carbon cycling, ocean productivity and marine habitats 
(Keeling et al., 2010).

CO2+H2O=H2CO3=>	  
	  
HCO3	  -‐	  +	  H+	  =>	  CO32-‐	  +	  2H+	  
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the	  calcification	  of	  coccolithophorids	  
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Frequently Asked Questions 
FAQ 7.3 |  Could Geoengineering Counteract Climate Change and What Side Effects 
Might Occur? 

Geoengineering—also called climate engineering—is defined as a broad set of methods and technologies that aim 
to deliberately alter the climate system in order to alleviate impacts of climate change. Two distinct categories of 
geoengineering methods are usually considered: Solar Radiation Management (SRM, assessed in Section 7.7) aims 
to offset the warming from anthropogenic greenhouse gases by making the planet more reflective while Carbon 
Dioxide Removal (CDR, assessed in Section 6.5) aims at reducing the atmospheric CO2 concentration. The two cat-
egories operate on different physical principles and on different time scales. Models suggest that if SRM methods 
were realizable they would be effective in countering increasing temperatures, and would be less, but still, effective 
in countering some other climate changes. SRM would not counter all effects of climate change, and all proposed 
geoengineering methods also carry risks and side effects. Additional consequences cannot yet be anticipated as the 
level of scientific understanding about both SRM and CDR is low. There are also many (political, ethical, and practi-
cal) issues involving geoengineering that are beyond the scope of this report.

Carbon Dioxide Removal Methods
CDR methods aim at removing CO2 from the atmosphere by deliberately modifying carbon cycle processes, or by 
industrial (e.g., chemical) approaches. The carbon withdrawn from the atmosphere would then be stored in land, 
ocean or in geological reservoirs. Some CDR methods rely on biological processes, such as large-scale afforestation/
reforestation, carbon sequestration in soils through biochar, bioenergy with carbon capture and storage (BECCS) 
and ocean fertilization. Others would rely on geological processes, such as accelerated weathering of silicate and 
carbonate rocks—on land or in the ocean (see FAQ.7.3, Figure 1). The CO2 removed from the atmosphere would 
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FAQ 7.3, Figure 1 |  Overview of some proposed geoengineering methods as they have been suggested. Carbon Dioxide Removal methods (see Section 6.5 for 
details): (A) nutrients are added to the ocean (ocean fertilization), which increases oceanic productivity in the surface ocean and transports a fraction of the resulting 
biogenic carbon downward; (B) alkalinity from solid minerals is added to the ocean, which causes more atmospheric CO2 to dissolve in the ocean; (C) the weathering 
rate of silicate rocks is increased, and the dissolved carbonate minerals are transported to the ocean; (D) atmospheric CO2 is captured chemically, and stored either 
underground or in the ocean; (E) biomass is burned at an electric power plant with carbon capture, and the captured CO2  is stored either underground or in the ocean; 
and (F) CO2  is captured through afforestation and reforestation to be stored in land ecosystems. Solar Radiation Management methods (see Section 7.7 for details): (G) 
reflectors are placed in space to reflect solar radiation; (H) aerosols are injected in the stratosphere; (I) marine clouds are seeded in order to be made more reflective; (J) 
microbubbles are produced at the ocean surface to make it more reflective; (K) more reflective crops are grown; and (L) roofs and other built structures are whitened.
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