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Basic problem

* Ocean is full of
turbulent eddies.

* What do they do?

Credit: Ryan
Abernathey



dvection- flattens Diffusion-stirs

Isopycnals, along isopycnal
removes energy surfaces.




Different models use different

representations of Ax

« Spatially constant (HadGEM 500, GFDL
ESM2M, 600, CMCC, 2000)

* Depends on grid spacing (MPI, <400)

* Equal to Agy, highest in boundary currents

- (GFDL ESI\/IZG <900, CESM 200 3500)
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The isopycnal mixing paradox
* Theory suggests low values in gyre
interiors/tropics where slopes are low.

* Direct observations suggest high values in
gyre interiors/tropics.




What we did

« Take a single climate model

* Run it with different representations of
mixing coefficient
— Constants: 400, 800, 1200,2400

— Spatially varying: Abernathey and Marshall,
2013 (ABER2D), Zonally averaged version of
this (ABERZONAL).
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Part 1. Anthropogenic carbon
dioxide
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Gnanadesikan, Pradal and Abernathey, Geophysical Res. Lett, 2015
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CMIP5 models show range of about 30% in carbon uptake (80-110 Gt at 1995).
Much of the uncertainty comes from the Southern Ocean.

Frohlicher et al., J. Clim. 2015
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Total range at 1990 ~16%

Low lateral mixing has the
lowest value (2.2 Gt Clyr,
104 Gt total)

High lateral mixing has the
highest uptake (2.6 Gt Cl/yr,
122 Gt toal)

Satellite-based mixing lie in
between.

Southern Ocean range
accounts for 2/3 of total.



Comparing with Integrated
Assessment Models

* Integrated

2 assessment models
a_C - K o°C traditionally used a
Ot " 0z° diffusive
C=0 <0 parameterization.
« Solution of this
C=C, t>0 equation
T 2

- Burden = C/K,t
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Uptake looks like diffusion. -
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Effective diffusion

AREDI400: 2.23 cm?/s

AREDIB00: 2.48 cm?/s D
AREDI1200: 2.81 cm?/s —

AREDI2400: 3.26 cm?/s
K, = Kyo + A rzrS

1%
Contribution from tracer diffusion consistent with about 4% of ocean
being covered with slopes of order 1/1000, along-isopycnal diffusion
accounting for up to 1/3 of vertical transport.

Qualitatively validates Integrated Assessment Model approach.

lllustrates importance for E3SM



 Differences in lateral mixing coefficient can
" produce differences in CO2 uptake similar
in magnitude to what is seen across
ESMs.

» Differences can be understood in terms of
effective vertical diffusion, with relatively
small portion of ocean involved.
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Large spread in horizontally averaged oxygen.

Significantly smaller spread at depth similar spread at intermediate

Spatially variable mixing models lie in between low and high mixing
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While there is no clear relationship with mixing coefficient in CMIP5
models...

Large range in hypoxic volume across model suite (54-182 Mkm3)
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Results

* Range in mixing suite is about half that in
CMIP5 models.

* Both sets of models show differences in
whether hypoxic waters expand or
contract in the tropics.

* Results not tightly related to oxygen
changes!

* Low mixing models in JHU suite show
expansion, high mixing models show

contraction.
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* Temperature rise almost identical across
models.

* Oxygen utilization accounts for almost all

of the intermodel differences.




-1

L
>
(o]
L]

o

@]

+—

(@]

£
b
=}

—

T
o}
o
x

L

<]

=
_—
[ep

Export flux in Gt C/deg/yr

0.0000

—0.0040

—0.0080

-0.0120

—0.0160

—0.0200

AREDI400 A

AREDIBO0  ABERZONAL
AREDI1200  Dunne et al. 2007 4
AREDI2400 g& *

Uﬂ
Latitude

export flux (100m)

s
AREDI40
AREDIBO0O
AREDI1200
AREDIZ400
ABER2D
ABERZONAL

40°5 40°N B0O°N
Latitude

(B) Change in Export Production 40—140 yrs after CO, doubling




Latitude
Latitude

100°W o —
Longltude

Lengltude
(A) A0, and AAge AREDI400, 300m (B) 40, and AAge AREDIBOO, 300m

@
=

=
—
-

o
—

Latitude

200°W 100w —_ 200°W 100°W
N Longitude

Longitude
0, and LAge AREDITZ00, 300m ; and fAge AREDIZ400, 300m

Latitude
Latitude

100°W
Lengitude

Longitude
.05 and LAge ABERZOMNAL, 300m

Lhge ABERZD, 300m




-1

Latitude

Latitude

Latitude

o
3

Longltude
A) AO, and AAge AREDI400, 3000m
2 g

Longitude
o and LAge AREDITZ00, 3000m

1000w
Longitude

and LAge ABERZD, 3000m

Latitude

@
o

=
=i
=

T
a

Latitude

2

Q

Longltude

(B) 40, and LAge AREDIS0O, 3000m

Lengitude
O, and AAge AREDIZ400, 3000m

Longitude
Lhge ABERZOMNAL, 3000m




Latitude
2

5
d

Longitude

Lengltude
(A) A0, and AAge AREDI400, 3000m (A) Oz Error AREDI400, 3000m

Latitude
2
Latitude

200°W 100°W
Longitude

(C) 20, and Lhge AREDI1200, 3000m (C) 0, Error AREDI1200, 3000m

Longitude

Latitude
Latitude

200°W 100w

Longitude
Longitude

(E) 40, and fAge ABER2D, 3000m
E}) O, Error ABER2D, 3000m

Changes under GW largely remove biases in base state.




BO*N

CONTOUR: Baseine

(C) AREDI1200 ¥ 4.pqc (colors=change)




. _ L
3 230. -
2] e ;
= -
& 210. - AREDI1 200 —
& | AREDI2400 L
o AREDIZD
190. 7 ABERZONAL r
— Symbol:0Obs -
170. -
150. — —
T — T [ T
0.00 0.40 0.80 1.20 1.60 2.00
Salinity Stratification (300m-surf, PSU)
(A) NW Pacific, 300m
260.
240, -
220. — -
— _ —
=
2 200. L
E — —
g 180, — Lines as Tn (A) —
& _ L
160. — —
140. — W —
— ..
120. T T T T T T T T 1
0.00 0.40 0.80 1.20 1.60 2.00

Salinity Stratification (3000m=-surf, PSU)
C) NW Pacific, 3000m

Age in yr

AREDI400
AREDIBOO
AREDI1200
160. -| AREDI2400
AREDIZD
| ABERZONAL
120.
80. —|
40.
0. T T T T T T T T T T
0.00 0.40 0.80 1.20 1.60 2.00

Salinity Stratification (300m—surf) NW Pacific
(B) NW Pacific, 300m

Lines as 'n (B}

o. T T T T T T T T 1
0.00 0.40 0.80 1.20 1.60 2.00
Salinity Stratification (300m=—surf, PSU)

D) NW Pacific, 3000m

At 300m:

High mixing cases
maintain
convection.

Low mixing cases
shut if off.

At 3000m

Low mixing cases
are always shut off.

High mixing cases
experience
instability




Lessons for oxygen

Changing mixing changes oxygen by a lot.

Changes are driven by differences in
biological utilization.

Changes in biological utilization driven by
ventilation, not productivity

Whether or not we get a change In
hypoxia depends on depth at which
convection turns off, whether resultant
plumes of oxygen loss intersect low
oxygen zones.



Bahl, Gnanadesikan and Pradal, manuscript in prep.
Gnanadesikan, Pradal and Bahl, manuscript in prep.
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* Spread across models similar to spread
across scenarios.

 Significant nonlinearities appear across

models/scenarios.
* Changes in convective show up in terms




Conclusions

* Eddy mixing produces

— O(1) differences in hypoxic volume, change of
hypoxia under global warming, change in
oxygen under global warming.

— O(0.2) differences in carbon dioxide uptake.

» Differences are dominated by impact of
4 eddy mixing in convective regions.

* Realistic parameterizations don't break
system- but need to be aligned with actual
convection.
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