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1.  Introduction
In Eastern boundary upwelling systems (EBUS), winds blow alongshore during the upwelling season, caus-
ing nutrient-replete deep waters to come to the euphotic zone through divergence of Ekman transport at 
the coast, stimulating elevated net primary production (NPP) and inorganic carbon uptake. This primary 
production induces secondary production, the recycling of nutrients, and export of organic carbon into 
the aphotic zone. EBUSs are strongly advective systems: Ekman currents, as well as intense geostrophic 
mesoscale eddies and filaments, transport nearshore surface water offshore. The transport of organic matter 
(OM) from formation sites to export sites, occurs in three-dimensional space: the location of carbon export 
may be offset spatially from the region of elevated PP (Gruber et al., 2011; Olivieri & Chavez, 2000; Plattner 
et al., 2005). Accurately representing the processes and spatial locations of carbon production and export is 

Abstract  Eastern Boundary Current Upwelling Systems are regions of elevated primary production 
and carbon export and thus play a central role in the global carbon cycle. In these regions, nutrient 
upwelling occurs in a narrow region close to the coast, but primary production and carbon export are 
typically observed across a broader region. The fact that productive waters reach the open ocean has 
important consequences for the biological carbon pump, because such transport connects nutrient sources 
close to the coast to the deep carbon sinks of the offshore ocean. However, many aspects of this offshore 
transport are still not known. Here we address seasonal and interannual variability of upwelling-related 
cross-shore flows in the California current ecosystem (CCE) by employing Lagrangian diagnostics of 
horizontal transport inferred from satellite data. We define an advective age as the time a water parcel 
flowed offshore of the 500 m isobath. We find that the offshore extension of high Chl-a waters covaries 
with the age of a coastal water parcel, and is consistent with mesoscale circulation. Interannual variability 
in the offshore extent of older waters is primarily driven by mesoscale variability and covaries with large 
scale forcing by both ENSO and the NPGO. The measured ratio of in-situ new production: carbon export 
also covaries with water age, and tends to be ≫ 1 in younger and more balanced in older waters. Our 
results may help to parameterize the role of the finescale on the export of carbon in upwelling regions for 
climate resolving models.

Plain Language Summary  The California current ecosystem (CCE) is a region of strong 
coastal upwelling, elevated organic matter production and high carbon flux into the deep ocean, and 
potentially influential in the global carbon cycle. Previous studies have suggested that production and 
sinking are not balanced in the CCE: there is more production than sinking close to the coast and more 
sinking than production offshore. Our study uses satellite measurements to analyze cross-shore flows 
in the CCE and assess whether horizontal transport of water, nutrients, and plankton can reconcile this 
spatial imbalance. By following water parcel trajectories, we find that the time since a water parcel is 
transported from the coast to the offshore is a predictor of whether the water parcel is a net source of 
organic matter (greater new production than sinking) or a net sink (greater sinking than new production). 
We find that the offshore distance of water transport varies strongly from year to year and is related to 
known sources of climate forcing, including El Nino-Southern Oscillation and the North Pacific Gyre 
Oscillation. Future organic matter exchanges between the coast and the offshore can be estimated thanks 
to covariability with these climate indices.
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key for constraining the ocean carbon cycle in coupled model intercomparison project (CMIP) Earth System 
and other models (Richter, 2015; Small et al., 2015). At present, such cross-shore fluxes of OM are poorly 
represented in these models and it is not clear whether they show predictable seasonality or any relation-
ship to large-scale climate forcing.

EBUS modeling is challenging because of the spatial and temporal variability that occurs at multiple scales 
(Marchesiello et al., 2003), their sensitivity to climate forcing, and the complexity of biophysical coupled 
processes (K. K. Liu et al., 2010). The North Pacific EBUS along the northwest American coast is known as 
the California current system (CCS). Many research efforts have been carried out to better understand CCS 
circulation and California current ecosystem (CCE) dynamics and responses to climate forcing (Goericke & 
Ohman, 2015). In the CCS, for much of the year—but primarily in spring and summer (Di Lorenzo, 2003)—
winds blow equatorward along the California coast. Ekman currents transport coastal waters to the open 
ocean, inducing an upwelling of waters typically from depths of 100–200 m, although source waters change 
with the state of the Pacific decadal oscillation (PDO, [Chhak & Lorenzo, 2007]).

Previous studies in the CCE have shown that new production (i.e., production based on upwelled nitrate) 
tends to exceed carbon exported vertically below the euphotic zone in the nearshore region, where new 
and primary production is maximal (Chavez et al., 1991; Kranz et al., 2020; Plattner et al., 2005; Stukel 
et al., 2011). This imbalance is reduced and possibly compensated further offshore (Stephens et al., 2020; 
Stukel et al., 2011), with lower than expected vertical carbon export close to shore and higher than expect-
ed vertical carbon export further offshore. A hypothesis that would explain this spatial imbalance is that 
inorganic carbon is fixed in the nearshore region and then exported by the cross-shore circulation from 
nearshore sites of production to offshore sites of export. Such cross-shore transport could be caused by three 
main mechanisms: advection by surface Ekman currents, cold filaments of coastal origin, and westward 
propagating mesoscale eddies (Amos et al., 2019; Barth et al., 2005; Chenillat et al., 2016; Nagai et al., 2015). 
An example of this situation arises in the area off Point Conception (34.4°N) in Southern California. This is 
a site of elevated primary production (Kahru et al., 2009) but also the triggering location of strong meanders 
potentially evolving into mesoscale filaments and eddies in summer (Centurioni et al., 2008; Marchesiello 
et al., 2003).

Although the physical processes associated with cross-shore transport are well known, surprisingly little is 
known about its interannual variability. In addition, there are few long-term observational datasets of pro-
duction and export (Kelly et al., 2018). This lack of knowledge has wider consequences, and in particular 
limits our capacity to predict biogeochemical responses of the CCE to future climate variability. Therefore, 
in this study, we address the following questions: (i) What is the length scale, and associated seasonal var-
iability, of cross-shore transport in the CCE? (ii) What is the magnitude of interannual variability of cross-
shore transport? (iii) Is this variability related to known sources of climate forcing, that would enable it to 
be represented in climate-resolving models? (iv) What consequences do variations in cross-shore transport 
have for organic carbon production and export? These questions are addressed through the analysis of 
highly energetic coastal upwelling meanders in the CCE, combining multi-satellite observations and in situ 
carbon export measurements with a Lagrangian analysis. We first describe the seasonality of the spatial 
patterns of the cross-shore transport and use them to explain the spatial imbalance of new production and 
vertical carbon export in the CCE. Last, we analyze the interannual variability of cross-shore transport, and 
assess its relationship to climate variability.

2.  Data Set and Methods
2.1.  Satellite-Derived Currents

Transport analysis is based primarily on sea surface currents provided by the Copernicus Marine Envi-
ronment Monitoring Service (CMEMS), which consists of nearly 26 years of multi-satellite merged altim-
eter data and wind stress data, here from January 1, 1994 to October 20, 2019. The spatial resolution is 
0.25° × 0.25° (≈25 km at mid latitudes) and the temporal resolution is one day for the whole data set. The 
CMEMS (https://marine.copernicus.eu/) product used is the delayed time version until December 31, 2018 
and the near real-time for January to October 2019. The surface currents consist of geostrophic veloci-
ties plus Ekman currents. Geostrophic velocities (UG) are derived from the Absolute Dynamic Topography. 
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Ekman currents (UE) are derived from wind data provided by the European Centre for Medium-Range 
Weather Forecasts (ECMWF) with a temporal resolution of 3 h and a spatial resolution of 1/4°. This prod-
uct (U = UG + UE) is more appropriate than the purely geostrophic one, as Ekman currents are particularly 
important in upwelling systems. We compute total kinetic energy (TKE) maps from these currents with:

 2 21 ( )
2

TKE u v�

in which (u, v) are the components of the current for the x and y directions.

2.2.  Lagrangian Water Age Model

We conducted a Lagrangian particle trajectory analysis of surface velocities. Our aim is to understand the 
spatial offset between nearshore production and export induced by horizontal transport. We thus follow the 
approach of d'Ovidio et al. (2015) and define an “offshore water age” as the time taken by the water parcel to 
be advected backward in time from its current position along its trajectory until it crosses the 500 m isobath. 
The rationale of this diagnostic is to detect filaments of coastal water advected offshore by horizontal trans-
port and to estimate the time for water parcels in the filament to leave the coastal area. For example, a value 
of “20 days” assigned to a pixel means that the water parcel in that area was in the coastal area approximate-
ly 20 days before, where it was likely enriched in nutrients. A cutoff for the trajectory integration is put at 
90 days. This means that a parcel is not considered of coastal origin if the backward trajectory does not cross 
the 500 m isobath in the previous 90 days. This threshold is chosen heuristically based on the reliability of 
past studies that have compared altimetry-derived Lagrangian diagnostics and chlorophyll patches (see re-
view in Lehahn et al. [2018]), for two reasons. First, for a temporal horizon longer than a season, we assume 
that the water parcel has been mixed together with the environmental water longer enough to have lost a 
coastal signature. Second, we consider that accumulated advection errors on the trajectories are too large to 
provide any meaningful result even in a statistical sense on a temporal horizon larger than a few months. 
This “offshore water age” diagnostic has been validated at mesoscale precision with satellite-derived Chl-a 
patches (d'Ovidio et al., 2015; Sergi et al., 2020), surface drifters (d'Ovidio et al., 2015), and lithogenic iso-
topes (Sanial et al., 2015). These studies, however, were conducted in the Southern Ocean. In the Results 
section we evaluate this diagnostic for the CCE and specifically in the context of our objectives. Although it 
would be desirable to begin tracking waters very close to shore, i.e. closer to the sources of upwelling at the 
coastal boundary, the satellite product we use provides unreliable measures in close proximity to the conti-
nental boundary. Hence, we chose the 500 m isobath as the defining limit of inshore waters for this study. 
We assume that the time lapse between upwelling into the mixed layer and crossing of the 500 m isobath is 
of the order of a few days or less, thus negligible in respect to the time scales (10–90 days) considered here 
for offshore transport. We computed water age snapshots every 4 days (this time step was chosen to reduce 
the data set size without missing any dynamics) for 26 years (92 snapshots per year) of satellite data (be-
tween 1994 and 2019). This led to 2,374 snapshots, and a typical field of water age is shown for July 4, 2007 
in Figure 1b. The white areas represent the water parcels that had not crossed the 500 m isobath in the last 
90 days prior to July, 4. We computed the water age maps at a spatial resolution of 0.05° ≈ 5.5 km.

2.3.  Satellite Chl-a Data

We compare Chl-a images (see example in Figure 1a) to the stirring patterns predicted by the Lagrangian 
analysis applied to the surface velocities. To achieve this, we use a multi-satellite product with daily sam-
pling interval and 4 km of spatial resolution ([Kahru et al., 2015; Kahru et al., 2012] https://www.wimsoft.
com/CC4km.htm). The temporal coverage of this data set is from 2002 to 2019. We processed data only dur-
ing the lifetime of MODIS Aqua to avoid temporal interruptions. In order to compute anomalies of annual 
averages of ocean color images, we applied the following processing: we masked pixels under 1 mg.m−3  
in order to focus on high surface Chl-a concentrations. In the analysis presented in Section 3.1, similar pro-
cessing was applied to the water age to select only water ages younger than 30 days. We consider 30 days to 
be the threshold below which the strongest correlation with Chl-a concentration appears.
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2.4.  In situ Measurements

In situ measurements (Figure 1a, brown dots) were made during 2–5 days quasi-Lagrangian experiments 
on eight cruises of the CCE-LTER Program (CCE—Long Term Ecological Research, [Ohman et al., 2013; 
Stukel et al., 2015]). Dissolved nutrients (here Si(OH)4, 


3NO , PO4) were analyzed by continuous flow seg-

mented autoanalyzer (https://www.calcofi.org/about-calcofi/methods/422-nutrient-methods.html) based 
on Niskin bottle samples taken from surface waters. New production (computed from 15 

3NO  uptake) and 
net primary productivity (hereafter NPP, computed from 14

3H CO  uptake) were measured in situ on a drift-
ing incubation array (Kranz et al., 2020; Landry et al., 2009; R. M. Morrow et al., 2018). On cruises where  
15 

3NO  uptake data were not available, equations from K. K. Liu et al. (2010) were used to estimate the f-ratio 
from 

3NO , 
4NH , photosynthetically active radiation, and chlorophyll measurements. New production was 

then computed as primary productivity/6.625 × f-ratio. New production measurements based on 15 
3NO  

uptake can overestimate true nitrate uptake if substantial euphotic zone nitrification occurs, although this 
issue appears to be minor in the CCE (Stephens et al., 2020; Yool et al., 2007) Sinking carbon vertical fluxes 
were measured using 238U −234Th disequilibrium and surface-tethered drifting sediment traps positioned at 
the base of the euphotic zone (Stukel & Barbeau, 2020; Stukel et al., 2019). Sinking particle flux was typical-
ly measured 20–40 m beneath the depth of the euphotic zone. It was normalized to the base of the euphotic 
zone using an exponential model of flux attenuation following Stukel et al. (2015). For further details, see 
supporting information.

2.5.  Climate Indices

We compare the variability of cross-shore transport patterns with large scale physical forcing indexes. The 
North Pacific Gyre Oscillation (NPGO, Di Lorenzo et al. [2008], http://www.o3d.org/npgo/) is the second 
Empirical Orthogonal Function of Sea Surface Height variability in the Northeast Pacific. It represents the 
wind-driven, basin-scale decadal variability of the North Pacific Gyre circulation. Fluctuations in the NPGO 
are driven by regional and basin-scale variations in wind-driven upwelling and horizontal advection, con-
trolling salinity and nutrient concentrations in the CCE. Detrended San Diego Sea Level Anomaly, averaged 
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Figure 1.  Snapshots of (a) the near-surface Chl-a concentration from MODIS Aqua (mg m−3), (b) our Lagrangian diagnostic water age (days) and (c) the water 
age contours (levels are 10 days intervals from 0 to 80 days) superimposed on the near-surface Chl-a concentration (same colormap as panel a) over the CCE 
on July 4, 2007. Brown dots in (a) indicate the locations of the in-situ measurements. Light blue line in panels (a) and (b) indicates the 500 m isobath. CCE, 
California current ecosystem.

https://www.calcofi.org/about-calcofi/methods/422-nutrient-methods.html
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for December-January-February (SDSLA_DJF) is an index of El Niño Southern Oscillation (ENSO) influ-
ence on the CCE (Lilly & Ohman, 2018). It is high during El Niño as elevated sea level in the equatorial band 
propagates along the coasts of central America, Mexico and California. High sea level is associated with a 
deeper than usual thermocline/nutricline and lower nearshore primary production.

2.6.  Interannual Variability

In order to assess interannual variability of the water age distribution, we compute the average (between 
30°N and 40°N) distance to shore of a specific water age (e.g., 60 days waters) for each snapshot. Concerning 
the area occupied by high Chl-a and young water age events, we compute the number of pixels concerned 
and multiply by the area of one pixel for each snapshot. We then compute annual means and anomalies rel-
ative to the global mean. Similar processing is applied for the TKE, SDSLA_DJF and NPGO. Area occupied 
by high Chl-a and young water age events, specific water age distance-to-shore and TKE spatial averages are 
made between 30° and 40°N in order to obtain smooth averages. Smaller spatial averaging windows were 
tested and found to provide less smooth results, but with similar correlation coefficients.

3.  Results
3.1.  Offshore Extension of Chl-a Patterns is Largely Driven by Horizontal Stirring

Figure 1 illustrates a qualitative comparison between spatial patterns of the Lagrangian water age diagnos-
tic and Chl-a concentration. Regions of elevated phytoplankton (Chl-a > 1 mg.m−3, Figure 1a) are generally 
associated with recently upwelled young waters (age < 30 days, Figure 1b). Mesoscale pathways are well 
captured by the age model. For example, at 127°W, 39°N, a high Chl-a location co-occurs with an elongated 
filament transporting relatively young water. Another chlorophyll-rich young coastal filament is also detect-
able between the coast (123°W, 37°N) and offshore (124°W, 34°N) (Figures 1a and 1b). Young water parcels 
are observed near the coast but also offshore, where they are rapidly advected by filaments and eddies. 
Older water ages are typically found offshore, sometimes around eddies as offshore older water is entrained. 
Patches of older waters can also be found in nearshore areas, where recirculation can trap water parcels for 
long (several tens of days) periods. Note also the nearshore regions without water age values (e.g. 35–37°N, 
Figure 1b), likely due to imperfect coastal current data which prevents the advection of particles from and 
to this coastal sector.

In general, elevated Chl-a concentrations can be found both nearshore and offshore but a visual comparison 
with patterns of water age suggests that they are more associated with younger water patches than old ones. 
In order to quantify this relation, we estimate the area occupied by patterns of high Chl-a and young water 
on a daily basis between 2002 and 2018 and compare the temporal variability of their offshore extension. 
This test is more robust than a filament-by-filament (pixel-by-pixel) comparison, which is notoriously re-
sistant to quantitative validation because altimetry errors may easily displace a filament a distance of the 
same order as the filament width.

The results of the comparison between the areas occupied by high Chl-a patterns and filaments of young 
waters is depicted in Figure 2. On a seasonal time scale, these two areas are strongly correlated (Figure 2a, 
r = 0.93, p < 0.001). A maximal extension of chlorophyll-rich waters is reached in June, which coincides 
with the strongest alongshore wind stress, Ekman transport and associated coastal upwelling of nitrate-en-
riched water (e.g. Jacox et al. [2018]). On an interannual time scale (between 2002 and 2018), the two indices 
also covary significantly (Figure 2b, r = 0.63, p < 0.01). Interestingly both indices reach their lowest values 
in 2014 (water age) and 2015 (Chl-a) during the North Pacific warm anomaly (Di Lorenzo & Mantua, 2016).

3.2.  Carbon Export Balances New Production in Regions where Offshore Water Age is Greater 
than 60 Days

As a second step, we test for a relationship between the offshore water age and the ratio between new 
production and sinking carbon export (NP and CE), after normalization of NP to carbon units assuming 
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Redfield C:N stoichiometry. Our working hypothesis is that horizontal stirring translates the temporal lag 
between NP and CE into a spatial offset, and that the offshore water age diagnostic can capture this spatio-
temporal relation. Thanks to extensive process studies (Goericke & Ohman, 2015), in situ measurements of 
surface nutrients (silicic acid, nitrate and phosphate), NPP, CE and NP:CE are available in the CCE region, 
in particular between 32°N and 35°N (locations are marked by brown dots in Figure 1a). We thus compare 
in-situ measurements with satellite-derived water ages for the same day and location using negative expo-
nential regressions. Other functions (linear and power law) were tested but show no significance or lower 
r-values (not shown). We find that surface nutrients (silicic acid, nitrate and phosphate, Figures 3a–3c) con-
centrations decay exponentially with water age. These relationships validate our hypothesis that Lagrangian 
trajectories are initiated in a nutrient rich environment. Accordingly, we find that NPP varies inversely 
with water age (Figure 3d), as expected in a system in which recent upwelling is a source of new nutrients 
to stimulate production. The relatively high correlation value between surface nutrients and water age is 
similar to the correlation value between NPP and water age (−0.73 < r < − 0.68). As water parcels age, 
surface nutrients are drawn down and NPP decreases. Similarly, we found that carbon export was higher in 
younger age waters, although carbon export declines less rapidly with water age (Figure 3e). To assess how 
the balance between NP and CE changes with water parcel age, we also compared water age to the ratio of 
NP:CE in these water parcels (Figure 3f). We again found a statistically significant relationship, showing 
that younger water parcels had new production rates that substantially exceeded contemporaneous sinking 
particle flux. However, after 60 days, new production and export reach an equilibrium. Water parcels older 
than this showed approximately balanced new production and export, on average. There was, however, 
still substantial variability in the NP:export ratios in these older water parcels, likely because as the water 
age increases, processes like vertical shear, mixing and subduction complicate the interpretation of a water 
parcel as having a single source and age.

A steady-state one-dimensional balance between NP and CE would lead to an expected ratio of these two 
properties of 1 for waters of all ages, meaning that all the NP generated in the euphotic layer would be ex-
ported vertically in the water column below. In contrast, we find that NP:CE is generally higher than 1 in 
younger waters and declines with water age (Figure 3f, r = −0.46). This suggests that a significant part of 
the organic carbon produced in the euphotic layer is not exported below the euphotic zone locally, but is 
advected horizontally along the water mass trajectory. Many ratios are found below the 1:1 line between wa-
ter ages of 60–80 days, which implies that in such waters the sinking organic carbon originating from other 
locations has been advected to the measurement sites. This situation occurs for a wide range of distances to 
shore (between 100 km and 400 km; Figure 3f). Except for surface nutrients and NPP (which are less corre-
lated with distance-to-shore than the water age), distance-to-shore is not linearly correlated (p > 0.1) with 
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Figure 2.  Area occupied by high Chl-a events (>1 mg m−3, green line, right axis) and area occupied by young water 
age events (<30 days, orange line, left axis). (a) Mean seasonal cycle (r = 0.93; p < 0.01 between the two signals) and (b) 
interannual variability (r = 0.63; p < 0.01 between the two signals). Averaged between 30° and 40°N.
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variables shown in Figure 3 (distance-to-shore and: surface nitrate: r = −0.4, p = 0.01; surface silicic acid: 
r = −0.3, p = 0.07; surface phosphate: r = −0.34, p = 0.04; NPP: r = −0.4, p = 0.02; CE: r = −0.25, p = 0.14; 
NP:CE, r = −0.2, p = 0.24). Only surface Silicic Acid shows a significant negative exponential relationship 
with distance-to-shore, however less correlated (r = −0.44) than with the water age. This result shows that 
our simple water age index, which takes into account the history of the water mass since it has left the 
nutrient-rich coastal area, is strongly preferred over proximity to the coast as a predictor of biogeochemical 
characteristics related to organic carbon production and vertical export.

3.3.  Seasonal Variability of Cross-Shore Flow and Inferred C Export

We analyze the seasonal and spatial variability of the probability of occurrence of waters of different ages, 
for the primary upwelling season (May–September, Figure 4). We display probabilities for occurrence of wa-
ter ages of: (a) 0–20 days and (b) 60–80 days. Young ages (0–20 days, Figure 4a—upper row) are more likely 
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Figure 3.  Relationship between water age and measured in situ: (a) surface slicic acid (mmol m−3), (b) surface nitrate 
(mmol m−3), (c) surface phosphate (mmol m−3) (d) net primary production (mmol C m−2. d−1), (e) vertical carbon 
export (mmol C m−2 d−1), and (f) new production: Carbon Export ratio. Solid black lines indicate negative exponential 
regressions, gray dashed lines indicate 95% confidence intervals (C.I.) and horizontal dashed line in (f) indicates the 
equilibrium New Production: Carbon Export ratio of 1. Colors of symbols indicate the distance to shore.
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to occur near the coast between 32°−35°N, 37°−38°N, and north of 40°N. In the former regions, the month-
to-month variability is weak while in the latter (northern) region, the seasonal cycle is more pronounced 
and reaches its peak in July. These locations with highest probability are limited in space, concentrated 
nearshore and coincide with the most intense upwelling cells along the California coast. There are locations 
along the coast (around 36°N) with low probability of occurrence, likely due to imperfect coastal current 
data (see the Discussion for details). High probabilities for occurrence of young water ages correspond to 
regions of elevated primary production (Figure 3). In other words, Figure 4 (upper row) also corresponds to 
the locations where NP is most likely to dominate.

At the beginning of the upwelling season, the probability of occurrence of old ages is higher south of 
40°N than in the northern region where the upwelling season tends to start later and be shorter (Bograd 
et al., 2009). As the upwelling season progresses, areas of high probability of occurrence of old waters ap-
pear, corresponding to young waters upwelled earlier in the season that have been evolving. Old waters are 
more likely to occur in a broad region from the shore to up to 800 km offshore, in which upwelled waters 
have been advected and stirred. Based on the results in Figure 3, high probability for occurrence of old 
water ages correspond to regions where vertical carbon export tends to be close to or slightly exceed NP, i.e. 
where CE is most likely to dominate. To test the robustness of the seasonal patterns, we computed averages 
over several distinct time intervals (years [1993; 2003], [2003; 2013] and [2013; 2019]) and found similar 
spatial patterns (not shown). Also, removing ENSO events based on a San Diego Sea Level Anomaly crite-
rion (>50 mm anomaly for >1 month) does not significantly affect the pattern and the seasonal cycle (not 
shown). Thus, we find that the climatological patterns of inferred carbon export hotspots shown in Figure 4 
are reliable.
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Figure 4.  Climatological maps indicate the probability of occurrence of an: (a) 0–20 days and (b) 60–80 days water age 
event during the upwelling season (from May to September).
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3.4.  Interannual Variability of Offshore Extent of Flow

The 26 years satellite record enables us to compare interannual variability in water age, as a proxy for pro-
duction and export, with important climate drivers. For this purpose, we consider 60 days water as a critical 
water age that tends to indicate balanced NP: CE (cf. Figure 3f).

We find that the annual average anomalies of the distance-to-shore of the critical water age (60 days) cova-
ries with TKE (Figure 5a, r = 0.66, p < 0.01), the NPGO (Figure 5b, r = 0.48, p = 0.01), and with San Diego 
Sea Level Anomaly, as an index of ENSO in the CCE (Figure 5c, r = −0.64, p < 0.001). Moderate-to-strong 
El Niño events (like 1998, 2010, and 2016, blue arrows on Figure 5) tend to be associated with negative TKE 
anomalies and therefore with reduction in mesoscale activity, with concomitant reduction of the offshore 
extent of the region where NP and CE are most likely to be balanced. Conversely, this region presents 
greater offshore extent as La Niña events tend to be associated with positive TKE, and therefore stronger 
mesoscale activity.
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Figure 5.  Interannual variability of annual averages of anomalies of distances-to-shore of 60 day old water (black line) 
against (a) Eddy Kinetic Energy (EKE, salmon line), (b) NPGO index (blue line) and (c) San Diego Sea Level Anomaly 
in December, January and February (-SDSLA_DJF, scale reversed, green line). Light blue arrows indicate California El 
Niño years and darker blue long arrows indicate the strongest El Niños years. NPGO, North Pacific gyre oscillation.
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4.  Discussion
Advective processes, working at multiple spatial and temporal scales, reshape biogeochemical patterns in 
the pelagic ocean (Frischknecht et al., 2018; Resplandy et al., 2012). Horizontal transport leads to decou-
pling of net community production, new production, and export production at the mesoscale, obfuscating 
relationships between these and other processes (Estapa et al., 2015; Kranz et al., 2020). At the same time, 
mesoscale eddies, fronts, and filaments can act as sites of enhanced vertical transport leading to upwelling 
or downwelling with concomitant passive export of advected organic matter (Levy et  al.,  2013; Omand 
et al., 2015; Resplandy et al., 2019; Stukel et al., 2017). Understanding—and predicting—the impacts of 
horizontal transport on processes relevant to the biological pump is crucial to constraining different path-
ways of carbon transport to the ocean interior (e.g., sinking particles, diel vertical migration, active trans-
port; [Boyd et al., 2019; Ducklow et al., 2001]). The existence of a spatial discrepancy between regions when 
nutrients are injected and regions where organic matter sinks is especially relevant in upwelling systems 
(Plattner et al., 2005). Without offshore advection of high biomass water parcels, most carbon export would 
remain confined at the upwelling sites. Intense offshore advection events, however, have the potential to 
drive export pulses in the deep ocean with important consequences for open ocean mesopelagic and ben-
thic communities (Smith et al., 2018). The stirring process at the origin of the offshore transport however 
involves the interaction of fine scale features and creates patterns with a complex geometry. Understanding 
the variability of this offshore transport, and linking it to the large-scale dynamics—in particular to modes 
of climate variability—is especially relevant for climate-resolving models, which cannot explicitly resolve 
the subgrid details of the stirring process (Bourgeois et al., 2016), and therefore cannot properly represent 
where the organic matter produced in the upwelled region eventually sinks.

Explicit coupling of finescale Lagrangian water parcel transport estimates with in situ biological pump 
measurements is a powerful approach to elucidating how NP, NPP, and CE are related in time and space. 
In this study, satellite-derived Lagrangian water age diagnostics made it possible to infer the duration and 
lateral extent of cross-shore flows in the CCE. We found that independent measurements of NP and sink-
ing CE are directly related to these water age diagnostics. In younger waters (i.e., those that more recently 
occurred closer to shore), there is an excess of NP over CE, but in older waters (60–80 days since emerging 
from the coast), there is a closer balance between NP and CE. Our 26-years record of water age diagnostics 
revealed that both seasonal and interannual scale variations in these inferred cross-shore flows are related 
to the areal extent of elevated Chl-a, with a broader region of high phytoplankton concentrations occurring 
in seasons and in years of stronger offshore transport. These seasonal and longer term variations in phyto-
plankton concentrations, primary production, and carbon export are modulated by variations in mesoscale 
TKE, and by climate forcing represented by ENSO and the NPGO.

We show that the relationship between water age and different biogeochemical properties is a result of the 
covariability of nutrient concentrations with water age, i.e., the time since nutrients entered the euphotic 
zone near the coast via coastal upwelling. As water age increases, NP decreases as macronutrients are con-
sumed and other trophic levels (zooplankton) begin to develop. With continuing depletion of macronutri-
ents like nitrate and silicic acid, and temporal changes in the food web (Messié & Chavez, 2017), recycled 
nutrients play a greater role. However, new nutrients may also enter the surface water parcels via mixing 
and submesoscale addies in the offshore oligotrophic region (Kessouri et al., 2020).

Recent studies (Amos et  al.,  2019; Lovecchio et  al.,  2017) estimate organic carbon offshore transport in 
EBUS through lateral advection. Amos et  al.  (2019) describe eddy-induced offshore organic carbon en-
richment, especially by cyclonic eddies, illustrating the major role played by eddies in the CCE regional 
carbon budget. This process is included in the present analysis because the Lagrangian water age diagnostic 
includes contributions by eddies, filaments, and Ekman transport. If used in association with other Lagran-
gian diagnostics (e.g., retention time, [d'Ovidio et al., 2015]) and with satellite-derived particulate organic 
carbon estimates (Amos et al., 2019), our water age diagnostics could be used to differentiate eddies and 
filaments and thus assess their respective roles in organic carbon offshore transport.

In order to qualitatively separate the influence of Ekman transport from geostrophic motions, we computed 
our same diagnostics including only the geostrophic component (purely geostrophic [PG], without consid-
ering winds; data not illustrated). We found no significant correlation between the seasonal cycle of the area 
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occupied by young water ages from the PG product and the area occupied by high Chl-a events, suggesting 
that ageostrophic motions must also be considered.

It is important to note that the cross-shore transport induced by these mesoscale eddies and filaments is not 
oriented solely offshore. The occurrence of old water parcels over a broad area (Figure 4) highlights not only 
the role of mixing in carbon export, but also the role of recirculation and retention that can in some cases 
lead export to occur near regions of elevated NP. This result underscores the importance of considering 
water age, rather than the classical distance-to-shore, as a proxy for carbon export.

This description emphasizes upwelling near the coastal boundary, without explicitly considering wind 
stress curl-induced upwelling (Capet et  al.,  2004; Chelton,  1982; Renault et  al.,  2016). Ekman pumping 
associated with positive wind stress curl can supply new nutrients to the euphotic zone offshore of the 
coastal boundary, with major consequences for primary production and higher trophic levels (Rykaczewski 
& Checkley, 2008) and potentially for carbon export. However, the region inshore of the 500 m isobath in 
the present study includes part of the domain of wind stress curl upwelling (Pickett & Paduan, 2003; Ryk-
aczewski & Checkley, 2008), so this process is partially included in our analysis. Another limitation of our 
analysis is that in addition to macronutrients like nitrate, iron is also known to be a regionally important 
limiting micro-nutrient in some parts of the CCS (Brzezinski et al., 2015; Hutchins & Bruland, 1998; King 
& Barbeau, 2011; Messié & Chavez, 2015), and regions of severe Fe limitation may be spatially offset from 
regions of N limitation (King & Barbeau, 2007; Stukel et al., 2017). Furthermore, meso and submesoscale 
vertical dynamics which may enrich (e.g. [Kessouri et al., 2020]) or deplete (e.g., through subduction, [Gru-
ber et al., 2011; Stukel et al., 2017]) the surface layer in the coastal transition zone are not resolved here. 
Last a limitation of current satellite altimetry is that horizontal mesoscale structures are much smoother 
(and currents weaker) than in reality because of time and space interpolation of along-track sea level obser-
vations. Submesoscale structures are not resolved by the satellite product, thus ageostrophic components 
and mixed-layer instabilities are not taken into account. Positional errors between Chl-a patterns and La-
grangian derived diagnostics (up to 20 km) can appear nearshore, and altimetry potentially underestimates 
geostrophic currents (Lehahn et al., 2018). Such errors could be estimated by a rigorous comparison of the 
positions of the Lagrangian structures derived from numerical trajectories with the ones obtained by ana-
lyzing real surface drifters (e.g., [Nencioli et al., 2011]). This type of error is expected to be largely reduced 
in the incoming years by next satellite missions like SWOT (R. Morrow et al., 2019).

5.  Conclusion and Perspectives
By using satellite-derived Lagrangian water age diagnostics together with in situ measurements of surface 
nutrients concentrations, organic carbon production and vertical carbon export, we show that the most 
productive water parcels and those that are likely to vertically export the most carbon relative to local pro-
duction can be differentiated. New production exceeds sinking particle export in younger waters, inferred to 
be recently upwelled. New production is more closely balanced by vertical export in older waters. A 26-years 
record of water age diagnostics identifies regions of inferred carbon export hotspots, whose spatial extent is 
associated with mesoscale ocean variability and modulated by large-scale sources of climate forcing that in-
clude ENSO and the NPGO. Therefore, it is possible to model at least a major part of this biogeochemically 
relevant cross-shore transport through its covariability with climate forcing. At the same time, the finding 
that some of the variability in carbon export is not related to larger scale physical forcing underscores the 
need for mesoscale and sub-mesoscale studies in order to fully represent carbon export in Earth System 
models. The Lagrangian water age diagnostic can also be used as a near real-time tool for decision making 
during filament-following oceanographic cruises, as it can provide locations where new production and 
carbon export are likely to be spatially decoupled.

Data Availability Statement
Water age maps, primary production and carbon export data are available in CCE-LTER's DataZoo (https://
oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets). Satellite data can be found at: Chla—https://
www.wimsoft.com/CC4km.htm, surface currents—https://marine.copernicus.eu/; product identifier: 
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MULTIOBS_GLO_PHY_REP_015_004). The Lagrangian code we used is now part of the SPASSO package 
which can be downloaded here: https://spasso.mio.osupytheas.fr/.
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New and export production measurements 

In situ measurements were made during two- to five-day quasi-Lagrangian experiments on eight 
cruises of the CCE LTER Program.  During these quasi-Lagrangian experiments (hereafter “cycles”), we 
quantified microbial rates in polycarbonate bottles placed inside mesh bags that were incubated in situ on 
a drifting incubation array (Landry et al. 2009).  This array was deployed and recovered daily at ~04:00 
local time, allowing daily measurements at 6 – 8 depths.  H14CO3- uptake (net primary productivity) was 
measured in triplicate bottle with a fourth dark bottle (see Morrow et al. 2018 for additional details).  New 
production was quantified on three cruises through 15NO3- uptake measurements (Dugdale and Goering 
1967).  Nitrate uptake was quantified in a single 1-L polycarbonate bottle per depth (6 – 8 depths per 
deployment; typically 2 – 4 deployments per cycle).  Quantification of in situ nitrate uptake rates from 
15N incorporation into particulate matter was computed using equations in Stukel et al. (2016).  For 
additional details, see Kranz et al. (2020).  For cruises on which nitrate uptake was not measured directly, 
we estimated nitrate uptake using algorithms in Li et al. (2010).  Briefly, Li et al. (2010) used in situ rate 
measurements from our cruises to parameterize the NEMURO model (Kishi et al. 2007) for the CCE 
region.  We used the equations in Li et al. (2010) in combination with in situ NO3-, NH4+, chlorophyll a, 
and photosynthetically active radiation measurements to compute the f-ratio (ratio of nitrate uptake 
divided by total nitrogen uptake) at each of our incubation depths.  We then multiplied the f-ratio by the 
measured primary productivity rate at that depth (after converting from C units to N units assuming a 
Redfield C:N ratio of 106:16 mol:mol) to determine nitrate uptake.  Depth-specific nitrate uptake was 
converted to vertically integrated nitrate uptake using trapezoidal integration.  To test the efficacy of our 
algorithm, we compared computed to in situ nitrate uptake for the cruises for which we had both 
estimates.  We found a strong correlation (Pearson’s ρ = 0.84, p<0.01) and only a weak bias (median 
percent error was 7.2% indicating a slight overestimate by the algorithm).  We also considered an 
alternate f-ratio algorithm from Harrison et al. (1987), but found that it had a weaker correlation (ρ = 0.66, 
p = 0.076) and substantial bias (median percent error was 87.2%). 

We measured carbon export using VERTEX-style surface-tethered drifting sediment traps 
(Knauer et al. 1979).  Sediment trap crosspieces (one to three depths, typically from the base of the 
euphotic zone to 100 or 150 m depth) were deployed on an array including a satellite-tracked float and a 
3-m long × 1-m diameter holey sock drogue centered at 15 m depth.  Tubes were deployed with a dense 
saltwater and Formalin brine, and after recovery they were filtered through a 200-µm filter from which all 
swimming mesozooplankton were carefully removed during analysis under a dissecting microscope, prior 
to filtration for organic carbon measurements and other analyses (for additional details, see Stukel et al. 
2015; Stukel and Barbeau 2020).   Simultaneous 238U-234Th deficiency measurements showed close 
agreement with sediment trap-derived 234Th flux, except on cycles during which the 238U-234Th deficiency 
steady-state assumption was violated, leading us to believe that the sediment traps were accurately 
quantifying sinking carbon flux (Stukel et al. 2019).  To normalize carbon flux for all cycles to the depth 
of the euphotic zone (1% light level), we used an exponential model following Stukel et al. (2015) to 
extrapolate from the depth of the shallowest sediment trap (which was typically within 20 m of the base 
of the euphotic zone).  For the CCE-P0605 cruise, we had no sediment trap measurements and hence used 
carbon export measurements derived from 238U-234Th deficiency measurements (Stukel et al. 2011).
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