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Summary for Policymakers 

CHANGES IN TEMPERATURE, SEA LEVEL AND NORTHERN  HEMISPHERE SNOW COVER

Figure SPM.3. Observed changes in (a) global average surface temperature, (b) global average sea level from tide gauge (blue) and 
satellite (red) data and (c) Northern Hemisphere snow cover for March-April. All changes are relative to corresponding averages for 
the period 1961–1990. Smoothed curves represent decadal average values while circles show yearly values. The shaded areas are the 
uncertainty intervals estimated from a comprehensive analysis of known uncertainties (a and b) and from the time series (c).  {FAQ 3.1, 
Figure 1, Figure 4.2, Figure 5.13}
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Return to global mean surface temperature

dots: annual mean
shading: 5-95% decadal 
error bars

IPCC (2007)



Observed change in surface air temperature (oC) 

(Delworth & Knutson, 2000,Science)

recent warming at all latitudes



Surface warming 
trend from satellite 
data since 1979:

• warming over 
most of globe
• land warming 
faster than ocean

IPCC (2007)

How about the atmosphere?
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Atmospheric 
warming trend 
from surface to 10 
km since 1979. 

IPCC (2007)

How about the ocean?

oC per decade

-0.75 0.75 Figure 3.19



• upper 2.5 m of ocean holds as much heat as 
overlying atmosphere

• oceans have absorbed more than 80% of the heat 
added to the climate system (IPCC, 2007)    

Why care about the ocean?
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Observations: Oceanic Climate Change and Sea Level Chapter 5
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Figure 5.1. Time series of global annual ocean heat content (1022 J) for the 0 to 700 m layer. The black curve is updated from Levitus et al. (2005a), with the shading repre-
senting the 90% confi dence interval. The red and green curves are updates of the analyses by Ishii et al. (2006) and Willis et al. (2004, over 0 to 750 m) respectively, with the er-
ror bars denoting the 90% confi dence interval. The black and red curves denote the deviation from the 1961 to 1990 average and the shorter green curve denotes the deviation 
from the average of the black curve for the period 1993 to 2003. 

Time series of upper ocean heat content (1022J) for the 
upper 700m. IPCC (2007); Levitus et al. (2006) for black line



Ocean Heat Content Change 

• What is the spatial pattern of warming?
• How is the warming controlled?

Levitus et al. (2006) – rise in heat 
content of upper 3000m from 5 year 
running averages (1022 J)

focus on N. Atlantic where high data coverage 
and a reported warming signal
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Figure 3.30. Changes in winter (December–March) surface pressure, temperature, 
and precipitation corresponding to a unit deviation of the NAO index over 1900 to 
2005. (Top left) Mean sea level pressure (0.1 hPa). Values greater than 0.5 hPa are 
stippled and values less than !0.5 hPa are hatched. (Top right) Land-surface air and 
sea surface temperatures (0.1°C; contour increment 0.2°C). Temperature changes 
greater than 0.1°C are indicated by stippling, those less than –0.1°C are indicated 
by hatching, and regions of insuffi cient data (e.g., over much of the Arctic) are not 
contoured. (Bottom left) Precipitation for 1979 to 2003 based on GPCP (0.1 mm per 
day; contour interval 0.6 mm per day). Stippling indicates values greater than 0.3 
mm per day and hatching values less than –0.3 mm per day. Adapted and updated 
from Hurrell et al. (2003).

regions of strongest variability, and the movement of those
regions through the annual cycle is reflected in Figure 6.  

The NAO is the only teleconnection pattern evident
throughout the year in the NH [Barnston and Livezey, 1987].
During the winter season (December-February), it accounts
for more than one-third of the total variance in SLP over the
North Atlantic, and appears with a slight northwest-to-south-
east orientation. In the so-called positive phase (depicted),
higher-than-normal surface pressures south of 55ºN combine
with a broad region of anomalously low pressure throughout

the Arctic to enhance the climatological meridional pressure
gradient (Figure 1). The largest amplitude anomalies occur
in the vicinity of Iceland and across the Iberian Peninsula.
The positive phase of the NAO is associated with stronger-
than-average surface westerlies across the middle latitudes
of the Atlantic onto Europe, with anomalous southerly flow
over the eastern U.S. and anomalous northerly flow across
the Canadian Arctic and the Mediterranean (Figure 7).  

The NAO is well separated (and thus less likely to be
affected by statistical sampling errors) in all seasons from

HURRELL ET AL. 9

Figure 7. The difference in boreal winter (December-February) mean sea level pressure and 1000 hPa vector winds between
positive (hi) and negative (lo) index phases of the NAO. The composites are constructed from winter data (the NCEP/NCAR
reanalyses over 1958-2001) when the magnitude of the NAO index (defined as the principal component time series of the
leading empirical orthogonal function of Atlantic-sector sea level pressure, as in Figures 6 and 10) exceeds one standard
deviation. Nine winters are included in each composite. The contour increment for sea level pressure is 2 hPa, negative val-
ues are indicated by the dashed contours, and the zero contour has been excluded. The scaling vector is 3 m s-1. 
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Figure 3.31. Normalised indices (units of standard deviation) of the mean winter 
(December–March) NAO developed from sea level pressure data. In the top panel, 
the index is based on the difference of normalised sea level pressure between 
Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland from 1864 to 2005. The aver-
age winter sea level pressure data at each station were normalised by dividing each 
seasonal pressure anomaly by the long-term (1864 to 1983) standard deviation. In 
the middle panel, the index is the principal component time series of the leading EOF 
of Atlantic-sector sea level pressure. In the lower panel, the index is the principal 
component time series of the leading EOF of NH sea level pressure. The smooth 
black curves show decadal variations (see Appendix 3.A). The individual bar corre-
sponds to the January of the winter season (e.g.,%1990 is the winter of 1989/1990). 
Updated from Hurrell et al. (2003); see http://www.cgd.ucar.edu/cas/jhurrell/indices.
html for updated time series.

Winter indices of the NAO for sea 
level pressure from Portugal-Iceland 

Hurrell et al. (2003)

North Atlantic Oscillation
surface pressure anomaly for NAO+

surface wind anomaly for NAO+ minus 
NAO-



Ocean Heat Content

data from NODC World Ocean Atlas (2001) 
and WOCE programme

1950-1974 1975-2000

North Atlantic Data



North Atlantic Data

• Overall heat gain    equivalent to 0.4 +/- 0.05 W m-2

•  Smaller than anthropogenic heat gain 1.6 W m-2 (0.6 to 2.4 Wm-2)

•  Not the same pattern as for surface & atmosphere T



Ocean heat content change  
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(b) Model

Figure 1

(a) Observations

Change in ocean heat content (1020J) between 
1980-2000 and 1950-1970 

Data
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Ocean heat content change  
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(b) Model

Figure 1

(a) Observations

Change in ocean heat content (1020J) between 
1980-2000 and 1950-1970 

 How should this pattern be interpreted?

Data

• Overall heat gain is significant  (0.4 +/- 0.05 W m-2)
• Larger regional changes  (+/- 4 W m-2)



Default Model Results
• Comparison of two 

20-year runs 
(1980-2000 – 
1950-1970)

• 1.4º resolution
• Heat content 

difference (1020J)

Observations

Model - ECMWF Model - NCEP

MICOM
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Observations

Model

(a) Observed Heat Content Change

(b) Modelled Heat Content Change

(c) Zonally Integrated Heat Content Change
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Observations

Model

(a) Observed Heat Content Change

(b) Modelled Heat Content Change

(c) Zonally Integrated Heat Content Change
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(a)(i) NCEP forced Model (a)(ii) ECMWF forced Model

(b)(i) NCEP forced Model (b)(ii) ECMWF forced Model

(c)(i) NCEP forced NAO+/- Model (c)(ii) ECMWF forced NAO+/- Model



Model sensitivity experiments  

Observations

Includes changes in air-sea heat fluxes Include changes in winds

MICOM

• Comparison of 
two 20-year runs 
(1980-2000 – 
1950-1970)

• 1.4º resolution
• ECMWF
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Observations

Buoyancy

Wind

NAO+/!

(a) Climatological Winds and Variable Buoyancy

(b) Climatological Buoyancy and Variable Winds

(c) Idealised NAO+/- Heat Content Change

(d) Zonally Integrated Heat Content Change
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(a) Climatological Winds and Variable Buoyancy

(b) Climatological Buoyancy and Variable Winds

(c) Idealised NAO+/- Heat Content Change

(d) Zonally Integrated Heat Content Change
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Observations

Model

(a) Observed Heat Content Change

(b) Modelled Heat Content Change

(c) Zonally Integrated Heat Content Change



North Atlantic Oscillation (NAO)

Observations

Model - Default Model  –   NAO+ minus NAO-

NAO Index

MICOM
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Observations

Buoyancy

Wind

NAO+/!

(a) Climatological Winds and Variable Buoyancy

(b) Climatological Buoyancy and Variable Winds

(c) Idealised NAO+/- Heat Content Change

(d) Zonally Integrated Heat Content Change

 

 

  75
o
W   50

o
W   25

o
W    0

o
  

   0
o
  

  12
o
N 

  24
o
N 

  36
o
N 

  48
o
N 

  60
o
N 

!4

!2

0

2

4

 

 

  75
o
W   50

o
W   25

o
W    0

o
  

   0
o
  

  12
o
N 

  24
o
N 

  36
o
N 

  48
o
N 

  60
o
N 

!4

!2

0

2

4

0 10 20 30 40 50 60
!6

!4

!2

0

2

4

6
x 10

21

Latitude

D
if
fe

re
n

c
e

 i
n

 H
e

a
t 

C
o

n
te

n
t 

(J
)

 

 
Observations

Model

(a) Observed Heat Content Change

(b) Modelled Heat Content Change

(c) Zonally Integrated Heat Content Change
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Observations

Model

(a) Observed Heat Content Change

(b) Modelled Heat Content Change

(c) Zonally Integrated Heat Content Change



What is seen in 
single sections?

Changes 2005 - 1981:
upper ocean warming
slight mid-depth cooling

Changes 1981 - 1959:
upper ocean cooling

Changes in upper 
800 m explained by 
changes in winds 
linked to the NAO Leadbetter et al. (2006) GRL

NERC 36N Consortium led by Liverpool

 

 

35

35.25

35.5

3
63
5
.7

5

35
.535

.2
5

35

  75
o
W   60

o
W   45

o
W   30

o
W   15

o
W    0

o
  

  25
o
N 

  30
o
N 

  35
o
N 

  40
o
N 

  45
o
N 

1959

1981

2005

D
e
p
th

 [
k
m

]

!1

!
0.

5
0.5 !0.5

0.5

!70 !60 !50 !40 !30 !20 !10

1

2

3

4

5

!
1

!0
.5 2

!
0
.5

0.5

0.5

1

!
0
.5

0
.5

1 1

!0.5

0
.5

!
1

0.2

0.4

0.6

0.8

!1 0 1

D
e
p
th

 [
k
m

]

!" [
°
C]

 

 

All

W

E

Longitude

D
e

p
th

 [
k
m

]

0
.5

!
0.

5

!
0
.5

0
.5

!
0
.5

0
.5!1

!70 !60 !50 !40 !30 !20 !10

1

2

3

4

5

!
2

2

1

0.
5 !1

!
1 !

0
.5

0.
5

!
0
.5

!
0
.5

!
0
.5

!
1

!
2

!
0
.5

!
1

0.2

0.4

0.6

0.8

!1 0 1

D
e
p
th

 [
k
m

]

!" [
°
C]

 

 

All

W

E

(a) Cruise tracks and Salinity at

(b) Potential Temperature Change 2005-1981

(c) Potential Temperature Change 1981-1959

Figure 1: (a) Location of sections across 36◦N in 1959, 1981 and 2005. Overlaid are
contours of salinity at 1000m in the subtropical North Atlantic. (b) Temperature change
across 36◦N 2005 minus 1981 [◦C]. Right-hand plot is zonally averaged temperature changes
from 9 − 70◦W (red line), 40 − 70◦W (blue line), and 9 − 40◦W (black line). Also plotted
are the 95% confidence limits for zonally averaged temperature from 9− 70◦W (red dashed
lines). (c) As for (b) but 1981 minus 1959. Note the reversing pattern of temperature
changes for the two sections.
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(a) Cruise tracks and Salinity at

(b) Potential Temperature Change 2005-1981

(c) Potential Temperature Change 1981-1959

Figure 1: (a) Location of sections across 36◦N in 1959, 1981 and 2005. Overlaid are
contours of salinity at 1000m in the subtropical North Atlantic. (b) Temperature change
across 36◦N 2005 minus 1981 [◦C]. Right-hand plot is zonally averaged temperature changes
from 9 − 70◦W (red line), 40 − 70◦W (blue line), and 9 − 40◦W (black line). Also plotted
are the 95% confidence limits for zonally averaged temperature from 9− 70◦W (red dashed
lines). (c) As for (b) but 1981 minus 1959. Note the reversing pattern of temperature
changes for the two sections.
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(a) Cruise tracks and Salinity at

(b) Potential Temperature Change 2005-1981

(c) Potential Temperature Change 1981-1959

Figure 1: (a) Location of sections across 36◦N in 1959, 1981 and 2005. Overlaid are
contours of salinity at 1000m in the subtropical North Atlantic. (b) Temperature change
across 36◦N 2005 minus 1981 [◦C]. Right-hand plot is zonally averaged temperature changes
from 9 − 70◦W (red line), 40 − 70◦W (blue line), and 9 − 40◦W (black line). Also plotted
are the 95% confidence limits for zonally averaged temperature from 9− 70◦W (red dashed
lines). (c) As for (b) but 1981 minus 1959. Note the reversing pattern of temperature
changes for the two sections.



2005-1981 1981-1959

0.5

1

1.5

2

2.5

3
!0.05 !0.025 0 0.025 0.05

D
e
p
th

 [
k
m

]

Temperature Trend [Kyear
!1

]

 

 

[d!/dt]
p

[d!/dt]
n

![dp/dt]
n
("!/"p)

residual

0.5

1

1.5

2

2.5

3
!0.05 !0.025 0 0.025 0.05

D
e
p
th

 [
k
m

]

Temperature Trend [Kyear
!1

]

 

 

[d!/dt]
p

[d!/dt]
n

![dp/dt]
n
("!/"p)

residual

26.4

26.6

26.8

27

27.2

27.4

27.6

27.8

28

28.2

!100 !50 0 50 100

2500m

1500m

 1000m

 800m

 600m

 400m

N
e

u
tr

a
l 
S

u
rf

a
c
e

 #
n

Depth Change [m]

 

 

 400m

 600m

 800m

1500m

2500m

2005!1981 1981!1959

(a) Decompostion - 2005-1981

(b) Decomposition - 1981-1959

(c) Heave - whole basin

Figure 2: (a) Decomposition of temperature changes between 1981 and 2005 into changes
at constant depth (red line), changes at constant neutral density (blue line) and changes
due to the movement of neutral density surfaces (black line). The black dashed line is the
residual (red line minus blue line plus black line). (b) As for (a) but 1981 minus 1959. (c)
Displacement of neutral density surfaces between 1981 and 2005 (solid line) and 1959 and
1981 (dashed line) [m]. Note the pronounced displacement of the neutral density surfaces
between 1959 and 1981 which is reversed between 1981 and 2005.

0.5

1

1.5

2

2.5

3
!0.05 !0.025 0 0.025 0.05

D
e
p
th

 [
k
m

]

Temperature Trend [Kyear
!1

]

 

 

[d!/dt]
p

[d!/dt]
n

![dp/dt]
n
("!/"p)

residual

0.5

1

1.5

2

2.5

3
!0.05 !0.025 0 0.025 0.05

D
e
p
th

 [
k
m

]

Temperature Trend [Kyear
!1

]

 

 

[d!/dt]
p

[d!/dt]
n

![dp/dt]
n
("!/"p)

residual

26.4

26.6

26.8

27

27.2

27.4

27.6

27.8

28

28.2

!100 !50 0 50 100

2500m

1500m

 1000m

 800m

 600m

 400m

N
e
u
tr

a
l 
S

u
rf

a
c
e
 #

n

Depth Change [m]

 

 

 400m

 600m

 800m

1500m

2500m

2005!1981 1981!1959

(a) Decompostion - 2005-1981

(b) Decomposition - 1981-1959

(c) Heave - whole basin

Figure 2: (a) Decomposition of temperature changes between 1981 and 2005 into changes
at constant depth (red line), changes at constant neutral density (blue line) and changes
due to the movement of neutral density surfaces (black line). The black dashed line is the
residual (red line minus blue line plus black line). (b) As for (a) but 1981 minus 1959. (c)
Displacement of neutral density surfaces between 1981 and 2005 (solid line) and 1959 and
1981 (dashed line) [m]. Note the pronounced displacement of the neutral density surfaces
between 1959 and 1981 which is reversed between 1981 and 2005.
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Figure 2: (a) Decomposition of temperature changes between 1981 and 2005 into changes
at constant depth (red line), changes at constant neutral density (blue line) and changes
due to the movement of neutral density surfaces (black line). The black dashed line is the
residual (red line minus blue line plus black line). (b) As for (a) but 1981 minus 1959. (c)
Displacement of neutral density surfaces between 1981 and 2005 (solid line) and 1959 and
1981 (dashed line) [m]. Note the pronounced displacement of the neutral density surfaces
between 1959 and 1981 which is reversed between 1981 and 2005.
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(a) Ekman Upwelling Anomaly - 1981-2005

(b) Ekman Upwelling Anomaly - 1959-1981

(c) Thermocline Thickness Anomaly - 1981-2005

(d) Thermocline Thickness Anomaly - 1959-1981

Figure 4: Average anomalous Ekman upwelling [myr−1] (a) between 1981 and 2005 and (b)
between 1959 and 1981 (positive denotes more upwelling). Average anomalous thermocline
thickness [m] as computed from an idealised 11

2
layer, thermocline model (c) between 1981

and 2005 and (d) between 1959 and 1981 (positive denotes a thicker thermocline).
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Figure 3: (a) Mean θ−S plot for 10−20◦W focusing on the peak in salinity characteristics
of Mediterranean Outflow Water. (b) Mean θ − S plot for 55 − 65◦W at the depth of
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contoured in the background, which are computed in (a) using a depth of 1000m and a
location of 36◦N, 15◦W and in (b) using a depth of 2000m and a location of 36◦N, 60◦W .
Black dashed and solid lines link points of equal pressure.
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(a) Cruise tracks and Salinity at

(b) Potential Temperature Change 2005-1981

(c) Potential Temperature Change 1981-1959

Figure 1: (a) Location of sections across 36◦N in 1959, 1981 and 2005. Overlaid are
contours of salinity at 1000m in the subtropical North Atlantic. (b) Temperature change
across 36◦N 2005 minus 1981 [◦C]. Right-hand plot is zonally averaged temperature changes
from 9 − 70◦W (red line), 40 − 70◦W (blue line), and 9 − 40◦W (black line). Also plotted
are the 95% confidence limits for zonally averaged temperature from 9− 70◦W (red dashed
lines). (c) As for (b) but 1981 minus 1959. Note the reversing pattern of temperature
changes for the two sections.
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(a) Cruise tracks and Salinity at

(b) Potential Temperature Change 2005-1981

(c) Potential Temperature Change 1981-1959

Figure 1: (a) Location of sections across 36◦N in 1959, 1981 and 2005. Overlaid are
contours of salinity at 1000m in the subtropical North Atlantic. (b) Temperature change
across 36◦N 2005 minus 1981 [◦C]. Right-hand plot is zonally averaged temperature changes
from 9 − 70◦W (red line), 40 − 70◦W (blue line), and 9 − 40◦W (black line). Also plotted
are the 95% confidence limits for zonally averaged temperature from 9− 70◦W (red dashed
lines). (c) As for (b) but 1981 minus 1959. Note the reversing pattern of temperature
changes for the two sections.

1959 to 1981: warmer & saltier Med Water and slightly for Labrador Sea Water
1981 to 2005: cooler & fresher Med. Water and Labrador Sea Water 
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Figure 1

(a) Observations

Change in ocean heat content (1020J) between 
1980-2000 and 1950-1970 

Speculations

• Ocean heat content change can be explained by the change in 
wind forcing linked to the North Atlantic Oscillation

• Or any anthropogenic change is being imprinted on the ocean 
with the same pattern as that of the North Atlantic Oscillation

• Possibly seeing decadal, natural variability masking any 
greenhouse forcing
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Figure 3.31. Normalised indices (units of standard deviation) of the mean winter 
(December–March) NAO developed from sea level pressure data. In the top panel, 
the index is based on the difference of normalised sea level pressure between 
Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland from 1864 to 2005. The aver-
age winter sea level pressure data at each station were normalised by dividing each 
seasonal pressure anomaly by the long-term (1864 to 1983) standard deviation. In 
the middle panel, the index is the principal component time series of the leading EOF 
of Atlantic-sector sea level pressure. In the lower panel, the index is the principal 
component time series of the leading EOF of NH sea level pressure. The smooth 
black curves show decadal variations (see Appendix 3.A). The individual bar corre-
sponds to the January of the winter season (e.g.,%1990 is the winter of 1989/1990). 
Updated from Hurrell et al. (2003); see http://www.cgd.ucar.edu/cas/jhurrell/indices.
html for updated time series.
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Figure 3.30. Changes in winter (December–March) surface pressure, temperature, 
and precipitation corresponding to a unit deviation of the NAO index over 1900 to 
2005. (Top left) Mean sea level pressure (0.1 hPa). Values greater than 0.5 hPa are 
stippled and values less than !0.5 hPa are hatched. (Top right) Land-surface air and 
sea surface temperatures (0.1°C; contour increment 0.2°C). Temperature changes 
greater than 0.1°C are indicated by stippling, those less than –0.1°C are indicated 
by hatching, and regions of insuffi cient data (e.g., over much of the Arctic) are not 
contoured. (Bottom left) Precipitation for 1979 to 2003 based on GPCP (0.1 mm per 
day; contour interval 0.6 mm per day). Stippling indicates values greater than 0.3 
mm per day and hatching values less than –0.3 mm per day. Adapted and updated 
from Hurrell et al. (2003).

Unclear as to link of the North Atlantic Oscillation & greenhouse forcing 

• Greenhouse warming has been speculated as being achieved by 
increasing  NAO+ states 
• 18 global climate models assessed (Stephenson et al., 2006)

15 models simulate NAO pressure dipole
13 models predict increase in NAO+ with greenhouse forcing
no models able to reproduce decadal trend over last 40 years

• Stronger stratosphere circulation linked to greenhouse forcing 
(Butchart et al., 2006), possibly more blocking & NAO- states 

• Tropical variability might induce random NAO variations based on 
ensemble of climate models (Selton et al., 2004)
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Composite of 30 Strong Vortex Events
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Possible link back to the upper atmosphere

Storm Tracks

Storm tracks (1961-1998): 
strong vortex events (blue)
weak vortex events (red)

time lag for strong & weak vortex events for a pressure anomaly



Conclusions  

• Either
– decadal variability masks 

anthropogenic warming
– warming signal is being imprinted 

via the pattern of NAO induced 
forcing
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(a) Observed Heat Content Change

(b) Modelled Heat Content Change

(c) Zonally Integrated Heat Content Change

Whilst many other proxy signals of 
global warming, still need to be 
cautious on making attribution of 
changes.

• Any anthropogenic warming signal 
over the basin is not spatially uniform

• Overall warming of the N. Atlantic         
– 0.4+/- 0.05 W m-2 
– Larger regional changes


