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For the end of the the lectures you should be able to…

• Describe the Argo float and the Argo network

• Describe the change of heat content following the 2009/2010
AMOC slowdown

• Describe how to obtain the ocean circulation from Argo float
displacements



Argo Floats

• What is an Argo float?
§ Description
§ Principle

• Two case studies
§ The heat content during 2009/10 events
§ The deep ocean circulation



Argo Float



Argo Float

An Argo float is a self-contained robot platforms for ocean exploration.

It measures: 
• temperature (T), 
• salinity (S), and 
• ocean current (u,v).



Argo Float



An Argo Float cycle

Argo FloatArgo Float Cycle

https://argo.ucsd..edu

2000 m



A float profile from the 
North Pacific Ocean:

Argo Float



Float operating considerations:

• Must operate for 4-5 years without maintenance

• Lithium or Alkaline batteries (Lithium is more expensive but
has a better energy density)

• Energy budget split equally between buoyancy changes and 
data telemetry)

• Sensors must remain operational throughout the float life

• Capable of data telemetry in all weather at all latitudes

Argo Float



Float operating characteristics:
• Measurements down to 2000 m with vertical spacing of 

10 to 50 metres

• Average horizontal spacing of floats is 300 km

• 10-day cycle

• Measures temperature (T) and salinity (S) , sometimes
oxygen; other payloads possible but constrained by
energy budget

• No control over location: floats  carried by ocean currents:
Some remain close to deployment location, others are
carried hundreds, or even thousands of kilometers

Argo Float



Argo is …..
• A network of approximately 3000 floats

• Deployed since 2000 
Global coverage since 2004
3000 floats reached in Nov 2007

•Achieved 1 million profiles on Nov 2012 
120,000 profiles are being added each year

•25 contributing countries (France, UK, Germany, Canada,
USA, Australia, Japan, Korea, India, …)

Argo Network



The present array

Argo Network

It is an automated Global Ocean Observing System!The present array

Argo Network

It is an automated Global Ocean Observing System!The present array

Argo Network

It is an automated Global Ocean Observing System!

https://argo.ucsd..edu



Argo is revolutionizing global ocean observations 

Argo Network

• 3.5 years: the time for HMS Challenger to compete 
the first survey of ocean temperature on global scale 
Ø 263 profiles. 

• 7 years: the time for the multi-ship World Ocean 
Circulation Experiment to complete the first global 
survey of ocean temperature and salinity.
Ø 10,000 profiles , ~ 8,500 € each. 

• 1 month: the time for the Argo Program to collect a 
global survey
Ø 9,000 ocean T,S profiles, ~ 200 € each. 

Argo applied the potential of robotic instruments to building a 
global ocean observing system. 
 
Float life time is 4-5 years. We need new 600-800 floats every 
year.  

Argo is revolutionizing global ocean observations 

Schematic of a �park-and-profile� 
cycle of an Argo float. 

Today, over 3,000 Argo floats measure T and S from 0 to 2000 m. 
Many nations contribute to the global Argo fleet. 
All of the data are freely and immediately available. 

3.5 years: the time for HMS 
Challenger to compete the first survey of 
ocean temperature on global scale (263 
profiles). 

7 years: the time for the multi-ship 
World Ocean Circulation Experiment to 
complete the first global survey of ocean 
temperature and salinity (10,000 profiles , 
~ £7,500 each). 

1 month: the time for the Argo 
Program to collect a global survey of 
9,000 ocean T,S profiles, ~ £200 each.  

Argo is revolutionizing global ocean observations 



Argo is revolutionizing global ocean observations 

Argo Network

Achieved over 3,000 
on Oct. 2007.  
One float covers 
300km×300km area. 
 
Achieved 1 million 
profiles on Nov 2012 
 

What Argo can 
do best 

•   Systematic global coverage enables global problems  
 to be studied (high data volume: Argo has now 
 measured more ocean T/S profiles (~ 1 million) than  
 all ship-based measurements in the history  
 of oceanography ~ 0.5 million) 

•   Deeper penetration than high-volume measurements  
 in the past (mainly T-only profiles to 750m) 

•   No seasonal bias in measurements (summer/winter) 
 unlike ship measurements 

•   Can study monthly / seasonal / annual / interannual changes 

Argo floats don�t mind bad weather 

1951-2000: All 
August T,S 
profiles > 1000 
m. Source: 
World Ocean 
Database. 
 
 
2004-2009: Argo 
August T,S 
profiles > 1000 
m. 
 
 

Pre-Argo data in the southern hemisphere is extremely sparse in winter. 

Pre-Argo 
August 

Argo 
August 

The number of research papers using Argo 
data has grown to over 100 per year. 
 
Research topics include water-mass 
properties and formation, air-sea 
interaction, ocean circulation and 
transport, mesoscale eddies, ocean 
dynamics, and seasonal-to-decadal 
variability.  
 

The value of Argo 
Research 

Operational centers around the 
world use Argo data in ocean 
state estimation, short-term 
forecasting and seasonal to 
decadal prediction. 

Operational applications 
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Argo floats don’t mind bad weather
During Pre-Argo data in the southern hemisphere were extremely sparse in winter. 

1951-2000: All August 
T,S profiles > 1000 m. 
Source: World Ocean Database.

2004-2009: Argo August 
T,S profiles > 1000 m.



What Argo can do best
• Systematic global coverage enables global problems 

to be studied (high data volume: Argo has now
measured more ocean T/S profiles (~ 0.5 million than 
all ship-based measurements in the history 
of oceanography)

• Deeper penetration than high-volume measurements 
in the past (mainly T-only profiles to 750m)

• No seasonal bias in measurements (summer/winter)
unlike ship measurements

• Can study monthly / seasonal / annual / interannual changes

Argo Network



Main uses of Argo data

• Operational: 
§ Centers in Australia, France, Japan, UK 
and USA routinely produce global and regional
§ Analyses of subsurface properties using Argo data.
§ Beginning to learn how to do seasonal forecasts

• Research: Climate change; global ocean heat content; 
sea-level rise due to thermal expansion of oceans.

• www.argo.net; follow link to ‘Argo Project Office’

Argo Network

http://www.argo.net


Potential Temperature, 
1000 m, 1 Feb 2009 UK 
Met Office model, using 
Argo data

Argo Network

Argo application:



What Argo can’t do yet

• Small-scale vertical (< 10 m) or horizontal (< 300 km) studies

• Large or energy-hungry payloads

• Repeat measurements at a fixed location

• Deeper than 2000 metres (there exists Deep-Argo, though)

• Not good in shallow water or near boundaries

Argo Network



Comparison with other observation methods 

Argo Network

Depth Vertical
Resolution

Horizontal
Resolution

Properties

Argo 0-2000 
m

~10 m ~300 km, 2D T, S

Satellite Surface N/A ~a few km to 
a few tens of  
km, 2D

SST, SSH, 
Colour (chl), 
Roughness (wind), 
& (SSS)

Ship 
transect

0-
bottom 

~1 m ~40 km, 1D T,S, oxygen, 
nutrients,& pH, 
noble gasses, 
isotopes, Carbon, 
CFC, 
phytoplankton, 
zooplankton, etc… 



Argo case study

1. Temperature mean fields and variability

2. The 2009/10 events

3. The deep circulation



Argo case study
Argo provides mean fields with unprecedented accuracy

What we are learning from 
the Argo? 

From a few thousand profiles: 
WOCE produced neither a snapshot or 
a time mean, but rather a multi-year 
composite of snapshots from many 
transects. The sampling errors are 
difficult to estimate. 

From a few hundred thousand profiles: 
Argo provides both time means and 
snapshots, with realistic error estimates. 
(Inset plot: standard deviation of monthly 
temperatures) 

WOCE Pacific Atlas, Talley (2007) Potential temperature (oC) 500 m 
Argo 2004-2009 mean 

Argo provides mean fields with unprecedented accuracy 

Absolute sea surface height, 2004-2009, from Argo: 
based on 1000m geostrophic pressure from Katsumata 
and Yoshinari, 2010, plus 0/1000 steric height from 
Roemmich and Gilson, 2009) 

Argo provides mean fields with unprecedented accuracy Changing sea level 
 

Combining satellites with more traditional measurements such as land-
based coastal tide gauges we can measure mean global sea level, or Sea 
Surface Height SSH. 
 
There are three ways sea level might be changed 
 
1) Move the water around: change the ocean circulation but the total 
volume and mass of water stays the same. Local SSH can change.  
Global averaged SSH will not change. 

2) Add more water: by melting ice presently on land (ex. Ice sheet, glacier). 
This increases the oceans��mass. 
 
3)  Expand the water already there: Steric changes can increase the SSH 
without changing the mass of water in the ocean. 

Total sea level change  =  Mass change + Steric change   
 

From a few thousand profiles:
WOCE produced neither a snapshot or a time
mean, but rather a multi-year composite of
snapshots from many transects. The sampling
errors are difficult to estimate.

From a few hundred thousand profiles:
Argo provides both time means and snapshots, with
realistic error estimates. (Inset plot: standard deviation
of monthly temperatures)



Argo case study
The 2009/10 AMOC slowdown events?

Could you remind me the events?



Argo case study
The 2009/10 AMOC slowdown events?

Could you remind me the events?
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Argo case study
The 2009/10 AMOC slowdown events?684 H. L. Bryden et al.: Impact of a 30% reduction in Atlantic meridional overturning

Figure 1. (a) Schematic of Rapid monitoring system for the Atlantic
meridional overturning circulation (AMOC) at 26� N. (b) Rapid
time series transports across 26� N since April 2004. Gulf Stream
transport is derived from electromagnetic cable measurements in
Florida Straits. Ekman transport is derived from ERA Interim wind
estimates. Upper mid-ocean transport is derived from geostrophic
velocity profiles from moored instruments across the Atlantic
Ocean. The MOC transport is the sum of Gulf Stream, Ekman and
upper mid-ocean transports. Black lines are 3-month low pass val-
ues.

cycle from each component and then accumulate with time
the deviation in transport from the 2004–2008 average for
each component of the AMOC (Gulf Stream, Ekman, up-
per mid-ocean and total northward upper ocean transport 0–
1030m). Cumulative values are given in units of Sv years
(Fig. 2) so that the size of the slowdown can be quantified as a
change in AMOC transport (in Sv) and a duration (in years).
The accumulated transport deficit reaches 6.3 Sv years in
June 2010, it levels out through the remainder of 2010, and
later in 2011 it increases as part of a long-term decline in
the AMOC as documented by Smeed et al. (2014). Here we
concentrate on the 2009–2010 event and conclude that the
AMOC slowdown of 5.6 Sv persisted for about 1.1 years.
The cumulative values naturally oscillate with small am-

plitude about zero for the first 5 years which define the
“normal” AMOC. In early 2009, the mid-ocean recircula-
tion representing the southward flow of thermocline waters
across the basin appears to strengthen; later in 2009 and early
in 2010 the northward Gulf Stream and Ekman transports
weaken. The increased southward recirculation starts earlier,
lasts longer and accounts for more than half of the slowdown
in the AMOC. For the overall slowdown of 6.3 Sv years,

Figure 2. Accumulated Transport Anomaly during the Rapid event
starting in early 2009. The normal AMOC is defined to be the
average for each component for the first 4.75 years of the array,
April 2004 to December 2008, where a seasonal cycle has been
subtracted from each component prior to calculating the normal
AMOC. The anomaly transport at each time for each component
is defined as the difference between the instantaneous transport and
the “normal” transport. Anomalous transport for each component is
then accumulated over time. A local maximum accumulated trans-
port deficit of 6.3 Sv years is achieved on 3 June 2010.

the increased southward thermocline circulation accounts for
3.8 Sv years or 61% of the slowdown; the reduced northward
Ekman transport accounts for 1.7 Sv years or 27% of the
slowdown; and the reduced Gulf Stream flow accounts for
0.8 Sv years of 12% of the slowdown. The reduced north-
ward flow of upper waters across 25�N is balanced by a re-
duced southward flow below 1000m. The reduced southward
transport of cold waters occurs mainly in the Lower North
Atlantic Deep Water below 3000m depth (McCarthy et al.,
2012). To the extent that the northward Gulf Stream and Ek-
man transports are not very different from normal, we con-
clude that during the event the southward flow compensating
for the northward Gulf Stream and Ekman transports is due
to more thermocline recirculation and less deep overturning
circulation: more recirculation, less overturning (McCarthy
et al., 2012).
The overturning circulation in which warm upper waters

flow northward and cold deep waters flow southward across
25� N is the principal mechanism transporting heat north-
ward: 1.33 PW of northward ocean heat transport for an over-
turning circulation of 18.6 Sv (Johns et al., 2011). Because
an increase or decrease in overturning of 1 Sv is accompa-
nied by an increase or decrease in heat transport of 0.07 PW,
a reduction in AMOC of 5.6 Sv is expected to result in de-
creased northward heat transport of 0.4 PW. We calculate the
heat transport using methods described in Johns et al. (2011),
remove the annual cycle, and accumulate it relative to the

Ocean Sci., 10, 683–691, 2014 www.ocean-sci.net/10/683/2014/

The two events leads to an 
anomalous in cumulative 
transport, i.e. a deficit of -6.3 
Sv in June 2010. 

Why does a weak baroclinic 
cumulative transport matter 
for the climate?



Argo case study
The 2009/10 AMOC slowdown events?

Why does a weak baroclinic transport matter for the climate?

• Weaker northward transport of warm water the surface, and
• Weaker southward transport of cold water at depth.

Heat transport decrease -> Cooling northward of 26oN

Could we demonstrate this link?

684 H. L. Bryden et al.: Impact of a 30% reduction in Atlantic meridional overturning

Figure 1. (a) Schematic of Rapid monitoring system for the Atlantic
meridional overturning circulation (AMOC) at 26� N. (b) Rapid
time series transports across 26� N since April 2004. Gulf Stream
transport is derived from electromagnetic cable measurements in
Florida Straits. Ekman transport is derived from ERA Interim wind
estimates. Upper mid-ocean transport is derived from geostrophic
velocity profiles from moored instruments across the Atlantic
Ocean. The MOC transport is the sum of Gulf Stream, Ekman and
upper mid-ocean transports. Black lines are 3-month low pass val-
ues.

cycle from each component and then accumulate with time
the deviation in transport from the 2004–2008 average for
each component of the AMOC (Gulf Stream, Ekman, up-
per mid-ocean and total northward upper ocean transport 0–
1030m). Cumulative values are given in units of Sv years
(Fig. 2) so that the size of the slowdown can be quantified as a
change in AMOC transport (in Sv) and a duration (in years).
The accumulated transport deficit reaches 6.3 Sv years in
June 2010, it levels out through the remainder of 2010, and
later in 2011 it increases as part of a long-term decline in
the AMOC as documented by Smeed et al. (2014). Here we
concentrate on the 2009–2010 event and conclude that the
AMOC slowdown of 5.6 Sv persisted for about 1.1 years.
The cumulative values naturally oscillate with small am-

plitude about zero for the first 5 years which define the
“normal” AMOC. In early 2009, the mid-ocean recircula-
tion representing the southward flow of thermocline waters
across the basin appears to strengthen; later in 2009 and early
in 2010 the northward Gulf Stream and Ekman transports
weaken. The increased southward recirculation starts earlier,
lasts longer and accounts for more than half of the slowdown
in the AMOC. For the overall slowdown of 6.3 Sv years,

Figure 2. Accumulated Transport Anomaly during the Rapid event
starting in early 2009. The normal AMOC is defined to be the
average for each component for the first 4.75 years of the array,
April 2004 to December 2008, where a seasonal cycle has been
subtracted from each component prior to calculating the normal
AMOC. The anomaly transport at each time for each component
is defined as the difference between the instantaneous transport and
the “normal” transport. Anomalous transport for each component is
then accumulated over time. A local maximum accumulated trans-
port deficit of 6.3 Sv years is achieved on 3 June 2010.

the increased southward thermocline circulation accounts for
3.8 Sv years or 61% of the slowdown; the reduced northward
Ekman transport accounts for 1.7 Sv years or 27% of the
slowdown; and the reduced Gulf Stream flow accounts for
0.8 Sv years of 12% of the slowdown. The reduced north-
ward flow of upper waters across 25�N is balanced by a re-
duced southward flow below 1000m. The reduced southward
transport of cold waters occurs mainly in the Lower North
Atlantic Deep Water below 3000m depth (McCarthy et al.,
2012). To the extent that the northward Gulf Stream and Ek-
man transports are not very different from normal, we con-
clude that during the event the southward flow compensating
for the northward Gulf Stream and Ekman transports is due
to more thermocline recirculation and less deep overturning
circulation: more recirculation, less overturning (McCarthy
et al., 2012).
The overturning circulation in which warm upper waters

flow northward and cold deep waters flow southward across
25� N is the principal mechanism transporting heat north-
ward: 1.33 PW of northward ocean heat transport for an over-
turning circulation of 18.6 Sv (Johns et al., 2011). Because
an increase or decrease in overturning of 1 Sv is accompa-
nied by an increase or decrease in heat transport of 0.07 PW,
a reduction in AMOC of 5.6 Sv is expected to result in de-
creased northward heat transport of 0.4 PW. We calculate the
heat transport using methods described in Johns et al. (2011),
remove the annual cycle, and accumulate it relative to the

Ocean Sci., 10, 683–691, 2014 www.ocean-sci.net/10/683/2014/



Argo case study
The 2009/10 AMOC slowdown events?

AMOC decrease can lead to a 

because of thermal stratification

Heat transport decrease, which  can lead 

because of reduction in heat convergence

to a cooling in the northward of 26oN

What do observations suggest?



Argo case study
The 2009/10 AMOC slowdown events?

AMOC decrease can lead to a 
because of thermal stratification

Heat transport decrease
What do observations suggest?

H. L. Bryden et al.: Impact of a 30% reduction in Atlantic meridional overturning 685

Figure 3. Accumulated northward heat transport deficit during the
Rapid event starting in April 2009. Normal AMOC heat transport
is defined as the average heat transport for the first 5 years of the
array, April 2004 to December 2008, after removing a seasonal cy-
cle in heat transport. The anomaly transport at each time is defined
as the difference between the instantaneous transport and the “nor-
mal” transport. Anomalous heat transport is then accumulated over
time and a local maximum accumulated heat transport deficit of
1.45⇥ 1022 J is achieved in June 2010.

“normal” heat transport estimated for the first 4.75 years of
Rapid observations. The accumulated heat transport deficit
reaches a maximum of 14.5⇥ 1021 J in June 2010 (Fig. 3).
The uncertainty in heat transport is principally due to the
uncertainty in overturning transport. For an event lasting
1.1 years, the error in accumulated heat transport deficit is
3.6⇥ 1021 J (1.1 years⇥ 1.5 Sv⇥ 0.07 PW per Sv).

3 Impact of the slowdown on ocean heat content

To examine the effects of reduced northward heat trans-
port during 2009–2010, we analyse Argo float profiles
in the region 10–45� N, 60–20�W relative to the Hy-
drobase seasonal climatology (http://www.whoi.edu/science/
PO/hydrobase) so that the seasonal cycle should be re-
moved. Anomaly potential temperature and salinity pro-
files at 20 dbar intervals from 10 to 1990 dbar are objec-
tively analysed every 10 days on a 2.5� ⇥ 2.5� latitude, lon-
gitude grid (ftp://ftp.noc.soton.ac.uk/pub/bak/mapping). We
then calculate heat content anomaly by vertically integrat-
ing from 1000m depth to the surface the potential temper-
ature anomaly (times density and specific heat). The heat
content anomaly is noisy in space and time due to the fact
that the Argo array of profiling floats has a typical horizontal
scale of 300 km by 300 km so the array is not eddy-resolving.
As a consequence, an Argo profile in a warm or cold eddy
can have a large effect on the heat content value. Here we
spatially average heat content anomaly north of 25� N (25–
45� N, 60–20�W) and south of 25� N (10–25� N, 60–20�W)

Figure 4. Anomalous heat content (a) north and (b) south of 25� N.
Heat content anomaly is defined as the deviation in temperature
from Hydrobase seasonal climatology multiplied by density and
specific heat and integrated vertically from 0 to 1000m depth.
Heat content anomaly is then integrated over 60 to 20�W and over
latitude bands 25 to 45� N (north) and 10 to 25� N (south). The
red curves represent 30-day average heat content and the black
curves are 12-month running mean values. The blue bar represents
a change in heat content of 14.5⇥ 1021 J.

and we also smooth the time series with a 12-month running
mean (Fig. 4). The objective analysis procedure yields er-
ror estimates for heat content anomaly at 30-day intervals
that amount to 2⇥ 1021 J for the northern or southern re-
gion (see the Appendix). Considering the 50-day heat con-
tent anomaly values to be independent, the error in 12-month
running mean heat content is 0.7⇥ 1021 J.
Heat content anomaly is generally positive: the Argo pe-

riod since 2004 is warmer than the historical period repre-
sented in the Hydrobase climatology. Heat content anomaly
north of 25� N shows a sharp decrease in 2009–2010.

www.ocean-sci.net/10/683/2014/ Ocean Sci., 10, 683–691, 2014

RAPID measurement

Bryden et al, Ocean Sci., 2014



Argo case study
The 2009/10 AMOC slowdown events?

Heat transport decrease, which  can lead 
because of reduction in heat convergence

to a cooling in the northward of 26oN
What do observations suggest?

H. L. Bryden et al.: Impact of a 30% reduction in Atlantic meridional overturning 685

Figure 3. Accumulated northward heat transport deficit during the
Rapid event starting in April 2009. Normal AMOC heat transport
is defined as the average heat transport for the first 5 years of the
array, April 2004 to December 2008, after removing a seasonal cy-
cle in heat transport. The anomaly transport at each time is defined
as the difference between the instantaneous transport and the “nor-
mal” transport. Anomalous heat transport is then accumulated over
time and a local maximum accumulated heat transport deficit of
1.45⇥ 1022 J is achieved in June 2010.

“normal” heat transport estimated for the first 4.75 years of
Rapid observations. The accumulated heat transport deficit
reaches a maximum of 14.5⇥ 1021 J in June 2010 (Fig. 3).
The uncertainty in heat transport is principally due to the
uncertainty in overturning transport. For an event lasting
1.1 years, the error in accumulated heat transport deficit is
3.6⇥ 1021 J (1.1 years⇥ 1.5 Sv⇥ 0.07 PW per Sv).

3 Impact of the slowdown on ocean heat content

To examine the effects of reduced northward heat trans-
port during 2009–2010, we analyse Argo float profiles
in the region 10–45� N, 60–20�W relative to the Hy-
drobase seasonal climatology (http://www.whoi.edu/science/
PO/hydrobase) so that the seasonal cycle should be re-
moved. Anomaly potential temperature and salinity pro-
files at 20 dbar intervals from 10 to 1990 dbar are objec-
tively analysed every 10 days on a 2.5� ⇥ 2.5� latitude, lon-
gitude grid (ftp://ftp.noc.soton.ac.uk/pub/bak/mapping). We
then calculate heat content anomaly by vertically integrat-
ing from 1000m depth to the surface the potential temper-
ature anomaly (times density and specific heat). The heat
content anomaly is noisy in space and time due to the fact
that the Argo array of profiling floats has a typical horizontal
scale of 300 km by 300 km so the array is not eddy-resolving.
As a consequence, an Argo profile in a warm or cold eddy
can have a large effect on the heat content value. Here we
spatially average heat content anomaly north of 25� N (25–
45� N, 60–20�W) and south of 25� N (10–25� N, 60–20�W)

Figure 4. Anomalous heat content (a) north and (b) south of 25� N.
Heat content anomaly is defined as the deviation in temperature
from Hydrobase seasonal climatology multiplied by density and
specific heat and integrated vertically from 0 to 1000m depth.
Heat content anomaly is then integrated over 60 to 20�W and over
latitude bands 25 to 45� N (north) and 10 to 25� N (south). The
red curves represent 30-day average heat content and the black
curves are 12-month running mean values. The blue bar represents
a change in heat content of 14.5⇥ 1021 J.

and we also smooth the time series with a 12-month running
mean (Fig. 4). The objective analysis procedure yields er-
ror estimates for heat content anomaly at 30-day intervals
that amount to 2⇥ 1021 J for the northern or southern re-
gion (see the Appendix). Considering the 50-day heat con-
tent anomaly values to be independent, the error in 12-month
running mean heat content is 0.7⇥ 1021 J.
Heat content anomaly is generally positive: the Argo pe-

riod since 2004 is warmer than the historical period repre-
sented in the Hydrobase climatology. Heat content anomaly
north of 25� N shows a sharp decrease in 2009–2010.

www.ocean-sci.net/10/683/2014/ Ocean Sci., 10, 683–691, 2014

ARGO Floats

688 H. L. Bryden et al.: Impact of a 30% reduction in Atlantic meridional overturning

maintaining that heat is conserved for any oceanic region:
heat content changes must be balanced by the combination
of divergence in heat transport across the boundaries and the
air–sea heat flux into or out of the region. Ocean state es-
timates (e.g. Wunsch and Heimbach, 2013) effectively use
heat content changes and air–sea fluxes to derive a time vary-
ing ocean circulation that maintains heat balance within er-
rors for every ocean region. This is the inverse problem: use
the principle of heat conservation along with the time history
of heat content from Argo profiles and air–sea fluxes to de-
rive the time-varying circulation that is necessary to conserve
heat. Here we concentrate on the forward problem: how does
the time-varying circulation modify the distribution of tem-
perature in the North Atlantic Ocean. During the slowdown
of the AMOC in 2009–2010, northward ocean heat transport
across 25� N decreased, causing temperatures in the northern
subtropics to decrease substantially (as has also been demon-
strated by Cunningham et al., 2013) and temperatures in the
tropics to increase. Air–sea fluxes contributed little to the ob-
served temperature changes. The slowdown in the overturn-
ing circulation produced the spatial pattern of cooler waters
north of 25� N and warmer waters south of 25�N that peaked
in summer 2010.

5 Response of the atmosphere to the rapid event

At the end of the Rapid event in summer 2010, the temper-
ature anomaly pattern at 50m depth derived from the Argo
analysis (Fig. 7) shows the impact of the 5.6 Sv slowdown
in the overturning circulation over 14 months on the upper
ocean temperature patterns that interact with the atmosphere.
Temperatures south of 25� N are as much as 2 �C warmer in
the tropical regions extending southwestward from Africa;
maximum warming is at 15� N 30�W. Temperatures north
of 25� N are more than 1.5 �C colder in the northern central
subtropics; maximum cooling occurs at 40� N 42.5�W. The
contour of no change in 50m temperature anomaly does not
exactly follow 25� N but stretches from 14� N 60�W (near
Barbados) to 40� N 20�W (towards northwestern France).
In this temperature pattern one can see the dipole anomaly
pattern that has been suggested to re-emerge in winter 2010–
2011 to affect the winter atmospheric circulation and produce
a second winter of extreme NAO negative conditions (Taws
et al., 2011) Also one can see the warm upper ocean tropical
temperatures along the traditional hurricane trajectory west-
ward from Africa across the tropical Atlantic (Emmanuel,
1987, 2005; Goni et al., 2009) that arguably contributed to
the intensity of the 2010 Atlantic hurricane season that was
the strongest since 2005.
Model studies (Cassou et al., 2007; Buchan et al., 2014)

have shown that the upper ocean temperature distribution as-
sociated with a severe NAO-negative winter pushes the atmo-
spheric circulation in the succeeding winter towards stronger
negative NAO conditions. In models, the NAO-negative

Figure 7. Temperature anomaly at 50m depth averaged for May–
July 2010 at the end of the slowdown in the AMOC.

temperature distribution in winter is a tripole pattern con-
sisting of warm anomalies in the tropics south of 25� N,
cold anomalies in the northern subtropics north of 25� N and
warm anomalies in the Labrador Sea (Taws et al., 2011).
Here we attribute the dipole pattern of warm tropical waters
and cold subtropical waters (two-thirds of the tripole pattern)
to the 30% slowdown in the AMOC. In a seasonal forecast
for the winter of 2010–2011 over northwestern Europe, it
was found that the distribution of upper ocean temperature
anomalies in October–November 2010 was the key factor al-
lowing severe winter conditions to be successfully forecast
3 months in advance (Maidens et al., 2013). On this basis we
argue that the AMOC slowdown created an upper ocean tem-
perature distribution that helped push the atmospheric circu-
lation into record-low NAO negative states in both the win-
ters of 2009–2010 and 2010–2011 with consequent effects
on UK winter weather (Osborn, 2011). At the culmination
of the event in summer 2010, the slowdown also led to very
warm upper ocean temperatures in the tropical region south
of 25� N potentially providing energy for developing hurri-
canes (Goni et al., 2009). The AMOC slowdown began in
spring 2009 and persisted through June 2010, providing a
6 to 12-month advance warning for the anomalous thermal
structure of the tropical and subtropical Atlantic Ocean in
winter 2009–2010, summer 2010 and winter 2010–2011.

Ocean Sci., 10, 683–691, 2014 www.ocean-sci.net/10/683/2014/

50 m T anomaly in May-June 2010

Bryden et al, Ocean Sci., 2014
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v=[lat(fin)-lat(ini)]/time
u=[lon(fin)-lon(ini)]/time

~1,000,000  displacements useful 
for computing (u,v)

2000 m



Argo case study
The deep circulation
Argo measure velocity at ~1,000 dbar through floaters displacement

North Equatorial Currents in the western half of the
Pacific, all of which totally absent at 1000m. This
baroclinicity is quantified by computing the e-folding
depth of EKE h5 1000/ln(EKEsurf/EKE1000m) in me-
ters shown in Fig. 15. Negative values correspond to
EKE at 1000m greater than EKE at the surface.
Equatorial, tropical, and subtropical regions appear
very baroclinic with O(400m) e-folding depths. How-
ever in the South Atlantic around 208S and in the North
Atlantic near western Europe, the variability at 1000m
is equal to that at the surface. In the ACC and subpolar
regions, the e-folding depth exceeds 1000m and can
reach the bottom occasionally.

4. The geostrophic circulation

a. The estimation of the geopotential at 1000 dbar

We now proceed to obtain the geopotential (on a
given pressure surface) or the pressure (on a given geo-
potential surface) from the mean velocity observations.
We use geostrophy because the Rossby number esti-
mated as the ratio of relative vorticity to Coriolis pa-
rameter f (for latitudes outside three degrees of the
equator) is found to be less than 0.1 everywhere and less

than 0.01 for 95% of the grid points. The problem is of
a global nature in the sense that the geopotential field at
one point depends on the geopotential and velocity at
other points on the given pressure (or geopotential)
surface, respectively. It is a slightly complex operation
but well worth the effort because the end product is the
deep level of reference required in oceanography.
If u and y are the eastward and northward components

of the mean velocity field, the geostrophic relationship
on a rotating spherical earth reads

2f y52
1

a cosu

›F
›l

(1a)

1 fu52
1

a

›F
›u

. (1b)

Here, F is the geopotential of the relevant pressure
surface (here typically 1000 db), l is longitude, u is lat-
itude, a is the earth radius assumed constant (a 5
6370 km), and f 5 2V sinu. In this isobaric formulation,
the derivatives on the right are carried out at constant
pressure. If F(l, u) is known at p0 5 1000 dbar ocean-
wide, one also obtains, with the hydrostatic relation
›F/›p521/r, dp52rdF on the constant geopotential

FIG. 7. TheNorthAtlantic subpolar gyre’smean circulation near 1000 dbar. Each current vector is the average over
at least 90 float days. The origins of the arrows are centered on the center of the mass of the individual velocity
positions. Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corresponding to velocities less
than 1, between 1 and 5, and greater than 5 cm s21, respectively. The 950-m isobath (white) and the 2000- and 4000-m
isobaths (black) are shown.
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Argo case study
The deep circulation
Argo measure velocity at ~1,000 dbar through floaters displacement

We do not use Eq. (3) but only Eq. (4) in what follows to
get F from u. This Poisson equation requires boundary
conditions at the edges of the domain under consider-
ation. Near solid boundaries, the geostrophic relation
becomes a poor approximation for the velocity compo-
nent normal to the coast. Because it goes to zero at the
coast, there is no Coriolis force left to balance the
alongshore pressure gradients and nonlinear terms must
be considered. On the other hand, the velocity along the
coast can still be assumed to be geostrophic to a good
approximation. A simple scaling of the momentum
equation in the direction parallel to the coast shows that
the advective term is on the order of u///fL? relative to
the Coriolis term, whereas it is (u///fL?)(L2

?/L
2
//) in the

direction normal to the coast where L? and L// are
horizontal scales of motion respectively normal and
parallel to the coast and u// is the (large) velocity parallel
to the coast. Because one expects L?/L// to be small, the
advection terms of the momentum equation in the di-
rection normal to the coast are smaller by the ratio
L2

?/L
2
//. Hence, the alongshore velocity u// may remain

geostrophic to a high degree of accuracy. Indeed, the
Florida andGulf Stream transports have been estimated
early using cross-shore hydrographic sections (e.g.,W€ust

1924). Thus, if n is the outward unit normal at the edge
of the domain and s the tangential vector such that
s 5 k 3 n, (with k the upward unit vector), the appro-
priate geostrophic boundary condition to be used in
conjunction with Eq. (4) reads

~$F ! n5 u* ! s , (5)

with a ! ~$5 (›/›l, ›/›u) and u* 5 ( fu, fy cosu).
The condition [Eq. (5)] is a Neumann-type boundary

condition for the elliptic Poisson problem [Eq. (4)].
Observed along-coast velocities are used to find the normal
pressure gradient that is imposed to the interior. Impos-
ing instead a Dirichlet condition, that is a constant geo-
potential would assume that geostrophy remains valid for
velocities normal to the coast, which is generally not true.
The solution is defined up to an arbitrary constant

provided a consistency relation exists between the forc-
ing [Eq. (4)] and the boundary condition [Eq. (5)]. This
consistency relationship is obtained by integrating
Eq. (4) over the domain D. In the two-dimensional
(l, u) Cartesian space Eq. (4) can be rewritten as

~=2F5 k ! ~$3 u*. (6)

FIG. 9. The mean circulation of the ACC near 1000 dbar, to the south of Australia and New Zealand. Each current
vector is the average over at least 90 float days. The origins of the arrows are centered on the center of themass of the
individual velocity positions. Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corre-
sponding to velocities less than 1, between 1 and 5, and greater than 5 cm s21, respectively. Campbell Plateau is
centered around 508S, 1708E, to the south of New Zealand, Chatham Rise extends eastward at 448S, to the east of
New Zealand’s South Island, and the Bounty Trough lies in between.
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F0 (because the vertical excursions of pressure surfaces
do not exceed 1m, r is the local density). TheF0 may be
defined as the mean ofF over theWorld Ocean surface,
dF 5 F(l, u) 2 F0 and dp 5 p0 2 p(l, u).
The curl of the momentum Eqs. (1a) and (1b) has the

consequence that

›( fu)

›l
1

›( f y cosu)

›u
5 0 or $H ! ( f ! u)5 0, (2)

with the divergence in spherical coordinates given by

$H ! (. . . )5 1

a cosu

!
›

›l
(. . . )1

›

›u
(cosu . . . )

"
.

Expanding the divergence in Eq. (2):

f$H ! u1by5 0 (3)

with b 5 2V cosu/a. The geostrophic flow on a rotating
earth is divergent. Equation (3) is the planetary vorticity
equation, one of the cornerstones of large-scale ocean
circulation theories (see Pedlosky 1996). Although the
momentum Eqs. (1a) and (1b) have Rossby number ac-
curacy, this is not the case of the vorticity Eq. (3). Ad-
vection of relative vorticity isO(U/bL2) relative to the b

term and at 18 resolution it may not be small for swift
boundary currents. For example, the horizontal diver-
gence mentioned at the Labrador deep convection site is
O(303 1027 s21) while by/f5 1027y with y in meters per
second (although part of the divergence may be due to
nonuniform sampling).
Consider now how to get the geopotential from the

velocity. By differentiating Eq. (1a)3 cosu with respect
to l and Eq. (1b) with respect to u, one obtains

›2F

›l2
1

›2F

›u2
5 a

!
›( f y cosu)

›l
2

›( fu)

›u

"
. (4)

This equation is nothing but a special form of the di-
vergence of the horizontal momentum equation. In qua-
sigeostrophic models, a similar equation (with f constant)
is used to obtain the streamfunction ‘‘by inverting’’ rela-
tive vorticity. An important difference with quasigeo-
strophy, however, is that here the geopotential is not a
streamfunction because the flow is horizontally divergent
[see Eq. (3)]. Equation (4) is the equation of balance for
planetary geostrophic dynamics. The regimes of validity
of this equation have been discussed by Gent and
McWilliams (1983) who show that it conserves the
Rossby number accuracy of the momentum equations.

FIG. 8. The South Atlantic subtropics’ mean circulation near 1000 dbar. Each current vector is the average over at
least 90 float days. The origins of the arrows are centered on the center of themass of the individual velocity positions.
Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corresponding to velocities less than 1,
between 1 and 5, and greater than 5 cm s21, respectively.
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We have velocities for the entire ocean!
However these velocities might be 
unphysical… Because they are average 
of an inhomogeneous field, they induce 
an artificial horizontal divergence.

Average velocities at ~1,000 dbar 
on a 1ox1o grid from the 394,035  
displacements.



Argo case study
The deep circulation
Extracting the physical geostrophic displacement from the average Argo velocities

North Equatorial Currents in the western half of the
Pacific, all of which totally absent at 1000m. This
baroclinicity is quantified by computing the e-folding
depth of EKE h5 1000/ln(EKEsurf/EKE1000m) in me-
ters shown in Fig. 15. Negative values correspond to
EKE at 1000m greater than EKE at the surface.
Equatorial, tropical, and subtropical regions appear
very baroclinic with O(400m) e-folding depths. How-
ever in the South Atlantic around 208S and in the North
Atlantic near western Europe, the variability at 1000m
is equal to that at the surface. In the ACC and subpolar
regions, the e-folding depth exceeds 1000m and can
reach the bottom occasionally.

4. The geostrophic circulation

a. The estimation of the geopotential at 1000 dbar

We now proceed to obtain the geopotential (on a
given pressure surface) or the pressure (on a given geo-
potential surface) from the mean velocity observations.
We use geostrophy because the Rossby number esti-
mated as the ratio of relative vorticity to Coriolis pa-
rameter f (for latitudes outside three degrees of the
equator) is found to be less than 0.1 everywhere and less

than 0.01 for 95% of the grid points. The problem is of
a global nature in the sense that the geopotential field at
one point depends on the geopotential and velocity at
other points on the given pressure (or geopotential)
surface, respectively. It is a slightly complex operation
but well worth the effort because the end product is the
deep level of reference required in oceanography.
If u and y are the eastward and northward components

of the mean velocity field, the geostrophic relationship
on a rotating spherical earth reads

2f y52
1

a cosu

›F
›l

(1a)

1 fu52
1

a

›F
›u

. (1b)

Here, F is the geopotential of the relevant pressure
surface (here typically 1000 db), l is longitude, u is lat-
itude, a is the earth radius assumed constant (a 5
6370 km), and f 5 2V sinu. In this isobaric formulation,
the derivatives on the right are carried out at constant
pressure. If F(l, u) is known at p0 5 1000 dbar ocean-
wide, one also obtains, with the hydrostatic relation
›F/›p521/r, dp52rdF on the constant geopotential

FIG. 7. TheNorthAtlantic subpolar gyre’smean circulation near 1000 dbar. Each current vector is the average over
at least 90 float days. The origins of the arrows are centered on the center of the mass of the individual velocity
positions. Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corresponding to velocities less
than 1, between 1 and 5, and greater than 5 cm s21, respectively. The 950-m isobath (white) and the 2000- and 4000-m
isobaths (black) are shown.
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Where Φ is the geopotential at pressure 1,000 dbar, such as the hydrostatic 
reads:  

North Equatorial Currents in the western half of the
Pacific, all of which totally absent at 1000m. This
baroclinicity is quantified by computing the e-folding
depth of EKE h5 1000/ln(EKEsurf/EKE1000m) in me-
ters shown in Fig. 15. Negative values correspond to
EKE at 1000m greater than EKE at the surface.
Equatorial, tropical, and subtropical regions appear
very baroclinic with O(400m) e-folding depths. How-
ever in the South Atlantic around 208S and in the North
Atlantic near western Europe, the variability at 1000m
is equal to that at the surface. In the ACC and subpolar
regions, the e-folding depth exceeds 1000m and can
reach the bottom occasionally.

4. The geostrophic circulation

a. The estimation of the geopotential at 1000 dbar

We now proceed to obtain the geopotential (on a
given pressure surface) or the pressure (on a given geo-
potential surface) from the mean velocity observations.
We use geostrophy because the Rossby number esti-
mated as the ratio of relative vorticity to Coriolis pa-
rameter f (for latitudes outside three degrees of the
equator) is found to be less than 0.1 everywhere and less

than 0.01 for 95% of the grid points. The problem is of
a global nature in the sense that the geopotential field at
one point depends on the geopotential and velocity at
other points on the given pressure (or geopotential)
surface, respectively. It is a slightly complex operation
but well worth the effort because the end product is the
deep level of reference required in oceanography.
If u and y are the eastward and northward components

of the mean velocity field, the geostrophic relationship
on a rotating spherical earth reads

2f y52
1

a cosu

›F
›l

(1a)

1 fu52
1

a

›F
›u

. (1b)

Here, F is the geopotential of the relevant pressure
surface (here typically 1000 db), l is longitude, u is lat-
itude, a is the earth radius assumed constant (a 5
6370 km), and f 5 2V sinu. In this isobaric formulation,
the derivatives on the right are carried out at constant
pressure. If F(l, u) is known at p0 5 1000 dbar ocean-
wide, one also obtains, with the hydrostatic relation
›F/›p521/r, dp52rdF on the constant geopotential

FIG. 7. TheNorthAtlantic subpolar gyre’smean circulation near 1000 dbar. Each current vector is the average over
at least 90 float days. The origins of the arrows are centered on the center of the mass of the individual velocity
positions. Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corresponding to velocities less
than 1, between 1 and 5, and greater than 5 cm s21, respectively. The 950-m isobath (white) and the 2000- and 4000-m
isobaths (black) are shown.
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Geostrophic Balance on a sphere:

What assumption leads to that?

From geostrophy, we can obtained:

F0 (because the vertical excursions of pressure surfaces
do not exceed 1m, r is the local density). TheF0 may be
defined as the mean ofF over theWorld Ocean surface,
dF 5 F(l, u) 2 F0 and dp 5 p0 2 p(l, u).
The curl of the momentum Eqs. (1a) and (1b) has the

consequence that

›( fu)

›l
1

›( f y cosu)

›u
5 0 or $H ! ( f ! u)5 0, (2)

with the divergence in spherical coordinates given by

$H ! (. . . )5 1

a cosu

!
›

›l
(. . . )1

›

›u
(cosu . . . )

"
.

Expanding the divergence in Eq. (2):

f$H ! u1by5 0 (3)

with b 5 2V cosu/a. The geostrophic flow on a rotating
earth is divergent. Equation (3) is the planetary vorticity
equation, one of the cornerstones of large-scale ocean
circulation theories (see Pedlosky 1996). Although the
momentum Eqs. (1a) and (1b) have Rossby number ac-
curacy, this is not the case of the vorticity Eq. (3). Ad-
vection of relative vorticity isO(U/bL2) relative to the b

term and at 18 resolution it may not be small for swift
boundary currents. For example, the horizontal diver-
gence mentioned at the Labrador deep convection site is
O(303 1027 s21) while by/f5 1027y with y in meters per
second (although part of the divergence may be due to
nonuniform sampling).
Consider now how to get the geopotential from the

velocity. By differentiating Eq. (1a)3 cosu with respect
to l and Eq. (1b) with respect to u, one obtains

›2F

›l2
1

›2F

›u2
5 a

!
›( f y cosu)

›l
2

›( fu)

›u

"
. (4)

This equation is nothing but a special form of the di-
vergence of the horizontal momentum equation. In qua-
sigeostrophic models, a similar equation (with f constant)
is used to obtain the streamfunction ‘‘by inverting’’ rela-
tive vorticity. An important difference with quasigeo-
strophy, however, is that here the geopotential is not a
streamfunction because the flow is horizontally divergent
[see Eq. (3)]. Equation (4) is the equation of balance for
planetary geostrophic dynamics. The regimes of validity
of this equation have been discussed by Gent and
McWilliams (1983) who show that it conserves the
Rossby number accuracy of the momentum equations.

FIG. 8. The South Atlantic subtropics’ mean circulation near 1000 dbar. Each current vector is the average over at
least 90 float days. The origins of the arrows are centered on the center of themass of the individual velocity positions.
Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corresponding to velocities less than 1,
between 1 and 5, and greater than 5 cm s21, respectively.

394 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 44

If f was constant Φ would represent a streamfunction, but here the horizontal flow 
is divergent, even the “physical geostrophic” one  (i.e. β term). 

(*)

How to solve (*)?
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F0 (because the vertical excursions of pressure surfaces
do not exceed 1m, r is the local density). TheF0 may be
defined as the mean ofF over theWorld Ocean surface,
dF 5 F(l, u) 2 F0 and dp 5 p0 2 p(l, u).
The curl of the momentum Eqs. (1a) and (1b) has the

consequence that
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›( f y cosu)

›u
5 0 or $H ! ( f ! u)5 0, (2)

with the divergence in spherical coordinates given by

$H ! (. . . )5 1

a cosu
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›

›u
(cosu . . . )

"
.

Expanding the divergence in Eq. (2):

f$H ! u1by5 0 (3)

with b 5 2V cosu/a. The geostrophic flow on a rotating
earth is divergent. Equation (3) is the planetary vorticity
equation, one of the cornerstones of large-scale ocean
circulation theories (see Pedlosky 1996). Although the
momentum Eqs. (1a) and (1b) have Rossby number ac-
curacy, this is not the case of the vorticity Eq. (3). Ad-
vection of relative vorticity isO(U/bL2) relative to the b

term and at 18 resolution it may not be small for swift
boundary currents. For example, the horizontal diver-
gence mentioned at the Labrador deep convection site is
O(303 1027 s21) while by/f5 1027y with y in meters per
second (although part of the divergence may be due to
nonuniform sampling).
Consider now how to get the geopotential from the

velocity. By differentiating Eq. (1a)3 cosu with respect
to l and Eq. (1b) with respect to u, one obtains

›2F

›l2
1

›2F

›u2
5 a

!
›( f y cosu)

›l
2

›( fu)
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"
. (4)

This equation is nothing but a special form of the di-
vergence of the horizontal momentum equation. In qua-
sigeostrophic models, a similar equation (with f constant)
is used to obtain the streamfunction ‘‘by inverting’’ rela-
tive vorticity. An important difference with quasigeo-
strophy, however, is that here the geopotential is not a
streamfunction because the flow is horizontally divergent
[see Eq. (3)]. Equation (4) is the equation of balance for
planetary geostrophic dynamics. The regimes of validity
of this equation have been discussed by Gent and
McWilliams (1983) who show that it conserves the
Rossby number accuracy of the momentum equations.

FIG. 8. The South Atlantic subtropics’ mean circulation near 1000 dbar. Each current vector is the average over at
least 90 float days. The origins of the arrows are centered on the center of themass of the individual velocity positions.
Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corresponding to velocities less than 1,
between 1 and 5, and greater than 5 cm s21, respectively.
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(*)

How to solve (*)?

A simple way is to revrwite (*) as

Thus Φ is the asymtotioc solution (tè∞) of (**)  which verifies (*).

The equations (**) is nothing else that a inhomogeneous diffusion of equation 
where the source is                         , the vorticity.

So we have Φ, if we know the boundary conditions?

Note: If you think of (**) as a heat-diffusion equation the source of heat needs to be
balanced by the loss at the boundary for equilibrium to be achieved. So that BC are crucial.

û52
›Ĉ
›u

. (B1b)

In the vicinity of the arbitrary point xA, Ĉ is decomposed
over a polynomial basis:

Ĉ5 !
m,n

Cmn(l2 lA)
m(u2 uA)

n .

Limiting ourselves to polynomials of degree two and
writing dl5 l2 lA and du5 u2 uA, the above becomes

Ĉ5C10dl1C01du1C20dl
2 1C11dldu1C02du

2 .

(B2)

To obtain the five coefficientsCmn, we use amoving least
squares algorithm to minimize the cost function:

J5 !
k
Wk(jû2uk*j

21 jŷ2 yk*j
2) , (B3)

where k is the index of data points surrounding the point
xA at which the estimator is required. In themoving least
squares procedure, the weights Wk are used to enforce
a local fit. Here, we choose

Wk 5 exp

"

2

 
kdlk2

L2
l

1
kduk2

L2
u

!#

,

where kdlk and kduk are the Euclidian zonal and me-
ridional distances. The scales Ll and Lu of the weights
allow a trade-off between resolution and statistical ro-
bustness. We have tested several choices and found
appropriate values close to the scale of the mean ve-
locity grid (Ll 5 139 km and Lu 5 111 km) to preserve
spatial resolution. To minimize computation, only those
data points that satisfy jdlj/Ll # 1.75 and jduj/Lu # 1.75
are considered in the cost function [Eq. (B3)] resulting
in a maximum of 32 neighboring data points. To obtain
the least squares solution, write ›J/›Cmn 5 0 for the five
m, n pairs, yielding a system of five equations with five
unknowns (the Cmn coefficients), which is solved at each
point of the reconstruction grid. If the number of data
points is too small, the matrix is singular. By requiring
at least five data points in the neighborhood of a point
to be estimated, the singularities were limited to a few
tens over more than 30 000 points. In such cases no
estimation is done, thus resulting in a data hole. All grid
points with depths shallower than 950m are excluded
from the domain D. A smoothed version of 2-Minute
Gridded Global Relief Data (ETOPO2v2) was used to
compute the bottom depth (http://www.ngdc.noaa.gov/
mgg/global/etopo2.html).
Once the Cmn coefficients are known, the optimal

estimate û is obtained from Eqs. (B1) and (B2) as

û52(C01 1C11dl1 2C02du) and (B4a)

ŷ5C101C11du1 2C20dl . (B4b)

This formulation insures the nondivergence of the û
field in the neighborhood of the point xA.
The staggeredD grid (Mesinger andArakawa 1976) is

the natural choice to implement geostrophy:

j1 1/2 u

j y f y

j2 1/2 u

i2 1/2 i i1 1/2

.

Note that this grid is isotropic in the (l, u) space that
we choose. Vorticity ~$3 û is estimated at f points and
we use Eq. (B4) to estimate the vector û over the points
of the D grid that map the domain.
To solveEq. (4) with boundary conditions [Eq. (5)], the

Laplacian and vorticity are discretized using space cen-
tered finite differences. With no concern for computer
time, the solution of Eq. (4) is found as the asymptotic
limit of the following inhomogeneous diffusion equation:

›F
›t

5 ~=2F2 ~$3 u*. (B5)

Simple Euler forward differencing in time insures
a stable numerical solution (Roache 1985). The context
of the diffusion equation allows us to understand better
the need for the consistency relation [Eq. (7)]: a steady
solution of the diffusion equation can be found only if
the net heat source (here net vorticity) over the domain
can be expelled through the boundaries by adequate
outward heat fluxes (here tangential velocities). The
evolution toward steady state of Eq. (B5) wasmonitored
by the ratio size of the term on the left (i.e., the residual)
over the last term on the right (the forcing). The time for
convergence varies as the square of the spatial scale in
a diffusion problem. If spin up is achieved rapidly at the
mesoscale, this is not so at planetary scale. We have
found that the settling of the geopotential difference
between the Pacific andAtlantic requires a considerable
time of integration on the order of 106 time steps Dt
[with Dt 5 0.1(Dx)2 as required for stability]. The solu-
tion shown in this paper ensures that the above ratio
is less than 1024 at any point in the domain (actually it
is less than 1027 for 97% of the points). To find out
the errors on F that originate from the errors on the
mean velocity data u*k, a Monte Carlo method was
used. We add to each component of the vector u*k at
point xk, a perturbation equal to the mesoscale error on
that component times a random number between 21
and 11 drawn from a uniform probability distribution.
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F0 (because the vertical excursions of pressure surfaces
do not exceed 1m, r is the local density). TheF0 may be
defined as the mean ofF over theWorld Ocean surface,
dF 5 F(l, u) 2 F0 and dp 5 p0 2 p(l, u).
The curl of the momentum Eqs. (1a) and (1b) has the

consequence that
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Expanding the divergence in Eq. (2):

f$H ! u1by5 0 (3)

with b 5 2V cosu/a. The geostrophic flow on a rotating
earth is divergent. Equation (3) is the planetary vorticity
equation, one of the cornerstones of large-scale ocean
circulation theories (see Pedlosky 1996). Although the
momentum Eqs. (1a) and (1b) have Rossby number ac-
curacy, this is not the case of the vorticity Eq. (3). Ad-
vection of relative vorticity isO(U/bL2) relative to the b

term and at 18 resolution it may not be small for swift
boundary currents. For example, the horizontal diver-
gence mentioned at the Labrador deep convection site is
O(303 1027 s21) while by/f5 1027y with y in meters per
second (although part of the divergence may be due to
nonuniform sampling).
Consider now how to get the geopotential from the

velocity. By differentiating Eq. (1a)3 cosu with respect
to l and Eq. (1b) with respect to u, one obtains
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This equation is nothing but a special form of the di-
vergence of the horizontal momentum equation. In qua-
sigeostrophic models, a similar equation (with f constant)
is used to obtain the streamfunction ‘‘by inverting’’ rela-
tive vorticity. An important difference with quasigeo-
strophy, however, is that here the geopotential is not a
streamfunction because the flow is horizontally divergent
[see Eq. (3)]. Equation (4) is the equation of balance for
planetary geostrophic dynamics. The regimes of validity
of this equation have been discussed by Gent and
McWilliams (1983) who show that it conserves the
Rossby number accuracy of the momentum equations.

FIG. 8. The South Atlantic subtropics’ mean circulation near 1000 dbar. Each current vector is the average over at
least 90 float days. The origins of the arrows are centered on the center of themass of the individual velocity positions.
Blue, cyan, and yellow vectors are the 120-, 45-, and 15-day displacements corresponding to velocities less than 1,
between 1 and 5, and greater than 5 cm s21, respectively.
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Argo case study
The deep circulation
Extracting the physical geostrophic displacement from the average Argo velocities

The Boundary conditions:

•The tangential velocities is geostrophic

•Note that assuming that the the normal velocity is 
geostrophic, since it need to be un=0 at to conserve mass, 
would leads to Φ is constant along the boundary…

s

u

u

s
n

n

Figure 10: Tangential and normal coordinates along a solid boundary and their respective ve-
locities. Dashed region represents boundary with adiabatic (∂nρ|n=0=0) and/or solid (un|n=0=0)
conditions.

56

We need to be careful with 
geostrophic balance and  mass conservation/boundary condition:

The solution can be trivial!
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The deep circulation
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branch between 208 and 308N, a western cyclonic cell to
the south of 308N, and several elongated zonal gyres to the
south of 208N. Reid (1997) also shows a western connec-
tion with the South Pacific through a northward flow,
which is not found here. Although the pressure signature
of zonal flows weakens as the equator is approached,
the alternating zonal jets are still captured by the geo-
strophic method outside the 38S–38N equatorial band.
Both North Pacific and North Atlantic circulations

at that depth are dominated by the narrow western-
intensified recirculations of subtropical gyres. Narrow
recirculations at depth are the major signatures of qua-
sigeostrophic models forced by Ekman pumping at the
surface. Rhines and Holland (1979) and Holland and
Rhines (1980) show that the eddies generated by the
baroclinic instability of the wind-driven circulation in
turn drive the deep mean gyres. The similarities of the
observations with such results suggest similar causes that
have been examined previously by Hogg (1983) and
Lozier (1997).With the full velocity field now available in
such regions, further comparisons can be expected to
become more exhaustive.

3) THE TROPICAL AND SUBTROPICAL OCEANS

We speculate here that the weakness of the mean
circulation in all oceanic basins at tropical latitudes is
consistent with the idea of stagnant shadow zones of
Luyten et al. (1983). The early Rooth et al. (1978)

argument is adapted to the present situation as follows:
for the zonal flow to vanish at an eastern boundary,
the geostrophic pressure must be constant along that
boundary. In the oceanic interior at that depth and
range of latitudes (less than 208–308), the potential
vorticity (PV) f/h (with h the thickness between two
density surfaces) is very much governed by f as made
clear by Keffer (1985) for his layer D. Now, because
the geostrophic pressure of a conservative flow is
constant on a PV contour, it must be constant in the
whole region swept by PV contours connected to the
eastern boundary. Therefore, the absence of circula-
tion in these regions is consistent with a hypothesis of
conservative geostrophic flow properties. Tracer ob-
servations in the North Atlantic by Jenkins et al.
(1988) and Kawaze and Sarmiento (1986) support the
idea that the intermediate waters are only ventilated to
the north of 308N. Notice the absence of data around
158 of latitude on the eastern boundary of the Atlantic
and Pacific Oceans, which indicates that very few floats
drifted there, further supporting the idea of shadow
zones.
Note, however, that our observed circulation does

not completely vanish at low latitudes as zonal flows
are found (if the geopotential is differentiated) with
extended zonal coherence in the Atlantic and Pacific.
These year-mean alternating jets are also seen in high-
resolution GCMs (Richards et al. 2006). A physical

FIG. 16. Geopotential height field near 1000 dbar [given as 100F/gc in (cm) height].
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explanation was proposed for the strongest equatorial
jets through the destabilization of mixed Rossby grav-
ity waves (Hua et al. 2008), but is still lacking for the
extra equatorial ones (beyond a few degrees from the
equator).

4) INDIAN OCEAN

Both Davis (2005) and Reid (2003) agree on the
existence of weak cyclonic gyres on either side of In-
dia. We have very little motion in the North Indian
Ocean with geopotential signals less than 0.5 cm but
data are lacking there. An anticyclonic tongue just to
the west of northern Australia centered along 158S is
almost identical to that found in Reid (2003). South of
208S, all three studies agree on a northwestward flow
that is the northern limb of the subtropical gyre. On
impinging on Madagascar, the flow does not flow
north as in Reid (2003) but passes south to join the
Agulhas which closes the gyre. The pressure maxi-
mum of the subtropical gyre is two times higher than
for the corresponding South Atlantic or the South
Pacific gyres in agreement with Davis (2005). South of
this gyre lies the strong branch of the ACC coming
from the Agulhas retroflection.

5) SOUTH PACIFIC

The main gyre encompasses the whole Pacific Ocean,
meeting Australia around 258S in Fig. 16, and is very
similar to the circulation in Davis (2005) from ALACE
floats. Both datasets find a thin southward East Aus-
tralian Current that connects later with the Indian
Ocean. The Reid (1997) gyre does not extend as far to
the east. North of 208S is the domain of the weak zonal
jets in our study (see Fig. 12).

6) SOUTH ATLANTIC

The main gyre starts near 258S, a more southern po-
sition than in the South Pacific and reaches its maximum
at 358S, (15 cm pressure difference) consistent with Reid
(1989). North of that gyre (from 258S to 58S), Reid 1989
shows a large-scale cyclonic gyre, which is not observed
in Fig. 16. Instead, a blow up of the region (Fig. 17)
shows a weak (3 cm) anticyclonic circulation between
108 and 208S, separated from the subtropical gyre to the
south by the eastward flow at 208S shown in Fig. 11. The
East Falkland Current and its retroflection in the con-
fluence region is well captured in both studies but Reid
(1989) does not show the strong Zapiola gyre pre-
sumably because of its weak density signature (the float

FIG. 17. Blow up of the geopotential height field near 1000 dbar in the central Atlantic [given as
100F/gc in (cm) height]. Blue contours give middle values for every colored area.
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Knowing the geopotential
at one given level one can
find the ocean circulation
for the entire ocean using
the thermal wind balance.

It means that Argo floats
displacements give us the
reference level, whereas
temperature and salinity
gives us the velocities
shear.
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Argo

Summary:

During this lecture we have

• The principle of Argo float;

• The way Argo floats network revolutionize in situ measurements;

• Study how Argo float measurements help us understand AMOC events;

• Demonstrate how Argo float displacements can be used to infer the deep 
circulation.


