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Abstract Gelatinous zooplankton (GZ) have been proposed as a potentially important but largely
overlooked contributor to the biological carbon pump. However, estimates of GZ‐derived carbon transfer
efficiency to the ocean floor reflect uncertainties in key parameters that govern carbon export, leading to
contrasting interpretations of the role of GZ in the biological carbon pump. This study addresses key
simplifications in previous models, that is, constant sinking speed and mass‐depending decay, by introducing (a)
vertical sinking dynamically coupled to GZ biomass loss due to microbial decay and (b) a novel surface‐area‐
dependent formulation of GZ biomass degradation. Under these new assumptions, global GZ carbon exports
and transfer efficiencies are recomputed, capturing processes not considered in earlier models. While global GZ
export from the euphotic zone remains similar to previous estimates ( ∼3.8 PgC y− 1) , accounting for 39% of
the total global particulate organic carbon (POC) export, introducing a sinking speed coupled to GZ biomass
reduces GZ POC export to the seafloor by 14% (to 1.03 PgC y− 1). Adding the surface‐area based decay reduces
export to the seafloor by 43% (to 0.68 PgC y− 1). These results indicate that while GZ remains a major
contributor to carbon export from the euphotic zone, earlier models overestimated GZ contribution to deep‐
ocean carbon sequestration. Our modeling assumptions are generic and transferable to other types of sinking and
decaying particles and can be leveraged to improve estimates of POC export, thus advancing the understanding
of the mechanical aspects of the biological carbon pump.

Plain Language Summary Gelatinous zooplankton (GZ) or “jellyfish” may influence the biological
carbon pump through sinking of their fecal pellets and carcasses (i.e., GZ‐derived particulate organic carbon or
GZ‐POC) into the deep ocean. However, how much of GZ‐POC reaches the deep ocean remains uncertain, due
to differing estimates of global GZ biomass, assumed GZ‐POC sinking speeds and microbial degradation rates.
The present study links the sinking speed of GZ‐POC to its diminishing mass via degradation and assumes that
their decay depends on their surface area, not just their mass. This provides a more physically and biologically
realistic description of the process, because (microbial) degradation primarily occurs on exposed surfaces and
decay reduces particle size. Both effects slow down sinking and reduce the amount of deep ocean GZ‐POC
export. Under these new assumptions, the amount of GZ‐POC export that reaches the seafloor is up to 43%
smaller than quantified by earlier models, though still a sizable portion (34%) of total POC export. Our
framework can be transferred to other types of particles to improve estimates of global POC export and advances
the understanding of the biological carbon pump.

1. Introduction
The ocean exchanges approximately 100 Pg of CO2 per year with the atmosphere, while photosynthesis fixes
approximately 50 Pg of dissolved inorganic carbon into organic matter per year (Field et al., 1998; Le Quéré
et al., 2018). Following a chain of diverse biochemical reactions, this primary production ends up in a plethora of
carbon‐containing compounds stored in the biomass of different organisms, including gelatinous zooplankton. A
fraction (5 − 12 PgC y− 1) of this organic carbon is exported into the ocean's interior as particulate organic
matter either via sinking, down‐welling of surface waters (rich in dissolved organic matter) or active vertical
migration of organisms (Boyd et al., 2019; Henson et al., 2012; Herndl & Reinthaler, 2013; Iversen, 2023).
Through these processes, collectively termed the biological carbon pump, carbon can remain sequestered from the
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atmosphere for decades to centuries, depending on (biological) re‐mineralization and circulation dynamics,
affecting the global carbon cycle and ultimately, the global climate (Buesseler et al., 2020; Burd, 2024;
Iversen, 2023; Stukel & Ducklow, 2017).

However, estimates of particulate organic carbon (POC) and dissolved organic carbon (DOC) supply appear
insufficient to support the observed demands of deep‐sea organisms (Burd et al., 2010), indicating that key
processes and sources of organic matter sustaining microbial metabolism in the deep ocean remain to be iden-
tified. This mismatch suggests that either microbial metabolic rates are underestimated (Giering & Evans, 2022)
and/or important sources and pathways of organic (and inorganic) matter are not accounted for (Herndl
et al., 2023). These uncertainties limit the ability to mechanistically understand, model, and close the carbon
budget of the biological carbon pump (Berzaghi et al., 2025).

It has been suggested that gelatinous zooplankton (GZ)—including Medusozoa (Cnidaria), Ctenophora, and
pelagic tunicata (Thaliacea, Chordata)—which have been largely overlooked contributors to oceanic carbon
cycling, may represent one of the missing components linking surface‐derived production to deep‐sea microbial
carbon demand (Steinberg & Landry, 2017). Gelatinous zooplankton have likely been overlooked due to
methodological challenges, including poor capture by sediment traps, destruction by nets owing to their fragility,
and high spatial and temporal patchiness in their populations, all of which complicate quantitative assessments of
their carbon flux (Lebrato et al., 2012; Tinta et al., 2021).

GZ inhabit a wide range of marine ecosystems, occasionally forming large blooms with high biomass. Global‐
scale analyses combining microscopy‐based plankton imaging with molecular (eDNA) data from the Tara
Oceans expeditions indicate that gelatinous zooplankton can account for up to ∼30% of total plankton bio-
volume, corresponding to approximately 9% of plankton carbon (Lombard et al., 2024). At the global scale,
published estimates of gelatinous zooplankton biomass span a wide range, from 0.1 PgC to 3.1 PgC (Bar‐On
et al., 2018; Lucas et al., 2014; Luo et al., 2020; Wright et al., 2021).

Once GZ die off, their carcasses face different fates. They can be (a) consumed or fragmented by predators and
scavengers (Sweetman et al., 2014), (b) degraded by pelagic communities (macro‐ and micro‐organism) (Fadeev
et al., 2024; Tinta et al., 2020, 2023), (c) sink intact through the water column as “jelly falls” (Lebrato et al., 2011,
2013) and/or (d) be degraded by benthic communities once reaching the seafloor (Guy‐Haim et al., 2020;
Sweetman et al., 2014, 2016). The amount of GZ‐derived organic matter that reaches certain ocean depths de-
pends on several other factors, such as the initial biomass distribution of GZ, mortality rates, their specific density
and biochemical composition. Biomass of different GZ species differs in molecular composition (e.g., proteins,
lipids, carbohydrates, and structural compounds) and elemental stoichiometry, which governs microbial acces-
sibility and enzymatic degradation, and thus controls microbial remineralization rates and community compo-
sition as diverse microbes are equipped with distinct metabolic machinery (Boyd & Trull, 2007; Johnson
et al., 2020; Turner, 2015). There are several other factors to account for, such as the depth where GZ die off, the
predation and fragmentation rates, sinking speed, ambient seawater temperature and water column structure, as
well as the composition and functional capacity of the marine food web. All these factors determine the fate of
GZ‐carbon in the ocean, with many unknowns that need to be addressed to accurately incorporate GZ into the
ocean carbon budgets (Tinta et al., 2021).

Modeling efforts have highlighted substantial uncertainty in quantifying the contribution of GZ to particulate
organic carbon (POC) export and the biological carbon pump. Early approaches, where GZ were modeled
independently of ecosystem dynamics, estimated that they contribute 3.9 − 5.8 PgC y− 1 to the secondary pro-
duction in the epipelagic ocean (Luo et al., 2020), corresponding to 7.8 − 11.6% of the global marine primary
production (Field et al., 1998). Furthermore, GZ were found to represent 32 − 40% of the total global POC
export at 100 m (Luo et al., 2020), with high transfer efficiencies (Teff , i.e., the fraction of biomass reaching the
ocean floor) of up to 40% to the seafloor (Lebrato et al., 2019), indicating that they could represent some of the
most important contributors to carbon sequestration in the deep ocean. However, these estimates are based on a
relatively small number of studies (Lebrato et al., 2019; Luo et al., 2020), which mostly considered a scenario in
which GZ carcasses rapidly sink through the water column, while being subjected to degradation by different
pelagic organisms (Lebrato et al., 2013, 2019). These studies based their models on limited available data on
sinking speeds and microbial decay rates, which have led to substantial uncertainties in quantifying their actual
role in carbon export and sequestration (Tinta et al., 2021).
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More recent fully coupled ecosystem–biogeochemical models, where GZ are included as an additional func-
tional group within plankton food webs and constrained by surface nutrients, chlorophyll, and trophic structure,
however, consistently report lower GZ biomass and reduced or redistributed POC export. The first such attempt
was made by Wright et al. (2021), who studied the addition of cnidarians. They discovered that such an
addition increases total export production by 0.1 PgC y− 1, however, the value is still lower than that of
uncoupled models (Luo et al., 2020). Later, the inclusion of a tunicate functional group was studied by Luo
et al. (2022). This was followed by the addition of fast sinking tunicate groups (Clerc et al., 2023; Luo
et al., 2024), which found that these can disturb the system in a way that leads to a decrease in POC export to
the deep ocean. None of the above‐mentioned studies, however, have represented the full diversity of gelatinous
zooplankton together.

It is important to note that all of these models, uncoupled or coupled, used two important assumptions: firstly, that
the sinking speed is constant throughout the sinking process, and secondly, that the rate of mass decay is pro-
portional to the decaying particle mass. Both assumptions have their limitations and the goal of this paper is to
reach beyond them and to quantify the consequences.

The assumption of constant speed disregards the varying balance between weight, buoyancy and drag forces
acting on the sinking particle while it decays. In other words, diminishing mass continuously changes the forces
on the sinking particle, leading to a change in its sinking speed. Therefore, any type of mass decay will lead to a
change in sinking speed, which should be taken into account in any future attempt to model any type of sinking
particles in the presence of decay.

Furthermore, previous GZ modeling studies assumed that the rate of mass decay depends solely on the mass
itself—the larger the mass, the faster the decay. However, decay may depend at least partially on the surface
area of the sinking particle, rather than its mass. The argument for this is as follows. The fate of POC in the
ocean is largely governed by microbial degradation (Herndl & Reinthaler, 2013). The simplest modeling
description of this process treats the detritus as a bulk state variable, applying a constant degradation rate per
unit biomass, as implemented in many global models (Aumont et al., 2015; Kriest & Oschlies, 2015; Luo
et al., 2020; Yool et al., 2013). In contrast, particle‐resolved approaches model detritus as individual particles,
often as spheres (Alcolombri et al., 2021; Nguyen et al., 2022), whose mass decreases continuously through re‐
mineralization, with rates depending on particle biomass and composition (Alcolombri et al., 2021; Nguyen
et al., 2022; Omand et al., 2020). Microbes re‐mineralize sinking detrital particles by degrading complex
compounds with extracellular enzymes, acting on surfaces of the particles (Arnosti, 2011; Enke et al., 2018).
Thus, the particle surface area may play a more important role in enhancing biomass‐specific re‐mineralization
rates compared to conventional models, where re‐mineralization rates are set to be dependent on mass
(Anderson et al., 2023).

In this paper we formulate a model that links the particle's mass decay to its sinking speed, and we allow the rate of
decay to be dependent either on particle's mass or on its surface area. This is done by deriving and solving two new
models of GZ sinking, assuming all GZ have a spherical shape. As we later discuss, such an assumption leads to a
conservative estimation of the difference that these models contribute to further understanding GZ's role in deep‐
sea POC export. We recompute this export out of the euphotic zone, twilight zone and to the global ocean floor
using realistic, observation‐based initial estimates of surface GZ biomass distributions. By allowing an interplay
of sinking and decay processes, this approach represents a step toward a more conceptually appropriate frame-
work for describing the fate of sinking organic particles beyond gelatinous zooplankton.

2. Models of Sinking and Decaying GZ
2.1. Mass‐Dependent GZ Decay and Its Coupling to Sinking Speed

The previously proposed model for microbial decay of GZ (Lebrato et al., 2019) assumes that its rate of decay,
dm/dt, of the particle mass m is directly proportional to the mass itself,

dm
dt

= − km, (1)
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where k is an observed decay rate constant. Two temperature dependencies for k were inferred from observations
(Lebrato et al., 2019): an exponential dependence

kexp = 0.140 d− 1 exp (0.145 °C− 1T(z)) (2)

and a linear dependence

klin = 0.064 °C− 1 d− 1T(z) + 0.02 d− 1, (3)

where T is the ocean temperature, z is depth (in meters) and d stands for 1 day. An exponential decay rate is
expected from physiology, as many metabolic rates scale exponentially with temperature. In their study Luo
et al. (2020) used the exponential decay rate constant kexp from Lebrato et al. (2019) to estimate GZ carbon export
to the global ocean. This work by Luo et al. (2020) serves as a control experiment, which is replicated using the
model from this study under the same assumptions. The reproduction of the baseline results is done to ensure that
the model works correctly under the same assumptions. Results with exponential solutions are shown here, while
results following a linear decay rate klin are available in Figures S3–S6 of Supporting Information S1 of this paper.

In addition to the rate of change in biomass, carbon export estimation requires a model for the sinking speed. The
simplest approach is to use a constant speed with values reported in Lebrato et al. (2013). While this is a
reasonable approach in cold waters, where the decay is slow, it is less optimal in warmer moderate and tropical
oceans, where rapid decay of the particle's mass and volume lead to a change in the net forces acting on the sinking
particle. Hence, a sinking speed model, which captures this net‐force‐change, should be used. The force balance
for a spherical decaying particle sinking in a fluid is

− ρgzV
dw
dt

= − ρgzVg + ρocVg +
1
2
ρocCDπr2w2, (4)

where w denotes the vertical component of the sinking velocity, and the terms on the right hand side describe
gravity, buoyancy and drag force on the particle. CD is the drag coefficient, g is the gravitational acceleration,
while ρgz and ρoc denote GZ and oceans densities, respectively. The volume of a GZ particle can be expressed as

V = m/ρgz, while its radius is r = (3m/4πρgz)
1/3, assuming a spherical shape. Here, m stands for the mass of a

particle. Note that the spherical assumption is not always ideal, as GZ come in different shapes and sizes, which
have been shown to impact GZ sinking rates (Lebrato et al., 2013). However, introducing other shapes would
require experimental quantification of ρgz, r, CD and particle rotation, which is irrelevant in the spherical case.
Furthermore, contemporary uncertainties in other variables (e.g., initial sinking speed, microbial decay rates) are
likely far greater than the spherical‐body assumption. This is further discussed in Section 3.5.

Next, let's assume that the sinking particle reaches its terminal speed (where vertical acceleration becomes
negligible dw/dt ∼ 0) on a timescale much shorter than the decay timescale k− 1. The left hand side in Equation 4
can then be set to zero. This leads to

w(t) = [
8g
3CD

(
ρgz − ρoc
ρoc

)]

1/2

(
3

4πρgz
)

1/6

m1/6(t) = γm1/6(t), (5)

where the V(m) and r(m) dependencies mentioned above have been used and a constant parameter

γ = [
8g
3CD (

ρgz − ρoc
ρoc

)]
1/2

( 3
4πρgz

)
1/6

was introduced for brevity. Note, that γ is a constant factor whose value is weakly

constrained due to difficulties in measuring ρgz. Nevertheless, γ can easily be estimated from known initial sinking
speed w(0) = w0 and initial mass m(0) = m0. Inserting w0 and m0 into Equation 5, w(t) = γm1/6(t) leads to
w0 = γm1/6

0 and thus

γ =
w0

m1/6
0

. (6)
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Reinserting this expression of γ into Equation 5 leads to:

w(t) = w0 (
m(t)
m0

)

1/6

. (7)

In other words, the need to quantify parameters ρgz and CD was sidestepped, by making use of initial conditions
(mass and sinking speed), which have previously been reported (Lebrato et al., 2013; Luo et al., 2020). The full
dynamics of microbial decay of GZ is therefore described by a coupled set of ordinary non‐linear differential
equations

d
dt
[
z

m
] =

⎡

⎢
⎣
− w0(m/m0)

1/6

− km

⎤

⎥
⎦, (8)

where k = k(T(z(t))). The minus sign in front of w0 is reintroduced since the z‐axis is pointing upwards and
negative dz/dt implies sinking. In essence, there exists a nonlinear positive feedback loop between mass m and
sinking speed w. Mass decay causes slower sinking, which in turn retains the particle higher in the water column
where the water is typically warmer, causing greater re‐mineralization and thus a more efficient mass decay.

2.2. Surface Area‐Dependent GZ Decay

It is, however, not obvious that mass decay should be proportional exclusively to the mass of the particle. Decay
of GZ‐derived organic matter is largely driven by microbes colonizing particle surfaces, suggesting that the decay
of GZ‐derived particles is proportional primarily to their surface area. This parallels the well‐established dy-
namics of marine snow particles, where particle shape, surface area, and fragmentation strongly regulate mi-
crobial breakdown (Burd & Jackson, 2009). GZ carcasses and fecal pellets can be viewed as large, short‐lived
marine snow particles, subject to similar surface‐mediated microbial processes. In the lowest order, the rela-
tionship between the mass decay rate and particle surface area S can be a simple proportionality:

dm
dt

= − λS. (9)

Note that the decay rate constant λ is fundamentally different from k, measured in Lebrato et al. (2019): while k
describes mass decay rate per unit mass, λ describes mass decay rate per unit surface area. Therefore, a unit
rescaling of k is required before one can use observations of k from Lebrato et al. (2019) in estimates of λ:

λ = k
m0

4πr20
. (10)

This rescaling not only ensures the correct units, but also makes sure that the initial rate of mass decay dm/ dt is
equal to the observed value − km0 in both cases, regardless of whether one describes the decay to be mass or
surface area dependent. In other words, Equation 10 translates the measurements of GZ decay (Lebrato
et al., 2019) frommass dependent k to surface dependent λ. After starting from the same (observed) initial value of
decay rate, both decay rate constants (k and λ) and decay processes begin to differ as is derived below.

As in Section 2.1, a spherical approximation is assumed, hence the surface area can be expressed as a function of
mass:

S = 4πr2 = 4π(
3m
4πρgz

)

2/3

= 4π(
mr30
m0

)

2/3

. (11)

Equation 9 can then be rewritten to
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dm
dt

= − 4πλr20 (
m
m0

)

2/3

. (12)

Expressing λ again in terms of k using Equation 10, yields

dm
dt

= − k(t)m2/3m1/3
0 . (13)

Thus, the full set of dynamical equations is again a coupled set of ordinary differential equations

d
dt
[
z

m
] =

⎡

⎢
⎣
− w0(m/m0)

1/6

− k(t)m2/3m1/3
0

⎤

⎥
⎦. (14)

Note that no changes were made to the sinking speed equation, as the form of the force balance Equation 4 re-
mains unchanged by any choice of microbial decay. The surface area‐dependent mass decay equation
dm/dt = − k m2/3m1/3

0 however differs from its mass‐dependent version dm/dt = − k m = − k m2/3m1/3. Since
the initial mass m0 is always larger or equal tom, one can intuitively expect that the surface area‐dependent decay
Equation 14 is always faster than the mass‐dependent decay Equation 8 and will always result in a lower carbon
export. A stricter formal proof of this claim is shown in Text S3 of Supporting Information S1. All modeling
setups described in this section are summed up in Table 1.

Note, that Equation 14 no longer contains any terms dependent on particle size due to the unit rescaling in
Equation 10. In other words, since the particle size has been expressed with its mass, the size itself no longer plays
a direct role in its vertical mass transport and decay—not because size would be irrelevant, but because mass can
serve as its proxy. This is a direct consequence of the spherical particle assumption and would not hold for a
general particle shape (see Section 3.5). One can therefore apply biomass initial conditions and compute vertical
carbon export using a single particle of appropriate mass, rather than an ensemble of many particles of different
sizes. For a formal proof of this argument see Text S4 in Supporting Information S1. This subtle fact will greatly
reduce the numerical cost of the computation of global carbon export.

Different setups generally lead to differing total global carbon export estimates. One of the relevant aggregate
measures used in this study is the total global GZ POC exportMC(z) (in units PgC y− 1) at depth z. This number is
obtained as the area‐weighted sum of the carbon fluxes ϕC (in units g Cm− 2 y− 1) at depth z over all ocean cell
longitudes i and latitudes j:

MC(z) = ∑
i,j
ϕC(i, j, z)S(i, j), (15)

Table 1
Summary of Implemented Modeling Setups With Respect to Sinking Speed and Mass Decay Type

Setup name Sinking speed Mass decay type Model equations

CSMD (Constant Speed, Mass Dependent) Constant Mass dependent d
dt[

z

m
] = [

− w0

− k(t)m
]

VSMD (Variable Speed, Mass Dependent) Variable Mass‐dependent d
dt
[
z

m
] =

⎡

⎢
⎣
− w0(m/m0)

1/6

− k(t)m

⎤

⎥
⎦

VSAD (Variable Speed, Area Dependent) Variable Surface area‐dependent d
dt
[
z

m
] =

⎡

⎢
⎣
− w0(m/m0)

1/6

− k(t)m2/3m1/3
0

⎤

⎥
⎦
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where S(i, j) denotes the area of the cell with longitude i and latitude j and ϕC(i, j, z) denotes the value of carbon
flux (in units g Cm− 2 y− 1) at depth z at location (i, j), calculated within a particular modeling setup.

2.3. CarbonDrift Module and Relevant Ocean Data Sets

To solve equations corresponding to the modeling setups from Table 1 a new Lagrangian tracking python
module CarbonDrift has been developed (available at https://doi.org/10.5281/zenodo.15387010), which is
integrated into a well known open‐source Lagrangian modeling environment OpenDrift (Dagestad
et al., 2018). CarbonDrift was written to be a subclass of the OceanDrift object in OpenDrift, which
tracks ocean fluid parcels by time integration of parcel locations in a precomputed 3D velocity field from a
numerical ocean model. In this study velocity fields are obtained from a Copernicus global ocean current
climatology product (E.U. Copernicus Marine Service (CMEMS), 2023, global‐reanalysis‐phy‐001‐030‐
monthly‐climatology). CarbonDrift thus models the vertical dynamics either by the use of Equation 8 or
Equation 14, while inheriting capabilities of horizontal advection from OpenDrift. In addition to velocity
fields, CarbonDrift takes additional inputs of 3D temperature fields from the NOAAWorld Ocean Atlas 2018
(Boyer et al., 2018; Locarnini et al., 2018) and ETOPO bathymetry (NOAA National Centers for Environmental
Information, 2022). In this work, all the fields are remapped to a 1° grid resolution using climate‐data‐operators
CDO utility (Schulzweida, 2023).

In terms of advection, no relevant impact on the modeled total carbon export was found. The reason for this lies in
the sinking dynamics, where the logic from 2D projectile motion can be applied. There, the maximum distance of
a projectile scales with the time‐of‐flight. The latter is determined by the height and initial vertical velocity.
Similarly, for a particle sinking in a fluid, its horizontal displacement is proportional to its sinking time, which is
in turn inversely proportional to its initial sinking speed. Therefore, only the fecal pellets of Cnidaria and Cte-
nophora phyla with initial sinking speeds of 100m d− 1 (see Table 2) traverse horizontal distances larger than
50 km (not shown). However, these particles are also subject to faster decay (due to their longer residence in the
warmer surface layer), therefore, their total flux contributions to the deep ocean are small. On the other hand,
other GZ particles, sinking faster than 100md− 1, generally traverse less than 10 km horizontally during sinking
(not shown) and typically remain within the same ocean cell with the same ocean temperature. Therefore, in
Section 3 only simulations in the absence of any horizontal advection with ocean currents are presented.

2.4. Initial Conditions

GZ carbon content estimates in the ocean surface layer are taken from Luo et al. (2020), where specific values
were computed using a bioenergetics model

dB
dt

= n[(AE ⋅ I) − R − RL − E − Pr] − M (16)

for each of the ocean biomes. Here n is the number density, AE the assimilation efficiency, I is prey ingestion, R is
respiration, RL loss due to reproduction, E exudation, Pr is predation and M is the mortality rate. The last term
together with egestion rate

Table 2
Initial Conditions for Sinking Speed and Exit Depths per Phylum's Carcasses (Mortality) and Fecal Pellets (Egestion), Taken
From Luo et al. (2020)

Phylum Particle type w0 [md− 1] Exit depth [m]

Cnidaria Mortality 1,100 20

Egestion 100 20

Ctenophora Mortality 900 20

Egestion 100 20

Chordata Mortality 1,000 50

Egestion 700 50
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Eg = n(1 − AE) ⋅ I, (17)

vertically integrated over the top 200 m, was computed as the export‐available carbon content. Their mean
baseline values (see Luo_M_Eg_biome_data.json in the supplementary data of https://doi.org/10.5281/zenodo.
15387010) are used as initial POC export in this study as well.

The biomes in this study are defined following Luo et al. (2020), based on chlorophyll levels from NASA's
SeaWiFS mission (NASA Ocean Biology Processing Group, 2025), maximum annual mixed layer depths (de
Boyer Montégut, 2023; de Boyer Montégut et al., 2004) and ocean depth. Four biomes are thus constructed: (a)
high‐chlorophyll permanently stratified (HCPS), (b) high‐chlorophyll seasonally stratified (HCSS), (c) low
chlorophyll (LC) and (d) a coastal biome (COAST). Carbon content in each grid cell is calculated for each biome
separately from in situ observations of GZ abundance and biomass (Figure 1, black dots) as in Luo et al. (2020).
The observations are mostly retrieved from the JeDI database (Condon et al., 2015; Lucas et al., 2014). Available
records of GZ occurrence, size, and wet weight are converted to carbon content using established conversion
factors. The resulting initial carbon flux is distributed uniformly within each biome (see Text S1 of Supporting
Information S1), such that biome‐specific values inherently reflect features such as large coastal blooms present
in the underlying observations.

Initial sinking speeds are simply the mean values used in Luo et al. (2020), and so are the exit depths of different
phyla and their corresponding mortality and egestion rates (see Table 2). This close adherence to Luo et al. (2020)

Figure 1. Colored regions depict the total initial GZ carbon flux, consistent with Luo et al. (2020), defined as the sum of mortalityM and egestion Eg rates of the three
major GZ phyla per unit area, calculated from observation‐based estimates of GZ abundance and biomass measured at sites marked by black dots, as in Luo et al. (2020),
mostly retrieved from the JeDI database (Condon et al., 2015; Lucas et al., 2014). White regions denote areas where insufficient data were available for biome
construction. Three overlaid markers indicate selected sinking locations, where vertical sinking dynamics are explicitly studied in this paper.
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is chosen to show that CarbonDrift can successfully reproduce results from Luo et al. (2020) by solving the
system of Equation 8 with a constant sinking speed, corresponding to a CSMD setup in Table 1.

Variable sinking speed simulations, that is, time integration of systems Equations 8 and 14, are performed within
CarbonDrift using the second order Runge‐Kutta method, with a time step of 30min and an output time‐step
of 1 h for initial vertical speeds w0 > 100md− 1, or with an output timestep of 4 h for initial vertical speed
w0 = 100md− 1. The simulations are performed separately for each phylum and their corresponding mortality
and egestion rates, which are then aggregated together during analysis.

3. Results and Discussion
Results presented in this paper are based on the initial GZ biomass estimates from Luo et al. (2020). The values of
carbon export from their study serve as a control experiment, which have been reproduced independently using
Carbondrift and their assumptions regarding constant sinking speed, initial biomass distribution (shown in
Figure 1) and applying the same decay rates. These simulations, corresponding to the constant speed mass‐
dependent (CSMD) setup, result in the largest carbon export to the ocean floor since a particle's sinking speed
is independent from its size and remains constant as it decays. Total global GZ POC export (sum of POC stored in
fecal pellets and carcasses, in PgC y− 1) under this scenario amounts to 3.90 PgC y− 1 at 100 m, 1.84 PgC y− 1 at
1,000 m and 1.20 PgC y− 1 at the ocean floor. More information about these control simulations is available in the
Text S2 and Table S1 of Supporting Information S1.

Section 3.1 contains comparisons of the CSMD setup with variable speed, mass‐dependent (VSMD) and surface
area‐dependent (VSAD) setups. Incorporating variable sinking speed reduces total global GZ POC export to the
ocean floor by 14%, to 1.03 PgC y− 1. This is an expected effect of the non‐linear coupling between sinking speed
and mass: as the particle decays, its sinking speed drops, thus it is retained in warmer layers of the oceans longer,
leading to a faster decay and, in turn, further deceleration. Adding surface area‐dependent decay to the variable
sinking speed setup increases the mass decay (Section 2.2). This reduces the total global GZ POC export to the
ocean floor by 43%, to 0.68 PgC y− 1.

Note that the values presented here are not associated with any uncertainty range. This is not because the un-
certainty of these estimates would be zero, but rather, because the modeling additions in this study do not
introduce any new uncertainties. They are simply carried over and appropriately scaled from Luo et al. (2020).
The reductions following the new equations are exact, however, the uncertainties stemming from the initial export
production distribution and measured sinking speeds stay the same. Further experimental work will likely reduce
the uncertainties in export production and initial sinking speeds.

3.1. POC Flux Comparison Between Setups

The total global GZ‐POC flux (in g Cm− 2 y− 1) to different depths for the three modeling setups, that is, constant
and variable sinking speed mass‐dependent decay (CSMD and VSMD, respectively) and variable sinking speed
surface area‐dependent decay (VSAD) modeling setups is shown in Figure 2. As expected, in all setups the initial
GZ POC export production determines the global GZ‐POC export in the epipelagic ocean, corresponding to the
largest POC export in the tropical regions of the Atlantic and Pacific, but also in the northern Indian ocean. In all
setups, ocean temperatures lead to a rich spatial structure of GZ‐POC export within each biome, even though the
biome itself is initially populated with a constant spatial export production surface density.Meridional gradients in
carbon export at each depth in Figure 2 therefore reflect meridional temperature gradients in the global ocean. In all
modeling setups the largest flux reduction during the sinking process happens in thewarm tropical oceans.Here, the
flux is 7 − 19 gCm− 2 y− 1 at 100 m depth and 1 − 3 gCm− 2 y− 1 at the seafloor. In contrast, some regions in the
polar and/or shallow water oceans retain much of their initial POC export down to the seafloor.

Explicit differences between constant and variable sinking speed and between mass and surface area‐dependent
decay rates are shown in Figure 3. When compared to the CSMD setup, the VSAD setup leads to lower POC
fluxes than VSMD. At the depth of 100m local fluxes are reduced up to 2.5 gCm− 2 y− 1 compared to CSMD,
whereas in the deep ocean these differences can add up to 4 gCm− 2 y− 1. The largest differences occur at low
latitudes, which is expected, since the difference scales with ocean temperature, as derived in the Text S3 of
Supporting Information S1. This is further supported visually (Figure S9 of Supporting Information S1), by
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computing the GZ POC flux difference between the VSMD and VSAD models. There, assuming a surface area‐
dependent decay, local fluxes to the seafloor are reduced up to 3 gCm− 2 y− 1 and roughly 1 gCm− 2 y− 1 at lower
and temperate latitudes, respectively. For a comparison of zonal averages of GZ‐POC fluxes between different
model setups see Text S6 and Figure S2 in Supporting Information S1.

Variable sinking speed (VSMD setup) implies a reduction in sinking speed (in comparison to constant sinking
speed setup) and hence in the POC flux. This effect is not apparent at the ocean surface but becomes more notable
at greater depths in the tropical and temperate ocean, as shown in Figure 3. This is expected since sinking speeds
decrease relatively slowly (on k− 1 timescale) and this effect takes time to accumulate over the entire sinking
process.

3.2. Vertical Profiles for a Variable Speed Mass‐Dependent Decay Setup

The vertical profile of mass decay is determined by the initial sinking speed as seen in Figure 4. Here, the variable
speed mass decay (VSMD) setup for all major phyla, Cnidaria, Chordata and Ctenophora, characterized by
different sinking speeds of their carcasses (M) as well as of their fecal pellets (Eg) is shown. The plots are shown
for the Mid‐Atlantic, Arctic and Western Mediterranean locations. These locations were chosen because they
exhibit a vast range of sinking dynamics due to varying vertical temperature profiles. As expected, all locations
exhibit the fastest decay of egested particles (i.e., fecal matter production) from Ctenophora and Cnidaria, which
have the lowest initial sinking speed and therefore spend more time in a warmer upper ocean. In the Mid‐Atlantic
and Western Mediterranean no egested mass remains below 500 m depth. In contrast, 15 − 25% of other

Figure 2. Total GZ POC flux at depths of 100 m (top row), 1,000 m (center row) and at the seafloor (bottom row) using an exponential decay rate. Left column: Mass‐
dependent decay model with a constant sinking speed (CSMD). Center column: Mass‐dependent decay model with a variable sinking speed (VSMD). Right column:
Surface area‐dependent decay model with a variable sinking speed (VSAD).
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decaying particles reach the bathypelagic zone (below 1,000 m depth) in the Mid‐Atlantic and 25 − 35% of them
reach the bathypelagic zone in theWesternMediterranean. In the Arctic ocean about 25% of the egested mass and
roughly 80% of the total carcass mass reach the bathypelagic zone.

Constant sinking speed would produce straight lines in the plot of vertical trajectories (Figure 4). The effect of
variable sinking speed is most pronounced for the slowest (egested) particles in a warmer Atlantic ocean, where
the curve quickly flattens, that is, the particles reach a much shallower depth. The speed of sinking carcasses is,
however, mildly reduced only after a substantial proportion of their entire sinking process (below 1,000 m depth).

Figure 3. Total GZ POC flux difference between different model types at depths of 100 m (top row), 1,000 m (center row) and at the seafloor (bottom row) using an
exponential decay rate. Left column: VSMD versus CSMD setup difference. Right column: VSAD versus CSMD difference. See Table 1 for setup definitions.
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This effect is most notable for Ctenophora carcasses, since these have the lowest initial sinking speed of the three
phyla (see Table 2). Note, however, that the sinking speed in the Arctic remains almost constant (the trajectories
are almost straight lines) for all carcasses and egested particles due to low temperatures and a very slow decay.
Global maps of final sinking speeds for both variable sinking speed models are available in the Text S7; Figures
S7 and S8 of Supporting Information S1. Finally, note that relative mass and trajectories of egested particles from
the Cnidaria and Ctenophora phyla are exactly the same. This is a reminder that vertical sinking speed depends
only on the relative mass ratio and is thus the same for all organic particles with equal initial sinking speeds.

Comparing the sinking of a specific organic particle (Chordata fecal pellets) at the same specific locations be-
tween the three models (CSMD, VSMD and VSAD), leads to a similar conclusion as before. In a warmer ocean,
clear differences arise in the trajectories and in the vertical profiles of the egested mass, whereas in the Arctic they
are barely noticeable (see Text S5 and Figure S1 in Supporting Information S1).

Figure 4. Fraction of mass attenuation with depth (top row) and vertical particle trajectories (bottom row) for particles with
different initial vertical speeds at different locations (see Figure 1). Solutions for the mass‐dependent—exponential decay
rate with a variable sinking speed (VSMD) model are shown. Solid lines represent GZ carcasses (marked as mortality M),
whereas dashed lines represent their fecal pellets (marked as egestion Eg). Orange lines represent the Cnidaria phylum, purple
lines represent the Ctenophora phylum, whereas blue lines represent the Chordata phylum. Thick gray dotted lines show the
Martin curve (Martin et al., 1987) with the slope parameter set to b = 0.86 and the reference (exit) depth z0 = 100m.
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3.3. Total Global Gelatinous Zooplankton POC Export

Total global GZ POC exportMC(z), defined by Equation 15, is computed for all setups at different depths z, and
shown in Figure 5.

Recall that previous estimates, that is, from the constant sinking speed mass decay (CSMD) setup, were
3.90 PgC y− 1, 1.84 PgC y− 1 and 1.20 PgC y− 1 at depths of 100, 1,000 m and at the seafloor, respectively. These
values are clearly reduced in the variable sinking speed mass‐dependent and surface area‐dependent decay
(VSMD and VSAD, respectively) setups (Figure 5). Within the VSMD setup, total GZ POC export at depths of
100, 1,000 m and at the seafloor is computed to be 3.86 PgC y− 1, 1.71 PgC y− 1 and 1.03 PgC y− 1, respectively.
At the ocean floor, this amounts to a 14% reduction with respect to the CSMD setup. For the VSAD model these
values are 3.75 PgC y− 1 at 100m, 1.38 PgC y− 1 at 1000m and 0.68 PgC y− 1 at the seafloor. Combining surface
area dependence of decay and variable sinking speed thus reduces total carbon export to the seafloor by 43%.

As mentioned above, several attempts have been made to determine the role of GZ in the biological carbon pump
using biogeochemical models with an explicit GZ component and CMSD. Focusing on the study of tunicata
(Chordata) export by Clerc et al. (2023), they showed that 0.43 PgC y− 1, 0.42 PgC y− 1 and 0.39 PgC y− 1 reach
the depths of 100m, 1000m and the seafloor, respectively. This is much less than the CSMD control in this study,
which resulted in 3.07 PgC y− 1, 1.47 PgC y− 1 and 0.92 PgC y− 1, respectively. The difference is mostly due to the
altered modeling of GZ (biogeochemical model vs. static observations‐based distribution) and the use of different
initial sinking speeds for tunicata carcasses (800m d− 1 vs 1000md− 1) and their fecal pellets (1000m d− 1 vs
700m d− 1). The VSAD model from this study leads to a reduced 2.98 PgC y− 1, 1.09 PgC y− 1 and 0.49 PgC y− 1

compared to the CSMD control, respectively. These estimates are, however, still considerably higher compared to
Clerc et al. (2023). Nevertheless, using the VSAD (or VSMD) setup in Clerc et al. (2023), would reduce their
estimates even further. Other phylum specific POC export values at depth are available in Table S2 of Supporting
Information S1.

The total global estimate of POC export based on currently quantified and known carbon sources to the depth of
100m ranges from 5 − 12 PgC y− 1 (Clements et al., 2023; DeVries & Weber, 2017; Henson et al., 2011;
Nowicki et al., 2022; Siegel et al., 2014). Because the models in this study use the mean initial GZ export
production estimates from Luo et al. (2020), their outputs should be compared to mean estimates of the total
global POC export. Therefore, taking a mean value of 10 PgC y− 1 (Middelburg, 2019), GZ‐POC export in the
case of CSMD accounts for 39% of the total global POC export. In the case of the VSMD model, the value is
practically the same at 38.6%, whereas in the VSAD model it is only slightly reduced to 37.5%. However, at the

Figure 5. Left (red) axis: total global sum of carbon mass transport (red bars). Right (blue) axis: transfer efficiency Teff , that
is, the fraction of biomass reaching the ocean floor (blue bars) comparison between different models using an exponential
decay rate.
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seafloor, where the total global POC export estimate is 2 PgC y− 1 (Middelburg, 2019), the differences become
more apparent. In the CSMD model, GZ‐POC export accounts for 60% of the total POC export. In the VSMD
setup this value is reduced to 52%, whereas using the VSAD setup, GZ‐POC accounts for only 34% of the total
POC export to the seafloor. Nevertheless, this remains a large portion of the total POC export.

The right hand blue axis in Figure 5 shows the GZ POC transfer efficiencies (Teff) , that is, the percentage of the
total global sum of GZ POC export at either 1000m or at the seafloor with respect to the total GZ POC export at
100m. At the depth of 1000m the transfer efficiency decreases from 47% (obtained using mass decay and
constant sinking speed) to either 44% (mass decay and variable speed) or even 37% (surface‐area decay and
variable speed). Similarly, at the seafloor, transfer efficiencies amount to 31%, 27% and 18% using mass decay
with constant sinking speed, mass decay with variable sinking speed and surface‐area decay with variable sinking
speed, respectively.

3.4. GZ‐POC Export per Biome

Next to the initial sinking speed, temperature, through its impact on decay, determines the transfer efficiency of
GZ. As it greatly varies between the four biomes, it is of interest to study GZ‐POC export in each region
separately (Figure 6). In the high chlorophyll seasonally stratified (HCSS) biome (i.e., mid to high latitude ocean),
the constant sinking speed mass‐dependent decay (CSMD) results in a 0.46 PgC y− 1 of GZ‐POC export to the
ocean floor. In contrast, the variable sinking speed mass‐dependent decay (VSMD) export amounts to
0.42 PgC y− 1. Therefore the VSMD setup reduces GZ‐POC export by 9%. Similarly, the export in variable
sinking speed surface area‐dependent decay (VSAD) of 0.32 PgC y− 1 leads to a 30% reduction in GZ‐POC
export with respect to the CSMD setup in the HCSS biome.

In the high chlorophyll permanently stratified (HCPS) biome (mostly tropical ocean), these reductions in com-
parison to the CSMD setup are even more pronounced. Here, the VSMD setup reduces GZ‐POC export by 22%,

Figure 6. Relative contributions of different GZ‐derived particles (egested particles and carcasses) to the total seafloor GZ‐
POCexport in each biome. The first column in each group shows the particle decomposition for a constant sinking speedmass‐
dependent decay (CSMD). Similarly, the second and third columns show the decomposition for a variable sinking speedmass‐
(VSMD) and surface area‐dependent decay (VSAD), respectively. Dark blue bars correspond to egested Cnidaria particles,
orange bars toCnidaria carcasses, green and red bars to egestedCtenophora andChordata particles, respectively, whereas gray
and light blue bars depict Ctenophora and Chordata carcasses, respectively. The values above each stacked bar correspond to
the total GZ‐POC export in a given biome for eachmodel in PgC y− 1. HCSS stands for high chlorophyll seasonally stratified,
LC for low chlorophyll, HCPS for high chlorophyll permanently stratified and COAST for the coastal biome.
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while the VSAD setup leads to a 66% reduction in GZ‐POC export. In the coastal ocean (COAST biome) the
reduction is insignificant (<1%) due to shorter sinking times.

Furthermore, notice the importance of initial sinking speed for the transfer efficiency: the relative contribution of
the fastest sinking Cnidaria and Chordata carcasses (light blue and orange bars in Figure 6) increases in the
VSMD model in comparison to the CSMD setup. This is especially true in the warmer ocean HCPS and low
chlorophyll (LC) biomes. In the HCSS biome smaller differences in relative contributions occur, whereas in the
coastal biome, they vanish completely.

3.5. Extending Beyond the Current Application

As shown, a coupling between the particle's sinking speed and mass decay, which is dependent on its surface area,
greatly decreases export of GZ‐POC to the deep sea (Figures 3 and 5). The model equations in this paper were
derived for a spherical particle shape, because this allowed for a particularly elegant mathematical formulation of
the problem. Specifically, several questionable parameter quantifications were avoided, which had perhaps
discouraged previous studies in implementing the model novelties presented here. However, the fact that
gelatinous zooplankton exhibit a wide range of morphologies (e.g., oblate medusae, elongated ctenophores, and
chain‐forming tunicates) does not weaken these novelties. Whatever the particle's shape, its sinking speed must be
coupled to its mass decay, that is, equations for sinking and decay must be solved simultaneously and in relation to
each other. For non‐spherical particles, the full Equation 4 would have to be taken into account. Furthermore, as
their size decreases, some particles may shift from the quadratic drag law to the intermediate drag regime (Ploug
et al., 2008). Introduction of an intermediate drag regime would increase the drag force at low sinking speeds and
likely lead to further reductions in GZ‐POC export. This would however require a quantification of several other
parameters like the drag coefficient, particle density, characteristic length, and others. Therefore, if a constant
sinking speed model is thought of as a zero order model, which works well in cold oceans where decay is slow, the
coupling here can be seen as a first order correction term. Further corrections, mentioned above, are of course
needed to provide an ever better physical description of particle sinking, which can be built on the mathematics
presented in this paper.

In addition, if the particle's decay is a result of a process occurring on its surface, than the modeling should be
based on a surface‐area‐dependent decay. Whatever the particle shape is, a surface area based decay will always
lead to a faster decay than a mass dependent decay. Moreover, for a spherical particle, this effect is the weakest of
all shapes, because a sphere has the smallest surface‐to‐volume ratio. Any realistic shape of GZ would therefore
lead to a surface‐based decay that is faster than a spherical GZ shape. This same reasoning applies to other non‐
gelatinous particles as well.

This study used initial GZ‐POC export production estimates from Luo et al. (2020), to show the effect of the
modeling novelties in isolation from other feedback systems. Nevertheless, the VSAD model should be incor-
porated into fully coupled ecosystem‐biogeochemical models that include GZ embedded within plankton food
webs, constrained by ambient physical, chemical and biological factors (Clerc et al., 2023; Luo et al., 2022, 2024;
Wright et al., 2021). As noted in Clerc et al. (2023), one of the greatest sources of uncertainty is the transfer
efficiency, which is among other parameters dependent on the sinking speed. Therefore, the addition of a VSMD
or VSAD model should help decrease these uncertainties in future studies. In addition, efforts should be made to
more accurately measure sinking speeds of different GZ‐POC types, as previously stressed (Tinta et al., 2021).

The precision of models that describe the contributions of gelatinous zooplankton to the biological carbon pump is
fundamentally constrained by the scarcity of existing observations. While recent progress has been made with in
situ imaging systems (Greer et al., 2023), spatial and temporal coverage remains limited.Global syntheses based on
the JellyfishDatabase Initiative (Condon et al., 2015; Lucas et al., 2014) and analysis byLebrato et al. (2019) reveal
that gelatinous zooplankton observations are highly uneven and clustered, with vast regions of the ocean lacking
any data. Large‐scale expeditions such as Tara Oceans have substantially advanced global plankton character-
ization using combined imaging and molecular approaches, but sampling is limited to fewer than 250 discrete
stations worldwide, largely confined to the upper 500 m, and therefore represents only a very small fraction of the
ocean volume (Lombard et al., 2024). In contrast, detailed knowledge of gelatinous zooplankton population dy-
namics and vertical distribution primarily comes from a small number of long‐term, regionally focused obser-
vatories, notably the MBARI midwater time‐series in the northeast Pacific (e.g., Haddock & Choy, 2024; Katija
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et al., 2017) and sustained observation programs in Japanese waters (e.g., Lindsay et al., 2008; Lindsay &
Hunt, 2005). And yet, these organisms have been recorded in all major oceanic habitats, includingmesopelagic and
bathypelagic zones, which indicates high adaptability and importance in marine ecosystems, suggesting that a
global effort should be made to expand sampling to capture the spatial and temporal variability of these organisms.
This would improve current models and provide a better understanding of their role in the biological carbon pump.

4. Conclusions and Future Directions
Constraints on mesopelagic and deep‐ocean export remain weak, particularly regarding the fate of rapidly sinking
organic particles, which motivates the development of improved representations of these particles. This study
presents two novelties in modeling of particulate organic carbon (POC) export into the deep ocean. The first
modification consists of replacing the assumption of constant sinking speed with a coupled model, where the
change in the decaying particle's mass impacts its sinking speed. The second modification is the introduction of a
surface area‐dependent mass decay, which reflects the fact that microbial degradation occurs primarily on the
surface of the organic particle. Gelatinous zooplankton, proposed as a potentially important, but largely over-
looked, contributor to the POC export in the global ocean via its sinking egested particles and carcasses (GZ‐
POC), were used as a validation case. Results of the model from this study show, that while GZ‐POC remains a
major contributor to POC export from the euphotic zone, earlier models overestimated GZ‐POC contribution to
deep‐ocean carbon sequestration.

We propose that advancing model representations of sinking organic particles, including variable‐speed and
surface area‐dependent decay schemes, may be key steps toward more accurate modeling of global POC export in
the future. The latter is expected to play an important role in models, which incorporate particle fragmentation (e.
g., Anderson et al., 2023), where—unlike mass—the total sum of the surface area of fragmented particles in-
creases with time. Fragmentation of GZ carcasses during sinking, particularly during turbulent conditions in the
upper mixed layer (as previously reported for different size‐range particles in the ocean, Briggs et al., 2020) may
strongly alter GZ‐POC export, especially for fragile species. Fragmentation (and scavenging) would generate
particles of varying sizes, thereby modifying sinking rates, microbial remineralization, and transfer to higher
trophic levels or solubilization to dissolved organic matter (Tinta et al., 2021). Hence, efforts should be made to
measure fragmentation rates of different types of GZ‐particles. In addition, the results from this study revealed the
importance of ambient seawater temperature for the fate of organic sinking particles, hence dynamical models
should be better constrained by new estimates of temperature dependence of particle decay rates over wider
temperature ranges. In the case of GZ‐derived particles, sinking speed measurements should be performed for a
larger number of GZ species and sizes and along a larger depth range. Above all, the demonstrated transfer ef-
ficiency of GZ‐derived POC highlights the need for improved characterization of the global GZ spatio‐temporal
distribution, including the deep sea. Altogether, this study highlights several knowledge gaps that need to be filled
to better understand the contribution of gelatinous zooplankton to global POC export and hence the biological
carbon pump.
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