From alpha to beta ocean
Exploring the role of surface buoyancy fluxes and seawater thermal expansion in setting

the upper ocean stratification

Romain Caneill
VEPQSSSS seminar, September 25,2024

@@®® Romain Caneill, 2024



Brief Curriculum

2014 - 2017 ENSL, physics and geophysics
2017 - 2018 CAP de menuiserie

2018 - 2024 PhD, Goteborg with Fabien Roquet
2024 - 2027 Postdoc, Grenoble, SASIP project

Some of my interests:

* Python * Reproducible science
* NEMO ® Snakemake
* xnemogcm, xgcm,

gsw-xarray * Free Software

For the science, follow this presentation :)

Introduction A. Alpha - beta B. Buoyancy fluxes

romaincaneill.fr

CRNEE

Grenoble, France
83 romain.caneill@univ-grenoble-alpes.fr
© rcaneill

i .
W rcaneill
@ fediscience.org/web/@rcaneill
PGP fingerprint:

70D5 7116 37B2 9335 9088
F124 DOFE 114E BFFD ED7F

Conclusions 2


romaincaneill.fr

Where to find this presentation

https://romaincaneill.fr/2024/09/25/VEPOSSSS-seminar.html


https://romaincaneill.fr/2024/09/25/VEPOSSSS-seminar.html

The oceans store carbon and heat

The oceans have taken up about:
® 25% of CO5 produced by human activities;
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The oceans store carbon and heat

(a) Global Energy Inventory
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Figure adapted from the IPCC Sixth Report (Fox-Kemper et al., 2021)

Introduction A.Alpha - beta B. Buoyancy fluxes C.TEC Conclusions



The ocean absorbs anthropogenic CO,

Anthropogenic CO, column inventory (1994)
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Figure adapted from Gruber et al. (2023)
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Ocean and atmosphere exchanges properties through the mixed layer
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Figure adapted from Sprintall and Cronin (2009) Figure adapted from Johnson and Lyman (2022)
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The global circulation brings the water properties at depth

Figure adapted from Meredith (2019)
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Ocean stratification
WOCE A16 section of potential temperature

The large stratification inhibits vertical exchanges.
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The ocean is mainly stratified because it is heated up at the surface.
Figures adapted, © 2011 International WOCE Office
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Regimes of stratification
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Regimes of stratification

Alpha ocean
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Regimes of stratification

Beta ocean
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Regimes of stratification

Transition zone

15
. alpha
%/‘\/( e transition
o beta
N
—_ 10 \f:’
£ —
= 8}
gaoo s
o] [0
2 400 5
500
0
600

0
349 J
100 /
— 200 346 — £
E Py =
£ 300 2 g 20
2 2 8
@ - a
O 400 3330
500
500
\ 34.0 25 5 75
600 s ef[-cl

Latitude [ ° N]

Introduction A. Alpha - beta

B. Buoyancy fl C.TEC Conclusions



Beta, transition, and alpha
T-S section 1098, selected profiles
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(Carmack, 2007)
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Beta, transition, and alpha
T-S section 1098, selected profiles
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(Carmack, 2007)
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Beta, transition, and alpha
T-S section 1098, selected profiles
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Salinity stratifies: Both stratify: Temperature stratifies:
beta ocean transition zone alpha ocean
(Carmack, 2007)
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Alpha and beta oceans

90W T OE 90E

Called alpha - beta oceans in reference to o and /3, thermodynamic properties of
seawater.

Figure adapted from Stewart and Haine (2016)
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The thermal expansion coefficient (TEC, )

® Cold water is usually denser than warm water.
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The thermal expansion coefficient (TEC, )

® Cold water is usually denser than warm water.

® Oceanwarms — volume increases
(1/2 of observed sea-level rise)
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The thermal expansion coefficient (TEC, )

® Cold water is usually denser than warm water.

® Oceanwarms — volume increases
(1/2 of observed sea-level rise)

® The TEC quantifies the relative change of density with -
temperature: @029 @002
— 71@ é—Public Domaing— =
p 00
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The haline contraction coefficient (HCC, 3)

. - ¥
e Salty water is denser than freshwater Salt Fresh

Water Water

(© 2023 Science Sparks
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The haline contraction coefficient (HCC, /5)

e Salty water is denser than freshwater Salt Fresh
Water Water

(© 2023 Science Sparks

@ akadajax
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The haline contraction coefficient (HCC, /5)

e Salty water is denser than freshwater

® The HCC quantifies the relative change of density with
salinity:
_19p

ﬁpﬁ
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Properties of the TEC and HCC

® The TEC follows a (quasi) linear relation with 3y det
temperature 0| an:(rer)egression

TEC [K™1]
=
n
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Figure adapted from Caneill et al. (2024)
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Properties of the TEC and HCC

® The TEC follows a (quasi) linear relation with
temperature

® The HCC variations in the ocean are negligible
B~T75x10"4kgg™?
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Properties of the TEC and HCC

® The TEC follows a (quasi) linear relation with L5 let
temperatu re 0| ani(rer)egression
® The HCC variations in the ocean are negligible ¢
B~T75x10"4kgg? 5 13
® |t was assumed that the role of salinity is o
enhanced in polar regions due to low values of T TR ——

Conservative Temperature [° C]
the TEC i
Figure adapted from Caneill et al. (2024)

Introduction A.Alpha - beta B. Buoyancy fluxes C.TEC Conclusions



What is the origin of alpha and beta oceans?



Objectives

From alpha to beta ocean:

Objective A

Describe alpha - beta
oceans using observa-
tions
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Objectives

Exploring the role of surface buoyancy fluxes
in setting the upper ocean stratification

Obijective B

How do buoyancy fluxes
shape the upper stratifi-
cation?
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Obijectives

Exploring the role of seawater
thermal expansion in setting the upper ocean stratification

Objective C

Assess the role of the
local value of the TEC.

TEC = Thermal expansion coefficient
Introduction A.Alpha - beta B. Buoyancy fluxes C.TEC Conclusions
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Objectives

From alpha to beta ocean: Exploring the role of surface buoyancy fluxes and seawater
thermal expansion in setting the upper ocean stratification

Objective A Objective B Objective C

Describe alpha - beta  How do buoyancy fluxes  Assess the role of the
oceans using observa-  shape the upper stratifi- local value of the TEC.
tions cation?

TEC = Thermal expansion coefficient
Introduction A. Alpha - beta B. Buoyancy fluxes CRNEE Conclusions 31



Objective A

Objective A

Describe alpha - beta
oceans using observa-
tions

Paper lll

Paper Il Caneill, R., & Roquet, F. (2024). Temperature versus salinity: Distribution of
stratification control in the global ocean. in preparation for Ocean Science
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Stratification Control Index (SCI) Obj. A

0,0 + B0.S

SCT = 20,0 — 0.5

The SCI quantifies the relative effect of temperature and salinity on stratification.

SCIl > 1: alpha -1 <SClI < 1: transition SCl <-1: beta
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Compute climatology of winter SCI

® Based on about 20 years of observation profiles (EN4 database, includes ARGO,
ship-based CTD, MEOP, etc)

A. Alpha - beta
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Compute climatology of winter SCI

® Based on about 20 years of observation profiles (EN4 database, includes ARGO,
ship-based CTD, MEOP, etc)

e Compute the SCI at the bottom of winter mixed layer

A. Alpha - beta
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Compute climatology of winter SCI

® Based on about 20 years of observation profiles (EN4 database, includes ARGO,
ship-based CTD, MEOP, etc)
e Compute the SCI at the bottom of winter mixed layer

e Interpolation to produce climatology

A. Alpha - beta



Global maps of the winter SCI (Paper Il Obj. A

winter SCI climatology - low latitudes
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® [ow-latitudes: transition zone

PTZ = polar transition zone
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Global maps of the winter SCI (Paper Il Obj. A

winter SCI climatology - alpha oceans

60°N alpha
- 1
30°N &
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e Mid-latitudes: alpha ocean

PTZ = polar transition zone
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Global maps of the winter SCI (Paper Il

winter SCI climatology - transition zones
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e Between alpha and beta: PTZ

PTZ = polar transition zone
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Global maps of the winter SCI (Paper Il

alpha

beta

0° 60°E 120°E 180°

180° 120°wW 60°W

e High-latitudes: beta ocean

PTZ = polar transition zone
A. Alpha - beta
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Global maps of the winter SCI (Paper Il Obj. A

winter SCI climatology

60°N alpha
1
30°N
0° o4 |trans.
30°s
-1
60°S beta

® Zonation with: transition zone — alpha — PTZ — beta
® Wide and zonal North Pacific PTZ
e Narrow and diagonal North Atlantic PTZ

Introduction A. Alpha - beta B. Buoyancy fluxes CRIEE Conclusions 41



Global maps of the winter SCI (Paper Il Obj. A

winter SCI climatology (hatched: mld > 250 m)
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Deep MLs located at the poleward flank of alpha oceans.
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Relation with mixed layer depth (Paper Ill) Obj. A
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® Deep MLs mostly found
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Relation with mixed layer depth (Paper IIl) Obj. A
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Objective B

Objective B

How do buoyancy fluxes
shape the upper stratifi-
cation?

Papers |, Il

Paper| Caneill, R., Roquet, F., Madec, G., & Nycander, J. (2022). The Polar Transition from Alpha
to Beta Regions Set by a Surface Buoyancy Flux Inversion. Journal of Physical
Oceanography

Paper Il Caneill, R., Roquet, F., & Nycander, J. (2024). Southern Ocean deep mixing band
emerges from competition between winter buoyancy loss and stratification. Ocean
Science

Introduction A.Alpha - beta B. Buoyancy fluxes CRIEC Conclusions
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This presentation
Paper |

Caneill, R., Roquet, F., Madec, G., & Nycander, J. (2022). The Polar Transition from
Alpha to Beta Regions Set by a Surface Buoyancy Flux Inversion. Journal of Physical
Oceanography

CANEILLET AL 187 @ coneillet-at{PO-nemo-transition-zone (s

The Polar Transition from Alpha to Beta Regions Set by a Surface Buoyancy
Flus n

100 % reproducible with few commands

https://doi.org/10.1175/JPO-D-21-0295.1 https://github.com/rcaneill/caneill-et-al- JPO-nemo-transition-zone
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This presentation
Paperll

Caneill, R., Roquet, F., & Nycander, J. (2024). Southern Ocean deep mixing band
emerges from competition between winter buoyancy loss and stratification. Ocean
Science

C caneill-et-al-0S-S0-DMB &
Ocean Science

The Southern Ocean deep mixing band emerges from a competition
between winter buoyancy loss and upper stratification strength

ished: 19 April 2024

100 % reproducible with few commands

https://doi.org/10.5194/0s-20-601-2024 https://gitlab.com/rcaneill/caneill-et-al-0S-SO-DMB
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Why does the TEC play a role?

The TEC scales the effect of

temperature on stratification

0 0
g 00 g oS
Bosg = = —zdz ——— —=zd
250 = Af /_2500(2) 92 " T AL _2505(2) 9, - F
3?50 B§950

aisthe TEC
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Why does the TEC play a role?

The TEC scales the effect of

temperature on stratification

Baso = Aqt/_o%o ( )% *Ait 0250 5(2)%2(12
B, By
heat fluxes on buoyancy fluxes
Bswrf — ¢ _ﬁ(E_p_R)
Po
Bégrf Bgurf

aisthe TEC

B. Buoyancy fluxes

49



Numerical model (Paper ) Obj. B

a) Bathymetry map
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Idealised configuration that allows to study the role of annual buoyancy fluxes, by
modification of the equation of state (thus changing the TEC).
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Annual buoyancy fluxes: competition (Paper I) Obj. B

a) Heat contribution b) Salt contribution c) Total
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Annual buoyancy fluxes set the transition (Paper )

¢ [°N]

«— Smaller polar TEC
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Poleward shift of the PTZ with increased TEC (Paper I)

«— Smaller polar TEC Larger polar TEC —
B ref C
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40 T 1 T 1 T 1 T T

A fo" E]
Will fronts move poleward due to increased ocean temperature?
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Poleward migration of transition zone due to global warming?

a CTRLmn ¢ CTRL run
e 1,000 1,000
5
900 a0
800
100 4

00 § &
£l g

600 o 0 5
3 S

50 & 03
g 5

400 8 s 3
H 5

0 £ -

200

100 03

0 01

500 1,000

4

50 300

400

100

350 & 2
S g

300 5 o §
3 S

20 & 0 3
g 5

200 8 s 3

150 & =
o PR

100

50 03

0 01

Figure from Lique and Thomas (2018)

B. Buoyancy fluxes



Annual buoyancy fluxes set the transition (Paper )

Introduction
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Winter buoyancy loss erodes stratification (Paper Il) Obj. B

(b) BES
~

® B9=: measure of stratification
e BYS:buoyancy loss
e Hatched region: the DMB

DMB = deep mixing band
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Winter buoyancy loss erodes stratification (Paper Il) Obj. B

(@) B2so

® B9=: measure of stratification
e BYS:buoyancy loss
® Hatched region: the DMB

® The position of the deep MLs is set by
the balance between buoyancy loss
and stratification

e Buoyancy fluxes control the
stratification regimes

DMB = deep mixing band
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Winter buoyancy loss erodes stratification: zonal view (Paperll)  Obj. B

0.0 le=7 Varying TEC

-0.5 /\/\—\’\/
T
D10
£

-1.5

BCS
—— Bysg = flux needed to reach 250 m
-2.0
-70 —60 -50 -40 -30 -20

Latitude [ ° N]

Introduction A.Alpha - beta B. Buoyancy fluxes CRIEE Conclusions 58



Obijective C

Obijective C

Assess the role of the
local value of the TEC.

Papers |, I, and IV

Paper| Caneill, R., Roquet, F., Madec, G., & Nycander, J. (2022). The Polar Transition from Alpha
to Beta Regions Set by a Surface Buoyancy Flux Inversion. Journal of Physical
Oceanography

Paper Il Caneill, R., Roquet, F., & Nycander, J. (2024). Southern Ocean deep mixing band
emerges from competition between winter buoyancy loss and stratification. Ocean
Science

Paper IV Roquet, F., Ferreira, D., Caneill, R., Schlesinger, D., & Madec, G. (2022). Unique thermal
expansion properties of water key to the formation of sea ice on Earth. Science
Advances
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The TEC varies with temperature (Paper IV) Obj. C

e Follows a (quasi) linear relation with temperature
® Decreases the impact of temperature and heat in polar regions

a) Surface TEC [1074K™1] »
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Why does the TEC play a role?

The TEC scales the effect of

temperature on stratification

0 0
g 00 g oS
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aisthe TEC
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Why does the TEC play a role?

The TEC scales the effect of

temperature on stratification

0 0
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The impact of the variable TEC (Paper Il)
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The impact of the variable TEC (Paper Il) Obj. C
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The impact of the variable TEC (Paper Il) Obj. C

Baso — BYS

+— variable TEC
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The impact of the variable TEC (Paper Il) Obj. C

Baso — BYS

+— variable TEC

constant TEC cvg —
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The impact of the variable TEC (Paper Il) Obj. C

Baso — BYS

+— variable TEC

constant TEC cvg —

® Thevariable TEC controls the width of the DMB
® The decrease in the TEC limits the southward extent of the DMB
® Beta oceans exist because the TEC becomes small
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The polar value of the TEC as global controller (Papers Il and V)

40 A) Global Sea ice area
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Conclusions

Describe alpha - beta oceans using observations.

® Global zonation: alpha — transition zone — beta
e ML deeper in alpha- than beta-oceans

Introduction A. Alpha - beta B. Buoyancy fluxes
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Conclusions

Describe alpha - beta oceans using observations.

® Global zonation: alpha — transition zone — beta
e ML deeper in alpha- than beta-oceans

How do buoyancy fluxes shape the upper stratification?

® The transition zone is located at the sign inversion of annual buoyancy fluxes
® Buoyancy loss erodes stratification and produces the DMB
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Conclusions

Describe alpha - beta oceans using observations.

® Global zonation: alpha — transition zone — beta
e ML deeper in alpha- than beta-oceans

How do buoyancy fluxes shape the upper stratification?

® The transition zone is located at the sign inversion of annual buoyancy fluxes
® Buoyancy loss erodes stratification and produces the DMB

Assess the role of the local value of the TEC. Obj. C

® The decrease in the TEC in polar regions decreases buoyancy loss
® The small polar value of the TEC permits beta ocean formation

e My thesis confirms that the origin of alpha - beta oceans lies in thermodynamic
of seawater
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Perspectives

® The sea surface temperature exerts a strong control on the stratification by its
link with TEC.

® Buoyancy fluxes are not simply the sum of heat and freshwater fluxes.

e Warming = larger values of the TEC. But also increases freshwater fluxes in
the polar regions. Who will win?
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