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Abstract Each year, the biological carbon pump (BCP) transports large quantities of carbon from the ocean
surface to the interior. The efficiency of this transfer varies geographically, and is a key determinant of the
atmosphere‐ocean carbon dioxide balance. Traditionally, the attention has been focused on explaining perceived
geographical variations in this transfer efficiency (TE) in an attempt to understand it, an approach that has led to
conflicting results. Here we combine observations and modeling to show that the spatial variability in TE can
instead be explained by the seasonal variability in carbon flux attenuation. We also show that seasonality can
explain the contrast between known global estimates of TE, due to differences in the date and duration of
sampling. Our results suggest caution in the mechanistic interpretation of annual‐mean patterns in TE and
demonstrates that seasonally and spatially resolved data sets and models might be required to generate accurate
evaluations of the BCP.

Plain Language Summary Each year, marine phytoplankton convert carbon dioxide into millions of
tonnes of organic carbon with a fraction of it reaching the deep ocean, where it can remain for hundreds of years.
The efficiency of this surface‐to‐depth carbon transfer is therefore a key determinant of the atmosphere‐ocean
carbon dioxide balance. However, the variability of this transfer efficiency (TE) and its underlying causes are
poorly understood, to the extent that different studies report contradicting results. We show that the existence of
seasonal variability in the attenuation of sinking carbon particles can explain the observed spatial variability in
annual TE and reconcile with the literature. Our findings suggest caution in interpreting results from sparse but
time‐varying data sets, highlighting that seasonal variability should be considered when studying the oceanic
carbon cycle.

1. Introduction
The biological carbon pump (BCP) plays a crucial role in the ocean's carbon cycle by removing large quantities of
carbon dioxide (CO2) from the surface ocean to the deep interior (Volk & Hoffert, 2013). In this process, marine
phytoplankton assimilate dissolved CO2 in the sunlit, upper ocean to produce around 50 Pg of organic carbon per
year (Lima et al., 2014). While most organic carbon production is quickly respired back into inorganic carbon,
about 10%–20% is “exported” into the mesopelagic ocean (100–1,000 m) as particulate organic carbon (POC), or
detritus (Saba et al., 2021). Eventually, part of this POC reaches the deep, bathypelagic ocean (below 1,000 m),
where it may remain for hundreds of years (DeVries et al., 2012) before returning to the surface ocean as dissolved
inorganic carbon. Through this process, the BCP is estimated to sequester over 1,280 Pg C at steady state
(Nowicki et al., 2022), and in this way lowering the baseline atmospheric concentration of CO2 by more than 50%
with respect to the effects of physical and chemical equilibrium alone (Maier‐Reimer et al., 1996).

In this biogeochemical journey, there are essentially two contrasting processes which determine the fate of the
exported POC: sinking and remineralization (Middelburg, 2019). As POC sinks downward, it is remineralized by
being broken down and respired by heterotrophic organisms. It is the balance between these processes (which may
also include coupling (Alcolombri et al., 2021)) that determines the efficiency of the BCP in transferring POC to
the deep ocean. For a given remineralization rate, the faster the POC sinks, the more of it will survive the journey,
with a higher fraction reaching the deep ocean. The “TE” (hereafter TE) is defined as the ratio between the POC
flux at 1,000 m divided by the export flux.
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In practice, TE is usually derived from particle flux profiles by applying a function to describe the decrease of
flux with depth; the most popular function is the “Martin curve” (Martin et al., 1987; Middelburg, 2019). This
formulation states that TE equals the ratio of the export depth and the transfer depth to the power of an exponent,
hereafter b, where the exponent b can be estimated from flux profiles (Supporting Information S1). From a
mechanistic point of view, b can be expressed as the ratio between sinking and remineralization rates (Equation
14 in Supporting Information S1). For this reason, b is usually referred to as the flux attenuation exponent. Since
the proposal of such parameterizations for the BCP, they have been widely used in both data and model‐based
studies, often with the flux attenuation exponent assuming Martin's original value of b = 0.858 (Martin
et al., 1987).

Evidence from observation and model‐based studies suggest the flux attenuation exponent, and therefore TE, is
significantly variable though. For instance, a series of independent field‐based investigations (Berelson, 2001;
Buesseler et al., 2007; Conte et al., 2001; Francois et al., 2002; Lutz et al., 2002) estimated values of b between 0.5
and 2.0 across the ocean, later used as the basis to assess the influence of remineralization depth changes on
atmospheric pCO2 (Kwon et al., 2009; Wilson et al., 2019). Several global compilations for TE to be proposed
over the years, with two of them standing out: a compilation of Thorium‐derived export fluxes and sediment‐trap
fluxes at 2,000 m (Henson et al., 2012), which found TE to be lower at low latitudes and high at high latitudes, and
a compilation obtained from a limited set of eight data points collected with neutrally buoyant mesopelagic
sediment‐traps from the North Atlantic and Pacific, which showed the opposite pattern (Marsay et al., 2015).
Later studies using data‐constrained modeling (Cram et al., 2018; DeVries & Weber, 2017; Weber et al., 2016)
obtained TE distributions that agreed with the latter, but were not able to explain why they differ from the former.
It is important to understand the source of such variability because the spatial patterns can be used to infer net
dominant processes such as temperature‐dependent remineralization or ballasting, which can then be used to
make predictions of how carbon sequestration by the BCP may change as a response to climate‐driven changes in
those processes (Wilson et al., 2019).

More recently, additional evidence for seasonal variability in TE has been presented (Bol et al., 2018; Henson
et al., 2023; Kienast & Torfstein, 2022), with subsequent implications for carbon sequestration. Numerical ex-
periments showed that the adding a cosine‐like seasonal variability of 60% (about the mean) in the flux atten-
uation parameter more than doubles the sequestration of carbon predicted by an ocean‐biogeochemical model (de
Melo Viríssimo et al., 2022), while an extensive sensitivity analysis performed by the same study showed that this
increase is independent of the cycle's peak (or, equivalently, its phase).

Here, we demonstrate the importance of resolving seasonality in the BCP with three key results: first, we leverage
from an extensive data compilation of POC flux attenuation parameter values (Guidi et al., 2015) to constrain the
mean seasonal cycle in each hemisphere, which is shown to approximate a cosine curve that peaks in spring as
presented in Figure 1 and Figure S1 in Supporting Information S1. We then use a global ocean‐biogeochemical
model to link seasonal to spatial variability by showing that the presence of a seasonally varying but spatially
uniform flux attenuation is, by itself, sufficient to generate spatial variability in TE, with a resulting global dis-
tribution of annual TE that agrees with those presented in the literature (Cram et al., 2018; DeVries&Weber, 2017;
Marsay et al., 2015;Weber et al., 2016). Finally, we show that considering seasonality allows the reconciliation of
the conflicting results for global annual TE spatial patterns discussed above (Henson et al., 2012; Marsay
et al., 2015).

In what follows, we apply a uniform but seasonally varying flux attenuation informed by observations (Figure 1
and Figure S1 in Supporting Information S1) within a coupled global ocean‐biogeochemical model. To allow a
direct comparison between the constant and seasonal flux attenuation scenarios, as well as to remove uncertainties
when computing TE, we assume that the POC is not transported by circulation and can only sink vertically. A
detailed description of the model and underlying assumptions is presented in the Materials and Methods section
and the Supporting Information S1.

2. Materials and Methods
2.1. Diagnostic Model

We use a coupled global ocean‐biogeochemical model. The biogeochemical component is the GEOMARNPZD‐
DOP model (Kriest et al., 2010, 2012). The biogeochemistry is coupled to the circulation via a transport‐matrix
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(TMM) framework (Khatiwala, 2007, 2018; Khatiwala et al., 2005). For the circulation, we use 12 monthly
averaged transport matrices derived from the MITgcm 2.8° (Khatiwala, 2018; Khatiwala et al., 2005). This model
includes detritus explicitly as a tracer, which sinks at an intrinsic speed w(z) = a ⋅ z m day− 1, a > 0, and is
remineralized at a constant rate λ= 0.05 days− 1. In the absence of circulation, the 1‐year average fluxes are given
by the Martin curve, with b = λ/a. To avoid confusion with the Martin curve, we denote the model's flux
attenuation by bmodel (de Melo Viríssimo et al., 2022). With the TMM, it is also possible to easily turn off cir-
culation influence on detritus, and hence remove its effect on detritus transport (de Melo Viríssimo et al., 2022),
this way allowing for a clean diagnostic of the effects of a seasonal flux attenuation. The latter is a crucial point in
this study and, in all simulations, the ocean circulation does not act on the sinking detritus (but does act on all other
tracers).

2.2. Seasonal Cycle

Themodel has beenmodified to incorporate seasonality in its flux attenuation bymodifying its sinking speed: since
a= λ/bmodel, we replace bmodel by a seasonally varying version constrained by observations (Guidi et al., 2015) as

Figure 1. Constraining the seasonal cycle in the flux attenuation paramater b in each hemisphere from the UVP data set (Guidi et al., 2015). Top row: seasonally
averaged flux attenuation parameter b in the Northern Hemisphere (a) and Southern Hemisphere (b). The solid red line shows one full seasonal cycle, while the blue dash
line shows the cycle repeated, to highlight its sinusoidal pattern. Bottom row: (c) Distribution of b values from the UVP data set in each hemisphere. The dashed red line
highlights the values of b= 0.555 and b= 2.221 (the minimum and maximum values used in this study); (d) Resulting seasonal bmodel used in this study, shown here for
the Southern Hemisphere.
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per Figure 1 and Figure S1 in Supporting Information S1. This seasonal bmodel has variability of 60% around the
model's original reference value of bmodel = 1.388 (Kriest et al., 2017), as shown in Figure 1d and Figure S3 in
Supporting Information S1. This covers the range of observed values from about 0.5 to 2.0 (Kwon et al., 2009), as
shown in Figure 1c, while excluding very low values (below 0.5) which, in our model, would lead to unrealistically
fast sinking of POC. The phase (with respect to 1st of January) was also constrained from observations, as shown in
Figures 1a and 1b), and is approximately 3 months ahead of growth rate of phytoplankton and solar radiation
(Supporting Information S1). The former means that fastest sinking (lowest attenuation and highest TE) happens
between February and May, which occurs about 3 months after maximum growth (as suggested by North Atlantic
glider data (Bol et al., 2018)). This phase is also within the uncertainty margin reported from annual sediment trap
data for the North Red Sea (Kienast & Torfstein, 2022). Note that the seasonal bmodel is spatially homogeneous at
each instant of time, so there is no spatial variability in bmodel nor in sinking speed at each depth.

3. Results and Discussion
3.1. Seasonality Leads to Spatial Variability in Annual Transfer Efficiency

In the absence of seasonal variability in the model's flux attenuation bmodel and sinking speed (see Materials and
Methods and Supporting Information S1), the annual mean TE is spatially invariant throughout the ocean. This is
shown in Figure S4 in Supporting Information S1 for the model's original value of bmodel = 1.388, which means
that TE ≈ 0.04738 as predicted by the Martin curve (see Supporting Information S1). When seasonality in
attenuation and sinking speed is present (Figure 2a), the annual mean TE is no longer homogeneous and shows a
broad spatial pattern of values ranging from approximately 0.15–0.3 in the Southern Ocean, North Atlantic and
North Pacific, and 0.05–0.15 in the subtropical gyres and tropical areas. The consistent spatial pattern of high TE
at high latitudes and low at low latitudes, particularly in the subtropics, is in agreement with previous attempts to
estimate TE using a variety of methods such as data‐constrained modeling (DeVries & Weber, 2017; Weber
et al., 2016), large‐scale mechanistic modeling (Cram et al., 2018) and from neutrally buoyant sediment traps
(Marsay et al., 2015). The exception is the pattern obtained from deep‐sea sediment and Thorium‐derived export
fluxes compilation analysis (Henson et al., 2012), which found TE to be higher in low latitudes than in high
latitudes, a conclusion that we will examine further in the next section.

The annual mean TE in ocean provinces (Figure 2b; see Supporting Information S1 for the provinces division and
flux calculations) shows that the Antarctic province AAZ and North Atlantic province NA have high values of TE
(0.18 and 0.16 respectively), while the subtropical provinces STA and STP have the lowest values of 0.13 and
0.11 respectively, with all other provinces showing values in between. These estimates are in good qualitative
agreement with previous modeling studies (Cram et al., 2018) and within the uncertainty margin of data‐
constrained modeling studies (DeVries & Weber, 2017; Weber et al., 2016) for all provinces but STP and NP
in the Pacific Ocean, with the caveat that our province division is similar but slightly different (see Supporting
Information S1). The annual global mean TE is 0.14, which also falls between the high and low latitude values in
Figure 2a. However, it is slightly lower than the 0.15 given by the Martin curve when b = 0.858.

The emergence of a spatial pattern in TE in the model, despite having a spatially homogeneous flux attenuation,
is a direct consequence of the seasonal variability in the attenuation. If the attenuation is invariant throughout the
year, its effect on the sinking detritus concentrations (and fluxes) is simply to reduce the concentration of detritus
with depth, but keeping the shape of the time series unchanged (Figure 3a), like a traveling wave under damping.
Therefore, at different depths, the detritus concentration has the same seasonal cycle, but with an increasing lag
relative to the export depth, as illustrated for a location in the South Atlantic in Figure 3c. Because this
attenuation is constant at all locations, the ratio between the 1‐year integral of the time series at any two depths
below the export depth will be the same at any location (Figure 3a). If seasonality is present, the differing
attenuation at different times of the year will alter the time series of flux at depth: for example, periods of higher
flux from the surface may coincide with low attenuation in some locations, but with high attenuation in others.
The deeper the depth horizon considered, the greater the lag with respect to the time series at the export depth, as
shown in Figures 3b and 3d. As this distortion is dependent on the characteristics of the time series, the ratio
between the 1‐year integral of the time series at two depths below the export depth will be different at different
locations. Examples of modeled time series in the Pacific and Indian Oceans are shown in Supporting
Information S1.
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The results in Figures 2 and 3 demonstrate that spatial variability in TE may not emerge uniquely from spatially
varying processes, such as temperature‐dependent remineralization, but could also arise from the coupling be-
tween seasonally varying processes, therefore challenging the interpretation of spatial variability in annual mean
TE data sets.

Figure 2. Annual mean transfer efficiency (TE), when detritus is not transported by the ocean circulation. Top: (a) TE for a
seasonal bmodel—the solid black contour lines represents the TE computed from the Martin curve for b = 0.858. Bottom:
(b) annual mean TE in each ocean province (definition in Supporting Information S1) using data from this study (blue bars)
and the data‐constrained modeling study (Weber et al., 2016) (red bars, with intervals indicating the uncertainty in their
analysis), with the yellow bar showing the value for TE as estimated using the Martin curve (Supporting Information S1) for
b = 0.858. Note that the province definition in this study and in the data‐constrained modeling study (Weber et al., 2016) are
slightly different (see Supporting Information S1).
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3.2. Seasonality Reconciles Contrasting Spatial Patterns of Observed Transfer Efficiency

The seasonal variability in attenuation can also explain apparent conflicts between existing estimates for TE
(Cram et al., 2018; DeVries & Weber, 2017; Guidi et al., 2015; Henson et al., 2012; Marsay et al., 2015; Weber
et al., 2016). The existence of a seasonal cycle itself implies that if sampling the same location in the ocean at
different times of the year, estimates of flux attenuation and TE are likely to be quite different. In addition, the
seasonal cycle could be highly episodic: as ship‐board observations are collected for very short periods, sampling
might occur in for example, an overall period of slow sinking with occasional short‐lived peaks. Hence, compiling
short‐duration observations from several years made at different times of the year and at different locations
assuming they represent a single snapshot of the ocean BCP state is likely to be misleading.

Previous suggestions (Marsay et al., 2015) on how to reconcile these divergent estimates focused on the possi-
bility of a fast upper mesopelagic attenuation followed by slow attenuation in the deep ocean in warmwaters, with
the converse happening in cold waters, but did not consider the role of seasonality and variability in flux
attenuation and sinking speeds, nor the implicit steady‐state assumption that is inherent in most reports of short‐

Figure 3. Exported detritus attenuation in constant and seasonal attenuation scenarios, when detritus is not transported by the ocean circulation. Top: schematic
representation showing how detritus is attenuated in a non‐seasonal scenario (a) and when seasonality is present (b). In panel (a), detritus that is at the export depth z0 at
an instant t0 would be uniformly attenuated, reaching a depth z1 at an instant t1, as shown by the green arrow. Then, the attenuation continues at an uniform rate, with
sinking speed increasing as a function of depth, so that the remaining detritus reaches the transfer depth zn at an instant tn. As both attenuation and sinking are constant in
time, this process is independent of the starting point, as shown by the dark gray arrows, which are parallel to each other. In panel (b), the attenuation varies seasonally
and hence the journey of detritus is dependent on time of the year. For instance, detritus that is at the export depth z0 at the instant t0 depicted would go through a lower
attenuation, sinking at a faster rate until it reaches z1 at the instant t1, as shown by the red arrow. This is then followed by a faster attenuation, when detritus sinks at a
slower rate, until it reaches the transfer depth zn at an instant tn, as shown by the light blue arrow. For detritus leaving z0 at other times, the attenuation journey would be
different, and hence the gray arrows are not parallel. Bottom: modeled time series for detritus concentration in the South Atlantic (43.59°S, 29.53°W) at different depths
for a constant bmodel = 1.388 (c) and a seasonal bmodel (d), demonstrating the phenomena described in panels (a) and (b) respectively. Note the changing scale of the y‐
axes in panels (c) and (d).
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term observations of sinking POC (Giering et al., 2017). Although this temperature‐attenuation relationship was
later observed in a data‐constrained model analysis (DeVries & Weber, 2017), the existence of this phenomenon
was not enough to generate the high‐latitude low‐TE patterns (DeVries & Weber, 2017).

Here we argue that the different time scales introduced by temporal variability of attenuation and sinking provides
an explanation for the high‐latitude low‐TE pattern. In a situation where flux attenuation varies seasonally,
sufficiently frequent sampling to allow representation of global annual averages is not typically viable with ship‐
based observations.

To test whether this mechanism could provide an answer to the contrasting pattern of TE obtained in the study
using sediment trap and Thorium‐derived fluxes (Henson et al., 2012), we reproduced their sampling method-
ology as closely as possible using our model simulation results, taking into consideration the limitations of our
modeling framework (see Supporting Information S1).

Figure 4 shows the results of reproducing the sediment trap and Thorium‐derived fluxes study (Henson
et al., 2012) using the same model data used to produce Figure 2. Instead of computing the annual average export
and transfer flux to produce a TE map as in Figure 2a, we sampled the model data at locations and dates that best
matched their approach (see Supporting Information S1 for details). Specifically, we randomly sampled a total of
150 high and low latitude locations as shown in Figure 4a, from which we took annual fluxes at 1,000 m and
seasonally averaged (for the periods covered in their data set) export fluxes at 120m, with the correspondingmean
surface (0–120 m) temperature for the same period. We then used these data to compute TE at each sampled
location, which was correlated (both linearly and exponentially, see Supporting Information S1) with the surface
mean temperature at the same location, as shown in Figure 4b. This process was repeated 10,000 times to quantify
the uncertainty, giving a normally distributed R2 with mean 0.79 and variance 0.033 for the exponential regression
(see Supporting Information S1). The mean correlation maps (linear and exponential) were then used to produce
global TE maps. The resulting map for the exponential fit is shown in Figure 4b (see Supporting Information S1
for the linear fit map). This provides a fairly reasonable explanation to the differences with the sediment trap‐
based study (Marsay et al., 2015), showing a low TE in high latitudes and a higher TE in the tropics and sub-
tropics, hence suggesting that the seasonal signal for export in these periods were enough to reverse the TE pattern
from Figure 2a—even though both TE maps were generated from the same data. A similar result was obtained
when using the mean upper‐mesopelagic (120–540 m) temperature, which is shown in the Supporting Infor-
mation S1. We note that a correlation between TE and surface temperature is not found if we instead use TE data
from a model run with a non‐seasonal, constant flux attenuation. In this case, the linear regression essentially
provides a horizontal line, as shown in Figure S13 in Supporting Information S1 for bmodel = 1.388, evidencing
the need of seasonality in flux attenuation to explain the high‐latitude low‐TE pattern.

Our analysis demonstrates that temporally inconsistent data compilations could lead to differing conclusions,
particularly when generalized to non‐sampled parts of the ocean. In this case, measurements that have some
consistency in date (i.e., from around the same time of the year) and location might be required to draw robust
conclusions on the processes driving the BCP.

3.3. Caveats in This Study

This study has some caveats, which are informative and offer opportunities for further investigations. These
include the use of a coarse resolution model which does not resolve small scale processes (although they are
parameterized), as well as a periodically repeating circulation. However, we note that these methods have been
successfully employed in a variety of studies (DeVries & Weber, 2017; Khatiwala, 2007; Kriest &
Oschlies, 2013; Niemeyer et al., 2019; Weber et al., 2016).

Another limitation is in the use of a non‐mechanistic seasonal cycle in flux attenuation, which is based on very
limited evidence (Guidi et al., 2015), and is the simplest representation of seasonal variation in attenuation. In
reality, it may vary in both amplitude and phase with location, but the details are still uncertain. The shape (i.e.,
how peaked) of the attenuation time series might, at some locations, be quite different from the simple smooth
signal (see Materials and Methods) considered in this work. Although the true shape could be different, this does
not affect the main results. The important feature is the lag between POC export and attenuation which is where
we believe the scientific attention should now focus.

Geophysical Research Letters 10.1029/2023GL107050
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Figure 4. Time‐discrete sampling with seasonal variability in attenuation can produce contrasting spatial patterns in the true annual mean transfer efficiency (TE) shown
in Figure 2a, providing an explanation to reconcile previous sediment trap studies (Guidi et al., 2015; Henson et al., 2012). Top: (a) export and transfer fluxes were
sampled randomly, and (b) a nonlinear (exponential) regression of the resulting TE against the surface (0–120 m) temperature was performed. This procedure was
repeated 10,000 times and the resulting parameterization was used to compute the TE map shown in panel (c).
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We also note that there is evidence that mixing and upwelling can affect estimates of the flux attenuation,
particularly at high latitudes (de Melo Viríssimo et al., 2022; Kriest & Oschlies, 2011; Niemeyer et al., 2019).
This suggests that such an effect might be present in the data used to constrain the flux attenuation bmodel (and
therefore in bmodel itself), highlighting the need to understand both biological and physical influences that affect
the shape and phase of the flux attenuation seasonality.

The results in this study also ignore the effects, however small, of circulation in the transport of detritus, meaning
that it can only move vertically due to gravity, but is not transported laterally nor vertically by mixing or up-
welling. This is only a minor hypothesis which has been deliberately used in other studies (Pasquier et al., 2023),
and in the diagnostics of b in the data‐constrained modeling study (Weber et al., 2016). However, adding the
effect of the circulation in the advection of would change slightly the fluxes and introduce minor spatial patterns
in TE (de Melo Viríssimo et al., 2022), therefore preventing a clean diagnostic of the contribution due to the
presence of seasonality. Furthermore, this hypothesis has three important benefits: first, it demonstrates this effect
can take place even with strictly local influence; Second, this approach removes any uncertainties when quan-
tifying the ratio of fluxes at two depths in a single location (where the deeper one may average a larger area in
reality); Third, since the flux attenuation bmodel was inferred from in‐situ observations (where circulation is
inevitably present), our approach prevents the circulation effects on bmodel from being accounted for twice.

These model limitations, however, do not affect the purpose of this study, which is not to reproduce reality ipsis
literis but to test a hypothesis and demonstrate a phenomenon. Hence, it should not be taken as an intended
accurate depiction of the real seasonal cycle, nor be reproduced in models as such, despite being successful in
reconciling previous literature results while highlighting an important but neglected phenomenon. Note that it
also ignores the fact that a real flux attenuation time series might show inter‐annual variability, and hence its scope
is limited to the hypothesis tested in this study.

Lastly, the analysis presented in Section 3.2 does not exclude the possibility of some systematic biases in the
combination of Thorium and deep sediment trap data of Henson et al. (2012). However, it is unclear whether such
biases (if existent) would impact qualitatively the high‐latitude low‐TE pattern shown in their study.

4. Summary and Conclusion
We showed that the addition of a seasonal cycle in the flux attenuation has at least three striking consequences for
the global patterns of annual TE. First, spatial variability is generated despite both flux attenuation and sinking
speed being spatially homogeneous at each instant of time. Second, the emerging spatial pattern in annual TE is
highly similar to that reported in the literature (Cram et al., 2018; DeVries & Weber, 2017; Marsay et al., 2015;
Weber et al., 2016). Third, accounting for the seasonality allows for the high‐latitude high‐TE map (Marsay
et al., 2015) to be reconciled with the alternative high‐latitude low‐TE pattern (Henson et al., 2012).

These results suggest that seasonal variability in flux attenuation and sinking speed is a route for generating spatial
variability in annual TE, as a natural emerging property of the system dynamics. This is different from imposing a
spatially varying TE or bmodel a priori, and is the simple consequence of the coupling between two seasonal time
series (i.e., flux attenuation and export of organic material; or equivalently, sinking speed and detritus concen-
tration) to obtain fluxes ‐ excluding the transport due to circulation.

This has also implications for CMIP‐class models run under anthropogenic forcing: changes in climate forcing
might trigger changes in the seasonal cycle and hence impact carbon fluxes and spatial variability in TE too.
Hence, assuming a fixed spatial and temporal pattern in flux attenuation limits the model assessment of the BCP
and sequestration under climate change in the IPCC scenarios. This is particularly important as previous nu-
merical studies have demonstrated that changes in the phase impact the amount of carbon that is transferred to the
deep ocean (de Melo Viríssimo et al., 2022), meaning that we need to understand the causes of the lag between
POC export and attenuation to have more confidence in predictions. We note that most CMIP6 models adopt
constant (in time, space and depth) sinking speeds (Henson et al., 2022;Wilson et al., 2022), with only twomodels
using a variable formulation: one has a sinking speed that is constant in time but increases with depth (Aumont
et al., 2015), and another has a sinking speed that varies according to the nutrient stress (Vichi et al., 2007).
Therefore, incorporating mechanistic‐based models for sinking particles is an open challenge for the CMIP7
generation and beyond.

Geophysical Research Letters 10.1029/2023GL107050
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Finally, observationally resolving the temporal scales of fluxes and related processes such as sinking speed,
remineralization, and metabolic rates would represent a big step toward a better quantification and understanding
of the BCP, and particularly the seasonality of export and attenuation. Model estimates of flux are difficult to
validate due to sparsity of observations (Weber et al., 2016), not only spatially but especially temporally, but there
is a potential for autonomous observations to fill in some of the gaps ‐ particularly the seasonal variability in
attenuation (Bol et al., 2018; Brewin et al., 2021; Briggs et al., 2020; Claustre et al., 2020; Dall’Olmo &
Mork, 2014). In addition, the use of data‐constrained models and machine learning (Clements et al., 2022) offer
some hope and can be a fruitful avenue to extract seasonal information from the more abundant data existent for
other tracers and processes, and should be one of the top priorities for the biogeochemical and climate modeling
communities over the next few years.
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