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Introduction

The biological pump sets the state of the global ocean ecosystem and
controls the atmosphere-ocean carbon balance with implications for
climate change and ocean acidification. Nutrients are utilized by
phytoplankton in the euphotic zone. Much of the resulting organic
matter 1s transported into the aphotic zone as sinking particles. This
biogenic transport pumps organic matter and carbon to depth where the
organic matter 1s oxidized, regenerating the nutrient pool. Physical
advective-eddy-diffusive transport makes nutrients available for
utilization in the euphotic zone, completing the “plumbing of the
biological pump”.

Here, following work from Holzer et al. [2013], we quantify the
timescales and pathways that set the efficiency of the biological pump,
where efficiency 1s quantified in terms of the proportion of carbon or
nutrients sequestered at depth by the biological pump.

A simple phosphorous cycle

Because phosphate (PO,) 1s necessary in the metabolism of all
phytoplankton, we approximate PO, as the limiting nutrient here and
link all biological production to the phosphate cycle. Denoting the
concentration of PO, (Inorganic) and dissolved Organic phosphorus by
P, and FP,, we model the phosphate cycle as

Py T+~ —K Pr | 0
at[PO]+[ 0 T+/<:][PO]_[SPI] ()
where 7T is the advective-eddy-diffusive transport operator, S captures
the biogenic particle transport (divergence of a Martin flux curve,
where for every water column a fraction (1-o) of the uptake is

assigned to the flux), and « is the remineralization rate constant. For 7T,
we use the global steady-state data-assimilated operator of Primeau et

al. [2013].
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Fig. 1: Schematic of the transport and conversion rates between the
preformed PO,, regenerated PO,, and DOP pools. Grey arrows
represent advective-diffusive transport, green ones indicate uptake and
biogenic transport, and orange ones represent remineralization.

Tracking phoshorus:
Green functions

To track phosphorus from and to the euphotic zone, we use forward
and adjoint Green functions:
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Fig. 2: Schematlc of the forward and adjoint Green functions. The
forward g % is the contribution to the concentration at point (r,t) that
was last in euphotic region €2, at ¢’. The adjoint G represents the
fraction of phosphorus at (r,t) that is destined to reemerge in euphotic
region {2, at ¢”. For preformed PO,, X=pre and for phosphorous that
that has been biologically utilized (regenerated plus DOP), X=b:o.
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Fig. 3: Partition of the global euphotic zone (top 73.4) into regions (2,
and {2, (initial and final) considered. The boundaries are based on
productivity, except in the Southern Ocean, where SAAD and NAAD
are separated by the location of maximum Ekman divergence. Regions
of high production are highlighted. The color coding 1s used throughout.

Pump efficiency and leaks
The efficiency of the biological pump i1s defined as:

Ebzo — Hbio ,utot — Hpre —1_ Lbio (2)
Htot Htot

Here the ©’s are the global masses (total, preformed, or biologically
utilized) in the ocean, which we can further partition according to
where the phosphorus was last in the euphotic zone. With X=bzo0 or
X=pre these are obtained from the Green function as:

:/_O:O dt/d?’rgﬁ((r,tmi) 3)

The efficiency can be characterized as a consequence of its

“leaks” (L;;,), which represent missed opportunities for phytoplankton
to utilize the available nutrients in the euphotic zone. Here, we
quantify where these leaks occur and how large they are:
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Fig. 4: Regional contributions to the pump’s efficiency and its leak.

Teleconnections (plumbing)

Using a fast relaxation in the euphotic zone (rate constant vy,), we
compute the flux into {2, of reemerging preformed and biologically
utilized phosphorus of €2 origin, further partitioned according to
the {}; — €} ;transit time, ¢:

jx(t . Qz — Qf) — /dSI' Qf(r) %(r) gﬁ((r,t\ﬂi). (4)

Because of steady state, mass in transit in the {2, — (2, “pipe” that has
transit time ¢ 1s sitmply obtained from its flux flushing the pipe for a
time ¢. Integrating over all transit times gives the mass in the €); — {2,

pipe.

o

X(Qz%Qf):/ dtth(th—)Qf) (5)
The fractional contributions of the (2, — €2, mass (of type X=bio) to
the total mass (of type X=bt0) 1n the ocean, reveals the biological
teleconnections and quantifies their contributions to the global pump

efficiency, E,, . Note that p,,, = Zij Hio(§2; — €2¢).
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Fig. 5: Fractions (greater than 0.5%) of biologically utilized
phosphorus in transit from {2, to {2, The percentages in the margins
represent the total contributions from (), regardless of destination (left
margin) and to the destinations to {2, regardless of origin (top margin).
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for each €2, — (2, teleconnection.

Path densities

The density of phosphate molecules per unit volume at r with a
(); — {1, transit time 7 can be obtained schematically as:

AT Mpio(r, 7|2 — Q) =d7 / dt Grio(r, T — t|Q) giio(r,t\ﬂi).(@
0

Note that this is also the density of the paths of phosphate molecules
last utilized in (2; destined for reemergence on 2.
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Fig. 7: Top Panel: Global zonal averages of the ), — {1, path density
of fast paths for the 6 largest {2, — (2, “pipes” of the biological pump.
Time-band integrated over 1s indicated at the top right corner of each
plot [years]. Bottom Panel: same for slow paths.

Uncertainty estimation

The robustness of the results has been assessed by computing all
quantities over an ensemble of 10 data-assimilated circulations with
slightly different objective functions [DeVries, 2014]. In general values
vary by 4 5-10% across the ensemble.

Conclusions

* The biologically utilized phosphorus (regenerated PO, plus DOP)
that sets an efficiency of E,, = (39+2)% 1s dominated by
contributions from highly productive regions: the Eastern Equatorial
Pacific (EEqP) and Atlantic (EEqA), the Equatorial Indian Ocean
(Eqlnd), the Subpolar North Pacific (SubPoNP), and the Southern
Ocean North of the Antarctic Divide (NAAD). These five regions
account for (74+1)% of £, .

* The high-latitude regions, (Southern Ocean, Subpolar North Atlantic
and Pacific), account for (96+1)% of the pump leak. Unlike for the
efficiency, for which NAAD dominates, both the regions south and
north of the Antactic divide (SAAD and NAAD) make comparable
contributions totalling (7543)% of the leak.

* (51%1)% of the biological pump efficiency is teleconnected through
merely eleven {2, — 2, pipes out of a total of 14 x 14 = 196
possible (§2;, ;) pairs.

* The six teleconnections making the greatest contributions to the
biological pump are EEqP — (SAAD, NAAD), NAAD — (SAAD,
NAAD), EEqA — SAAD, EEqP — SubPoNP. These connect
regions of high production to regions of high upwelling via slow,
deep, eddy-diffusive paths.

* The Southern Ocean 1s where (6715)% of the phosphorus mass in
the ocean reemerges into the euphotic zone as bioavailable
phosphate.

* The mean age on exit of the phosphate reemerging in the Southern
Ocean 1s I' = 20045 years since i1t was last biologically utilized, for
a mean residence time 7 = 1400+20 years (Note that the mean age
on exit I' 1s generally much shorter than the mean residence time 7
in the ocean interior for advective-diffusive flow, see Fig. 6).

* The §2; — Q, “pipes” that contribute most to the pump efficiency
have transit-time distributions for which the paths in the first septile
are faster than 200-300 years. 4/7 of the mass of regenerated PO,
and DOP in these pipes have transit times longer than 700-900
years.

* The bulk of the pump efficiency 1s carried by slow paths that
sequester a large mass p,;,, in the deep ocean below the thermocline.
These slow paths are highly eddy-diffusive and distribute the mass
in {); — {2, transit throughout the world oceans.
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