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Abstract

The biological pump transports organic matter, created by phytoplankton
productivity in thewell-lit surface ocean, to the ocean’s dark interior,where it
is consumed by animals and heterotrophic microbes and remineralized back
to inorganic forms. This downward transport of organic matter sequesters
carbon dioxide from exchange with the atmosphere on timescales of months
tomillennia, depending onwhere in thewater column the respiration occurs.
There are three primary export pathways that link the upper ocean to the
interior: the gravitational, migrant, and mixing pumps. These pathways are
regulated by vastly different mechanisms, making it challenging to quantify
the impacts of the biological pump on the global carbon cycle. In this review,
we assess progress toward creating a global accounting of carbon export and
sequestration via the biological pump and suggest a potential path toward
achieving this goal.
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Net primary
production (NPP):
the net conversion rate
of inorganic carbon to
organic carbon by
phytoplankton
photosynthesis

Sequestration: the
process of isolating
and storing respired
CO2 within the ocean
interior and away from
atmospheric exchanges

Dissolved inorganic
carbon (DIC): the
summed concentration
of inorganic carbon
species (CO2, H2CO3,
HCO3

−, and CO3
2−)

dissolved in seawater

Export flux: the
transport of organic
carbon from the
surface ocean to the
interior past a given
depth horizon,
typically the base of
the euphotic zone

Euphotic zone:
the depth range in the
near-surface ocean
with enough sunlight
for phytoplankton
NPP to occur

Remineralization: the
conversion of organic
matter back to
inorganic forms by
heterotrophic
microbes and animals

Export pathways:
the contributions to
carbon export from
the euphotic zone by
gravitational sinking,
animal migration, and
mixing and circulation
processes

INTRODUCTION

The ocean’s biological pump represents the processes that transport organic carbon, created by
phytoplankton net primary production (NPP), from the surface ocean into the interior, where it
can be sequestered as dissolved inorganic carbon (DIC) for months to millennia. Through this
vertical transfer of organic matter, the biological pump also creates a vertical gradient in DIC,
enhancing the capacity of the ocean to absorb atmospheric CO2 (Kwon et al. 2009). Altogether,
the biological pump exports ∼10 Pg C y−1 from the surface ocean and sequesters ∼1,300 Pg C
(Boyd&Trull 2007,Carter et al. 2021,Nowicki et al. 2022). Comparatively little of the export flux
is incorporated in ocean sediments on contemporary timescales (0.02–0.2 Pg C y−1) (Cartapanis
et al. 2018, Dunne et al. 2007, Hayes et al. 2021, Jahnke 1996). Thus, nearly all of the exported
organic carbon is eventually respired back to DIC and sequestered away from the surface ocean
and atmospheric exchange on timescales of months to millennia.

Many ecological, biogeochemical, and physical oceanographic processes regulate the pathways
linking the upper-ocean export and its vertical attenuation within mesopelagic regions (∼100–
1,000 m). Figure 1 illustrates the upper-ocean and mesopelagic food webs that affect the export
flux pathways connecting the euphotic zone with the ocean interior. Phytoplankton NPP creates
organic matter and supports the euphotic-zone food web. Phytoplankton are grazed upon by zoo-
plankton, and much of the organic matter is recycled via heterotrophic microbes back to DIC. A
small fraction of that organic matter is exported from the upper ocean, and this export flux sup-
ports the food web in the mesopelagic, where this organic carbon is remineralized back to DIC.
Over long timescales, the amount of organic carbon export will nearly balance the amount of DIC
brought back up to the surface by mixing and upwelling, with small differences due to sedimenta-
tion and anthropogenically driven changes in atmospheric CO2 levels. The depth and location at
which exported organic carbon is respired back to CO2 determine the timescale for its return to
the surface ocean, which in turn determines the carbon sequestration inventory and its turnover
timescale (Boyd et al. 2019, DeVries et al. 2012). The deeper that exported organic carbon pen-
etrates into the ocean interior via one of these pathways, the longer its mean sequestration time
will be (Figure 1).

There are three primary export pathways, or pumps, that link the upper ocean to the inte-
rior: the gravitational, migrant, and mixing pumps (Figure 1). The gravitational pump quantifies
the flux of sinking organic matter exiting through the base of the euphotic zone and is the dom-
inant contributor to net carbon export (Boyd et al. 2019, Nowicki et al. 2022) (Table 1). The
migrant pump accounts for the transport of organic carbon to depth through the actions of verti-
cally migrating animals on both diel and longer timescales (Steinberg & Landry 2017). Lastly, the
mixing pump refers to the net flux of suspended organic carbon to depth via mixing and advec-
tion processes on spatial and temporal scales ranging from submesoscale turbulence to meridional
overturning circulation (Boyd et al. 2019, Resplandy et al. 2019). The three export flux pathways
are driven by very different processes, and all aspects of modern ocean science are needed to mea-
sure, monitor, and model these flux pathways. Historically, process studies have focused primarily
on the characterization of one or two of the export pathways, as was done during the Joint Global
Ocean Flux Study in the 1990s and 2000s (e.g., Ducklow et al. 2001). Only recently have observa-
tional campaigns been conducted to assess all three export pathways simultaneously (e.g., Siegel
et al. 2016, 2021a).

Scaling process studies to a robust, global-scale assessment of biological pump functioning
requires the coordinated sampling and analysis of satellite and in situmeasurements, climatological
data, and numerical models to synthesize these data sources. Achieving a predictive understanding
of the ocean’s biological pump on global scales is not simply an academic issue, as it is critical for
understanding, mitigating, and potentially correcting the impacts of fossil fuel–induced climate
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Figure 1

Food-web diagram illustrating the three export pathways of the biological pump, their regulating processes, and the timescales for
carbon sequestration. (a) The euphotic-zone food web and the many ecological and biogeochemical processes regulating its
relationship with the gravitational, migrant, and mixing pumps that transport organic carbon to depth. (b) Beneath the euphotic zone,
organic carbon is remineralized back to DIC via food-web processes in the mesopelagic zone. The depths to which that organic carbon
is transported set the timescale of its sequestration. Abbreviations: DIC, dissolved inorganic carbon; DOC, dissolved organic carbon;
POC, particulate organic carbon.

changes, including ocean acidification, deoxygenation, eutrophication, and the impacts of these
changes on marine biodiversity and the delivery of ecosystem services, as well as for evaluating the
efficacy of purposeful atmospheric CO2 removal strategies (Doney et al. 2009, 2012; Keeling et al.
2010; Natl. Acad. Sci. Eng. Med. 2021). Many of these societal challenges need to be reconciled
within the next few decades, and substantive scientific progress is needed to provide robust global-
scale assessments of the biological pump.

Here, we review progress toward quantifying the ocean’s biological pump on global scales
and suggest next steps integrating observations and models to achieve this goal. First, we present

www.annualreviews.org • Quantifying the Ocean’s Biological Pump 18.3

, .•
·�-

Review in Advance first posted on 
September 7, 2022. (Changes may 
still occur before final publication.)

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
A

SA
 G

od
da

rd
 S

pa
ce

 F
lig

ht
 C

en
te

r 
on

 0
9/

09
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



MA15CH18_Siegel ARjats.cls August 26, 2022 15:0

T
ab

le
1

Sa
te
lli
te

da
ta
–d

ri
ve
n
gl
ob

al
ex
po

rt
flu

x
an

d
se
qu

es
tr
at
io
n
es
ti
m
at
es

Fl
ux

pa
th
w
ay

A
pp

ro
ac
h

W
ha

t
G
lo
ba

le
xp

or
t
fo
r

pa
th
w
ay

(P
g
C

y−
1
)

G
lo
ba

lm
ea

n
e-
ra
ti
o
fo
r

pa
th
w
ay

Se
qu

es
tr
at
io
n

in
ve
nt
or
y
(P

g
C
)

Se
qu

es
tr
at
io
n

ti
m
e
(y
ea

rs
)

R
ef
er
en

ce

G
ra
vi
ta
tio

na
l

pu
m
p

f-
ra
tio

=
f(
SS

T
)

15
N

ne
w
pr
od

uc
tio

n
9.
9a

0.
26

(0
.1
8
st
d)

—
—

L
aw

se
ta

l.
(2
00

0)

e-
ra
tio

=
f(
SS

T
)

Si
nk

in
g
flu

x
at

10
0
m

4.
0
(2
.2

st
d)

0.
07

(0
.0
6
st
d)

—
—

H
en

so
n
et

al
.

(2
01

1)

e-
ra
tio

=
f(
SS

T
,N

P
P
)

Si
nk

in
g
flu

x
ba
se
d
on

a
gl
ob

al
su
m
m
ar
y
of

av
ai
la
bl
e
ob

se
rv
at
io
ns

6.
9a

0.
15

(0
.0
4
st
d)

a
—

—
L
aw

se
ta

l.
(2
01

1)

Fo
od

-w
eb

m
od

el
Si
nk

in
g
flu

x
at

th
e
ba
se

of
th
e
eu
ph

ot
ic
zo
ne

5.
9
(1
.2

st
d)

0.
11

(0
.0
2
st
d)

—
—

Si
eg
el
et

al
.

(2
01

4)

Fo
od

-w
eb

m
od

el
em

be
dd

ed
in

bi
og

eo
ch
em

ic
al
in
ve
rs
e

m
od

el

Si
nk

in
g
flu

x
at

th
e
ba
se

of
th
e
eu
ph

ot
ic
zo
ne

7.
3
(6
.8
–7

.7
qr
t)
b

0.
12

6
(0
.1
16

–0
.1
34

qr
t)
b

1,
04

0
(9
95

–1
,1
03

qr
t)
b

14
2
(1
35

–1
49

qr
t)
b

N
ow

ic
ki

et
al
.

(2
02

2)

M
ig
ra
nt

pu
m
p

Fo
od

-w
eb

m
od

el
w
ith

m
ig
ra
nt
s
an
d
flu

x
re
m
in
er
al
iz
at
io
n

M
es
oz
oo

pl
an
kt
on

m
ig
ra
nt
-m

ed
ia
te
d
flu

x
ou

to
ft
he

eu
ph

ot
ic

zo
ne

0.
7c

—
—

—
A
rc
hi
ba
ld

et
al
.

(2
01

9)

Fo
od

-w
eb

m
od

el
em

be
dd

ed
in

bi
og

eo
ch
em

ic
al
in
ve
rs
e

m
od

el

M
es
oz
oo

pl
an
kt
on

m
ig
ra
nt
-m

ed
ia
te
d
flu

x
ou

to
ft
he

eu
ph

ot
ic

zo
ne

1.
0
(0
.7
–1

.3
qr
t)

0.
01

7
(0
.0
12

–0
.0
22

qr
t)

15
0
(8
3–

18
8
qr
t)

15
0
(9
4–

21
3
qr
t)

N
ow

ic
ki

et
al
.

(2
02

2)

M
et
a-
an
al
ys
is
of

fis
h

ab
un

da
nc
e,
be
ha
vi
or
,

an
d
m
et
ab
ol
ic
da
ta

—
1.
5
(1
.2

st
d)

—
—

—
Sa
ba

et
al
.(
20

21
)

M
ix
in
g
pu

m
p

L
ar
ge
-s
ca
le

su
bd

uc
tio

n
pu

m
p
in

bi
og

eo
ch
em

ic
al

in
ve
rs
e
m
od

el

P
hy

si
ca
lt
ra
ns
po

rt
of

se
m
ila
bi
le

D
O
C

fr
om

th
e
up

pe
r
10

0
m

1.
9

—
—

—
H
an
se
ll
et

al
.

(2
00

9)

M
ix
ed
-l
ay
er

pu
m
p

Se
as
on

al
de
tr
ai
nm

en
t

flu
x
of

P
O
C

fr
om

th
e

m
ix
ed

la
ye
r

0.
26

(r
an
ge

0.
1–

0.
5)

—
—

—
D
al
l’O

lm
o
et

al
.

(2
01

6)

D
O
C
/n
ut
ri
en

tr
es
to
ra
tio

n
m
od

el
co
up

le
d
to

an
oc
ea
n
ci
rc
ul
at
io
n
m
od

el

N
et

tr
an

sp
or
to

fD
O
C

to
be
lo
w
74

m
2.
3
(0
.6

st
d)

—
—

—
R
os
ha

n
&

D
eV

ri
es

(2
01

8)

Fo
od

-w
eb

m
od

el
em

be
dd

ed
in

bi
og

eo
ch
em

ic
al
in
ve
rs
e

m
od

el

P
hy

si
ca
lt
ra
ns
po

rt
of

se
m
ila
bi
le

D
O
C

fr
om

th
e
eu
ph

ot
ic
zo
ne

1.
9
(1
.7
–2

.2
qr
t)

0.
03

3
(0
.0
30

–0
.0
37

qr
t)

10
2
(1
00

–1
06

qr
t)

54
(4
8–

62
qr
t)

N
ow

ic
ki

et
al
.

(2
02

2) (C
on
tin
ue
d)

18.4 Siegel et al.

, .•
·�-

Review in Advance first posted on 
September 7, 2022. (Changes may 
still occur before final publication.)

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
A

SA
 G

od
da

rd
 S

pa
ce

 F
lig

ht
 C

en
te

r 
on

 0
9/

09
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



MA15CH18_Siegel ARjats.cls August 26, 2022 15:0

T
ab

le
1

(C
on
ti
nu
ed
)

Fl
ux

pa
th
w
ay

A
pp

ro
ac
h

W
ha

t
G
lo
ba

le
xp

or
t
fo
r

pa
th
w
ay

(P
g
C

y−
1
)

G
lo
ba

lm
ea

n
e-
ra
ti
o
fo
r

pa
th
w
ay

Se
qu

es
tr
at
io
n

in
ve
nt
or
y
(P

g
C
)

Se
qu

es
tr
at
io
n

ti
m
e
(y
ea

rs
)

R
ef
er
en

ce

To
ta
l

O
2
bu

dg
et

an
d
ci
rc
ul
at
io
n

—
—

—
1,
30

0
(2
30

st
d)

—
C
ar
te
r
et

al
.

(2
02

1)

B
io
ge
oc
he

m
ic
al
in
ve
rs
e

m
od

el
E
xp
or
tf
ro
m

th
e
eu
ph

ot
ic

zo
ne

9.
1
(0
.2

st
d)

0.
21

(0
.0
6
st
d)

d
—

—
D
eV

ri
es

&
W

eb
er

(2
01

7)

Fo
od

-w
eb

m
od

el
em

be
dd

ed
in

bi
og

eo
ch
em

ic
al
in
ve
rs
e

m
od

el

E
xp
or
tf
ro
m

th
e
eu
ph

ot
ic

zo
ne

10
.2

(9
.7
–1

0.
7
qr
t)

0.
18

(0
.1
7–

0.
18

qr
t)

1,
29

3
(1
28

1–
13

02
qr
t)

12
7
(1
22

–1
33

qr
t)

N
ow

ic
ki

et
al
.

(2
02

2)

A
ll
su
m
m
ar
y
st
at
is
tic

s
ar
e
ta
ke
n
fr
om

th
e
ci
te
d
pu

bl
ic
at
io
ns

ex
ce
pt

w
he

re
sp
ec
ifi
ed

by
a
fo
ot
no

te
.R

an
ge
s
ar
e
in
cl
ud

ed
as

re
po

rt
ed

in
th
e
ci
te
d
pu

bl
ic
at
io
ns

an
d
ar
e
no

te
d
as

ei
th
er

st
an
da
rd

de
vi
at
io
ns

(s
td
)o

r
25

%
/7
5%

qu
ar
til
es

ov
er

an
en

se
m
bl
e
(q
rt
).
A
bb

re
vi
at
io
ns
:D

O
C
,d

is
so
lv
ed

or
ga
ni
c
ca
rb
on

;D
V
M
,d

ie
lv
er
tic

al
m
ig
ra
tio

n;
e-
ra
tio

,e
xp
or
tr
at
io
;f
-r
at
io
,r
at
io

of
15
N

ne
w

pr
od

uc
tio

n
to

N
P
P
;N

P
P,
ne

tp
ri
m
ar
y
pr
od

uc
tio

n;
P
O
C
,p

ar
tic

ul
at
e
or
ga
ni
c
ca
rb
on

;S
S C

hl
,s
ea

su
rf
ac
e
ch
lo
ro
ph

yl
lc
on

ce
nt
ra
tio

n;
SS

T
,s
ea

su
rf
ac
e
te
m
pe
ra
tu
re
;V

G
P
M
,V

er
tic

al
G
en

er
al

P
ro
du

ct
io
n
M
od

el
;—

,n
ot

ap
pl
ic
ab
le
.

a C
al
cu
la
te
d
he

re
us
in
g
pu

bl
is
he

d
al
go

ri
th
m
s
an
d
an
nu

al
av
er
ag
es

of
SS

T
,S

S C
hl
,a
nd

N
P
P
fr
om

th
e
V
G
P
M

m
od

el
.

b
M
er
ge
s
th
e
su
m
m
ar
ie
s
an
d
st
at
is
tic

s
fo
r
si
nk

in
g
ag
gr
eg
at
es

an
d
si
nk

in
g
zo
op

la
nk

to
n
pe
lle

ts
fr
om

th
e
or
ig
in
al
pa
pe
r.

c C
al
cu
la
te
d
as

th
e
di
ff
er
en

ce
be
tw

ee
n
th
e
re
po

rt
ed

gl
ob

al
ex
po

rt
w
ith

D
V
M

an
d
th
e
ba
se

ca
se

w
ith

ou
tD

V
M
.

d
C
al
cu
la
te
d
as

th
e
sp
at
ia
lm

ea
n
an
d
st
an
da
rd

de
vi
at
io
n
of

th
e
da
ta

ou
tp
ut

sh
ow

n
Fi
gu

re
4e
.

www.annualreviews.org • Quantifying the Ocean’s Biological Pump 18.5

, .•
·�-

Review in Advance first posted on 
September 7, 2022. (Changes may 
still occur before final publication.)

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
A

SA
 G

od
da

rd
 S

pa
ce

 F
lig

ht
 C

en
te

r 
on

 0
9/

09
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



MA15CH18_Siegel ARjats.cls August 26, 2022 15:0

Remote sensing
reflectance [Rrs(λ)]:
the color of the ocean,
defined as the ratio of
the upwelling light
spectrum leaving the
ocean to the sunlight
penetrating the surface

Chlorophyll:
a pigment that is found
in all phytoplankton
and is the primary
light-harvesting
pigment driving
photosynthesis

Inherent optical
properties (IOP): the
light absorption and
scattering properties
that are independent
of the illumination
conditions and are
dependent upon the
concentration and
composition of
dissolved and
particulate materials

Lidar: an active
remote sensing system
that uses a collimated
light source to quantify
atmospheric and ocean
optical properties

current capabilities for observing and modeling the biological pump at global scales. Then, we
assess the progress toward quantifying the export pathways that connect the surface ocean to the
interior, the rates and processes regulating the remineralization of this exported carbon, and how
the biological pump contributes to ocean carbon sequestration. We close with a discussion of
what advancements are needed to advance progress toward developing a predictive understanding
of the biological pump.

OBSERVING AND MODELING THE BIOLOGICAL PUMP

Satellite Observations

For more than 40 years, satellite measurements of ocean color have provided an unparalleled
record and global view of ocean biology and biogeochemical processes (e.g., McClain 2009).
Current and past global ocean color satellites collect observations of top-of-the-atmosphere
reflectances over several visible and near-infrared wavelengths (the latter of which are used to
separate the atmospheric signals from the oceanic ones) at nearly daily timescales and at spatial
resolutions of ≤1 km. Brewin et al. (2021) have recently reviewed the broad suite of carbon stocks
and fluxes that are obtainable from space-based sensors. Here, we focus on a brief overview of
these issues.

The first and fundamental product derived from ocean color is remote sensing reflectance,
Rrs(λ) (where λ is a discrete wavelength band), which is the ratio of the solar radiation reflected
from the surface of the ocean to that which penetrates the sea surface. Satellite ocean color
sensors derive Rrs(λ) from light measurements made at the top of the atmosphere after remov-
ing the effects of the atmosphere using radiative transfer models (e.g., McClain 2009) (top of
Figure 2). Numerical models, often based on simple empirical relationships, are then used to
derive primary and secondary data products from Rrs(λ), such as chlorophyll and phytoplankton
carbon concentrations as well as values for inherent optical properties (IOP) (Figure 2). These
products are then used as inputs to NPP algorithms, which are often the cornerstone for assess-
ments of carbon export and sequestration. In the following, we briefly describe the approaches for
deriving the data products illustrated in Figure 2 (see also the summary of satellite data products
in Supplemental Table 1).

The two most important primary satellite products for the biological pump are chlorophyll
and phytoplankton carbon (Cphyto) concentrations. Chlorophyll is found in all photosynthetic or-
ganisms, and chlorophyll determinations are often used as an index for phytoplankton abundance,
although its relationship to Cphyto is dependent upon upper-ocean light and nutrient conditions
(Behrenfeld et al. 2005, 2016; Siegel et al. 2013). Chlorophyll concentrations are often determined
using empirically derived relationships between chlorophyll concentration and the ratios of Rrs(λ)
at different wavelengths (Hu et al. 2019,O’Reilly&Werdell 2019).Othermethods use semianalyt-
ical models that relate chlorophyll concentration to satellite observations of light absorption and
particulate backscattering (e.g., Lee et al. 2002, Maritorena et al. 2002,Werdell et al. 2013). Mea-
surements of particulate backscattering are also used to estimate Cphyto using empirical relation-
ships or ecosystem models (e.g., Bellacicco et al. 2020, Graff et al. 2015). An alternative approach
uses backscatter determinations from satellite lidar to estimate Cphyto (Bisson et al. 2021a). Al-
though both of these satellite data products provide determinations of Cphyto on regional to global
scales, their retrieved temporal evolution and spatial patterns diverge significantly (Figure 3).

Secondary products include a suite of metrics that assess the concentrations and characteristics
of particulate matter in the upper ocean, including particulate organic carbon (POC), particulate
inorganic carbon (PIC), particle size spectra (PSS), and phytoplankton community composition
(PCC). POC is empirically derived from either Rrs(λ) wavelength ratios or a combination

18.6 Siegel et al.
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Figure 2

The flow of information from TOA radiance to satellite data products used for assessing the state of the
biological carbon pump. TOA information collected by satellites is converted into Rrs(λ) (green circle) and
then into the primary products (yellow circles). The primary products are used in models to calculate secondary
products (orange circles) that are then used as inputs in different models (light blue circles). These secondary
products include assessment of the rate of NPP, which is central to assessment of carbon export fluxes.
Ancillary information, either from satellites (SST) or from in situ or model-based data sets (red squares), is
also used as input in different models that ultimately provide estimates of carbon export or sequestration
(dark blue circles). The hierarchy of products from top to bottom suggests an accumulation of uncertainty as
the number of processing and modeling steps increases. Abbreviations: Chl, chlorophyll; Cphyto,
phytoplankton carbon; IOP, inherent optical properties; NPP, net primary production; PCC, phytoplankton
community composition; POC, particulate organic carbon; PSD, particle size distribution; PSS, particle size
spectra; Rrs(λ), remote sensing reflectance; SST, sea surface temperature; TOA, top of the atmosphere.
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Figure 3

Comparison of satellite data products for Cphyto and NPP. The left panels illustrate variations in the global mean values of the data
products from 2006 to 2016, while the right panels show their climatological mean global distributions. (a) Cphyto estimates from
MODIS-Aqua particulate backscatter. (b) Cphyto estimates from CALIOP lidar backscatter. (c) NPP from the CAFE model driven by
MODIS-Aqua ocean color observations. (d) NPP from the VGPM model driven by MODIS-Aqua ocean color observations. (e) NPP
from the CbPM model driven by MODIS-Aqua ocean color observations. Abbreviations: CAFE, Carbon, Absorption, and
Fluorescence Euphotic-resolving; CALIOP, Cloud-Aerosol Lidar with Orthogonal Polarization; CbPM, Carbon-Based Productivity
Model; Cphyto, phytoplankton carbon; MODIS, Moderate Resolution Imaging Spectroradiometer; NPP, net primary production;
VGPM, Vertical General Production Model.

of particulate backscattering and/or chlorophyll retrievals (Evers-King et al. 2017, Stramski
et al. 2022). PIC estimates are based on an empirical relationship between backscatter and the
abundance of carbonate mineral-forming plankton such as coccolithophores (Balch et al. 2005,
Mitchell et al. 2017). PSS algorithms are based on either theoretical or empirical relationships
from chlorophyll or IOP retrievals, and measure the abundance of particles of different size
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classes relative to the total biomass (Ciotti & Bricaud 2006, Hirata et al. 2008, Kostadinov et al.
2010). PCC estimates are similarly retrieved using relationships derived from IOP retrievals or
directly from Rrs(λ) determinations and appropriate PCC metrics, such as phytoplankton group
abundance, the group’s contribution to chlorophyll, or biomarker pigment concentration (e.g.,
Chase et al. 2017, Kramer et al. 2022, Lange et al. 2020, Mouw et al. 2017).

Though often characterized as an observation,NPP is a model-derived data product relying on
combinations of primary and secondary satellite data products (most often including chlorophyll
and Cphyto; Figure 2). NPP models also use a host of ancillary satellite data, such as temperature,
incident light, light attenuation depths, and mixed-layer depth. Approaches to modeling NPP
range widely in their complexity and their ability to match independent observations (see Saba
et al. 2011 and references within).Earlymodels used empirical relationships betweenNPP, chloro-
phyll, and light levels to estimate NPP (e.g., Behrenfeld & Falkowski 1997). Subsequent models
have evolved to account for the photoacclimation of phytoplankton chlorophyll-to-carbon ratios
and spectral changes in the underwater light field (Behrenfeld et al. 2005, Sathyendranath et al.
2020, Silsbe et al. 2016, Westberry et al. 2008). Although NPP models have evolved to become
more complex and to capture more physiological and environmental processes, there remains a
great deal of variation among satellite NPP products that needs to be resolved (see Figure 3).

The differences among satellite NPP products and other data products such as Cphyto

(Figure 3) reflect uncertainties in the underlying observations and in the algorithms used to
create these products. These uncertainties accumulate at each step in the product hierarchy, as
depicted in Figure 2. Satellite retrievals of Rrs(λ) are designed to have uncertainties of ≤10% for
the visible portion of the spectra (Werdell 2018), although postlaunch analyses sometimes find er-
rors that surpass these levels (e.g., Bisson et al. 2021b, Schroeder et al. 2022). These uncertainties
propagate to other primary and secondary data products, such as the chlorophyll concentration
and particulate scattering coefficients, which are further compounded by uncertainties in the
empirical and theoretical algorithms. These errors accumulate in downstream products, such as
NPP, by up to 100% (see Carr et al. 2006). Users need to be aware (and wary) of this accumulating
uncertainty in satellite data products.

In Situ Oceanographic Observations

In situ observations conducted on appropriate spatial and temporal scales are a critical compo-
nent for diagnosing the biological pump, both for validating remote sensing measurements and
for observing the subsurface ocean, which is inaccessible to satellites (e.g., Claustre et al. 2021).
Over the past two decades, autonomous sampling platforms have been developed to carry a suite
of sensors capable of measuring biogeochemical stocks and fluxes in situ. These platforms, which
include autonomous profiling floats, remotely piloted gliders, and a variety of powered and un-
powered autonomous vehicles (Chai et al. 2020, Claustre et al. 2020), measure a range of relevant
parameters, including particulate backscattering (a proxy for POC, Cphyto, and PIC), chlorophyll
fluorescence (a proxy for chlorophyll biomass), dissolved oxygen and nitrate concentrations, pH,
and underwater light fluxes.Of particular importance is a global network of Biogeochemical-Argo
sensors that is presently being deployed (Claustre et al. 2020). These observations, after rigorous
sensor intercalibration and bias corrections (e.g., Johnson et al. 2009, Roesler et al. 2017), will
provide a continuous assessment of many oceanographic parameters to augment satellite data. For
example, diel changes in upper-ocean biogeochemical budgets of carbon, oxygen, and nutrients
can be used to calculate gross production, net production, and net community production rates
(Briggs et al. 2018, Nicholson et al. 2015), while optical backscatter signals can be used to track
pulses of sinking particles that contribute to carbon export and sequestration (Briggs et al. 2020).
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Export ratio
(e-ratio): a measure of
the export efficiency of
the biological pump,
defined as the export
flux divided by NPP
(Equation 1)

234Th
disequilibrium: the
difference between the
activity levels of 234Th,
which is highly particle
reactive, and those of
its parent, 238U, which
is not; its magnitude
provides estimates of
particle scavenging
from the upper ocean

New in situ sensors are being developed and tested that will enhance our ability to observe the
biological pump. For example, the Underwater Vision Profiler (UVP) is a camera system that pro-
vides assessments of the size distribution of aggregates (∼200μm to 1 cm) in addition to collecting
images of large (≥500 μm) particles for the quantification of zooplankton abundances (Picheral
et al. 2010). The newest version of the UVP system is designed to be deployed on profiling floats
(Picheral et al. 2022). Acoustic backscatter sensors are also being developed and used for assessing
zooplankton population dynamics, especially their vertical migration patterns (Haëntjens et al.
2020, Ohman et al. 2019). Furthermore, optical sediment traps and upward-looking cameras have
been deployed that enable the quantification of carbon export by sinking particles as well as the
composition of the sinking flux (Durkin et al. 2021, 2022; Estapa et al. 2017).

Data-Assimilated Models

Linking satellite and in situ data to assess the dynamics of the biological pump is clearly a challenge.
One way to integrate field and satellite observations is with data-assimilated numerical ocean bio-
geochemistry models (DeVries & Weber 2017, Edwards et al. 2015, Gregg 2008, Rousseaux &
Gregg 2015, Schlitzer 2002). These models have been used to quantify changes in the biologi-
cal pump over time by nudging model solutions to the observed fields or to provide data-based
assessments of the climatological biological pump by optimizing model parameters to the ob-
served fields. The focus here is on the latter. Schlitzer (2000) assessed global ocean carbon ex-
port fluxes in an adjoint model using hydrographic and nutrient fields from full ocean surveys
(see also Schlitzer 2002). DeVries &Weber (2017) extended this approach by using both satellite
and oceanographic observations to assess carbon export and its transfer through the subsurface
ocean. They used satellite NPP and PSS observations with climatological distributions of oxy-
gen, dissolved organic carbon (DOC), and sinking POC fluxes, along with an ocean circulation
inverse model (DeVries 2014), to constrain sinking fluxes of organic carbon and its remineraliza-
tion. This model provided biogeochemically consistent observations of the total export of organic
carbon from the surface ocean and its fate in the ocean interior. Recently, Nowicki et al. (2022)
added a two-phytoplankton/two-zooplankton food web with a migrating zooplankton component
to the DeVries & Weber (2017) model, which enabled all three pathways of organic carbon ex-
port to be diagnosed on regional to global scales. This model also provided, for the first time,
data-constrained estimates of sequestration for each pathway.

ASSESSING THE EXPORT PATHWAYS OF THE BIOLOGICAL PUMP

The Gravitational Pump

The gravitational pump pathway quantifies the flux of organic carbon driven by the sinking of
particles. Sinking particles are composed of aggregates, fecal pellets, intact phytoplankton cells,
or a combination of all three (e.g., Turner 2015). The first (global) data-based estimates of the
gravitational pump export pump were largely empirical (e.g., Dunne et al. 2005; Henson et al.
2011; Laws et al. 2000, 2011). In these studies, export fluxes were determined as the product of
the satellite-data derived NPP (as described above) multiplied by an export ratio (e-ratio), which
is modeled as a function of sea surface temperature (SST), NPP, and/or sea surface chlorophyll
concentrations (SSChl):

Export = e-ratio × NPP. 1.

Values of the e-ratio are typically determined by statistically comparing field determinations
of sinking carbon export, from either shallow sediment trap fluxes or the 234Th disequilibrium
method, with parameterizations driven by satellite determinations of NPP, SST, and SSChl.
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15N uptake new
production: new
production assessed
based on the uptake of
15N-labeled nitrate
(new nitrogen) and
ammonium (recycled
nitrogen) in
incubations; at steady
state, rates of new
production integrated
over the euphotic zone
balance the export flux

a c e

b d f

e-ratio
0 0.05 0.10 0.15 0.20 0.25 0.30

Henson et al. (2011) Siegel et al. (2014) DeVries & Weber (2017)

Laws et al. (2011) Archibald et al. (2019) Nowicki et al. (2022)

Figure 4

Comparison of climatological mean e-ratio determinations, where the e-ratios are calculated as the total export flux divided by NPP.
(a) Henson et al. (2011) e-ratio, which is an empirical function of SST. (b) Laws et al. (2011) e-ratio, which is an empirical function of
SST and NPP, where the VGPM NPP model is used (their equation 3). (c) Siegel et al. (2014) food-web model e-ratio, where the
CbPM NPP model is used. (d) Archibald et al. (2019) food-web model e-ratio, with the addition of a migrant pump, where the CbPM
NPP model is used. (e) Total e-ratio from the DeVries &Weber (2017) data-assimilated model. ( f ) Total e-ratio from the Nowicki et al.
(2022) data-assimilated model, which includes representations of the three export pathways. Abbreviations: CbPM, Carbon-Based
Productivity Model; e-ratio, export ratio; NPP, net primary production; SST, sea surface temperature; VGPM, Vertical General
Production Model.

Figure 2 illustrates how the satellite data products are connected to these empirically based
export flux models. The resulting estimates of the e-ratio are shown in Figure 4, and a summary
of global export fluxes and mean e-ratios is given in Table 1. The Henson et al. (2011) export
flux model parameterized the e-ratio as a decreasing function of SST tuned to a global data set of
234Th export flux estimates at 150 m (Figure 4a). The resulting e-ratio spatial patterns show very
low values (∼3%) in the tropics and subtropics and higher values at higher latitudes, approaching
20% in the Southern Ocean. The Laws et al. (2000) model is also parameterized as a decreasing
linear function of SST using determinations of 15N uptake new production and results in e-ratio
spatial patterns similar to those of the Henson et al. (2011) model, although with much larger
e-ratio and total flux determinations (see Table 1).

The empirical Dunne et al. (2005) and Laws et al. (2011) e-ratio models are based on not only
SST, but also biological variables (NPP and/or SSChl). The Laws et al. (2011) approach models
the e-ratio as a decreasing linear function of SST and a power-law function of NPP (Figure 4b).
Model parameters are determined using the 15N new production and 234Th and shallow sediment
trap export flux data set constructed by Dunne et al. (2005). Annual mean spatial patterns show
higher e-ratio values in regions where productivity is higher and toward the poles. The global
summed export flux is much smaller than the original Laws et al. (2000) estimates but considerably
larger than the Henson et al. (2011) estimate (Table 1).

Siegel et al. (2014) introduced a mechanistic assessment of the gravitational pump export
using satellite observations of NPP, Cphyto, and PSS in a simple food-web model. Satellite data
were used to diagnose an upper-layer mass budget for large- and small-phytoplankton carbon
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biomass, enabling herbivory rates to be quantified on monthly timescales and regional spatial
scales, resulting in estimates of carbon export at the base of the euphotic zone due to sinking
zooplankton feces and algal aggregates. The model form and parameters largely follow previous
food-web models (Michaels & Silver 1988). The Siegel et al. (2014) model well reproduces
regional-scale particle export field observations and predicts a climatological mean export of
∼6 Pg C y−1 and a global mean e-ratio of 0.11 (Table 1). This model has also been used to assess
seasonal to interannual variations in sinking export fluxes. Using data equatorward of 50° latitude,
it showed that globally summed monthly anomalies varied by ∼0.5 Pg C y−1, approximately 10%
of the climatological global sum, with the biggest changes associated with the recovery from
the 1997–1998 El Ninõ event. The data-assimilated model of Nowicki et al. (2022) predicts a
somewhat larger export flux via the global gravitational pump of 7.3 Pg C y−1.

There is a high degree of variation in the magnitude and spatial pattern of the annual mean
e-ratio in the representative models considered here (Figure 4). The empirical model of Henson
et al. (2011) exhibits patterns consistent with the SST distribution, as expected, while the mecha-
nistic model of Siegel et al. (2014) and, to an extent, the empirical model of Laws et al. (2011) show
regional shifts in flux efficiency following gradients in NPP and biomass. The predicted e-ratios
and annual globally summed export fluxes from the Henson et al. (2011) model are much smaller
than those from the other models (Figure 4; Table 1). This is due partly to the greater depth
at which the export flux is computed in the Henson et al. (2011) study compared with the other
studies (Table 1; see also Buesseler et al. 2020) and partly to the differing data sets used to derive
the model parameters in each study.

Bisson et al. (2018) assessed the influence of different field data sets on model predictions by
adjusting the parameters of the Siegel et al. (2014) model to match export flux observations from
data sets spanning a range of methods, regions, timescales, and sampling depths. They found that
the globally integrated gravitational export varied substantially (from 3.8 to 5.5 Pg C y−1) depend-
ing on the data set used to optimize the model parameters. Importantly, the most consistent results
came from using data that most closely matched the spatial (≥100 km) and temporal (monthly)
scales of the satellite data. Thus, model performance is a function of the choice of data used to
optimize the model coefficients, and these choices can influence interpretations of the model
results.

The food-web sinking particle export flux models can also provide important information
about the relative importance of the aggregate versus fecal pathways to total sinking export fluxes.
Siegel et al. (2014) showed that the contribution of algal aggregates to the total sinking flux
is 12.7% (5.7% standard deviation) and that its mean spatial patterns exhibit large contributions
(≥20%) in the high-latitude oceans and upwelling regions, where larger phytoplankton sizes pre-
dominate. The recent inverse model of Nowicki et al. (2022) supports these findings, showing
that most (globally ∼85%) of the gravitational sinking flux is due to sinking fecal matter and that
the importance of aggregate fluxes increases substantially in higher latitudes, with aggregates ac-
counting for up to 30% of export in the North Atlantic.

Both the relative contributions of large versus small phytoplankton productivity and whether
these fluxes are in the form of sinking aggregates or fecal pellets are important to quantify, as
these pathways can have different biogeochemical impacts. Aggregation represents one way that
small particles can overcome their density and sink in the water column,where theymay otherwise
have been remineralized ( Jackson&Burd 2015). In particular, particle ballasting—the inclusion of
denser, mineralized source materials such as siliceous, carbonate, and lithogenic materials in sink-
ing aggregates—may increase the sinking rates of aggregates compared with those without the
inclusion of mineral ballast materials (Iversen & Ploug 2010, Lam et al. 2011). Analysis of gravi-
tational pump pathways in the Siegel et al. (2014) model demonstrated that fecal material derived
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Nekton: animals that
are able to swim and
move independently of
water currents and
hence are not
planktonic; examples
include
macrozooplankton,
crustaceans, jellyfish,
and bony fishes

Mesozooplankton:
herbivorous and
carnivorous animals
with body sizes
between 0.2 and
20 mm; some
mesozooplankton
vertically migrate

from the consumption of small phytoplankton constitutes 60% of the global gravitational carbon
export, more than the export of fecal material generated from the consumption of large phyto-
plankton or their aggregation into sinking particles (Bisson et al. 2020). These results support
previous studies showing that small phytoplankton can have a large influence on the functioning
of the biological pump (see also Richardson 2019).

The Migrant Pump

The migrant pump quantifies the transport of organic carbon to depth through the actions of
vertically migrating zooplankton and nekton on both daily and longer timescales (e.g., Longhurst
et al. 1990, Steinberg & Landry 2017). On daily timescales, many zooplankton taxa migrate hun-
dreds of meters vertically through the water column. They reside in the surface ocean at night to
feed and thenmigrate to depth at sunrise to avoid predation (Hays 2003, Lampert 1989, Pinti et al.
2019). A meta-analysis of acoustic backscattering observations (Bianchi & Mislan 2016) showed
that the diel vertical migration (DVM) speeds are astonishingly fast (mean speeds of 6–7 cm s−1)
and that their migrations are synchronized to just before sunrise and just after sunset. At depth,
the metazoans respire, defecate, and release DOC, leading to a net transport of carbon from the
surface ocean to depth (Steinberg & Landry 2017). Vertical migration also takes place on seasonal
timescales, driven largely by life-cycle responses to seasonal environmental changes ( Jónasdóttir
et al. 2015, Longhurst & Williams 1992).

Quantification of the migrant pump export pathway and its carbon cycle impacts is nascent
compared with that of the gravitational pump, largely due to the scarcity of globally distributed
observations (see figure 9 in Archibald et al. 2019). Determining the migrant flux requires inten-
sive field observations, including day–night paired vertical profiles of mesozooplankton biomass,
size, and taxa, as well as experimental assessments of their respiration, excretion, and defecation
rates (e.g., Hernández-León et al. 2019; Maas et al. 2021; Steinberg & Landry 2017; Steinberg
et al. 2000, 2002, 2008; Stukel et al. 2013). Due to the complexity of these determinations, rela-
tively few observations are available, covering only a few geographic regions, making it difficult
to extrapolate these migrant flux determinations to global scales. The availability of migrant flux
observations, especially when sampled with other relevant biogeochemical observations, remains
a major impediment to reducing uncertainty in the estimates of this flux.

Progress has been made on developing a predictive understanding of depths and daily schedule
of DVM on global scales through meta-analyses of acoustic Doppler current profiler backscatter
observations (Aksnes et al. 2017; Behrenfeld et al. 2019; Bianchi & Mislan 2016; Bianchi et al.
2013a,b; Haëntjens et al. 2020). These analyses show that the depth of DVM is related to a com-
bination of available light levels, its attenuation with depth, and the differences in the dissolved
oxygen concentration and temperature between the surface and the DVM depth (Aksnes et al.
2017; Bianchi et al. 2013a,b). In particular, environments with very low oxygen concentrations are
thought to act as a barrier to DVM activity.

Data on the abundance and size distribution of migrating zooplankton and their metabolic
functions are also required for assessing the migrant pump on regional to global scales, and these
factors need to be modeled. Archibald et al. (2019) extended the food-web approach of Siegel
et al. (2014) to explore the role of DVM in regional to global export and assess the importance of
model parameters and assumptions. They used herbivory rates from Siegel et al. (2014) to model
the grazed carbon ingested by large zooplankton, enabling large zooplankton to be included as a
state variable. Assuming that a globally fixed fraction of the large zooplankton participate in DVM
(0.5 was used as the base case), they then accounted for the respired carbon and fecal pellets that are
released at depth during DVM. The resulting model showed that the inclusion of a migrant flux
pathway in the Siegel et al. (2014)model increased global export from 5.7 to 6.4 PgC y−1 andmean
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values of the e-ratio by∼2% (Figure 4;Table 1). Furthermore,modeled estimates of DVMfluxes
compared reasonably well with regional field observations (Archibald et al. 2019). The largest
relative contribution of the migrant pump to the total export was found in the subtropical gyres.

The data-assimilated model of Nowicki et al. (2022) also included a representation of vertically
migrating zooplankton. It incorporated global summaries of micro- and mesozooplankton carbon
biomass and also assumed that a fixed fraction of large zooplankton participate in DVM. The au-
thors found global totals for the migrant pump of 1.0 Pg C y−1, similar to the global migrant
export found by Archibald et al. (2019) and the Earth system model simulations performed by
Aumont et al. (2018). The contribution of the migrant pump was higher in the high-productivity
regions of the subarctic and equatorial oceans and very low in the subtropics. The regional trends
of the contributions to the export made by migrating zooplankton found by Nowicki et al. (2022)
differ substantially from those found by Archibald et al. (2019) but are consistent with the mod-
eling results of Aumont et al. (2018). Future research is needed to reconcile the causes of these
differences.

Mesozooplankton are not the only organisms that undergo vertical migration, and recent work
has focused on the roles of migrating nekton in the biological pump (Bianchi et al. 2021, Davison
et al. 2013, Saba et al. 2021).One recent synthesis showed that∼16%of the total carbon flux out of
the euphotic zone is due to the contributions of fishes via both the migrant and gravitational (fish
fecal pellet fluxes) pumps, corresponding to an annual carbon flux of 1.5± 1.2 Pg C y−1 (Saba et al.
2021). The high degree of uncertainty in these estimates highlights significant methodological
variations and observational gaps in our present knowledge.

Remote sensing observations may contribute toward the assessment of the migrant pump on
global scales. For more than a decade, backscatter lidar observations have been used to assess
the distributions of zooplankton and fish populations (e.g., Churnside et al. 2001, Hostetler et al.
2018). Behrenfeld et al. (2019) used day–night differences in satellite lidar backscatter observations
to assess diel optical signals due to migrating animals on global scales. This study showed that mi-
grating animals were generally a greater fraction of total plankton abundance in the optically clear
subtropical gyres, consistent with the hypothesis that DVM is a consequence of avoidance of visual
predators.The total amount of DVMbiomass estimated from the day–night lidar observations, on
the other hand, followed trends in NPP and food availability (Behrenfeld et al. 2019). There are
many challenges with using satellite lidar to assess zooplankton and fish DVM and its carbon cycle
impacts; these include identifying the migrating organisms that give rise to the day–night optical
signals and separating phytoplankton and zooplankton contributions to day–night backscattering
differences.However, these remote observations may be an important data source for constraining
the migrant pump on global scales.

The Mixing Pump

The mixing pump quantifies the net transport of suspended POC and DOC injected to depth
below the euphotic zone by physical ocean circulation and mixing processes. Several mechanisms
contribute to the mixing pump that operate on a specific range of spatial and temporal scales
and geographic locations (Boyd et al. 2019). Three basic mixing pump pathways can be identified:
(a) the large-scale subduction pump,where the meridional overturning circulation, Ekman pump-
ing, or intermediate water mass formation transport organic carbon to depth; (b) the mixed-layer
pump,where the temporal evolution of the surface mixed layer injects organic carbon to below the
mixed layer; and (c) the eddy-subduction pump, which is driven by mesoscale and submesoscale
physical processes injecting organic carbon to depth on short spatial scales (1–10 km). The com-
plexity and wide ranges of scales of these processes make them difficult to study with traditional
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observation methods, although progress has been made in recent years with the rise of in situ
autonomous platforms and satellite-based remote sensing observations (Dall’Olmo et al. 2016,
Erickson & Thompson 2018,Omand et al. 2015, Stukel et al. 2017). The mixing pump’s pathways
have been quantified largely by either combining hydrographic field data with models of ocean
circulation and mixing (Carlson et al. 2010, Hansell et al. 2009, Nowicki et al. 2022, Schlitzer
2002) or exploring process or Earth system model solutions (Lévy et al. 2013, Resplandy et al.
2019, Taylor et al. 2020). Some of these modeling approaches have quantified particular mixing
pump pathways, while others quantify the total transport of the mixing pump. Global-scale data-
assimilated models do not resolve the individual subcomponents of the mixing pump; for a point
of comparison with what follows, the Nowicki et al. (2022) model predicts a global DOC export
at the base of the euphotic zone of ∼1.9 Pg C y−1.

The large-scale subduction pump is controlled by wind- and buoyancy-driven vertical circu-
lations that transport DOC and, to a lesser extent, suspended POC into the ocean interior (e.g.,
Carlson et al. 2010,Hansell et al. 2009,Lévy et al. 2013).Observational estimates of the large-scale
subduction pump are limited to those from data-assimilated models. The analysis by Hansell et al.
(2009) resulted in a net export of semilabile DOC to depths below 100 m of ∼1.9 Pg C y−1. This
estimate is similar to the total organic carbon subduction from the mixed layer in an Earth system
model (Lévy et al. 2013) as well as the diagnostic model of Roshan & DeVries (2018) (Table 1).
Due to the larger size of the DOC pool compared with the suspended POC pool (e.g., Hansell
et al. 2009), the total export of suspended POC is much less than that for DOC (see also Lévy
et al. 2013). There are also large regional variations in the large-scale subduction pump fluxes due
to the compensation of fluxes between regions characterized by persistent downward and upward
organic carbon transport (Lévy et al. 2013).

The mixed-layer pump, found predominantly in regions with high seasonal variability in strat-
ification (subpolar and polar regions), exports suspended POC and DOC as the mixed layer de-
trains (e.g., Carlson et al. 1994, Dall’Olmo et al. 2016, Gardner et al. 1995, Hansell & Carlson
2001, Lacour et al. 2019).While this process operates on many scales—diurnal, episodic (storms),
intraseasonal, and seasonal—the seasonal mixed-layer pump caused by the spring detrainment of
deep winter mixed layers has the highest contribution and significance to the mixed-layer pump.
Dall’Olmo et al. (2016) used satellite determinations of POC and autonomous profiling float ob-
servations of mixed-layer depths to quantify the export of POC from the surface mixed layer.
These authors found a global integrated export of ∼0.26 Pg C y−1 (with a range of 0.1–0.5 Pg
C y−1), with most of the mixed-layer pump export occurring in high-latitude regions. In these
regions, the mixed-layer pump of POC amounts to an average of 23% of the gravitational pump’s
annual carbon export (Dall’Olmo et al. 2016). It should be noted that these estimates of the carbon
export via the mixed-layer pump do not include the transport of DOC, which field efforts have
shown to be important (Baetge et al. 2020, Carlson et al. 1998, Romera-Castillo et al. 2019).

The eddy-subduction pump is driven by high vertical velocities at fronts that are often on
the edges of eddies, leading to the subduction of DOC and POC along constant-density surfaces
(Omand et al. 2015, Resplandy et al. 2019). The eddy-subduction pump exports carbon on short
spatial and temporal scales (1–10 km over a period of several days). While such physical features
in the ocean are often abundant, successful export via this eddy-subduction pump occurs only in
the presence of significant biomass in the surface (Erickson & Thompson 2018), increasing the
importance of this pathway during the productive seasons of the year, when it can be as large as the
springtime sinking carbon flux at high latitudes (Omand et al. 2015). Until recently, understand-
ing of the eddy-subduction pump pathway was based largely on theoretical or modeling results
(e.g., Mahadevan & Archer 2000, Resplandy et al. 2019, Taylor et al. 2020), but high-resolution
shipboard (Estapa et al. 2015, Stukel et al. 2017) and autonomous vehicle (Erickson & Thompson
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2018, Omand et al. 2015) observations have quantified the eddy-driven export contribution to the
total export fluxes. While these subducted waters reach not far beneath the mixed layer, and the
subduction rates are highly variable (1–100 m d−1), the contribution of the eddy-subduction pump
on the global scale is the largest of the physical modes of export, and its magnitude can be as large
as 30–60% of the gravitational pump’s export flux (Omand et al. 2015, Resplandy et al. 2019).

ASSESSING CARBON SEQUESTRATION BY THE BIOLOGICAL PUMP

Quantifying carbon export is not sufficient to deduce the impact of the biological pump on at-
mospheric CO2 concentrations, because the total strength of the biological pump depends not
only on carbon export but also on the sequestration time of the exported carbon within the ocean
(DeVries et al. 2012). The sequestration time of exported carbon depends on where the exported
carbon is respired back to CO2 and how quickly the ocean currents transport the resulting DIC
back the surface (Baker et al. 2022,DeVries et al. 2012, Siegel et al. 2021b).Generally, deeper rem-
ineralization supports increased sequestration times and greater efficiency of the biological pump
(Kwon et al. 2009). Thus, the total amount of respired DIC that is sequestered in the ocean de-
pends on the remineralization of carbon in the interior ocean and its pathway back to the surface,
aspects of which are explored below.

Remineralization in the Interior Ocean

The sinking POC exported by the gravitational pump attenuates with depth as particulate matter
is consumed by filter feeders and bacteria or solubilized to DOC by particle-attached microbes
in the mesopelagic and deeper layers of the ocean, while its sinking speed is altered by particle
aggregation and disaggregation processes (Burd et al. 2010, Collins et al. 2015, Giering et al.
2014). The attenuation of the POC flux is often described with a power-law function of depth
(Martin et al. 1987). The canonical Martin curve, based only on sediment trap observations from
the North Pacific, shows that flux attenuation with depth followed a power-law function with
an exponent of ∼0.8, implying a transfer efficiency of the POC flux of ∼15% to 1,000-m depth.
The attenuated flux, ∼85% of exported POC, will be respired back to CO2 in this 1,000-m layer.
Observations of sediment trap sinking flux and 234Th estimate export flux profiles (Buesseler
et al. 2007, 2020; Marsay et al. 2015), comparisons of satellite-derived gravitational pump export
estimates with available sinking particle flux observations (Guidi et al. 2015, Henson et al. 2012,
Marsay et al. 2015), and inverse analyses of global nutrient and oxygen distributions (DeVries
& Weber 2017, Weber et al. 2016) all show that the transfer efficiency of POC to depth has
significant spatial variability.

The basic spatial patterns of the biological pump’s transfer efficiency and the environmental
factors regulating these patterns have remained subjects of debate for the past decade. Several
studies have used satellite-derived gravitational pump export estimates and deep-ocean sinking
flux observations from moored sediment traps or aggregate cameras to estimate the fraction of
exported POC sinking to 1,000 m (Guidi et al. 2015,Henson et al. 2012). These studies concluded
that transfer efficiencies are generally inversely correlated with the particle e-ratio—that is, the
transfer efficiencies are high in the low latitudes and oligotrophic regions and low in the high
latitudes and highly productive regions. A high transfer efficiency of sinking POC in the low
latitudes could be due to the refractory nature of organic matter exported from the low-latitude
and oligotrophic regions (Henson et al. 2012), to a lack of detritivorous mesopelagic zooplankton
in these regions (Guidi et al. 2015), or to the presence of minerals attached to the POC that both
increase its sinking speed and protect it frommicrobial degradation (Klaas & Archer 2002, Passow
& De La Rocha 2006).
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However, other studies have reached opposite conclusions. Direct observations of sinking par-
ticle fluxes fromneutrally buoyant sediment traps in themesopelagicNorth Atlantic demonstrated
that transfer efficiency is inversely related to temperature, with higher transfer efficiency in colder
waters (Marsay et al. 2015). This finding is supported by laboratory and field observations that
demonstrate a strong temperature effect on microbial degradation of sinking POC, with the rate
of microbial degradation increasing three- to fourfold per 10°C (Iversen & Ploug 2013,Mazuecos
et al. 2015). Another study used the distribution of the phosphate in the ocean, along with a data-
assimilated ocean model, to derive the attenuation of respiration rates with depth (Weber et al.
2016). This study showed high transfer efficiencies in high latitudes and productive regions and
low transfer efficiencies in unproductive waters, similar to the pattern of e-ratio. In support of these
results, the data-assimilated biological pump model of DeVries & Weber (2017) showed similar
geographical patterns of transfer efficiency, which in that mechanistic model resulted from the
effects of temperature and particle size on POC degradation rates and sinking speeds. A critical
examination of all of these factors in a mechanistic and data-constrained model of sinking particles
concluded that particle size and temperature are the dominant controls on the transfer efficiency
of POC to the deep ocean (Cram et al. 2018). The transfer efficiency is also increased by low oxy-
gen concentrations, which inhibit the microbial degradation of organic matter (Cram et al. 2018,
DeVries & Weber 2017, Keil et al. 2016).

The depth to which exported carbon is transported before being remineralized depends on the
export pathway (Boyd et al. 2019). The roles of the differing pathways in the remineralization rate
of organic carbon can be visualized using the global mean remineralization rate profiles for each
pathway (Figure 5a) from the data-assimilated model of Nowicki et al. (2022). Here, global mean
remineralization rate profiles for each pathway are calculated as the sum of bacterial respiration (of
POC and DOC) and animal respiration. The vertical integration of the pathway remineralization
rate profiles below the euphotic zone is equal to the pathway export fluxes.The gravitational pump
of sinking aggregates and fecal pellets dominates the total remineralization rate profile, and this is
the only pathway that can deliver significant amounts of organic carbon to the deep ocean (below
∼1,000 m), where the respired CO2 can be sequestered for up to 1,000 years (Siegel et al. 2021b).
Carbon exported by the mixing pump is transported to comparatively shallow depths before being
remineralized,while themigrant pump carbon is respired at the daytimemigration depth, typically
100–600 m within the water column (Figure 5a).

Carbon Sequestration Inventories and Timescales

Carbon sequestered by the biological pump (Cseq) is the total inventory of regenerated DIC be-
low the euphotic zone, assuming instantaneous equilibration of the ocean and atmosphere. This
is the most important biological pump metric for climate, because changes in Cseq, and not ex-
port, drive changes in atmospheric CO2. The total amount of sequestered carbon in the ocean is
determined by the remineralization rate of carbon (rremin) and the sequestration timescale of the
respired carbon. The total Cseq at time t, Cseq(t), is

Cseq(t ) =
∫

V

t∫

0

rremin(t − τ , x) f (τ , x)dτdV , 2.

where rremin(t,x) is the remineralization rate of organic carbon (mol C m−3 y−1) as a function of
time, t, and location, x; f (τ ,x) is the proportion of remineralized DIC that remains out of contact
with the surface ocean for a period τ or longer; and V is the ocean volume (DeVries et al. 2012).
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Figure 5

The components of the biological carbon pump and their contributions to carbon sequestration as a
function of depth from the model of Nowicki et al. (2022). (a) Total respiration rate in the ocean as a
function of depth, along with the respiration rates for the gravitational, mixing, and migrant pumps. (b) Mean
sequestration time profiles for the global ocean, the Pacific, and the Atlantic. (c) Carbon sequestration due to
the biological pump, along with the contributions from the gravitational, mixing, and migrant pumps.

At steady state, the total inventory of sequestered carbon, Cseq, is simply

Cseq =
∫

V

rremin(x)
∞∫

0

f (τ , x)dτdV , 3.

where the integral ∫∞
0 f (τ , x)dτ is equal to themean of the first passage time distribution (Primeau

2005), also referred to here as the mean sequestration time, TS(x). Thus, at steady state, the total
sequestered carbon inventory can be evaluated as

Cseq =
∫

V

rremin(x)TS(x)dV. 4.

Thus, the carbon cycle impacts of the biological pump are dependent on the remineralization rate,
rremin(x), and its convolution with the mean sequestration time, TS(x) (DeVries et al. 2012).

The efficiency with which exported carbon is sequestered depends on how the respiration
of the exported carbon is distributed with depth. The most efficient carbon sequestration is via
mechanisms that inject carbon in the deep ocean (Boyd et al. 2019, Nowicki et al. 2022). Values
of mean sequestration time, TS, are strong functions of depth, with global mean values increasing
with depth from zero at the sea surface to ∼400 years at 1,000 m and ∼1,400 years in the deep
abyssal ocean (Figure 5b). Below ∼800 m, the sequestration time is greater in the Pacific than in
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the Atlantic, due to the more rapid deep overturning circulation in the Atlantic compared with
the Pacific (see also Siegel et al. 2021b).

The product of the remineralization rate and the mean sequestration time is the total amount
of carbon sequestered by the biological carbon pump at steady state. Using respiration rates from
the Nowicki et al. (2022) model, the global mean profile of sequestration peaks at ∼300-m depth,
where each pump component contributes significantly to carbon sequestration (Figure 5c). The
depth integral of this function gives the total carbon sequestration inventory, which is ∼1,300 Pg
C in this example, which compares well with a recent hydrographic estimate based on preformed
nutrient and oxygen concentrations (Carter et al. 2021). Approximately half of the total sequestra-
tion is due to respiration below 1,000 m, despite extremely small respiration rates at these depths;
the other half is due to respiration in the mesopelagic (100–1,000 m). The turnover time of the
biological pump (or, as defined here, the mean sequestration time) is simply the sequestration in-
ventory divided by the total export. For the results shown in Figure 5, this mean sequestration
time is 127 years.

The different export pathways have strikingly different remineralization profiles (Figure 5a)
and thus contribute differently to the total carbon sequestration (Figure 5c). The sequestration
of organic carbon exported by the gravitational pump dominates the sequestration budget, with
an inventory of 1,040 Pg C and a turnover time of 142 years (Table 1). The respiration of organic
matter exported by the mixing pump attenuates most rapidly with depth in the upper 1,000 m;
hence, its contribution to total sequestration is much less (102 Pg C), and the turnover times are
much more rapid (54 years). Finally, the remineralization of organic matter due to migrant pump
export is at its maximum at ∼600 m but falls off relatively quickly below 1,000 m. Hence, the
sequestration inventories and times for the migrant pump are considerably larger than those for
the mixing pump (150 Pg C and 150 years; Table 1).

It is often held that the only carbon that is sequestered by the biological pump is the carbon
that reaches below a certain depth horizon, often 1,000 m (Lampitt et al. 2008, Passow & Carlson
2012) or 2,000 m (Guidi et al. 2015). The results shown here make it clear that carbon respired
at any depth can contribute to carbon sequestration (see also Baker et al. 2022). Carbon respired
in the deep ocean has a greater per-molecule opportunity to contribute to sequestration due to
its long sequestration times, but the higher values of respiration in the upper ocean counterbal-
ance the shorter sequestration times there, leading to nearly equal carbon sequestration driven by
respiration above and below 1,000 m.

The carbon sequestration inventories and turnover times presented here assume that the ocean
circulation and the biological pump are at steady state. Clearly, global ocean circulation and the
biological pump will change as the climate changes, and therefore the sequestration inventories
and times calculated here will also change in the future. Factors that could change the seques-
tration metrics presented here include stratification and reduction of ocean overturning (Moore
et al. 2018), which could increase sequestration times of respired carbon while at the same time
reducing biological productivity and carbon export, and the warming of the ocean, which could
increase microbial respiration rates (Henson et al. 2022) and thereby reduce the remineralization
depth of organic carbon and the global carbon sequestration inventory.

Furthermore, the present carbon sequestration metrics assume that DIC transported to the
surface ocean is instantaneously equilibrated with the atmosphere (following DeVries et al. 2012,
Boyd et al. 2019, and Carter et al. 2021). Due to the chemical speciation of DIC in seawater,
this equilibration process is not instantaneous, and equilibration timescales for the surface mixed
layer vary from a few weeks to a year (Broecker & Peng 1974, Jones et al. 2014). Including air–sea
equilibration in these calculations will increase the carbon sequestration inventories and timescales
presented here, and further research is needed to assess the impact of this assumption.
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FUTURE RESEARCH DIRECTIONS

Much progress has beenmade in improving our abilities to observe andmodel the biological pump
over the past several decades. As detailed here, the diverse pathways that make up the biological
pump have been elucidated, and their contributions have been diagnosed. Novel in situ and re-
mote sensing observational tools have been developed and deployed, and large field programs are
being conducted to observe and quantify the export pathways. Likewise, data-assimilated model-
ing systems have been developed to assess the different export pathways and provide estimates of
the sequestration inventories.

Through these developments, the field now appears close to realizing a critical goal of real-
time monitoring of the biological pump at global scales. An operational system that can diagnose
year-to-year andmultidecadal changes in the global biological pumpwill be crucial for monitoring
the impacts of climate change and atmospheric CO2 removal solutions on ocean carbon export
and sequestration. One compelling approach would be to develop a data-assimilated modeling
operational system that enables satellite and in situ data to be synthesized within models that
capture the important governing biophysical processes. The components of such a system—one
that diagnoses the export pathways and their contributions to water column remineralization and
assesses the circulation, mixing, and gas exchange processes that link remineralized CO2 back to
the atmosphere—exist today, but all need improvement to reduce uncertainties in their combined
assessments of the state of the biological pump.

Satellite data products are one area in which improvements must be made. Present satellite
data products are inconsistent with each other (see the NPP and Cphyto global data products in
Figure 3) and, by extension,with the underlying biogeochemistry and ecology of the ocean.Much
of this inconsistency results from the fact that each satellite data product is modeled empirically
from space-based and/or in situ radiometric observations and relevant field data. All aspects of
this process (the satellite measurements, the field observations, and the models that convert them
to data products) are imperfect, and uncertainties grow as they are combined (as illustrated in
Figure 2). Even if these elements were perfect, there is no guarantee that they would also be con-
sistent with the biogeochemical processes in the ocean.One way to improve these data products is
to integrate appropriate in situ biogeochemical data into the construction of these products using
the data-assimilated modeling approaches discussed here. This integration can be done in the op-
erational construction of the data products themselves, or the output of such models can be used
as training data to derive consistent satellite data products from remote sensing observations.

Advancements in satellite measurement technologies, such as hyperspectral ocean reflectance
and multispectral, ocean profiling lidar determinations, also have the potential both to reduce
uncertainties in existing data products and to expand the suite of products that can be derived
from remote sensing observations.NASA’s upcoming Plankton,Aerosol,Cloud,Ocean Ecosystem
(PACE) satellitemission (Werdell et al. 2019) will measureRrs(λ) at hyperspectral resolution (every
5 nm) over the visible spectrum, enabling more refined measurements of phytoplankton pigments
(e.g., Kramer et al. 2022). Existing satellite-based lidar systems were not intended for ocean use,
but they offer opportunities to augment and improve ocean color data products (Behrenfeld et al.
2013, 2019; Bisson et al. 2021a; Lacour et al. 2020).Unlike satellite ocean color sensors that require
solar radiation, lidar sensors provide their own light source. Thus, satellite lidar can be operated
in situations when ocean color sensors cannot function, such as through clouds and during polar
winter, and could significantly enhance coverage for high latitudes where ocean color sensors are
currently limited. Lidar also can provide vertically resolved profiles of optical backscatter of parti-
cle mass in the upper water column [see reviews by Hostetler et al. (2018) and Jamet et al. (2019)].

The integration of in situ observations is also a critical component to any operational system
for monitoring the biological pump. The Biogeochemical-Argo network of profiling floats will
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provide much-needed in situ data (Claustre et al. 2020). Ongoing efforts to include advanced
sensors aimed at assessing zooplankton abundances and their vertical migration as well as sinking
particle fluxes and PSS would be particularly useful. Transparent intercalibration procedures
are required to ensure data quality, and these data can be used to update and improve existing
biogeochemical and ecological climatologies. Lastly, new analysis and modeling techniques,
such as machine learning, are needed to constrain parameters and processes that remain beyond
present sensor and sampling technologies, such as assessments of dissolved organic matter
concentrations and quality, zooplankton abundances, community composition and grazing rates,
and other ecosystem properties.

A final critical component of any biological pump monitoring system is accurate models of
ocean circulation and mixing. These models are needed to assess carbon sequestration timescales
and to monitor changes in the inventory of sequestered carbon in the ocean. The inverse models
of the biological pump highlighted here (DeVries & Weber 2017, Nowicki et al. 2022) employ
the steady-state ocean circulation inverse circulation model (DeVries 2014, DeVries & Holzer
2019). This model is computationally efficient and is effective at quantifying the climatological
mean state of carbon sequestration, but it cannot resolve temporal changes in ocean circulation.
Recent advances have removed some of the constraints of the steady-state assumption, and sea-
sonally varying circulation fields have been created (Huang et al. 2021), but interannual and longer
timescale variability remains unresolved. Other assimilation systems, such as the Estimating the
Climate andCirculation of theOcean (ECCO) approach, can better resolve interannual to decadal
variability in ocean circulation and biogeochemistry (Carroll et al. 2022, Forget et al. 2015) but
suffer from incomplete spin-up and uncertainties in their mean state. Further improvements in
these data-assimilated ocean circulation models are needed in order to best quantify ocean carbon
sequestration.

All of these observational and modeling components need to be brought together, and here
we have been advocating a data-assimilated modeling approach. These models need to account
for the dominant pathways exporting organic matter from the surface ocean and remineralizing
it back to DIC within the water column (e.g., Nowicki et al. 2022). However, as detailed here,
many improvements are required before the goal of diagnosing changes of the state of the ocean’s
biological pump on global scales can be achieved. We anticipate that over the next decade the
technological advancements discussed above will facilitate the ability to directly monitor the state
of the global biological pump with data-assimilated models. This path will additionally help im-
prove forecast models of the ocean’s carbon cycle, so that we can better anticipate future changes
in the biological pump.

Understanding the functioning and impacts of the biological pump is important. There are
many societally relevant issues where this understanding is critical, such as acidification, deoxy-
genation, eutrophication, alterations to marine biodiversity, and assessment of the efficacy and
impacts of purposeful atmospheric CO2 removal strategies. This knowledge is especially impor-
tant because Earth’s climate is changing, and the ocean’s responses to these changes are still largely
unknown. Society’s timeline for responding to these challenges is short, and progress needs to be
made quickly if science is going to provide robust, global-scale assessments of the biological pump
and its impacts in support of these goals.
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Durkin CA, Buesseler KO, Cetinić I, Estapa ML, Kelly RP, Omand M. 2021. A visual tour of carbon export
by sinking particles.Glob. Biogeochem. Cycles 35:e2021GB006985
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Sathyendranath S,Platt T,Kovač Ž,Dingle J, JacksonT, et al. 2020.Reconcilingmodels of primary production
and photoacclimation. Appl. Opt. 59:C100–14

Schlitzer R. 2000. Applying the adjoint method for biogeochemical modeling: export of participate organic
matter in the world ocean. In InverseMethods in Global Biogeochemical Cycles, ed. P Kasibhatla,MHeimann,
P Rayner, N Mahowald, RG Prinn, DE Hartley, pp. 107–24.Washington, DC: Am. Geophys. Union

Schlitzer R. 2002.Carbon export fluxes in the Southern Ocean: results from inverse modeling and comparison
with satellite-based estimates.Deep-Sea Res. II 49:1623–44

Schroeder T, Schaale M, Lovell J, Blondeau-Patissier D. 2022. An ensemble neural network atmospheric
correction for Sentinel-3 OLCI over coastal waters providing inherent model uncertainty estimation
and sensor noise propagation. Remote Sens. Environ. 270:112848

www.annualreviews.org • Quantifying the Ocean’s Biological Pump 18.27

, .•
·�-

Review in Advance first posted on 
September 7, 2022. (Changes may 
still occur before final publication.)

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
A

SA
 G

od
da

rd
 S

pa
ce

 F
lig

ht
 C

en
te

r 
on

 0
9/

09
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



MA15CH18_Siegel ARjats.cls August 26, 2022 15:0

Siegel DA, Behrenfeld MJ,Maritorena S,McClain CR, Antoine D, et al. 2013. Regional to global assessments
of phytoplankton dynamics from the SeaWiFS mission. Remote Sens. Environ. 135:77–91

Siegel DA, Buesseler KO, Behrenfeld MJ, Benitez-Nelson CR, Boss E, et al. 2016. Prediction of the export
and fate of global ocean net primary production: the EXPORTS Science Plan. Front. Mar. Sci. 3:22

Siegel DA, Buesseler KO, Doney SC, Sailley SF, Behrenfeld MJ, Boyd PW. 2014. Global assessment of ocean
carbon export by combining satellite observations and food-web models.Glob. Biogeochem. Cycles 28:181–
96
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