
Meridional Overturning Circulation, 
Ocean Heat Transport 
and Climate Change

1) MOC dynamics and mechanisms
2) Ocean Heat Transport



Abyssal circulation dynamics
Thermohaline = temperature and salinity processes
Thermohaline processes that most strongly impact deep waters:

1. deep convection: 1000 to 1500 dbar (or more) overturn due to 
buoyancy loss (mostly cooling that causes densification)

2. brine rejection: salt rejected from sea ice during formation, 
most effective when mixed into a shallow layer, say, on a 
continental shelf.  B.R. in some special sites makes the densest 
ocean waters.

3. diffusion: mixing of heat and salt.  Diapycnal diffusion is 
essential for deep waters to warm and upwell diapycnally
(balances the other two densification processes)



Abyssal circulation dynamics
Controversy on names:

“Thermohaline circulation”: widely used to describe this very 
large-scale overturn.  Involves sources of dense water and 
Deep Western Boundary Currents and return warm flow to 
feed the isolated dense sources. 

In physical oceanography, we also refer to “abyssal circulation”
when discussing the theory of deep circulation (See Stommel-
Aaron’s Model)

“Meridional overturning circulation”: essentially the same as 
THC, but acknowledging that diffusion is a very important 
factor in controlling the flow, that diffusion itself does not 
result from thermohaline forcing (but from turbulence due to 
the wind and tides), and that wind also upwells deep waters.



Meridional Overturning Circulation
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Its drivers are: (a) turbulent diapycnal mixing, 
(b) wind-driven upwelling in the Southern Ocean 



Mixing & Winds
Sketch of the two extreme cases: 
“only diapycnal mixing” (case 1) and
“only wind-driven upwelling” (case 2). 

The curved line indicates the 
thermocline that separates
denser from lighter waters. 
The open circles indicate regions of 
dense-to-light conversion of water 
masses (Water Mass Transformation)

A more ‘realistic’AMOC. 
The two cells are 
driven by both diapycnal mixing and 
wind-driven upwelling.



kD

Fτ

Important parameters:       τ – wind stress in the Southern ocean
kD– diapycnal diffusivity
F – surface heat & freshwater fluxes
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polar sources of deep water

waters cooled at high latitudes fill the ocean

interior with cold, dense water

N. Atlantic
polar

Southern Oc.



the Antarctic sea-ice factory

cold winds blow sea-ice out to sea as it formed, allowing

continual formation of new sea ice… as sea ice is formed from

sea water, salt is rejected, enriching salt content below

sinking
cold

dense
brines

the extra salt promotes deep water formation

(i.e. “Antarctic Bottom Water”)

cold Antarctic winds



Deep convection and brine rejection sites
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clicker question:
temperature salinity

surface waters are cold throughout the high latitudes, so why

might deep water formation occur in the N. Atlantic

but not in the N. Pacific?

a) not really cold in N. Pac, b) not windy enough, c) Coriolis

wrong direction, d) not salty enough, e) too sunny



Abyssal circulation dynamics
Diffusion (diapycnal, i.e. across isopycnals) is required to return 

convected/cooled waters back upwards to surface



localized
sinking

Wide-spread distributed upwelling Column stretching
H increases, so f 
has to increase to 
preserve f/H

Remember the conservation of PV, and the 
STommel-Arons model

80N Equator

TI



Abyssal circulation: Stommel-Arons model

 

X

X

1/ Local deep water sources So

2/ General upwelling U

3/ Yields poleward interior flow (Ti), 
connected with Deep Western 
Boundary Currents (Tw)



Very idealized model of global DWBCs (Stommel, 1958)

No topography

2 sources:NADW and AABW (very idealized versions!!!)

Poleward (weak) interior flow, strong DWBCs to connect flows



What about the upwelling part of the 
meridional overturning?

Diffusion (diapycnal, i.e. across isopycnals) is required to return convected/cooled 
waters back upwards to surface

It can be argued that the diapycnal diffusivity governs the overall strength of the 
overturn, rather than the convection rates (which are small). 

This is true in coarse-resolution numerical ocean models! ...



What causes the 
diapycnal diffusivity?

It is both tides (surface tides creating 
internal tides, creating internal waves 
that break in the deep ocean and cause 
turbulence)

And wind

(creating internal waves that break in the 
deep ocean, or eddies)

Seminal paper by Munk and Wunsch
(1998)



Relation of tides and wind
to diapycnal diffusivity

Kv = 10-5

Kv = 10-3



the ocean “conveyor belt”

deep circulation dominated by a continuous circuit
associated with formation of deep water in the

N. Atlantic (i.e. NADW)
“what goes around comes around”



the ocean “conveyor belt”

long route implies long time to complete circuit
how long?



how old is the deep ocean?

•half the 14C decays away every 5730 years

•so measuring how much 14C tells us how long since

water absorbed new carbon (as CO2) at the surface

•more 14C means water was at the surface more recently

•less 14C means water was at the surface less recently
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less 14C means older water!

can estimate avg. timescale of deep circulation is 1000 years!

new water
from sinking

oldest  water
(must come up)

near bottom 14C (% deviation from modern )



The Southern Ocean: a pivotal role



The Southern Ocean



Ocean Heat Transport



Earth’s Heat Budget

Notice that insolation 
balances infrared radiation 
at the top of the atmosphere
(341-239-102=0)

At the surface, latent heat flux 
and net infrared radiation 
tend to balance insolation, and 
sensible heat flux is small.

Note that only 20% of insolation reaching Earth is absorbed directly by the atmosphere 
while 49% is absorbed by the ocean and land



A few numbers
•The heat capacity of the ocean is about 1000 times larger than 

the heat capacity of the atmosphere 
• The top 3.5 meters of the ocean hold as much energy as all of 

the air on the planet 
• The ocean is by far the largest reservoir of heat in the climate 

system

To heat 1 m3 of air by 1C
it takes about 2,000 Joules. 
But to warm a cubic metre 
of ocean one needs about 
4,200,000 Joules.



Surface heat flux (W/m2) into ocean

Yellow: heating                       Blue: cooling 



Zonal averages of heat transfer to the ocean by insolation QSW, 
and loss by long wave radiation QLW, sensible heat flux QS, and 
latent heat flux QL

The zonal average of the oceanic heat-budget terms shows that insolation is greatest in 
the tropics, that evaporation balances insolation, and sensible heat flux is small



The earth's Radiation Balance
- A balance between incoming solar radiation and outgoing long-wave

radiation
- The incoming radiation is “sunlight”, shortwave radiation, some of which 

is reflected back to space.
- The percentage of energy reflected is called the albedo, and the albedo 

is higher over lighter areas like snow and lower over darker areas like the 
ocean.

- Most of the incoming radiation occurs in the tropical and equatorial 
regions, so there is more incoming radiation than outgoing radiation for 
latitudes less that 35 degree.

- There is more outgoing radiation than incoming radiation in subpolar and 
polar regions.

- To maintain the heat budget at each latitude, the ocean + atmosphere 
must transport heat poleward away from tropical regions toward polar 
regions; and the maximum ocean +atmosphere heat transport occurs at 
a latitude of about 35 degree.



Heat Transport



Locally, heat storage by the climate system cannot compensate for the 
net radiative flux imbalance at the top of the atmosphere and, annually, 
the balance is nearly entirely achieved by heat transport from regions 
with a positive net radiative flux to regions with a negative net radiative 
flux. When the balance is averaged over latitudinal circles (zonal mean), 
this corresponds to a meridional heat transport from equatorial to polar 
regions



•Most	of	the	incoming	radia2on	occurs	in	the	tropical	and	equatorial	
regions,	so	there	is	more	incoming	radia2on	than	outgoing	radia2on	for	
la2tudes	less	that	35	degree.	There	is	more	outgoing	radia2on	than	
incoming	radia2on	in	subpolar	and	polar	regions.	

•To	maintain	the	heat	budget	at	each	la2tude,	the	ocean	+	atmosphere	
must	transport	heat	poleward	away	from	tropical	regions	toward	polar	
regions.

Ocean Heat Transport

2688 K. E. TRENBERTH and D. P. STEPANIAK

80           60           40           20            0           20           40           60           80

 6

 4

 2

 0

-2

-4

-6

qS          Latitude          qN    

H
ea

t t
ra

ns
po

rt
  (

P
W

)

Total transport
Ocean
Atmosphere

Ocean

Atmosphere

Figure 6. Poleward heat transports by the atmosphere (large-dashed line), ocean (small-dashed line) and the two
combined (solid line) in petawatts (from Trenberth and Caron 2001).

such as the Gulf Stream in the North Atlantic or the Kuroshio in the North Pacific,
move warm waters polewards while part of the return flow comprises colder currents
in the eastern oceans. However, a major part of the Gulf Stream return flow is at depth,
and the most pronounced thermohaline circulation is in the Atlantic Ocean. In contrast,
the Pacific Ocean is fresher and features shallower circulations. A key reason for the
differences lies in salinity. Because there is a net atmospheric water vapour transport
in the tropical easterly trade winds from the Atlantic to the Pacific across the Central
American isthmus, the North Atlantic is much saltier than the North Pacific.

(c) Land
Heat penetration into land from surface fluxes of energy occurs mainly through

conduction except where water plays a role, so that heat penetration is limited and slow.
The specific heat of dry land is roughly a factor of four-and-a-half less than that of sea
water (for moist land the factor is probably closer to two). Moreover, heat penetration
into land is limited and only the top 2 metres or so typically play an active role (as a
depth for most of the variations on annual time-scales, say). Accordingly, land plays
a much smaller role in the storage of heat and in providing a memory for the climate
system. Temperature profiles taken from bore holes (Pollack et al. 1998) into land (or
ice caps), therefore, provide a blurry coarse estimate of temperatures in years long past.
The land surface encompasses an enormous variety of topographical features and soils,
differing slopes (which influence runoff and radiation received) and water capacity.
Changes in phase of water, from ice to liquid to water vapour, affect the storage of
heat. Soil moisture and surface waters can act through evaporative cooling to moderate
temperatures, but the role of moisture is limited by its availability either in soils or
through transpiration from plants. Plants can act to pump moisture out of the root zone
into the leaves where it can be released into the atmosphere as the plant participates
in photosynthesis. Changes in vegetation alter how much sunlight is reflected. Sensible-
heat fluxes are relatively modest (Fig. 1) and evaporative fluxes provide more net cooling
than long-wave radiation.

Surface air temperature changes over land occur much faster and are much larger
than over the oceans for the same heating, and the observed variability of temperatures

Trenberth and Stepaniak (2004) 



The heat transport obtained is nearly zero at the equator, rising to ~ 6PW 
at about 35°, before declining again towards zero at the poles. 

It can be divided into an oceanic and an atmospheric contribution.
The horizontal transport on continental surface being negligible. 



Asymmetry in Ocean Heat TransportOcean Heat Transport

Trenberth and Solomon (1994) 





ARTICLES NATURE GEOSCIENCE

Owing to the presence of the Atlantic Meridional Overturning 
Circulation (AMOC), which brings relatively warm water into 
the Northern Hemisphere and returns colder water back into 
the Southern Hemisphere, Atlantic OHT is northward across the 
Equator and in both hemispheres13–15. This is true for both OHT0 
and OHT∇, as seen in Fig. 1 and Supplementary Fig. 1. In the Pacific, 
large amounts of heat enter the ocean through the sea surface in the 
tropics (black contours in Fig. 1). Based on OHT0, most of this heat 
uptake (1.20 PW) appears to be transported to the Indian Ocean via 
the Indonesian through flow (ITF).

The Southern Ocean also stands out for its large eastward 
OHT0, with values ranging between about 1 and 2 PW seen around 
Antarctica. However, OHT0 values are highly sensitive to ERL 
choices, so much so that setting ERL to 3.5 °C, the approximate 
global mean ocean temperature, instead of 0 °C, suffices to reverse 
the direction of OHT0 throughout the Southern Ocean. This is 
not the case for OHT∇, which is much less affected by non-zero 
mass fluxes as demonstrated in the Supplementary Information  
(see Methods).

Eliminating ocean heat loops (OHT )R,0  reduces inter-ocean 
exchanges to second-order terms (OHT∇; red chart in Fig. 1). The 
Pacific thus merely provides ~0.2 PW to each of the Atlantic, Arctic 
and Indian. OHT∇ clearly reveals that OHT divergence from the 
tropical Pacific (1.8 PW) is much larger than OHT convergence in 
the Atlantic and pan-Arctic (0.40 PW). The ratio between these two 
terms is 4.5 in the gridded ocean estimate (Fig. 1) and 4.4 in the 
ensemble average of inferred estimates (see Methods). Hence, a new 
paradigm emerges from OHT∇ that emphasizes heat redistribution 
within ocean basins rather than through global-scale circulations1,16.

It is striking that the direction of OHT∇ in the South Pacific is 
reversed as compared with OHT0 (poleward instead of equator-
ward) and that poleward OHT∇ is much smaller than OHT0 would 
suggest in the Indian (0.23 versus 1.33 PW at 30° S; a factor ~6 
reduction). These differences are linked to a known anticlockwise 
loop of ocean circulation around Australia13,16,17. Omitting this heat 
loop suggests that the net effect of the ITF as part of Earth’s energy 
budget is as small as 0.10 PW. In the Southern Ocean, at all longi-
tudes, OHT∇ is also much smaller than OHT0 due to the omission 
of a heat loop that goes around Antarctica.

Westward OHT∇ between Australia and Antarctica indicates that 
heat loss in the Indian balances out heat gained in the Pacific—not 
the other way around as might have been inferred from eastward 
OHT0 values18,19. Pacific to Atlantic OHT∇ accounts for about half 
of the heat convergence into the South Atlantic, while the rest is 
provided by local heat uptake from the atmosphere. There is virtu-
ally no OHT∇ between the Indian and Atlantic (0.01 PW), which 
indicates a near-exact cancellation among westward and eastward 
contributions across the Africa–Antarctica section16.

Meridional transports
The respective roles played by the Atlantic, Pacific and Indian 
in transporting heat poleward also need to be revisited (Fig. 2). 
Estimates of OHT0 notably suggest that only the Indian Ocean 
transports heat poleward in the Southern Hemisphere (for exam-
ple, see the blue chart in Fig. 1). On the contrary, poleward OHT∇ 
in the South Pacific (0.69 PW at 30° S) is three times that in the 
Indian (0.23 PW at 30° S; see Figs. 1 and 2). Poleward OHT∇ in 
the South Pacific is robust across all inferred estimates shown in 
the Supplementary Information (Supplementary Fig. 7), with an 
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Carbon dioxide continually flows into (blue) and out (red) of the ocean. 
The oceans store carbon for thousands of years, so most of the carbon 

dioxide coming out of the ocean within the equatorial pacific was 
previously in the atmosphere before the time of the industrial 

revolution.



The Atlantic Ocean plays a central role in 
transporting mass, heat and other tracers



From: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf



Climate change = Ocean change

Global surface temperature anomalies for the period January 2016 through June 2016. Higher than normal temperatures are shown
in red and lower then normal termperatures are shown in blue.
Credit: NASA/GISS



Where is all the extra 
energy going?



The Ocean is the major heat reservoir, with about 90% of 
Earth’s Energy Imbalance stored. The rest goes into warming 

the land and atmosphere, and melting ice.

'Symptoms' of positive EEI, 
including rises in Earth's 
surface temperature, ocean 
heat content, global mean 
sea level, atmospheric 
temperature and moisture, 
drought, flooding and 
erosion, increased extreme 
events, and evaporation − 
precipitation, decrease in 
land and sea ice, snow cover 
and glaciers.



Climate change = Ocean change

The Oceans have absorbed 
~45% of global 
anthropogenic carbon 
dioxide emissions

- The Oceans have absorbed 
~80% of the excess heat 
caused by climate change 
with serious and irreversible 
consequences for marine 
ecosystems and natural 
resources



From: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf



From: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf



From: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf



From: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf



But in order to understand climate change we need to 
understand climate (ocean) natural (decadal) variability

979

Near-term Climate Change: Projections and Predictability Chapter 11

11

(a) (b)
Te

m
pe

ra
tu

re
 c

ha
ng

e 
re

la
tiv

e 
to

 1
98

6�
20

05
 [K

]

Year

Sources of uncertainty in projected global mean temperature

 

 

1960 1980 2000 2020 2040 2060 2080 2100
�1

�0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
Observations (3 datasets)
Internal variability
Model spread
RCP scenario spread
Historical model spread

2020 2040 2060 2080 2100
0

0.5

1

1.5

2

Si
gn

al
�t

o�
un

ce
rta

in
ty

 ra
tio

Regional decadal mean temperature

Year

 

 

Global
Europe
Australasia
North America
South America
Africa
East Asia

(c) (d)

Year

Fr
ac

tio
n 

of
 to

ta
l v

ar
ia

nc
e 

 [%
]

Uncertainty in Global decadal mean ANN temperature

2020 2040 2060 2080 2100
0

10

20

30

40

50

60

70

80

90

100

Year

Fr
ac

tio
n 

of
 to

ta
l v

ar
ia

nc
e 

 [%
]

Uncertainty in Europe decadal mean DJF temperature

2020 2040 2060 2080 2100
0

10

20

30

40

50

60

70

80

90

100

(e) (f)

Year

Fr
ac

tio
n 

of
 to

ta
l v

ar
ia

nc
e 

 [%
]

Uncertainty in East Asia decadal mean JJA precipitation

2020 2040 2060 2080 2100
0

10

20

30

40

50

60

70

80

90

100

Year

Fr
ac

tio
n 

of
 to

ta
l v

ar
ia

nc
e 

 [%
]

Uncertainty in Europe decadal mean DJF precipitation

2020 2040 2060 2080 2100
0

10

20

30

40

50

60

70

80

90

100

Figure 11.8 |  Sources of uncertainty in climate projections as a function of lead time based on an analysis of CMIP5 results. (a) Projections of global mean decadal mean surface 
air temperature to 2100 together with a quantification of the uncertainty arising from internal variability (orange), model spread (blue) and RCP scenario spread (green). (b) Signal-
to-uncertainty ratio for various global and regional averages. The signal is defined as the simulated multi-model mean change in surface air temperature relative to the simulated 
mean surface air temperature in the period 1986–2005, and the uncertainty is defined as the total uncertainty. (c–f) The fraction of variance explained by each source of uncertainty 
for: global mean decadal and annual mean temperature (c), European (30°N to 75°N, 10°W to 40°E) decadal mean boreal winter (December to February) temperature (d) and 
precipitation (f), and East Asian (5°N to 45°N, 67.5°E to 130°E) decadal mean boreal summer (June to August) precipitation (e). See text and Hawkins and Sutton (2009) and 
Hawkins and Sutton (2011) for further details.



Global Warming is coexisting with internal variability of the 
deep ocean 



Global Mean Surface Temperature Anomalies:
A hiatus (a.k.a. global warming slow-down?)

The slower rise in temperatures from 1998 to 2012 has repeatedly been cited by climate 
sceptics as a sign that the climate is less sensitive to greenhouse gases than previously thought

accelerated 
warming
 period

hiatus 
period

accelerated 
warming
 period

hiatus 
period

(a)

(b)

(c)

PDO-PDO-PDO- PDO+ PDO+
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from 1998 until 2012



Global Mean Surface Temperature Anomalies:
A hiatus (a.k.a. global warming slow-down?)



Just Natural Variability of the Ocean!
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Two signals superimposed:
the effect of global warming +
natural fluctuations of the ocean

Pacific Decadal Oscillation

Atlantic Multidecadal Variability

Farneti (2017)


