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Why Is some much heat going into the ocean?

High heat capacity of water AND the ocean can transport heat from the surface

to the interior A
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Meridional Overturning Circulation (MOC)
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(Talley, 2013)

ATLANTIC

Meredith (Nat. Comm. 2022)

To monitor and predict ocean heat uptake accurately, you must understand ocean ventilation



Outline

Quick overview of Abyssal ocean circulation (deep MOC 101)
Ocean observations (Argo and WOCE follow-ons)

Ocean warming and changes in deep ocean circulation



Meridional Overturning Circulation (MOC)
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MOC: Antarctic Bottom Water (AABW)
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MOC: Antarctic Bottom Water (AABW)
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AABW is formed in 4 locations around the Antarctic coast



MOC: Antarctic Bottom Water (AABW)
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MOC: Mixing
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MOC: Upwelling
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Bottom limb of the MOC

Bottom water properties are set by the balance between the renewal of deepwater formed around Antarctica and
the rate of mixing with overlying water
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Deep Ocean Properties

Bottom water properties are set by the balance between the renewal of deepwater formed around Antarctica and
the rate of mixing with overlying water

Advection + Mixing =0 In steady state, these
two processes are equal
and bottom

....... ) temperature is constant
In time
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Ocean observation



Temperature Is the oldest and best measured parameter !
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Temperature Is the oldest and best measured parameter !
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Observing the Interior Ocean

GO-SHIP
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GO-SHIP Measurements

WOCE: World ocean circulations experiment
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Argo 4126 Operational Floats

March 2025

00¢

6 -12 hours at surface ‘ \
to transmit data to satellite : Total cycle time 10 days

|
-

1
) Descent to depth
1 ~10 cm/s (~6 hours)

Salinity & Temperature
profile recorded during ascent
~10 cm/s (~6 hours)

1000 db (1000m)
Drift approx. 9 days

Float descends to begin
profile from greater depth
2000 db (2000m)

~12k profiles randomly distributed
throughout the global ocean from O-
2000m, plus 1000m reference velocity



Deep Argo: 3 x deeper
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Deep Argo
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BGC Argo

Salinity, temperature, Ocean heat, freshwater, and circulation; Steric

B iy depth sea level rise
(il Temperature  OXygen Deoxygenation; Ocean ventilation rates
pH Ocean carbon uptake; Ocean acidification
DoMwelling Nitrate Nutrient availability
Irradiance Chlorophyll a Phytoplankton abundance (fisheries); primary
/ production
Optical Backscatter Suspended particles
o Downwelling Net primary production; calibrating satellite

Irradiance color
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Biogeochemical Argo

Sensor Types

Latest location of operational floats (data distributed within the last 30 days)

- Operational Floats (775)
« Suspended particles (539)
»  Downwelling irradiance (156)

' pH (447)
Nitrate (440)
Chlorophyll a (539)

+ Oxygen (768)
(O Full BGC Floats (74)

Generated by ocean-ops.org, 2025-05-06

Projection: Plate Carree (-150.0000)

« 775 Operational BGC
floats with varying
numbers of BGC sensors,
with 74 having all 6
Sensors
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Argo

Argo Distribution - OneArgo simple

Argo global, full-depth, multidisciplinary design: 4700 floats
*  Core Floats, 2500
. Deep Floats, 1200
BGC Floats, 1000

ress towards One Argo

Argo

Networks April 2025
4056 operational units

Deep (TSO anty) (55) Core + 02 (TS0) {154)
Deep (192) * Core (3019)
BioGeoChemical (without TSO enly) (566] *+  Equivalent (143 \




Ocean warming



Upper ocean
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2019 RG Climatology Extension: January 2019
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Upper ocean heat content
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OHC: 0-2000m
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Below Argo?
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Accumulation of heat below 4000m
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GO-SHIP + Deep Argo: Deep Ocean Warming

Deep Warming below 4000m Zonal Mean Deep warming below 2000m
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Sea shelf water salinity variabllity
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Reduction in AABW compensated by an expansion of
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Thickness Im]
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South Atlantic
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- these isotherms
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What is driving the loss of AABW?




A slow down in the deep MOC?

nature
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Abyssal ocean overturning slowdown and warming
driven by Antarctic meltwater
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How can we observe this? Chlorofluorocarbons (CFCs)

CFCs’ Atmospheric History

CFC11
700 —CFC12 -
—CFC113
—SF67100
600 -
o
> 500 - I -
o] 1000 :
R
< E
g E‘ 2000
— 400 ; - =
o
é g 3000 |
= £
g 300 - L £ 4000
L g
O 2
s000 § ot 4
200 - i aoop & . .
50°8 40°5 30°5 20°8 105 EQ
100 - -
0 -

1980 1990 2000 2010
Year

1950 1960 1970



Transient tracers: Chlorofluorocarbons (CFCs)

CFCs’ Atmospheric History
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Transient tracers: Chlorofluorocarbons (CFCs)

CFC 11 In-situ observations in 2023
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Method: CFC “time corrected” data set

Atmospheric CFCs and Sf6
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CFC 11 In-situ observations in 2023
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Method: CFC “time corrected” data set

Data: % deg x %2 deg on 0.01 y,, vertical grid
J=C - CGll5+1G - Goll> =

= (C—-C,60)"W(C - C.,G) + (G — Go)"'S7'(G — Go).

,,,,,,,,,,,,,,,,

Discrepancy with observations C  Discrepancy with first guess G,

20 Cs= surface boundary conditions

G= greens function

Go=first guest

C=tracer concentration

Solving for G that minimizing the cost
function J

n, L ‘

.
Y

(Cimoli et al. 2023)



Method: CFC “time corrected” data set

TIME CORRECTION METHOD: Example with synthetic data

» Assume we know the Green’s function (true G(t) — ) J=|Cc-C g”z 111G — gon _
— s 2 2

» predict the data concentration in the ocean interior ( =—, — )
> subsample the synthetic tracer data generated (@ , 0 ) = (C - Cs6)TWH(C - CsG) + (G — Go)TS™H(G — Go).
» solved G(7) (- - )
» predicted tracer concentration (——) Discrepancy with observations €  Discrepancy with first guess G,
> 1
_ / Cs fy(t o 7_) G(I’, 7_) dr OUTCOMES'LS_E_P;(GIObal, full water
’ column):
0.02 : : 2 : !  TTD (Green’s functions) at each
— True G{7) location in the ocean interior (where

tracer data is available)

» Annually-resolved CFCs and SF6
concentratlonszp

Used to investigate:

» \entilation rates

» Pathways of water masses from the
ocean surface to the ocean interior

« Decadal variability of ocean transport

. i - - First guess G,
i\ |oorsovedGp) |

d

d 1980 2000 EGIEG
(d) Lag time (7) Time (Cimoli et al. 2023)




Example of Green’s function and CFC History
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CFC Arrival time
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Ocean ventilation decadal variability
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Ocean ventilation decadal variability

Observations
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Ocean ventilation decadal variability

S4P TC-Obs (1992)

Depth (m)

Depth (m)

5000 *

Anomalies:
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(Reconstructed - Observed) tracer concentrations

+ (red): reconstructed time-mean circulation
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A slow down Iin the MOQC?

Changes in expected CFC

S4P TC-Obs (2018) penclig
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Reduction in AABW compensated by an expansion of

0 S00 1000 1500 2000 2500

Thickness Im]

Red = change in thickness of AABW (m)

South Atlantic

Expansion in the
amount of water in
- these isotherms

| Reduction in the
__| amount of water in
these fisotherms

(Purkey and Johnson, 2012)



Southern Ocean Watermasses
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Southern Ocean Watermasses
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Southern Ocean Watermasses

Temperature (°C)

30" §

325 330 335 340 345  35.0
1 Salinity (psu)

0 50 100 150 200 250
Bin Density

35.5 36.(

300

GLODAP gridded and ship-based profile data in the Southern Ocean of include T, S, dissolved Oxygen,
Nitrate, Phosphate, Alkalinity

Calculate conservative tracers (NO, PO, Salinity, 0)

Define 9 Southern ocean water masses (Lanham et al, in prep



Method: OMP analysis

« Assume that all observed data can
be explained as a linear mixture
of each of these source waters

 Solve with non-negative Least-
Squares machinery from Wunsch
(2008) to give an optimal solution
with minimal residuals

108 S in 2007

o1 g




Method: Applying to Argo climatology using ML

 Used the found relationship to
apply to the Roemmich-Gilson
Argo Climatology
* 1deg x 1 deg, 0-2000m, monthly
Argo objective map
» Covers 2003-2025

« Use machine learning to estimate
the Watermass fraction from Argo

« Train Decision Tree/ random forest models
on OMP output

« we can achieve high levels of skill without
tracers if we include lat, lon, depth in the
training

* Apply to the 20 years of monthly gridded
Argo gridded data

* Look at the integrated “thickness” of each
watermass

Argo 4126 Operational Floats March 2025

2019 RG Climatology Extension: January 2019
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Method: Applying to Argo climatology using ML

 Used the found relationship to
apply to the Roemmich-Gilson
Argo Climatology

* 1deg x 1 deg, 0-2000m, monthly
Argo objective map

e Covers 2003-2025

« Use machine learning to estimate
the Watermass fraction from Argo

« Train Decision Tree/ random forest models
on OMP output

« we can achieve high levels of skill without
tracers if we include lat, lon, depth in the
training

* Apply to the 20 years of monthly gridded
Argo gridded data

* Look at the integrated thickness” of each
watermass

« Remove seasonal cycle

latitude depth longitude sin longitude cos STCW SAMW1 SAMW2

HSsW AASW AAIW NADW chw

-60.4630 20.0 -0.653513

-80.4630 100.8 -0.653513

0.358524e-

0.756915 0.000000e+00 7.262207e-16 0.000000e+00 1.285253s8-01 0.773907 0.000000e+00 6.977133e-16 16

0.7568915 1.508557e-16 0.000000e+00 0.000000e+00 4.290318e-16 0.418883 0.0000002+00 0.000000a+00 3'393‘09:;

Temperature, Salinity, Lat, Lon, Depth

2 2 e
©9 00 00 009000 ¢ 009 00 09

90000000 900 00090 o0 9o o0

Random Forest
Models

20 years of monthly gridded Argo Data
_ (Roemmich and Gilson)

700m
(July 2020)




Change in Watermass thickness: avg(2019-2023) -

avg(2004-2008)

CDW Layer Thickness
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Red = expansion
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Future of Ocean Observing?
Argo | GO-SHIP
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Summary and challages

Antarctic Bottom Water (AABW) and
North Atlantic Deep Water (NADW) fill
the global deep and abyssal oceans

Interior ocean properties are set by surface
buoyancy forcings that are vulnerable to
climate change, and hard to model!

The abyssal ocean has warmed, likely due
to a slowdown in AABW

Monitoring the deep ocean in the coming
decades will be critical to understanding
climate.

(Silvano et al. 2023)



Thank you and questions

Laura Cimoli, Gebbie, G., Purkey, S. G., &
Smethie, W. M. (2023). Journal of Geophysical
Research: https://doi.org/10.1029/2022JC019337)

Joshua Lanham, Purkey, Srinivasan, Mazloff,
Cimoli,& Mashayek, (in prep), Observational
evidence of poleward migration of warm
Circumpolar Deep Water


https://doi.org/10.1029/2022JC019337

WOCE

WOCE: World ocean circulations experiment

Data with Principal Investigator or
non-public at Data Assembly Center

All data at Data Assembhy Center Mbp=t data at Data Assembly Center






Observing the Interior Ocean
GO-SHIP
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GO-SHIP data

CCHDO: https://cchdo.ucsd.edu/

Find Data = Susmil Datn Tonmaton s Q EO-SE Search

JOA : https://joa.ucsd.edu/

" Java OceanAtlas Data

Exnocadn Lirads) Shin oty Stort Date 07 End Date L]
e prEmS—— e S R T Explore cleaned, vetted World Ocean Bottle and CTD Profile Data
. P
SIRRINAINA A . P ROGER REVELLE s 000 20220810 + Ao Macdonald
» PIEW s ™ o~ — = g2 o
| BEST VERTICAL SECTION DATA ) | WORLD OCEAN ATLAS DATA | ( LEGACY/HISTORICAL DATA |
AFIORI0T - PO FIYEIFL RAARLE JP F-07-19 2021-10-14 = FUAGAI Maaki = . = = -
= PO A MERAL 4P A1-07-13 2021-08-28 + Shimya Kruketsu
= AZZ AV Themas G Thampson us 2021-04-20 2021-05-16 * Wiviane Mooz s

= AZ0 A Themas G Thameson [¥=3 -8 2021-Na-14 = Foyn Woesdey
-— Glodap: https://www.glodap.info/
p- PS: .J P.
TdE beini] . AZ3 Dscovary &8 2020-E-0a 2020-03-13 * Yvorma Finng
Filer Tabdiw | amBe
P00 19 + A FRS JAMES COC =) 2020-08-18 20200301 + A Sanchex-Frarks
Results: 149 ASEH T 239 s W7 IR IP P1E-12-25 HF0-02-10 * Kabsurs Katsumata S T T T T T M I T L L =TT
Saarch Tipa: gL

Hydrographic Cruise: Dataset

33HH2022061 3 Files in the Datasat have been checked for format consistency, and merged into a single, integrated,

bottle

CF netCDF: 33AR20220613_botte.nc (Updated 2022-09-12, 887.2 kB)
exchange: 33RRZ0220613_hy1.csv (Updated 2022-08-13, 2.3 MB)
WHP netCDF: 33RR20220613_nc_hyd.zip (Updated 2022-08-12, B30.0 kB)

Figure 2. Number of cruises per year in GLODAPvZ,

GLODAPV2.2013, GLODAPv2.2020, GLODAFv2.2021 ana

GLODAPv2.2022
Dec - Feb

ctd
o CF netCDF: 33RR20220613_cid.no (Updated 2022-08-30, 6.3 MB)
3 gxchange;ﬂﬂf-{ﬁ_?ﬂﬂf[]a‘lfl cil.zip {Updafed 2022-08-30, 2.7 MB] Fi. 1 Qind L tis f all i in 121 NNADD 2092 Qiatinme in
WHP netCDF: 23RR20220613_nc_ctd. zip (Updated 2022-08-30, 3.3 MB)
Date Start/End: summary
2022-06-13/2022-07-16
Chief Scientists: WOCE: 33RA202206 1 3su.txd (Updated 2022-08-30, 17.4 kB) =
Andreas Thurnherr Arg OVI S

Sebastien Bigome (Co-Chief) Other Files

e


https://joa.ucsd.edu/
https://www.glodap.info/




Argo Data

Argo Home page: htips://argo.ucsd.edu/

- data access Data Decoded

- list of gridded products
- “how to” manual

Satellite

Real time data

Raw CTD data
processing

Secondary
data
server
(Argovis)

Add matlab packages

md USER g

https://fleetmonitoring.euro-argo.eu/


https://argo.ucsd.edu/
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Long-term monitoring of the MOC
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Long-term monitoring of the MOC

i 5
>
75°N ,,,,, & 20 i
2 15
\\ 8
OSNAP o 10 - >
------------ = 2
NOAC 47°N 5 €
35°N ' a
. -4—___RAPID 26°N_~ S
) 2 30 1 =
15°N " MOVE 16°N
' > 25
5N £,
., T 20
i U TSAA 115 ... 2 15 -
15°S il &
= 10 A 10
25°S =
. S - 5 0,
35°S SAMBA 34.5°S -
45°S SAMBAB45S TN TN W ° 8
- -5 2
<
- -10

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
(Frajka-Williams et al. 2019)

75°S




AABW and NADW in the MOC
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AABW and NADW in the MOC
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The Global Meridional Overturning Circulation (MOC)

Bottom water properties are set by the balance between the renewal of deepwater formed around
Antarctica and the rate of mixing with overlying water

Advection + Mixing =0

Pressure

Theta

In steady state,
these two processes
are equal and
bottom temperature
IS constant in time






Ocean Ventilation Matters for Carbon and Heat Uptake

Anthropogenic Carbon Anthropogenic Heat
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