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Supplementary Materials 

 

Supplementary Discussion 

Traditional sampling methods cannot detect the mixed-layer pump. To detect 
the flux driven by the seasonal mixed-layer pump two criteria need to be 
simultaneously met by in-situ methods. First, data at sufficiently high temporal 
resolution are needed to sample the rapid transition between the deepest mixed layer 
and summer stratification. Second, the method should be able to detect the 
redistribution of slowly-sinking organic matter in the water column. To the best of our 
knowledge, rarely have these two conditions been simultaneously fulfilled when 
measuring carbon export with traditional methodologies. 

The most common methods to measure the export flux rely on detecting a signal that 
is generated by particles sinking below the upper-ocean productive layer and make use 
of sediment traps (moored to the sea floor, surface tethered, or neutrally buoyant)1 or 
the 234Th:238U disequilibrium2. Neutrally buoyant sediment traps are designed to 
sample in Lagrangian mode (i.e., by following water parcels) to minimise 
hydrodynamic biases3. Often they are programmed to follow isopycnals and to sample 
for a few (1-6) days4. Likely because of the strong vertical mixing typical of the end of 
the winter, these traps have not been deployed in regions with deep mixed layers 
during the formation of the summer stratification. Thus, it is unlikely that current 
export data from NBSTs can be used to quantify the mixed-layer pump. The export 
flux driven by the mixed-layer pump would also be undersampled by deep (>1000 m) 
moored sediment traps, because the slowly-settling particles would likely be 
remineralised before being collected, unless these particles aggregated and rapidly 
sank after the establishment of the summer stratification5. The 234Th:238U 
disequilibrium method relies on the vertical separation that is established between the 
particle-refractory 238U and the reactive 234Th, when the latter is adsorbed onto 
sinking particles and removed from the ocean surface. Most of the particles driving the 
mixed layer pump, however, are slowly-sinking and would not create an appreciable 
vertical separation during the transition from the deepest mixed layer and the 
summer stratification. Thus, it is unlikely that the 234Th:238U disequilibrium method 



can quantify the export generated by the mixed-layer pump. In summary, all methods 
that rely on detecting a flux of sinking particles seem inappropriate to observe the 
mixed-layer pump. Data from the above methods have been used to calibrate/validate 
current estimates of global carbon export6,7. We thus conclude that these estimates are 
not including the contribution of the mixed-layer pump. 

One of the most reliable techniques to detect the signal of the mixed-layer pump in-
situ is building a biogeochemical budget. Indeed, regional studies based on 
biogeochemical budgets have detected the presence of the mixed-layer pump for more 
than twenty years5,8,9. 

 

Satellite estimates of particulate organic carbon (POC). Figure S2 presents the 
distributions of POC estimates at the time of the deepest mixed layer (tmax) and of 
stratification (tstrat). These estimates are typical for the start of the growing season in 
regions with winter mixed layers deeper than 100 m (e.g., 10, 11) and within the range 
of POC values used to calibrate satellite algorithms12,13. This comparison supports our 
estimates of POC from space.  In addition, validation studies have already been 
conducted using independent collocated in-situ and satellite POC data and have 
demonstrated that satellite POC estimates are affected by relative uncertainties of 
about 50%14,15. 

 

Estimating POC stocks from surface POC values. An important assumption in 
our calculations is that the POC estimated by satellites can be exploited to predict the 
POC stock in the entire mixed layer.  Ocean-colour satellite sensors detect light 
reflected within the first optical depth of the water column, which can reach maximum 
values of 50 m in the clearest waters16.  Because our analysis focuses on regions of the 
ocean where mixed layers are deeper than 100 m and can reach values as deep as 700 
m (Figure S5), it is critical to demonstrate that POC is homogeneous within the mixed 
layer. 

To ensure that this assumption is verified, we started by selecting a conservative 
estimate of mixed-layer depth17 (see Methods section).   

Because, in-situ POC profiles in high-latitude regions before the time of summer 
stratification are scarce, we employed particulate optical backscattering data collected 
by instruments mounted on autonomous BioArgo floats to test our hypothesis that 
particles are homogeneously distributed in the mixed layer (as estimated by the Holte 
and Talley, 2009, algorithm).  Particulate optical backscattering is commonly used as 
proxy of particulate organic carbon18,19. 

We analysed data from 90 BioArgo floats hosted by the Laboratoire d'Oceanographie 
de Villefranche (http://www.oao.obs-vlfr.fr/bioargo/summary.html). After excluding all 
profiles for which the Holte and Talley density-based mixed layer estimate was 
shallower than 100 m, 800 profiles remained which were distributed between latitudes 
spanning from 63°S to 70°N.  For each of these profiles, we computed the ratio of the 
median value of the particulate optical backscattering between 10 and 20 metres, 



bbp(surf), and its median value in the entire mixed layer, bbp(zm).  Figure S4 
demonstrates that the distribution of this ratio is centred on a mean value of 1.01 with 
a standard deviation of 0.12.  We thus conclude that, as hypothesized, we can exploit 
surface POC estimates to predict POC stocks in the mixed layer. 

 

Supplementary Table 1: Median relative variations in Etot for corresponding relative 
variations in the variables used for its estimation. tstrat did not have any significant 
effect and is thus not reported. 

Input variable Relative variation in input 
variable 

Relative variation in  
Etot 

POC 0.5, 2.0 0.5, 2.0 

zm 0.7, 1.3 0.7, 1.3 
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Extended Data Figures 

 

Figure S1: Winter mixed layers and carbon fluxes by the seasonal mixed-
layer pump. Spatial distribution and magnitude of winter mixed layers (zmax, a) and 
estimates of particulate organic carbon export by the mixed-layer pump (Etot, b).  
Light grey colour indicates regions for which either zmax<100 m (e.g., equatorial 
regions) or for which no data were available (e.g., seasonally ice-covered polar regions). 

 

Figure S2: Estimated POC.  Frequency distribution of the POC estimates at the 
time of the deepest mixed layer (a) and at the time of stratification (b). 

 

Figure S3: Data availability. Frequency distribution of in-situ Argo observations 
used in the analysis as a function of time. 

 

Figure S4: The particulate organic carbon in the mixed layer can be 
estimated from its value at the surface. Frequency distribution of the ratio of 
median particulate optical backscattering between 10 and 20 m, bbp(surf), to the 
median particulate optical backscattering within the mixed layer, bbp(zm). Mixed-layer 
depth, zm, was estimated with the density algorithm proposed by Holte and Talley 
(2009).  To prepare this plot we analysed data from 800 Bio-Argo profiles with mixed-
layer depths deeper than 100 m. 

 

Figure S5: Etot vs. zmax. Parametrization of annual particulate carbon export by the 
mixed-layer pump (Etot) as a function of winter mixed layer depth (zmax). 

 

Figure S6: Δt. Frequency distribution of Δt, the number of days between the deepest 
winter mixed layer and the time when the summer stratification is established. 

 

Figure S7: Spatial distribution and magnitude of the contribution to the 
export of the mixed-layer pump by background particles present in the 
mesopelagic prior to the formation of the deepest mixed layer. Values of 
Ebck:Etot were obtained by analysing data from profiling floats mounting optical 
backscattering sensors that can be used to estimate POC. 
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