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Carbon reservoirs and fluxes

Atmosphere: 700 Gt (3 years) -

122 60 102 100 0.3

Surface ocean

600 Gt (6 years)
Alive Dead

Intermediate ocean

70 Gt 1100 Gt 7000 Gt (100 years)
(5 years) (20 years)

Deep ocean
30 000 Gt (100000 years)

0.3

Terrestrial biosphere

Fossil fuels and shales Marine sediments —

12000 Gt (1000 years) 30 million Gt (100 m years)

From the Royal Society report on Ocean Acidification, 2005



Amounts to an influx of

Mean annual air-sea flux of CO2 about 2.4 gt C per year

Red: out of the ocean
Blue: into the ocean
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SSH anomaly 2003-05




Some species of marine phytoplankton

Marine Biological Pump Nutrients (nitrate, phosphate) are

upwelling of nutrients - production of depleted from the surface sunlit layer

particulate carbon - ingestion - sinking of
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Marine Biological Pump

upwelling of nutrients
production of particulate carbon
food chain
sinking of organic matter
mixing and advection
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NPZD Modeling

Nutrient DN/Dt — _Pgrowth(lighta Na P) _|_R L
remineralization
Phyto-  DP/Dt = +Pyrouin(light, N, P)
plankton
—Z growt (P, Z) — sinking — mortality

Zoo- DZ/Dt — ngrowth (P7 Z)

plankton —detritus formation — mortality

Detritus DD /Dt = detritus formation — R

remineralization

N —_
Pgrowth — M(I) (k —I—ON> P Zgrowth = \ZP

w(I) =1 — exp(—I(2)/I) Detritus formation = aZgrowth

remineralization _ o
R = (species, size, composition)

Sinking = ws P

M ty =4
Mortality = mP ortality =1y




The oceans are very poorly mixed, vert. vel << hor. vel
Forced at surface, constrained by rotation and stratification

How do energy and properties

Non-dissipative 2-D et —> Dissipative 3-D
P > get fluxed downscale? iSSPtV

Mesoscales Small scales

Ro<<1, Ri>>1 Submesoscales? Ro>>1, Ri<<1

L~10-100 km Ro and Ri are O(1) L <100 m
D/L << 1, hydrostatic L ~1km D/L ~ 1, nonhydrostatic
D/L << 1, hydrostatic

NITRAT [UMOL/KG]

DEPTH [M]




MODIS SST image - Oct. 1, 2000
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Mahadevan and Campbell (2002)
How can we quantify spatial heterogeneity or patchiness?

Analyze Property Variance at the Sea Surface

Vs L
V(Lo)
V
Lo
L
L L2 L2 (o
small p ’
more p’atchy ¥
V(Lo), V(L1), V(Lo), .... etc. gV slope = p
1 /2 / Val p<1
V:N;C . where ¢/ =C — C

log L
V ~ LP, where p is an index of Patchiness
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Variance Analysis Mahadevan & Campbel, 2002

log V vs. log L

Slope is a measure of patchiness
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Surface Chl is always more patchy than temperature. Why?
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Model

Nutrient-like Tracer

bc _ _ lc above the euphotic depth

Dt T
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Modeled Tracer Fields at Sea Surface
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Dynamics (large scale)

D

L ) IVp 420 xut Ap = F
Dt
U—2 £ QW 9 small
L pL

For U =0.1m/s,L = 100km, =10"*/s

U?/L << QU
U
L= — 1 Also, 0 =D/L << 1
R, = o << /

Du/Dt + Ro ' (py — fv) = F*

Dv/Dt + Ro~*(p, — fu) = FY
op _ _

W, = —Ro_l(uw +v,)  W~RoSU

b= 2{)cos ¢
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MOdel P = Hydrostatic pressure
d = Nonhydrostatic pressure b = 20 cos ¢

P =p+dq

Diu + Ro_l(px +9q: — fv+ Rod bw) = F*
DtU+R0_1(py+5Qy+fu) = FY

Dyw + Ro 26 2(p *p, + g+ g, —6bu) = F b U
Uy + Uy + Row, =0 DQL
W~RooU 0=
Hydrostatic 0o — 0 pz+pg =0 w, = —Ro™ " (uy + vy,)
h h
Free-surface height hy + Oy / udz + 0, / vdz = 0
Zb Zb

..and density => p

Nonhydrostatic (¢ does not — 0) Diw + Ro 26 *(q, — bu) = F*

WeII-posed with open boundaries Mahadevan et al., 1996a,b, Mahadevan & Archer 1998

16



Nonhydrostatic Model 3-D pressure field to be determined

: : o e —2
Using incompressibility Quz + Quy + 0 "Qur = F
Discretized ...  (¢i+1 —2¢ + gi—1) + (¢j+1 — 2¢; + ¢j—1) + 6 *(qr+1 — 2qk + qx—1) = F
[ 2/6% 6% L 1 1
| 1/62 2/62 162 .. 1 1
7
— & 1/6% 2/6% 1/6% .. 1 ijk Fijk

I
AN

1/6% 2/6% 1/4%

[ r—
[
[ st
—

1/82 2/8% | | .

Solved efficiently using the multigrid method and line by line (block) relaxation.

Mahadevan et al., 1996a,b, Mahadevan & Archer 1998




Fronts - Lateral gradients in density

Submesoscale Processes

¢/f =0(), Ro=U/fL=0(1)

Il

Vertical
velocity

/ L=bH/f°=NH/f

since (Tandon & Garrett, 1994) b, ~ N f

W~RooU=0U

where 6 = H/L = f/N

Mahadevan & Tandon, 2006

Mahadevan, 2006 7 Y
Review on submesoscale processes: V
Thomas, Tandon, Mahadevan, 2008

\ Instabilities,
X

/k Ri = N?H?/U? = Ro~ /2 = O(1)

Submesoscale motion can arise from:
Frontogenesis
Surface forcing
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NO WIND
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Wind forced
WITH DOWN-
FRONT WINDS A5
intensified |}
by wind
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45,

(Mahadevan and Tandon, 2006)

Strainrate is O(1) Rois O(1)

w ~ 100 m/day

Nonlinear Ekman Effects e
Thomas & Rhines, 2002; =
Niiler, 1969; Stern, 1965
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An (over-simplified) model for
nutrient and phytoplankton

Om
N o Co(Z)
500m ...
0 nutrient 1

The vertical flux of nutrient
depends on its rate of uptake

dc 1
e +uy - Ve+we, = — (c — co(2))

rhs = Consumption of nutrient
= production of phytoplankton

T=1,2,4,8,16,32 days

¢ =c— co(2)
Average horizontally .... and over time

Produc. 1 1 0_
— (w'c | = c'dz
Rate [ ]ze 2T /Z

e

As T . /Edzl, R
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Sensitivity to growth / uptake time scales
Oc 1

ot T
¢ =c—co(z2)

As T |, /gdz I, w/’c" T butonly up to a point!

1 1 [h_
uy - VC WCy = — — (C— CO(Z)) Z—e [wfc/]ze — ;/Z C/dZ

Average horizontally ....

e

T=1,2,4,8,16,32 days

40, -

80, _7;
—120. 4\,
~160. -

—200. - — -

—240. S

lllllllllllll
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Mesoscale |
Experiment '- - Submesoscale

480 km x 960 km Experiment
(5 km grid resol) | 96 km x 192 km
(1 km grid resol)

Surface
Density

Surface
Vorticity/f




vertical section
Vertical velocity

Mesoscale 5kmres Submesoscale 1 km res.

100x180 km

100 km 100 km
< > <€ >

Nutrient

range: -0.75 -- 0.5 range: -2.6 -- 1.7

Vertical velocity at 100 m
in mm/s




There must be an optimum 7, but it would depend on the characteristics of the flow

Averaged horizontally over the entire domain,

! -/
we but at one instant of time

Submesoscale 1 km res. Mesoscale 5 km res

Mesoscale: 5 km resolution

Submesoscale : 1 km resolution
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Time scale of nutrient uptake

Vertical motion with similar time scales to that of phytoplankton have the most impact on biology.

Time scale of phytoplankton growth ~ optimum for submesoscale vertical nutrient fluxes!!
Phytoplankton have adapted to maximize productivity?!



. o ' r%ic’ai Velocit
Frontogenesis . at 15 m
—9p;
b= —= 32
L0
_ _ 28
u=1u,; fug, = —0by,

24
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16
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A closer look at a single feature
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A simpler model for circulation in the vertical plane

Semi-geostrophic: higher order in Ro
) 029 0y
Fy—
p_ 9P 0z 020y
PO

+ 253

where N? = b,, S = —b, = fug,, Fy

Potential vorticity = 42D = ?(F 22 N? — S§ )

Q7 = (Q1,Q3)

Vertical Velocity
at1dm
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Frontogenesis

+ Vertical velocity along
18 22 Section A-B
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OO NG
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< generally positive, but when it
changes sign, this is not solvable

|
|

Loss of balance -- leads to vertical
motion and mixing.
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