
























































Figure 17: Sea surface temperature anomalies December 2015 and 2016 (°C).
The maps show the current anomaly (deviation from normal) of the surface

temperature of Earth’s oceans. White areas in the oceans near the poles show the
extent of sea ice. Map source: National Centers for Environmental Prediction.
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It is also clear from Figure 18 that the 2015–16 El Niño was among the strongest
since the beginning of the record in 1950. Considering the entire record, however,
recent variations of El Niño and La Niña episodes do not appear abnormal.

Figure 18: Warm and cold episodes for the Oceanic Niño Index (ONI).
The ONI is defined as 3-month running mean of ERSSTv4 SST anomalies in the Niño 3.4
region (5°N-5°S, 120°-170°W). Anomalies are centered on 30-yr base periods updated

every 5 years.

14 Global ocean average temperatures to 1900m
depth

The global summary in Figure 19 shows that, on average, the temperature of the
global oceans down to 1900m depth has been increasing since about 2008, but not
previously. Furthermore, it is seen that this increase is predominantly due to oceanic
changes near the Equator, between 30°N and 30°S. Near the Arctic, north of 55°N,
ocean temperatures are decreasing. Near the Antarctic, south of 55°S, temperatures
are essentially stable. At all latitudes, a clear annual rhythm is seen.
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Figure 19: Averageocean temperatures 0–1900mdepth in selected latitudinal bands,
using Argo data.

The thin line shows monthly values and the thick line shows the running 13-month
average. Source: Global Marine Argo Atlas.

15 Global ocean temperatures at different depths

Figure 20 shows global average oceanic temperatures at different depths. The annual
rhythm can be observed down to about 100m depth. In the uppermost 100m, tem-
peratures have increased since about 2011, while at 200mdepth, temperatures have
decreased.
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Figure 20: Global ocean temperatures at different depths between 65°N and 65°S,
using Argo-data.

The thin line shows monthly values and the thick line shows the running 13-month
average. Source: Global Marine Argo Atlas.

Below 400m, however, temperatures are again seen to be increasing. The dia-
gram suggests that this increase first commenced at 1900m depth around 2009, and
from there has been gradually spreading upwards. At 600m depth, the present tem-
perature increase began around 2012, about three years later than at 1900m. Thus,
part of the present oceanwarming appears to bedue to circulation features at depths
greater than 1900m, andnot relateddirectly to processes operating at or near the sea
surface.

This development is also seen in Figure 21, which shows the net change of ocean
temperature at different depths, calculated as the difference between the annual av-
erages for 2004 and 2016.
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Figure 21: Net change of ocean temperature at different depths.

16 Regional ocean temperature changes at 0–1900m

Themaximum surfacewarming (down to about 120m) affects oceans near the Equa-
tor, and surface warming is absent or small at higher latitudes in both hemispheres.
Thus the maximum ocean surface warming has taken place at latitudes where the
incoming solar radiation is at its annual maximum.

Cooling is pronounced for the northern oceans. However, themajor part of Earth’s
land areas is in the northern hemisphere, so the surface area (and volume) of ‘Arctic’
oceans is much smaller than the ‘Antarctic’ oceans, which is in turn smaller than the
‘Equatorial’ oceans.

Nevertheless, the contrast in net temperature changes in 2004–2016 for thediffer-
ent latitudinal bands is revealing. For the polar oceans, the data appears to demon-
strate the existence of a bi-polar seesaw, as described by Chylek et al. (2010).† It is
no less interesting that the near-surface ocean temperatures in the two polar regions
contrast with the overall development of sea ice in the same regions (see p. 33).

† Chylek, P., Folland, C. K., Lesins, G., and Dubey, M. K. 2010. Twentieth century bipolar seesaw
of the Arctic and Antarctic surface air temperatures. Geophysical Research Letters, 37, L08703,
doi:10.1029/2010GL042793.
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Figure 22: Latitudinal variation of oceanic temperature changes for 2004–2016 at var-
ious depths, calculated as per the previous diagram.

The three panels show the change in Arctic oceans (55–65°N), equatorial oceans
(30°N–30°S), and Antarctic oceans (55–65°S), respectively.

17 Ocean temperature net change 2004–2016 in two
north–south sectors

This section examines temperature changes for 2004–2016 along two lines of longi-
tude, representing the Atlantic and the Pacific oceans (see Figure 23). The data come
from the Argo floats.
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Figure 23: Map showingaverage annualmeannet surface solar radiation (W/m2), and
the location of two longitudinal profiles, shown below.

The results are shown in Figure 24. To prepare the diagram, annual average tem-
peratures for 2016 were compared to annual average temperatures for 2004, the lat-
ter representing the first year in the Argo record. Warm colours indicate net warming
from 2004 to 2016, and blue colours cooling. Due to the spherical form of the Earth,
northern and southern latitudes represent only small ocean volumes, compared to
the latitudes near the Equator.

With this reservation in mind, the Atlantic diagram (Figure 24a) nevertheless re-
veals some interesting features. The most prominent feature is a marked cooling
north of 30°N, while warming – less pronounced – dominates south of 20°S, down
to depths of 1200m. The maximum warming is confined to approximately the up-
permost 100m between 20°N and 35°S, but especially around 25–30°S. Warming has
also taken place north of 30°N at depths greater than 1500m in the 20°W profile.

Figure24b shows thenet changes for thePacificOceanprofile, along170°W.Again,
northern and southern latitudes represent only relatively small ocean volumes com-
pared to latitudes near the Equator.

The most prominent feature is a marked cooling, near or below the surface, be-
tween20and55°S. Themaximumwarming is confined to theuppermost about100m,
centred on 10°N and 10°S, respectively. In addition, surface warming has also taken
place between 50 and 58°N, roughly corresponding to the ‘Pacific Warm Blob’. Slight
net warming also characterises water depths down to 1100m north of the Equator.
In the southern hemisphere south of 30°S, net cooling dominates all water depths
down to 1900m.
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(a) Atlantic

(b) Pacific

Figure 24: Ocean temperature change along two longitudinal profiles.

Neither part of Figure 24 shows towhat extent the net changes shown are caused
by ocean dynamics operating east and west of the two profiles considered; they only
display net changes for 2004–2016 along the longitude chosen. For that reason, the
diagrams shouldnotbeoverinterpreted. However, themostprominent surfacewarm-
ing in the two profiles generally appears to coincide with the latitudes of maximum
net solar radiation (see Figure 23). In addition, the two profiles suggest an interest-
ing contrast, with the Pacific Ocean mainly warming north of Equator, and cooling in
the south, while the opposite is happening in the Atlantic profile, with cooling in the
north and warming in the south.
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18 Pacific Decadal Oscillation

The Pacific Decadal Oscillation (PDO) is a long-lived El Niño-like pattern of Pacific cli-
mate variability, with data extending back to January 1900. The causes of the PDOare
not currently known, but even in theabsenceof a theoretical understanding, informa-
tion about it improves season-to-season and year-to-year climate forecasts for North
America because it has a strong tendency tomulti-season andmulti-year persistence.
The PDO also appears to be roughly in phasewith global temperature changes. Thus,
from a societal-impacts perspective, recognition of the PDO is important because it
shows that ‘normal’ climate conditions can vary over time periods comparable to the
length of a human lifetime.

Figure 25: Annual values of the Pacific Decadal Oscillation (PDO)
Data from the Joint Institute for the Study of the Atmosphere and Ocean (JISAO), a

cooperative institute of the National Oceanic and Atmospheric Administration and the
University of Washington, USA. The thin line shows the annual PDO values, and the

thick line is the simple running 7-year average.

A Fourier frequency analysis (not shown) shows the PDO record to be influenced
by a 5.7-year cycle, and possibly also by a longer cycle of about 53 years’ duration.
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19 Atlantic Multidecadal Oscillation

The Atlantic Multidecadal Oscillation (AMO) is a mode of variability occurring in the
North Atlantic surface temperature field. The AMO is basically an index of North At-
lantic sea surface temperatures (SST).

Figure 26: Annual Atlantic Multidecadal Oscillation (AMO) detrended and un-
smoothed index values since 1856.

The thin blue line shows annual values, and the thick line is the simple running 11-year
average. Data source: Earth System Research Laboratory, NOAA, USA.

The AMO index appears to be correlated to air temperatures and rainfall over
much of the northern hemisphere. The association appears to be high for north-
eastern Brazil, African Sahel rainfall and North American and European summer cli-
mate. The AMO index also appears to be associated with changes in the frequency
of North American droughts and is reflected in the frequency of severe Atlantic hur-
ricanes.

As one example, the AMO index may be related to the past occurrence of ma-
jor droughts in the US Midwest and the south-west. When the AMO is high, these
droughts tend to be more frequent or prolonged, and less so for low values of AMO.
Two of the most severe droughts of the 20th century in the USA – the Dustbowl of
the 1930s and the 1950s droughts – occurred during the peak AMO values between
1925 and 1965. On the other hand, Florida and the Pacific north-west tend to be the
opposite; a high AMO is here associated with relatively high precipitation.

A Fourier-analysis (not shown here) shows the AMO record to be controlled by a
cycle of about 67 years, and to a lesser degree by a 3.5-year cycle.
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20 Sea level from satellite altimetry

Satellite altimetry is a new and valuable type of measurement, providing a unique
insight into the detailed surface topography of the oceans, and its changes. However,
it is not a precise tool for estimating changes in global sea level due to a number of
assumptions made when interpreting the original satellite data.

Figure 27: Global sea level sinceDecember 1992 according to the Colorado Center for
Astrodynamics Research at University of Colorado at Boulder.

The blue dots are the individual observations, and the purple line represents the
running 121-month ( 10-yr) average. The two lower panels show the annual sea level

change, calculated for 1- and 10-yr time windows, respectively. These values are
plotted at the end of the interval considered.

One of the assumptionsmade during the interpretation of satellite altimetry data
is the amount of correction required, locally and regionally, to the glacial isostatic ad-
justment (GIA). The GIA relates to the large-scale, long-term mass transfer from the
oceans to the land, in the form of rhythmic waxing and waning of the large Quater-
nary ice sheets in North America and northern Europe. This enormous mass transfer
causes rhythmic changes in surface loads, resulting in a viscoelastic mantle flow and
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elastic effects in the upper crust. No single technique or observational network can
give enough information on all aspects and consequences of the GIA, so the assump-
tions adopted for the interpretation of satellite altimetry data are difficult to verify.
The GIA correction used in the interpretation of data from satellite altimetry depends
on the choice ofmodels used: for themelting of the ice sheets since the last deglacia-
tion and for the crust-mantle. As a consequence of this (and additional factors), inter-
pretations of modern global sea level change based on satellite altimetry vary from
about 1.7mm/yr to about 3.2mm/yr.

21 Sea level from tide gauges

Tide gauges are located at coastal sites, and record the net movement of the local
ocean surface in relation to the land. Local relative sea-level change is the important
factor for purposes of coastal planning, so tide-gauge data are directly applicable for
planning for coastal installations.

In a more scientific context, the measured net movement of the local sea-level is
composed of two local components:

• the vertical change of the ocean surface

• the vertical change of the land surface.

For example, a tidegaugemay recordanapparent sea-level increaseof 3mm/year.
If geodeticmeasurements show the land tobe sinkingby2mm/year, the real sea level
rise is only 1mm/year (3 minus 2mm/year). In a global sea-level change context, the
value of 1mm/year is relevant, but in a local coastal planning context the 3mm/year
value is more relevant.

To construct time seriesof sea-levelmeasurements at each tidegauge, themonthly
and annual means have to be reduced to a common datum. This reduction is per-
formed by making use of the tide-gauge datum history provided by the supplying
authority. The Revised Local Reference (RLR) datum at each station is defined to be
approximately 7000mmbelowmean sea level, with this arbitrary choicemademany
years ago inorder to avoidnegative numbers in the resultingRLRmonthly andannual
mean values.

Most tide gauges are located at sites exposed to tectonic uplift or sinking (the
vertical change of the land surface). This widespread vertical instability has several
causes, butof course affects the interpretationofdata fromthe individual tidegauges,
although much effort is put into correcting for local tectonic movements.

Of special interest concerning the real short- and long-term sea-level change is
therefore data obtained from tide gauges located at tectonically stable sites. One
example of such a long record is shown in Figure 29. This record indicates a stable
sea-level rise of about 0.84mm per year, with no indication of recent acceleration.
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Figure 28: Holgate-9 monthly tide-gauge data.
Holgate (2007) suggested the nine stations listed in the diagram to capture the
variability found in a larger number of stations over the last half century studied
previously. For that reason, average values of the Holgate-9 group of tide gauge

stations are interesting to follow. The blue dots are the individual average monthly
observations, and the purple line represents the running 121-month ( 10-yr) average.
The two lower panels show the annual sea-level change, calculated for 1- and 10-yr

time windows, respectively. These values are plotted at the end of the interval
considered. Source: from PSMSL Data Explorer.

Figure 29: Korsør (Denmark) monthly tide gauge data since January 1897.
The blue dots are the individual monthly observations, and the purple line represents
the running 121-month (~10-yr) average. The two lower panels show the annual sea
level change, calculated for 1 and 10-yr time windows, respectively. These values are
plotted at the end of the interval considered. Source: from PSMSL Data Explorer.
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Data from tide gauges all over the world suggest an average global sea-level rise
of only 1–1.5mm/yr, while the satellite-derived record (see above) suggests a rise
of more than 3mm/yr. The noticeable difference between the two data sets has no
broadly accepted explanation.

22 Annual accumulated cyclone energy for the
Atlantic Basin

Accumulated cyclone energy (ACE) is ameasure usedby theNational Oceanic andAt-
mospheric Administration to express the activity of individual tropical cyclones and
entire tropical cyclone seasons. ACE is calculated as the square of the wind speed ev-
ery 6 h, and is then scaled by a factor of 10,000 for usability, using a unit of 104 knots2.
The ACE of a season is the sum of the ACE for each storm, and takes into account the
number, strength, and duration of all the tropical storms in the season.

Figure 30: Accumulated cyclone energy for the Atlantic basin per year since 1850 AD.
Thin lines show annual ACE values, and the thick line shows the running 7-yr average.

Data source: Atlantic Oceanographic and Meteorological Laboratory, Hurricane
Research Division.

The damage potential of a hurricane is proportional to the square or cube of the
maximumwind speed, and thus ACE is not only ameasure of tropical cyclone activity,
but also a measure of the damage potential of an individual cyclone or a season.

A Fourier analysis of the ACE series for the Atlantic Basin (not shown) reveals it to
be strongly influenced by a periodic variation of about 60 years’ duration. At present,
the ACE series is displaying a declining trend.
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23 Global, Arctic and Antarctic sea-ice extent

Figure 31: Global and hemispheric 12-month running average sea-ice extent since
1979, the satellite-era.

The October 1979 value represents the monthly average of November 1978–October
1979, the November 1979 value represents the average of December 1978–November

1979, and so on. The stippled lines represent a 61-month ( 5-yr) average. The last
month included in the 12-month calculations is shown to the right of the diagram.

Data source: National Snow and Ice Data Center (NSIDC).

The two12-month average sea-ice extent graphs showopposite trends. Themod-
ern northern hemisphere trend is towards smaller sea-ice extent, as clearly displayed
by the blue line in Figure 31; the simultaneous increase of southern hemisphere sea-
ice extent is similarly clear (red line).

Both 12-month average graphs are characterised by repeated variations super-
imposed on the overall trends. The Arctic extent is strongly influenced by a 5.3-year
periodic variation, while for the Antarctic, a periodic variation of about 4.5 years is im-
portant. Both these variations reached their minima simultaneously in 2016, which
explains the recent minimum in global sea-ice extent.
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Presumably, during the coming 1–2 years these natural variations will again in-
duce an increase in sea-ice extent at both poles, with an increase in the 12-month av-
erage global sea-ice extent as the likely result. However, in the coming years minima
andmaxima for these variations will not occur synchronously because of their differ-
ent length, and global minima (or maxima) may be less pronounced than in 2016.

24 Northern hemisphere snow-cover extent

The northern hemisphere snow-cover extent exhibits large local and regional varia-
tions from year to year (Figure 32). However, the overall tendency since 1972 is to-
wards stable northern hemisphere snow conditions, as shown in Figures 33 and 34.

Figure 32: Northern hemisphere snowcover (white) and sea ice (yellow) 29December
2015 (left) and 2016 (right).

Source: National Ice Center (NIC).

The spring snow cover extent has decreased a little since 1972, and the autumn
snow extent has increased a little (Figure 36).

During thenorthernhemisphere summer, the snowcover usually shrinks to about
2,400,000 km2 (essentially controlled by the extent of the Greenland ice sheet), and
during the northern hemisphere winter it increases to about 50,000,000 km2, repre-
senting about 33% of planet Earth’s total land area.
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Figure 33: Northern hemisphereweekly snow cover extent since January 2000 (upper
diagram) and 1972 (lower diagram).

The thin blue line is the weekly data, and the thick blue line is the running 53-week
average ( 1 yr). The horizontal red line is the 1972–2015 average. Source: Rutgers

University Global Snow Laboratory.
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Figure 34: Northern hemisphere seasonal snow cover since 1972.
Source: Rutgers University Global Snow Laboratory.
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25 Links to data sources

AMO, Earth System Research Laboratory, NOAA, USA: https://www.esrl.noaa.
gov/psd/data/timeseries/AMO/

Atlantic Oceanographic andMeteorological Laboratory, Hurricane ResearchDi-
vision: http://www.aoml.noaa.gov/hrd/tcfaq/E11.html

Colorado Center for Astrodynamics Research: http://sealevel.colorado.edu/

EarthSystemResearchLaboratory (ESRL): https://www.esrl.noaa.gov/psd/map/
clim/olr.shtml

GISS temperature data: https://data.giss.nasa.gov/gistemp/

Global Marine Argo Atlas: http://www.argo.ucsd.edu/Marine_Atlas.html

Goddard Institute for Space Studies (GISS): https://www.giss.nasa.gov/

HadCRUT temperature data: http://hadobs.metoffice.com/

National Ice Center (NIC). http://www.natice.noaa.gov/pub/ims/ims_gif/DATA/
cursnow.gif

National Snowand IceDataCenter (NSIDC): http://nsidc.org/data/seaice_index/
index.html

NCDC temperature data: https://www.ncdc.noaa.gov/monitoring-references/
faq/

Ocean temperatures from Argo floats: http://www.argo.ucsd.edu/

Oceanic Niño Index (ONI): http://www.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ensoyears.shtml

Outgoing longwave radiation (OLR): https://www.esrl.noaa.gov/psd/map/clim/
olr.shtml

PDO, Joint Institute for the Study of the Atmosphere and Ocean (JISAO): http:
//research.jisao.washington.edu/pdo/PDO.latest

PSMSL Data Explorer: http://www.psmsl.org/data/obtaining/map.html

RutgersUniversityGlobal SnowLaboratory: http://climate.rutgers.edu/snowcover/
index.php

RSS temperaturedata: http://www.remss.com/measurements/upper-air-temperature

Sea level fromsatellites: http://sealevel.colorado.edu/files/current/sl_global.txt

Sea level from tide gauges: http://www.psmsl.org/data/obtaining/map.html

UAHtemperaturedata: http://www.nsstc.uah.edu/data/msu/v6.0/tlt/uahncdc_
lt_6.0.txt

http://www.nsstc.uah.edu/data/msu/v6.0/tlt/uahncdc_lt_6.0.txt
http://www.nsstc.uah.edu/data/msu/v6.0/tlt/uahncdc_lt_6.0.txt
http://www.psmsl.org/data/obtaining/map.html
http://sealevel.colorado.edu/files/current/sl_global.txt
http://www.remss.com/measurements/upper-air-temperature
http://climate.rutgers.edu/snowcover/index.php
http://climate.rutgers.edu/snowcover/index.php
http://www.psmsl.org/data/obtaining/map.html
http://research.jisao.washington.edu/pdo/PDO.latest
http://research.jisao.washington.edu/pdo/PDO.latest
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.argo.ucsd.edu/
http://nsidc.org/data/seaice_index/index.html
http://nsidc.org/data/seaice_index/index.html
http://www.natice.noaa.gov/pub/ims/ims_gif/DATA/cursnow.gif
http://www.natice.noaa.gov/pub/ims/ims_gif/DATA/cursnow.gif
http://hadobs.metoffice.com/
http://www.argo.ucsd.edu/Marine_Atlas.html
http://sealevel.colorado.edu/
http://www.aoml.noaa.gov/hrd/tcfaq/E11.html
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