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Diagnoig the mean II ocean erturnlng circulation and
property budgets from hydrographic section data

Lynne Talley, Professor

Scripps Institution of Oceanography, UCSD

7th Summer School on Theory, Mechanisms and Hierarchical Modelling
of Climate Dynamics: ICTP Summer 2026
Estimating Ocean Transports: Single Sections, Box Models and
Reanalysis Products
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Goal: Building the Global Overturning Circulation

Bering
Strait

Bering
Strait Thermocline water

SAMW Subantarctic Mode Water

AAIW  Antarctic Intermediate Water
NPIW  North Pacific Intermediate Water
IDW Indian Deep Water

PDW  Pacific Deep Water

NADW North Atlantic Deep Water
AABW Antarctic Bottom Water

Simplified global overturning circulation

ATLANTIC

Talley (DPO 2011; Oceanography, 2013)
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hydrographic section data

Materials:

Reid (Progress in Oceanography, 1994, 1997, 2003)

Introduction to Descriptive Physical Oceanography textbook, 6t edition (Talley et al., 2011)
Ganachaud and Wunsch (2000) (global inverse)

Talley et al. (J. Clim. 2003) (overturning streamfunction)

Lumpkin and Speer (JPO 2007) (global inverse)

Talley (PiO 2008) [freshwater transports]

Macdonald et al. (PiO 2009) Pacific WOCE inverse

Talley (Oceanography 2013) [global overturning circulation]

Various papers covering hydrographic inverse model results

New work to be submitted on (observed) dynamics of global-scale overturning

Talley Trieste Summer 2026
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Dynamics: Geostrophy and Ekman flow, reference velocities
Result: Observed global ocean circulation

Result: Meridional water mass distributions

Method: Transport and Overturning circulation calculations
Result: Global overturning circulation mass transports
Result: Global heat, freshwater transports

Method: Budgets and implications for diffusivity

Result: Diapycnal diffusivity estimates

Dynamics: overturning circulation at large spatial scales
Result: Demonstration of large-scale force balance for GOC

Talley Trieste Summer 2026



Elements for calculating ocean transports, specifically for inverse models:
Geostrophic velocity and Ekman transport

Complete force balance with rotation (equations)

Inertial motion

x{ ou/ot 4+ u ou/ox 4+ v ou/oy + w ou/oz -@= :
= (1/p)0p/5O+ 3/ox(Aou/oxXT 4 Geostrophic flow

o/oy(Ayou/oy) +o/oz(Ayou/oz)  (7.11a)

y:(ov/ot # u ov/o ov/oy + W ov/oz +®:
F 0/oX(Ayov/oxX) =+
>70y) +0/0z(Ayov/oz)  (7.11Db)

Z: OW/ot + u ow/ox .+ Vv oW/av + W OW/0z (+neglected small Coriolis) =
- (1/p)op/2e @* 0/ OX(Anow/0x) + Hydrostatic
Of Oy F Y

HOW/ O 0/0z(A,0W/0z) (7.11¢c)

(where g contains both actual g and the effect of centrifugal force)

7/8/26 Talley SIO 210 (2019) 5



Absolute surface height, related to surface geostrophic velocity
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Upper ocean circulation: current systems

7/8/26

East Greenland

Current Atlantic Current
Labrador
Current 9
North Atlantic
Current
Canary
Current
Gulf
Stream System
System 3 Subtropical
2 Gyre
= o NEC
& Atlantic Equatorial
Current System
NECC
Equator |{_NEUC \x\ 4 Subtropical
North Brazil R Gyre
Current System j SEC
Benguela
Brazil CSu;;er‘r:
Current Yy
System

Norwegian

Malvinas
Current

Agulhas
Current
System
Weddell
Sea
Gyre

Schmitz (1995) (DPO Fig. 14.1)

Bering
East Kamchatka Strait Beaufort
Current Gyre
Oyashio
Alaska
Somali 4 Gyre
Current -
System Subpolar Gyre North Pacific
. Kuroshio — —" Current
Indonesian System California
Throughflow Current
| Subtropical Gyre System [\«
.| NEC NEUC
PI [ 4 NECC
7 Pacific Equatorial/Tropical Current System
- r '—# :
N ) Equator
k—*__— ) _—1 SEC
K~ 4| SEC Leeuwin r—’
Current
I )/\ i Subtropical Gyre i;
SuthrorplcaI East Australian
yre Current System
405 \ Peru-Chile
% l Current
‘ System
7 —
: SN
Antarctic Ross Sea
Circumpolar Gyre
Current System

Subtropical Gyres
Equatorial and Tropical Circulations
Intergyre and/or Interbasin Exchanges

Talley Trieste Summer 2026



Velocity profiles from thermal wind

Thermal wind: The vertical shear in geostrophic velocity is proportional to the horizontal
density derivative.

-fov/oz= (g/p,) Op/Ox
fou/oz= (g/p,) Op/oy

Integrate in z

-f](6v/0z) dz = (g/p,) J ( Op/0ox ) dz
f|(0u/dz) dz = (8/po) [ (6p/dy ) dz
Velocity at one depth z, relative to that at depth z,

-f(v,—vy) = (8/po) 0/ox(] p dz)
f (u,—u;) = (8/p,) 0/0y(]p dz)

7/8/26 Talley SIO 210 (2019)




How to choose reference velocities v, and u;

Level of no motion: Old-fashioned - assume 0 velocity at some great
depth, and compute velocities at all shallower depths. This is useful if
you are focused on very energetic upper ocean flows, but not useful
for weak deep flows, hence not useful for Global Overturning

Circulation.

Level of known motion: Much better - observe or determine through
external means (use of tracers, mass balance, etc: Inverse Models!) a
good velocity estimate at some depth. This is essential if you want to
study deep circulation.

7/8/26




200 and 1000 dbar circulation rel. to 2000 dbar (level of NO motion example)
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Complete force balance with rotation

<man balan>

X: ou/ot + u ou/ox + v ou/oy + w au/(’}zq =
- (1/p)op/ox + o/ox (A ou/ox) +
0/ 0y (Anou/oy)

y: ov/ot + uov/ox + v ov/oy + w ov/oz(+ fu =
- (1/p)op/ay + o/ox(Anov/ox) + < >

0/ 0y (Anov/oy)

z(A,0u/oz

z(A,ov/oz

(7.11a)

(7.11b)

Z: OW/ot + uow/ox + v ow/oy + w ow/oz (+ neglected

S riolis) =
- (1/p)op/oz>
0/ HOW/ O

7/8/26

O/ OX(A{OW/0OX) +

0/0z(A,0W/0z)

Hydrostatic (doesn’t

(7.11c) figure in in Ekman)
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urface wind stress

\ 3 ; N I N

Li?

ﬁ

: s )
o KK 5 = > X
v AA;;K:)Liv’f X : .

MRl 22 xR v >y XA
R T O a4

““»44277711,;“
P /'/Vlllllliv>‘

\$—7I//11117754 Yy
*~,ﬂ A>T IIIIFNIYIYYYIYYTYTT 4

7 Vv
¢*Vq;>7vvvvv4«; AL L L Ll < << A4y
Y A R R
/[,,xttttééb#e

A P FYFIYYITYY, g "ny,*

i 4 N wS S SLLspypp oy,

t 4

444 At annyyy
-« « /

/k'[

LAR 2SN

A'//Ar Ve o 2 =& o

b ‘,‘}“44“..
»”

<:/‘ -~

v A A, AL,

4 715 -

1 % > a

LV AR

"17>>>A

4 14 1 7

WEEZRR

7z 4 4149 7>

v s
/

gy 2 £ 2

5 x ¥ r Vv
€ L L L A4k kbbb 4 b & & 4 4 <SS NN pNGgTTT > x x » ¥V
o a’ A4A4:’¢>>>>""v'«\ 4!'\" Pg e Y g2 a2 A3 4Ll L4 d 4k hh b ket 4ttt <+ T A XYY YEDNNAAAg 4> 4 4« 4« < < T v A AAA o
) A A DMDMANNGT T T T A4 E_;X s PT AL L L L L L A4l L bt EEEEFEEFTTYYY MM AL &‘vvvvvbb* 0
A X X » L S N N R 2 .vvv .;\“p'\\»» Ay T % 242444 444444ttt EFEFEERRRRRRRKX KD 4 Cew v XX XX
A4 \\\\\\\“‘\\\\\‘vv s O L D
A 4 -
\ AL N O U S 3 S R
)0° \ L8 U S S UUE
00 AN " N

R e e a

x X
PV

>»> 7 7

A O O O O T S TR

vv\<-.<-<-<-<-v~v~v.v.‘v.\\kk\\
""‘“‘<<<'~‘va«;4«1444444ff

L2 AR O O N N e o & o e dndad

-40° -

T ¥ E ¢ ¢t ettt

L’AA444<$“
PV“VVVVVYYYVVV<<<<<<<44AAA&<<V‘R\

<A b b b Ll s

L N N N N N T
1“vq9 7>
Yy vy

SRR Avv,vqx'«\«\«\«\q«A;,,,,Aff
77>>>>>>>>:—)AAAAAAAAA*‘**)#V’*

L O T OV C VN g s
L il b e N e O S

> > > >

e

7/8/26 DPO Fig. 5.16a



(@) [~

60°N "

a
P
Z

T
&

40°N
20°N > %\ , ¢ " :
R e 7 e
S . = HNERRR X )&
s T A o A A e 3N S ) g g
0 ”;"‘* = B ‘ﬂd‘?{-:; Disesaprrt f)‘ ‘.ﬂ-__ sty ‘.‘.&
=
20°5 [QR)
=
=20

S
w
Y

'2 L ‘}
Wl

20°S

T

i = "4" Z /3 |
110°W

50°E 100°E 150°E 160°W

60°W 10°W 40°E

- 16.3

- 14.0

- 25

11.6

100

50

- 1-100

-150

(a) Surface velocity streamlines,
including both geostrophic and
Ekman components; color is the
mean speed in cm/sec.

Calculated from surface drifters
drogued at 15 m.

(a) Surface dynamic topography (dyn
cm), with 10 cm contour intervals.

Source: From Maximenko et al.
(2009).

DPO FIGURE 14.2



Inverse models shown here, among others

Lumpkin and Speer (2007) Global Ganachaud and Wunsch (2000) global
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Global absolute geostrophic circulation mapping from Reid:
A manual version of inverse modeling for hydrographic data

s

Joe Reid and the Albatross Award, 1988

1923-2015

On the total geostrophic circulation of the South
Atlantic Ocean: Flow patterns, tracers, and transports

JosepH L. REID

Progress in Oceanography (1989)

On the total geostrophic circulation of the North
Atlantic Ocean: Flow patterns, tracers, and transports

Progress in Oceanography (1994)

On the total geostrophic circulation of the pacific ocean: flow
patterns, tracers, and transports

Progress in Oceanography (1997)

On the total geostrophic circulation of the Indian Ocean:
flow patterns, tracers, and transports

Progress in Oceanography (2003)



Ship-based hydrographic observations with tracers

World Ocean Circulation Experiment, GO-
SHIP and previous expeditions (IGY)

For steric height:
Temperature, salinity

For tracer patterns on isopycnals:
Oxygen
Nitrate, phosphate, silica

CCHDO WOCE One-Time survey




Reid circulation method

* Hydrographic profiles to ocean bottom (almost all)
 Assembled along lines

* Geostrophic flow relative to ocean bottom calculated for each
station pair

* Flow compared with multiple tracer patterns on isopycnals;
bottom reference velocity adjusted to be coherent with tracer

patterns on potential density surfaces (0, 2000, 4000 dbar)

* Adjusted pressure gradients integrated horizontally from coast to
obtain adjusted steric height

* Transport constraints on major currents applied

Example from Reid (1994)

8C

aiy T HdISOf



Surface circulation (absolute steric height from hydrography)

20°

Similar to Maximenko et al on previous slide
7/8/26 (Reid, 1994, 1997, 2003) Talley Trieste Summer 2026 19



Circulation at 2000 dbar (adjusted steric height)

Nor @5
Q%-——b) |.3o

> 60°

- 1

-y

&

Greatly reduced subtropical gyres, continued ACC and equatorial

zonal flows. weak circulations elsewhere. :
7/8/26 ’ DPO Flg 14.4a Talley Trieste Summer 2026 20



Circulation at 4000 dbar (adjusted steric height)

20°

20°

80° ——

Below depth of NADW in S. Atlantic

Dominated by topography. Deep Western Boundary Currents, deep cyclonic flows in some
isolated basins

7/8/26 (Reld, 1994, 1997, 2003) DPO Flg 144b Talley Trieste Summer 2026 21



Water mass overview: 4 layer view of the global ocean

(1) Upper layer: ventilated thermocline. Includes Mode Waters, Central Water,
subtropical Underwater (salinity maximum water)

(2) Intermediate layer: Labrador Sea Water, Mediterranean Overflow Water, Red
Sea Water, North Pacific Intermediate Water, Antarctic Intermediate Water

(3) Deep layer: North Atlantic Deep Water, Pacific Deep Water (also known as
Common Water), Indian Deep Water, Circumpolar Deep Water

(4) Bottom layer: Antarctic Bottom Water (aka Lower Circumpolar Deep Water)

Remember these layer numbers!

7/8/26 Talley Trieste Summer 2026 22



(1) Upper ocean water masses

Central Waters (main subtropical thermocline, derived from broad subduction of
subtropical surface waters) (not illustrated here)

e Subtropical Underwater (ST gyre, shallow salinity maxima, derived from subduction of
saltiest ST surface water) (not illustrated here)

* Mode Waters (upper ocean, thick layers) (figure)

12 ny 120w

7/8/26

Hanawa and Talley (2001)



(2) Intermediate waters
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Low salinity: Labrador Sea Water, High salinity: Mediterranean Water,
North Pacific Intermediate Water, Red Sea Water

Antarctic Intermediate Water
Talley (2008)

7/8/26 Talley Trieste Summer 2026 24



(3, 4) Deep waters

1 20 E 180° 1200W

AN \\

(3) Nordic Seas Overflow waters, (4) Antarctic Bottom Water in
contributing to NADW Weddell, Ross Seas and Adelie Coast

7/8/26 Talley ( 1 %é}jfrieste Summer 2026 25



Salinity in the Atlantic at 25°W

(1) surface waters
(ventilated thermocline)

% £ &

(2) Low salinity

Antarctic intermediate
water

7 (3) High salinity
S North Atlantic Deep
Water

0 2000 4000 6000 8000 10000 12000km . .
------------------------------------- S (4) Low salinity
7/8/26 50°8 o 10° 0° Tiffe i#s® SANANDSr 269 60N . 26
3 0 S yM N Antarctic bottom water



Oxygen in the Atlantic at 25W

7/8/26

Oxygen (pM/kg) for A253_A16 25W
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Talley Trieste Summer 2026
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and LSW

(3) NADW
(4) AABW
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Salinity in the Pacific (150W)
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Oxygen in the Pacific (150W)

7/8/26
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Salinity in the eastern Indian
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Oxygen in the eastern Indian P
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Dynamics: Geostrophy and Ekman flow, reference velocities
Result: Observed global ocean circulation

Result: Meridional water mass distributions

Method: Transport and Overturning circulation calculations
Result: Global overturning circulation mass transports
Result: Global heat, freshwater transports

Method: Budgets and implications for diffusivity

Result: Diapycnal diffusivity estimates

Dynamics: overturning circulation at large spatial scales
Result: Demonstration of large-scale force balance for GOC

7/8/26 Talley Trieste Summer 2026 32



Global Overturning Circulation: build from 4-layer water masses and geostrophic
transports

Bering
Strait

Ocean

Bering
Strait Thermocline water

SAMW Subantarctic Mode Water

AAIW  Antarctic Intermediate Water
NPIW  North Pacific Intermediate Water
IDW Indian Deep Water

PDW  Pacific Deep Water

NADW North Atlantic Deep Water
AABW Antarctic Bottom Water

Simplified global overturning circulation

—

ATLANTIC

Talley (Oceanography, 2013)

Pacific -




Global overturning circulation: quantifying it

\Nb

\(’”Ew PACIFIC
> 7AA) u

The sources of densest waters are in the northern N.

Atlantic/Nordic Seas (NADW) and in the Antarctic (AABW). How do
these fill the global ocean, upwell and return in upper ocean back to
source regions?

ATLANTIC

Calculate NET MERIDIONAL TRANSPORT across latitudes.

Use isopycnal layers (not depth layers), since flow is mostly along
isopycnals.

Also calculate heat and freshwater transports

7/8/26 Talley Trieste Summer 2026 34



Property transports

e Volume transport =V =Y v,A. = [[vdA m3/sec

* Mass transport=M =2 p V.A; = HdeA kg/sec

* Heat transport* =H =2 p c,TV,A; = ﬂpcpTVdA J/sec=W

e Salt transport = /=) p SV.A. = HpSVdA kg/sec

e Freshwater transport =F = Yp (1-S) v;A, = [[p(1 - S)vdA kg/sec

e Chemical tracers = 6= Yp Cv;A, = [[pCvdA moles/sec

* Heat: Tis in Kelvin. Most useful when total mass transport M = 0 (flow in
equals flow out), so convergence provides surface heat flux.

* Flux is these quantities per unit area
e.g. volume flux is V/A, mass flux is M/A,

heat flux is H/A, salt flux is ¢//A, freshwater flux is F/A, chemical tracer
flux is 6G’/A

7/8/26
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Calculation of meridional overturn

DPO Section 14.2.2

Use a zonal, coast-to-coast, top-
to-bottom section

Compute meridional geostrophic
velocities, and estimate meridional
Ekman transport

Calculate zonally-integrated
transports in layers (isopycnal
layers or pressure layers).

Add Ekman transport to top layer.

Total transport through section
should equal any leakages (such as
about 1 Sv for Bering Strait)

7/8/26

Western North latitude

boundary
South latitude

Sea surface

Intermediate layer

w, i

Deep layer

e

W,

d’ Bottom layer
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Calculation of meridional overturning

(1) Total Mass transport in layer = 0

(2) Total vertical transport through
interfaces calculated as difference
between meridional transports and
underlying vertical transport

(3) Vertical velocity (average) = vertical
transport divided by area of interface

e DPO Fig. 14.5

Equation 14.1

(1) My = Vi - Vg + Wiy - W, =

(2) W; =V - Vg + Wiy

(3) w; = W/A,

Western North latitude

. Sea surface
South latitude

Intermediate layer

w, i

Deep layer

Bottom layer

Talley Trieste Summer 2026 37



Net meridional transports in isopycnal layers
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Upper ers\og AATW I 3464
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26.90¢ 309 g I v
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45.880,, 34.77 AABW 45.880, [ % 45920, | Si-ic
| LCDW3
bottom - 34.82 46.004 cDws bottom | (d) South Pacific 28°S 3472
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Calculation of meridional overturning (vertical velocity)

Equation 14.1 (corrected sign)
Transport convergence example:

)My =V -V +W. -W., =0
(1) Vg; = 5 Sv of AABW moves northward (1) M NIt TS | i-l

through south face into bottom layer N W = (Ve = Vo) + W,
Vy = 4 Sv of AABW moves northward out (2) Wi = -(Vni = Vsi) -
of north face (3) w, = W/A
| | |
(2) Therefore W, = 1 Sv of AABW must
upwell into the next layer above. Western North latitude =
(3) If the area of the interface is 4,000 km S V’/w't Surtace layer | g0
x 1,000 km, the average vertical velocity is ) 3}’ oy ermedinte ayer
w; = (1x106 m3/sec)/(4 x 1012 m?) = - =,

0.25x10®°m/sec = 0.25x104cm/sec

7/8/26 DPO Fig. 14.5 | Talley Trieste Summer 2026 39



Global mass transport and vertical velocity

Inverse model

Ganachaud and Wunsch (2000)

7/8/26
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Model solution diapycnal velocity

Global mass transport and vertical velocity

Inverse model

Pacific WOCE

a hydrographic lines
51 =] |53 o\
’> S L 1dgof]
|‘ ....... . . \ g
RS>

Macdonald et al. (PiO 2009) T S

-80
120 140 160 180 200 220 240 260 280 300 320

Fig. 9. Inverse estimates of diapycnal velocity in each of the small boxes (as labeled) and in each the large boxes (right-hand column). Axes are the same for all graphs, but

7 / 8 /2 6 labeled only on box 10004 (second up from the bottom on the right). Inverse solutions for w only exist for non-oEFaPP’eyn%wrgmm@ @%ce ¢15

the bottom. Values are in units of 10" cm s



Calculation: Meridional Overturning Streamfunction

To calculate a meridional overturning
streamfunction W (units are Sv):

Add layer meridional transports, from
bottom to top, keeping track of value at
each depth.

Best to have transports in relatively thin
layers, and very best to have them in
isopycnal layers.

Useful to have transports at many
latitudes (e.g. from models)

7/8/26

Equation 14.2

N
W=V
i=1

WD) =[x, 2)dx d?2

west

W(p)= [, [ UK, p AR o’

west

Western North latitude

boundary

. Sea surface
South latitude

Intermediate layer
y Y

Deep layer

Bottom layer
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Meridional Overturning Streamfunction in isopycnal&depth /latitude coordinates

Inverse model

Isopycnal  =- 2788
coordinates § 28
28.06

Global

Pressure
coordinates

Lumpkin and Speer (2007)
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Meridional Overturning Streamfunction in isopycnal/latitude coordinates

Atlantic Pacific Indian

\?\f/ |

NEN

Isopycnal ;§§ \\-‘7\\&727;)\

46.00 Atlantic (a)

20 1 0 1 2 N & SN
Lattuce

g.

SKKSt

oz
\
il
i
10
\| &;V

Pressure (bomoen of 100dbar layer)
-

i

! I : St

Pressure € w0 " 00 J } B~ —
e —— : /

; o ; §/

gwoo /C\'\o\‘ e Em\/
* e T ) N
g = rhﬂ <:\\\ w = 2| g}soou —— 0
) [ paciic) Indan
6000 4 Atlantic (b) (@) 6000 (0
S S S e I B 5. U ST R v S T e T

Latitude
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Mass transports for the Global Overturning Circulation

(a) Mass transports (Sv) for the Global Overturning Circulation
19, (18 Atl+ 1 Pac)

(Pac)

1 Ind+5 Pac)

a

ac) 19 Atl

29 Atl
(4 Atl +[12 Ind + 14 Pac)
30°S 24°N

Talley (Oceanography, 2013)



What are the volume transport pathways through the oceans?

a Intermediate and deep overturning volume transports (Sv)
(Zonally-integrated)
80w 40'W 0 40°E 80E 120E 160°E 160w 1200W
1 1 L : 1 1 . 1 l ! 1 | 1 1 1 . 80'N

Surface 1.0

Deep

N Bottom

Talley (PiO, 2008) based on
Reid (1994, 1997, 2003) 20N

20N

15.8 (Ind./Pac. S / AAIW to LCDW)
12.2 (NADW to AAIW / S) 17.1 (NADW/IDW/PDW to LCDW
] 1 T T T o J 1 1 ' 1 ' 1 I

80w 40'W o 40°E 80°E 120E 160°E 160°W 1200W

Overturning circulation e Indian Ocean diapycnal

« NADW formation upwelling

e NPIW formation * Pacific Ocean diapycnal
upwelling

e AABW formation



Global Overturning Circulation schematic

Warm, salty, low nutrient thermocline/ surface water
moves north and cools to make NADW (dense)

upper ocean waters

Cold, carbon
and hutrient Southern Ocean
. wind-driven upwelling &
r|Ch, old deep surface buoyancy flux
waters rise to

S.0. surface

Subtropical/tropid

Pacific-Indian
upwelling &

NADW
formation
(convection)

Split to make
AABW (dense)

AABW

. PDW/IDW
formation

formation

(b.rine‘ (diffusion)
rejection)

and thermocline
water (light)

Talley (DPO, 2011; Oceanography, 2013) DPO Fig. 14.11c
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Global Overturning Circulation: more schematicized, with processes

<= Brine rejection: Southern Ocean
J < ° ° . . .
'NDIAN% == Wind-driven overturning circulation (AABW)
SQy .
QC;':;RN upwelling
INy
s, pACIFIC .
ering
SAMWIZ . f‘!\ Strait
A A4 u
/V ~ D NPIW
ADy, L ] .
= Diffus|ve
m upwellin
ABW \ ARBW p g
=
&)
S
ol Deep convection
Ry Thermocline water ; R H :
< SAMW. Subamo e Water N. Atlantic Meridional Overturning
AAIW  Antarctic Intermediate Water Circulation (AMOC) (NADW)

NPIW  North Pacific Intermediate Water
IDW Indian Deep Water

PDW  Pacific Deep Water

NADW North Atlantic Deep Water
AABW Antarctic Bottom Water

NADW
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Global overturning schematic based on those transports and transformations

Pacific -
Ocean

Simplified global overturning circulation

Talley (2013) based on DPO Fig. 14.11a ,
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Dynamics: Geostrophy and Ekman flow, reference velocities
Result: Observed global ocean circulation

Result: Meridional water mass distributions

Method: Transport and Overturning circulation calculations
Result: Global overturning circulation mass transports
Result: Global heat, freshwater transports

Method: Budgets and implications for diffusivity

Result: Diapycnal diffusivity estimates

Dynamics: overturning circulation at large spatial scales
Result: Demonstration of large-scale force balance for GOC
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Ocean heat transport: Air-sea heat flux

0" 40°E 1/20’El ,1P0.El l1§0}N\ \120\(V\ 80°'W

DPO Fig. 5.15

0 40°E 80°E  120°E, 160°E, 160°'W_ 120°W _ 80°'W  40°W 0
Yellow/orange - ocean gains heat. Blue - ocean loses heat.

Heat transport: red is northward, white is southward.

Two components:

(1) poleward due to subtropical gyre circulation (warm western boundary current plus cooler subducted water).
(2) MOC in Atlantic (warm surface waters plus cold NADW)
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Global heat transport

Inverse model

I T E— |
Heat 1 / e O R RO
- 1 PW i
=
Uncertainty
. 0.5 PW : 5 ]
- -0.5PW . \

Ganachaud and Wunsch (2000)

[t
0.9
=
Wlss NP2
16
| 1| B 1 . | i l
60°W 0°W B60°W 120°W 180°W 120°W
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Global meridional heat transport

1.1:£0.2

Ganachaud and Wunsch (2000)

< Ref.19 i
- »- Ref.29
* Ref.1
—- Ref.14
- Ref.30 .

O Ref.31
Present Work

Global meridional heat transport (PW)
(@)

8—%0s  20s _ 20S 0 20N 40N 60N
Latitude
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Heat transports (mass balanced) for the Reid global overturning circulation

Overturning heat transports

Total gains -1.00 PW total 2.81 PW total -1.81 PW total
and losses heat loss heat gain heat loss

-0.26 PW
(I/P to AABW)

-0.70 PW (I/p to A

’)

W to Thermocline)
-0.09 PW -0.86 PW
(NADW to b IDW) (Atlantic +
AABW) Bering Strait
o IDW/PDW) to NADW)
Gains and NADW)
losses due
to GOC
0 2 0.03 PW Atl (AABW to NADW)
Only (AABW to NADW)
30°S 24°N
(0]
35t Yo Ac,)of\ |§le heac’; Io?s goes 48% of NH heat loss goes
into roduction ) : - :
P 42% of low latitude heat gain goes into NADW production

into the int./deep Indian and Pacific

Talley (Oceanography 2013)



Ocean freshwater transport: Precipitation + runoff minus evaporation (cm/yr)

Blue: Net precipitation

Red: Net evaporation

DPO 5.4 NCEP climatology

Salinity is set by freshwater inputs and exports since the total amount of
salt in the ocean is constant, except on the longest geological timescales
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Define freshwater transport

Vi

rthward (Fresher) Snorth

net precipitation

Vsouthward

net evaporation
Fatm Foc:ean

a

Vsouthward = ~Vnorthward

Focean= -Fatm

net evaporation

net precipitation

Talley (2008) upwelling overturn
due to due to
Wal’mlng ooohng
(Fresher) Siower

The atmosphere transports water
vapor from evaporation to
precipitation regions.

The ocean transports freshwater
from fresher to saltier regions.

Atmosphere and ocean freshwater
transports are equal and opposite

Atmosphere F is set externally

e For larger atmospheric F
transport, get larger AS

- For larger V transport
exchange, get smaller AS

Focean = V(Ssouth — Snortn)/S, = VAS/S, where S, is a reference salinity and V is the volume transport

exchange between reservoirs

Therefore AS = FS, / V, so if F is set by the atmosphere and V is set externally by the flow, the salinity
difference can be calculated. (Of course V can depend on AS, as in the Stommel thermohaline oscillator.)



Conservation of freshwater: the common practical approach

Mass: F =-p,V,+p; Vi=-(R+AP) + AE (positive is in to volume)

Salt: E=-p,V,S, +p;V;S;=0

Salt divided by an arbitrary constant, choose to be about equal to mean salinity S,:
E/Sm =PoVoSo/Sm-piViSi/Sm=0

Subtract F-£/S, =F-0
F-8/Sm=piVi(1-5/Sn)-poVo(1-S,/Sp)

Assume p; V,~ p,V, =p V given how small F really is, so
FpV(Se/Sn-Si/5n)=pV(So-Si)/ S =-(R+AP) +AE Freshwater transport.

- Freshwater input calculated from the difference in salinity between inflow and outflow
equals the net precipitation, evaporation, runoff
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Net freshwater divergence (Sv) from hydrographic section transports

* Calculated from geostrophic/Ekman velocity and salinity

* (Compare with air-sea flux E-P-R)

b
0.42
« Northern 1 ridional
o ocean

-1 .03; transports of
20 sSubtropiCS/ freshwater
ws 1TOPICS from high to

0.61 low latitudes
e Southern
-0.27  |-0.38 10.04/ Noth of “30°S”
‘-0_1 3 -0.1 8' @ Including Southern Ocean
Atlantic Indian Pacific

“Zonal” ocean transports of freshwater from Pacific to Atlantic/Indian

Talley (PiO 2008)



Northern and southern hemisphere FW transport mechanism asymmetry

b 80'W 40'W 0" 40°E 80'E 120E 160°E  160'W  120'W
{ MR SO MR L . Ll L IR el S I Lol

\ﬂos (B3) (BS)'y

~Net Evaporation

O 09 S = et P«actpnatlon
. \' AL 0472 \._ -0.08 S
20N 5 o ‘ B : 20'N
== . -0.07 (BS)
o \f\———~ -0.16 (ITF) o
0.23 (ITF)<—

208 Net Evaporation Net},EQaporanon _ _\ J=s
0.6 Sv ‘B%f"°2° BTN 7:':::;:96’,:"2:-'--:;:-;;;:-;-;~-
40's ——— - .

Net Precipitation Net Precipitation

Y T T T T T T T T T T T T T T T T T
80'wW 40w 0 40°E 80°E 120°E 160°E  160°W 120'W

Upper ocean pathways

Talley (PiO 2008)

b Intermediate and deep overturning freshwater transports (MSv)
(Zonally integrated)

aorw 40w 0 0'E ﬂ[) E /!‘ E 180°E 160'W 120W
80'N I . L " . A L L i L i_8O'N

Surface

=0.5 ‘oewr

-0.23 (S to LSW)
-0.29 (S to NADW) Bottom -0.07 (S to NPIW and
—__-0.024AAIW to NADW) AAIW tgNPIW)
.01 (AABW to NADW) ouTImT to PoV)
5 0

-0.01 (LCDWto S
208 2 . . <0.01 (LCDW to AAIW . 208
o - ' " 8 -0.01(LCOWto POWY .. )l

———

60's 60'S
-0.03 (Ind./Pac. S | AAIW to LCDW)
; 0.00 (NADW to AAIW §) -PR3ANADW/IDW/PDW to LCDW
—_ : : -
0

B0'S
a'w 4w ™ . ' U 120 160°E 1680'W 120W

Intermediate and deep pathways

* Northern hemisphere exports freshwater southward through NADW and NPIW formation

-0.09 Sv

-0.06 Sv

* Southern hemisphere exports freshwater northward through upper ocean gyres, (order of magnitude less through intermediate and

deep water formation)

* Why: Salinity difference between inflow and outflow is larger if salty, warm subtropical surface water is transformed into fresh, cold
deep/bottom water. Drake Passage inhibits transport of surface waters to Antarctica (Toggweiler and Samuels, 1995).

* Dumped freshwater on the Antarctic just floats in surface layer, can’t become dense enough to sink since temperature difference

between surface and deep water is small.



Dynamics: Geostrophy and Ekman flow, reference velocities
Result: Observed global ocean circulation

Result: Meridional water mass distributions

Method: Transport and Overturning circulation calculations
Result: Global overturning circulation mass transports
Result: Global heat, freshwater transports

Method: Budgets and implications for diffusivity

Result: Diapycnal diffusivity estimates

Dynamics: overturning circulation at large spatial scales
Result: Demonstration of large-scale force balance for GOC
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Implications of calculated GOC for diapycnal diffusivity

Use vertical velocity w from inverse model

Vertical profiles of buoyancy
Estimate diapycnal diffusivity

Munk 1966

24.7

26.99

T

27.6

27.88

T

w2 (%)
9z 0z 0z
28

28.06 |-

28.11

T

28.2

Surface .
L ]

-~-
-~
-~ -
S -

[ ]
Thermocline
[ ]
o
L ]

Upp&r Circumpolar Dgep

Lower Circumpolar Deep

ACC Bottom

Antarctic Bottom

-5 -45

5 —4
Iogm(x)(m /s)

Lumpkin and Speer (2007) global hydrographic inverse model

Conclusions from Talley et al (2003) were very similar — need 104 m2?/sec




Implications of calculated GOC for diapycnal diffusivity

Southern Ocean

wind-driven upwelling &
surface buoyancy flux ~ SAMW, AAIW Subtropical/tropical upper ocean waters

ng

Antarctica

AABW
formation
(brine
rejection)

Simplified global overturning circulation

(diffusion)
Low latitude vertical velocities and diffusivities diagnosed from this overturning:

Order 10 m2/sec (Munk values) (Talley, Reid, Robbins, J. Clim. 2003)

(if 10.5°S to 10.5°N) (if all equatorial 2.5°S to 2.5°N)
Indian 7x10° 1.7x10* 31x10° 6.8x 10+
Pacific 4x 105 0.8x 10+ 16 x10-> 3.5x 104

Atlantic 7 x10-5 1.5x104 25x10-5 5.5x10+4



Model solution diapycnal diffusion coefficient
T Vaad

60

Implications of calculated GOC for diapycnal diffusivity

Pacific WOCE

a hydrographic lines

0 | | | |
120 140 160 180 200 220 240 260 280 300 320

lVI d | d t I P H O 2 0 O 9 Fig. 11. Inverse estimates of diapycnal diffusivities in each of the small boxes (as labeled) and in each the large boxes (right-hand column). Axes are the same for a
7 / 8 / 26 a C O n a e a . I but labeled only on box 10004 (second up from the bottom on the right). Inverse solutions for k, only exist for non-outcropping interfaces. Interface 0 is the surface.
16 is the bottom. Values are in units of cm?s~".




Overturning transports diagnosed from diapycnal diffusivity

Cimoli et al. (AGU Advances, 2023)

A
AV AGU Advances 10.1029/2022AV000800

ADVANCING EARTH
2761 (C)
27.65
27.7}
27.75
27.8}
27.85
1]
i

AND SPACE SCIENCE
2791

27951

Neutral density
N
[e:}

28.05 g
28.1+ l
2815 I l
28.21

28.25 [ ltotal
[Jdownwelling

i i . g ’ upwelling
Diapycnal velocity at 4" =27.6 (m/s) Diapycnal velocity at 4" =28.1 (m/s) - ; E . . L 1
— L e— — L — 20 -15  -10 -5 0 5 10 15 20
-1 .05 0 0.5 1 -1 05 0 0.5 1 Water mass transformation rate (Sv)

<107 <107

Figure 3. (a and b) Diapycnal velocity (Equation 2) calculated from the tidally driven mixing estimate on the neutral density surfaces y" = 27.6 (a) and y" = 28.1 (b).
Positive values (red) indicate diapycnal upwelling, and negative values (blue) indicate diapycnal downwelling. The 3,000 and 4,000 m isobaths are also shown (thin
black lines). (c) Water mass transformation rate (Equation 3) for the tidally driven mixing estimate across the density surfaces bounding the North Atlantic Deep Water
flow (y" = 27.6-28.15). For each density surface, the total upwelling and downwelling are shown by the empty red and blue bars, respectively, while their residual is
shown by the filled black bar. Positive transformation corresponds to a decrease in density.
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Moving to other (GO-SHIP) properties: carbon

Hydrographic section inverse model

-0.04 £ 0.01 0.03 +0.01

80°N t contemporary transport

. - -0.02£0.01
anthropogenic CO, transport > - =

-0.20£002 7 4
0.10 £ 0.01

natural CO, transport /- 0.01 2 0.01

60°N

bold numbers: transport (Pg C yr) -
small italic numbers: fluxes (Pg C yr-1) w =)
small bold numbers: storage (Pg C yr-1)

40°N a

r \

-0.12 + 0.02

-0.31+0.02 0.09 +0.01

-0.26 + 0.02
0.11 £ 0.01

-0.21 £ 0.02 -0.27 +0.02

-0.11 £ 0.02

\ w . (] . 0 0.16 £ 0.01
20°N = -0.18+0.02 0.11+0.01 “ . 3
# -0.28 + 0.02 -0.22 + 0.01
002:001 § )& I 0.04+0.02 -0.01+0.01
0.04 +0.01 -0.09 = 0.03 0.13 % 0.01 0.09 = 0.01

Eq 0.05 £ 0.01 & -0.14 = 0.01

g {
0.01£0.01 J
0.08 + 0.01

0.05 = 0.01

l -0.02 + 0.03

f

0.29 £ 0.03 0.05 = 0.01
0.06 + 0.01
0.12 £ 0.01

-~

0.39 + 0.03

-0.03 + 0.01

-0.01 +0.01
0.07 + 0.01

o
20°S -0.08 + 0.01
0.10 = 0.01

-0.14 £ 0.017  0.13 = 0.01

0.07 £ 0.04 0.38 = 0.03 0.03 = 0.01
40°S — T 0.73£020  0.28%0.10 :6;7:0%22 -
0.01 + 0.08 -0.05 = 0.01

- . . . L
~
0.10 + 0.06

60°S — = -

-0.21 +0.08 0.08 £ 0.10 —

80°S

50°E 100°E 150°E 160°W 110°W 60°W 10°W

Gruber et al. (GBC 2009)
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Northward CO,-Transport (Pg C yr)
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Global: Ocean Inversion

Atlantic: Ocean Inversion

— Global: Takahashi & GLODAP
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A
g Indo-Pacific: Ocean Inversion
L4

o
lII|nllII|Illlpllllnllllnlllll

-0.6 4=

@
o
o

S

T

T

T

L L L L L L L L L L

60°S 40°S 20°S

LN N N B D B B B DD B N R B BN BN B B

Eq 20°N  40°N  60°N

Talley Trieste Summer 2026

L )

80°N

67



Moving to other (GO-SHIP) properties: carbon

Carbon: hydrographic inverse Carbon: model
'ﬁ NATURAL CO (AC a5 ex)
®
SOUTHERN OCEAN
15% OUTGASSING
R
§
o

s

q y ° 30°S Eq 30°N 60°N
1o 2!

il

v
S

A [BENNN | D THETT

-50 -40 -30 -20 -10 O 10 20 30 40 50

ACgasex (umol kg™)

Gruber et al. (GBC 2009) Aldama-Campino et al. (GBC 2020)
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Moving to other (GO-SHIP) properties: carbon

Carbon: hydrographic inverse

NATURAL CO2 (ACy4s ex)

HELs

SOUTHERN OCEAN
OUTGASSING

60°N

[T I
50 -40 -30 -20 -10 O 10 20 30 40 50
19"0 ACgasex (umol kg™)
z 0%
4
4

Gruber et al. (GBC 2009)
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Carbon: model, focus on processes

(a) ‘I’(¢, Ctot) ‘
Surface cells (gyre overturn/subdjmtio 22
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Aldama-Campino et al. (GBC 2020)

Talley Trieste Summer 2026

69



Moving to other (GO-SHIP) properties: carbon

Carbon: hydrographic inverse (Gruber et al., 2009)

Carbon: model, focus on processes (Aldama-
Campino et al., 2020)

;: < NATURAL COg (ACqyas ex)
3
" § \ soung@ﬁ&csEs/wG 1800(3) \Ij(qb’ Ctot)
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* S :
Mo

24

2000 & ),
£ 21001 /l
SO surfacecell —

N ool Deep watgp = ;

s . ) , : R 8
Bottom waﬁ@?W & B

o -QOAC::sex:lmol ) : 2500 — —to0 &£

16

7rg;wl/m3]

I
10 20 30 40

2600

f o o o Latitu(()ie [N] g E y e
s b N
¢ 18Oo(b) Atlanltic Ocean (c) Indo—Faeiﬁc Ocean -16
|deas to do: % 2000} »
3 L~y a
L. L. £ 2200{ 1
Useful to revisit hydrographic inverse model < 2100 T -
. e - S
results for processes identified in A-C. it L=
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Useful to use hydrographic inverses for
decadal changes in carbon transports
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Dynamics: Geostrophy and Ekman flow, reference velocities
Result: Observed global ocean circulation

Result: Meridional water mass distributions

Method: Transport and Overturning circulation calculations
Result: Global overturning circulation mass transports
Result: Global heat, freshwater transports

Method: Budgets and implications for diffusivity

Result: Diapycnal diffusivity estimates

Dynamics: overturning circulation at large spatial scales
Result: Demonstration of large-scale force balance for GOC
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Large-scale steric height distributions and the GOC

Sea surface height: 100

50
Pacific/Atlantic asymmetry

Superimpose Gordon
conveyor belt plus ‘cold
water path’ through Drake
Psg. —remarkably similar
to simply drawing vectors
that go down the pressure
gradient at the largest
scale.

1-100

-150

-200

0° S0°E 100°E 150°E 160°W  110°W  60°W 10°W 40°E

Global surface height based on surface drifter observations (Maximenko
et al., 2009); similar to all modern surface height maps



Salinity difference causes the overall Pacific-Atlantic surface height difference

100

0° K ATy e RN M, TSN -50
208 S LB - S NS ¥ oo
40°S e

& A o S
i s 200
L i oh A &
0° 50°E  100°E  150°E  160°W  110°W 60°W  10°W  40°E

Fresher Pacific and saltier Atlantic leads to higher Pacific
dynamic height

Colder Pacific partially offsets salinity difference.

Salinity difference drives the Global Overturning Circulation
(dense N. Atlantic and light N. Pacific). (Stocker and Wright,
1991)

Salinity difference is due to atmospheric freshwater transport
from Atlantic to Pacific (Zaucker and Broecker, 1992)

Surface dynamic height at 24°N

Dyn. Ht.
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Adjusted steric height distributions from Reid (1994, 1997, 2003)

Surface:
O dbar
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Large-scale steric height distributions and the GOC

. — \ 80° 80 -, 80° .
ok
160° 160° . /2 ; 2\ ! !
o . s \ - o0 TS o S

2000 dbar

20°

- _ \ \/—r ........... ...... B ,~, , Dee

. ﬁ = \Water

* Global adjusted steric height at 2000 dbar for the absolute geostrophic flow (Reid, 1994, 1997, 2003)

* Down-gradient from North Atlantic to S. Atlantic/S. Pacific to N. Pacific and to Antarctic: NADW formation
and outflow. (Also net outflow of IDW to the south at this level)

. W&S91 parameters (very rough):
Pacifice = 0.5

Atlantice=0.4

Indiane=1




Large-scale steric height distributions and the GOC

Bottom Water:
4000 dbar

N
Global adjusted steric height at 4000 dbar for the absolute geostrophic flow (Reid, 1994, 1997, 2003)
Down gradient is from south to north in all basins — AABW filling in from the far south
Pacific abyssal circulation is isolated from the Atlantic-Indian abyssal circulation

Relevant theory and discussion: Marotzke et al. (1988), Wright and Stocker (1991), Stocker and Wright (1991).
See R.-X. Huang (text, 2010), Vallis (text, 2006).



Summary for downgradient flow portion of talk

Hydrographic sections measured top to bottom and coast to coast provide the mass-balanced ocean transports needed
for mapping the global circulation, overturning circulation, and estimated diffusivities required for the circulation.

Inverse models and ‘manual’ inverse (e.g. Reid) are the primary method for calculating the transports
(Inverse models allow estimate of uncertainty)

Forcing for GOC:

* Wind (Ekman)

* Heat

* Freshwater
* Turbulence (diffusivity)

Global overturning circulation is strongly controlled by ocean salinity distribution



