
1.  Introduction
Ocean net primary production (NPP) accounts for ∼50% of the annual global NPP and sets the baseline for 
biogenic carbon available to fuel marine ecosystems (Chavez et al., 2011). This metric is used in a variety of 
ocean biogeochemistry studies, many of which rely on the accuracy of space-born observations. Satellites 
provide the capability to observe surface ocean ecosystems with near-daily global coverage; however, heavy 
cloud cover and sun glint in high-latitude regions remain key challenges. Additionally, satellites observe just 
the top layer of the sunlit ocean, requiring assumptions to be made when extrapolating information through 
depth. Still, combining satellite products for depth-integrated NPP (Behrenfeld et al., 2005; Behrenfeld & 
Falkowski, 1997; Westberry et al., 2008) and export efficiency (Dunne et al., 2005; Henson et al., 2011; Laws 
et al., 2000, 2011) can provide a global estimate of export production—a key metric for setting the atmos-
pheric carbon dioxide concentration (Volk & Hoffert,  1985). While critical to our understanding of the 
modern global carbon cycle, carbon export estimates derived from remote sensing approaches exhibit a 
larger meridional gradient than in situ, geochemical estimates (Emerson, 2014; Palevsky et al., 2016; Yang 
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this important piece of the global carbon cycle puzzle is difficult due to the limited number of high-
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net primary production from satellite observations; however, heavy cloud cover during winter and sun 
glint in high-latitude regions remain key challenges. Additionally, satellites observe just the top layer of 
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et al., 2017) and, when integrated globally, span a range of over 100% (5–12 Pg C; Siegel et al., 2016). It 
remains unclear what fraction of this discrepancy is caused by shortcomings in satellite NPP versus export 
efficiency estimates due to the paucity of in situ, geochemical observations (e.g., Bisson et al., 2018).

Autonomous platforms equipped with biogeochemical (BGC) sensors can help to fill ecosystem observ-
ing gaps by providing year-round, in situ observations throughout the water column and in high-latitude, 
cloud covered regions. While this observing approach still requires ship-based NPP data for validation, it 
can supplement the extensive spatiotemporal coverage provided through remote sensing to yield better 
constrained, and possibly regional, NPP models that are not solely reliant on surface ocean observations as 
predictor variables. The goal of this work is to evaluate the insights to be gained from quantifying regional 
differences in satellite and in situ NPP estimates (Friedrichs et  al.,  2009; Saba et  al.,  2010,  2011; Sheng 
et al., 2014) that may reveal gaps in our understanding and lead to improved real-time characterization of 
ecosystem functionality and variability.

Our study focuses on a relatively homogenous domain, both biogeochemically (Haskell et al., 2020; Plant 
et al., 2016) and physically (Scannell et al., 2020), of the subarctic northeast Pacific Ocean (48.5°–53°N and 
151.5°–139°W; Figure 1a) that has been occupied by BGC profiling floats since 2008. This is a high-nu-
trient-low-chlorophyll (HNLC) region where iron and light limit primary productivity (Freeland,  2007; 
Hamme et al., 2010) and nitrate concentrations are normally above detectable limits (Westberry et al., 2016; 
Whitney & Freeland, 1999; Wong et al., 1999). We use observations from BGC profiling floats to quantify 
NPP throughout the water column (NPPfloat) and to derive depth-integrated values (iNPPfloat) for compari-
son with depth-extrapolated (NPPsat) and depth-integrated (iNPPsat) estimates derived from satellite obser-
vations, respectively. Our analysis focuses on use of the Carbon-based Productivity Model (CbPM; Behren-
feld et al., 2005; Westberry et al., 2008) and considers how regional carbon cycling assessments could be 
impacted by the use of satellite-versus float-derived NPP estimates in the absence of NPP validation data.

In the past decade, the NE Pacific has endured two marine heatwaves (MHWs; 2013–2015 and 2018–
2020)—more than five consecutive days of sea surface temperature exceeding the 90th percentile of a 30-
year historical record (Bond et al., 2015; Hobday et al., 2016; Scannell et al., 2020). A number of studies have 
evaluated the ecosystem impacts associated with the earlier MHW, including two studies that used BGC-
float observations to estimate annual net community production (ANCP; Bif et al., 2019; Yang et al., 2018), 
which is equal to gross primary production minus community respiration (Laws, 1991). Here, we use a 
combination of satellite and float-estimated NPP to explore the ecosystem response to anomalous sea sur-
face temperatures.

2.  Data
2.1.  Float Data

Since 2010, bio-optical measurements have been made by two Teledyne Marine APEX floats (WMO num-
bers 5903274 and 5903714) and one Sea-Bird Scientific Navis BGCi + pH float (5905988) near OSP where, 
combined, they have collected near continuous (≤10  day) observations of physical and chemical ocean 
conditions. Each float carried a conductivity-temperature-depth sensor (SBE 41N, Sea-Bird Scientific), op-
tical nitrate sensor (ISUS, Johnson et al., 2013; or SUNA), bio-optical sensor (APEX: WETLabs ECO FLBB; 
Navis: MCOMS) measuring chlorophyll fluorescence (470/695 nm) and backscattering (bbp, 700 nm with a 
scattering angle of 140° for the APEX and 150° for the Navis), and oxygen optode (Aanderaa or SBE63). The 
Navis float also carried a DeepSea DuraFET pH sensor (Johnson et al., 2016), and its bio-optical sensor also 
measured colored dissolved organic matter fluorescence (370/460 nm).

Raw and adjusted float data files were downloaded directly from the MBARI FloatViz 6.0 website (http://
www.mbari.org/chemsensor/floatviz.htm). The raw files include implementation of the manufacturer 
calibrations for each sensor while the adjusted files have also undergone more rigorous quality control as 
outlined in Johnson et al. (2017). Additionally, the shallowest float observation from each profile (∼10 m) 
was extrapolated to the sea surface. This estimation was determined to be adequate based on evaluation 
of more than 10 years of near-surface variability in fluorescence profiles from Line P cruise observations 
at OSP. Float profiles were interpolated to 1-m vertical resolution in the upper 200 m. Two floats (5903274 
and 5903714) overlapped during 2012, so profiles occurring within 10 day of each other were averaged. The 

http://www.mbari.org/chemsensor/floatviz.htm
http://www.mbari.org/chemsensor/floatviz.htm
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original, unaveraged data are used in Figures 1b and 1d. The averaged data from these two floats are used 
in subsequent figures and tables.

2.2.  Satellite, Model, and Hydrographic Data

Ocean color products derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard 
the NASA Aqua satellite used for this analysis include 0.17° resolution, 8-day averaged chlorophyll-a con-
centrations (Chl; Garver-Siegel-Maritorena algorithm, Morel & Maritorena, 2001), particulate backscatter 
(bbp), CbPM-NPP (Westberry et al., 2008), and Photosynthetically Available Radiation (PAR). These data 
and monthly estimates of mixed layer depth from the Hybrid-Coordinate Ocean Model (HYCOM) were 

Figure 1.  (a) Study region (black rectangle) including Line P cruise stations (black dots), Ocean Station Papa (triangle), and float trajectories. The inset legend 
lists the float WMO numbers and operational periods. Black lines on the legend correspond to periods when the floats were operating outside of the study 
region. Asterisks indicate BGC floats with bio-optics used to calculate NPP. Float 5905988 is still operational. Climatologies (black lines) of (b) iNPPfloat and 
(c) iNPPsat. Inset numbers give the climatological annual iNPP values. iNPP estimates for individual years (gray lines) with MHW years shown in color and 
heightened iNPP years bolded. A monthly climatology based on shipboard NPP observations from the study region is shown in blue (mean ± 1σ, Table S1). (d) 
Time series of iNPPsat (gray) and iNPPfloat (black) with positive sea surface temperature anomalies shown in the background (tan). (e) Depth-resolved NPPfloat 
time series including float estimates of mixed layer depth (blue), first optical depth (gray), and euphotic zone depth (black).
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downloaded from the mission start date (July 2002) to January 2020 from the Oregon State Ocean Pro-
ductivity Group website (http://sites.science.oregonstate.edu/ocean.productivity/custom.php; Figure S1). 
Monthly nitrate climatology data from the World Ocean Atlas (WOA; https://www.ncei.noaa.gov/access/
world-ocean-atlas-2018/) were used to estimate the nitracline depth for satellite-based CbPM calculations. 
The satellite CbPM-NPP estimates are reported herein as values extracted nearest in time and location to 
float sampling (NPPsat, Figure S1) or averaged over the study region (NPPsat-xy; black box, Figure 1a). Geo-
chemical estimates of iNPP using clean techniques for 13C or 14C 24-hr incubations (Table S1) from previ-
ously reported data sets (Booth et al., 1988; Boyd & Harrison, 1999; Giesbrecht, 2010; Kawakami et al., 2010; 
Miller et al., 1991; Timmerman & Hamme, 2021; Welschmeyer et al., 1993; Wong et al., 1995) are compared 
with the seasonal cycles of iNPPfloat and iNPPsat.

Monthly sea surface temperature (SST) anomalies were calculated using the MATLAB package described 
in Jacox et al. (2020). SST anomalies (Figure 1d) were identified using the daily, NOAA Optimum Interpola-
tion SST product (version 2; https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html) at 0.25° resolution 
(Banzon et al., 2016; Reynolds et al., 2007). Annual SST anomalies were computed using the full SST data 
record (1982–2019) averaged over the study region (SSTxy). To achieve the best float-chlorophyll estimate 
possible, we relied on discrete fluorometric measurements of extracted Chl (mg m−3), adjusted to HPLC 
data provided by Dr. Angelica Peña (IOS, https://open.canada.ca/data/en/dataset/871b0b32-3135-40c8-
868e-c5d87800ca76), collected during the Canadian Line P cruises (Figure S3; http://www.waterproperties.
ca/linep/cruises.php).

3.  Methods
3.1.  Fluorescence-to-Chlorophyll Concentration Conversion

Float fluorometers were calibrated using laboratory standards prior to deployment. Similar to previous anal-
yses (Roesler et al., 2017), we found the laboratory calibrations to be inadequate for determining Chl over 
the full float lifetime, especially for the MCOMS sensor (WMO 5905988; Figure S2). Possible explanations 
include changes in phytoplankton community composition; photoadaptive responses of phytoplankton in 
iron-limited regions that cause the fluorescence-to-Chl relationship to change over time (Behrenfeld & 
Milligan, 2013); or other fitness factors. Raw float fluorescence data were corrected for nonphotochemical 
quenching (Xing et  al.,  2012) before a background signal (minimum Chl between 100 and 300  m) was 
subtracted from each profile (Broenkow et al., 1983; Xing et al., 2017). Annual relationships between fluo-
rescence and Chl were defined using ship-based Line P observations (Figures S4 and S5) and were subse-
quently used to adjust the float fluorescence data (see Text S1 for details).

3.2.  Backscatter to Phytoplankton Carbon Conversion

Particulate backscatter was estimated following Johnson et al.  (2017), and signals due to large particles, 
zooplankton, refractory backscattering, and instrument noise were removed (Briggs et al., 2020; see Text S2 
for details). Estimates of phytoplankton carbon concentrations (C; mg m−3) were calculated using the rela-
tionship of Behrenfeld et al. (2005) by first converting bbp at 700 nm to bbp at 443 nm assuming a power law 
dependence on wavelength with a power law slope parameter set to −1 (Morel & Maritorena, 2001):

  bpC 13,000 443 0.00035 .b  � (1)

3.3.  Float-Based Net Primary Production

In CbPM, NPP is the product of C and growth rate, both of which can be estimated from float or satellite 
observations. CbPM-NPP is calculated using mixed layer depth, Chl, bbp, PAR, the diffuse attenuation co-
efficient at 490 nm (Kd[490]), and an estimate of the nitracline depth. Float-estimated mixed layer depths 
were calculated using the density algorithm of Holte and Talley (2009). Kd(490) and Kd(PAR) were estimat-
ed using float Chl and the relationship described in Morel et al. (2007) (their Equations 8 and 9, respec-
tively). Following the approach of previous studies to adapt CbPM for profiling float applications (Estapa 
et al., 2019; Yang et al., 2021), satellite PAR was attenuated with depth using the depth-resolved estimates of 

http://sites.science.oregonstate.edu/ocean.productivity/custom.php
https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/
https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html
https://open.canada.ca/data/en/dataset/871b0b32-3135-40c8-868e-c5d87800ca76
https://open.canada.ca/data/en/dataset/871b0b32-3135-40c8-868e-c5d87800ca76
http://www.waterproperties.ca/linep/cruises.php
http://www.waterproperties.ca/linep/cruises.php
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Kd(PAR). The euphotic zone depth (zeu) was calculated as 4.6/Kd (PAR), and the first optical depth (zOD) was 
calculated as 1/Kd(PAR). NPPfloat and NPPsat values were integrated from the surface to 200 m, well below 
the deepest winter mixing depth.

4.  Results
4.1.  Float Versus Satellite CbPM-NPP

Satellite and float CbPM-estimates of iNPP agree relatively well when integrated through 200 m (Figure 1d): 
the mean absolute relative difference, with respect to iNPPsat, is 35%. Over 90% of the discrete NPP observa-
tions from our study region were made prior to 1990 (Table S1), such that direct validation of the float or sat-
ellite estimates is not feasible. As expected, discrepancies were found between the discrete climatology and 
both the iNPPsat and iNPPfloat climatologies (Figures 1b and 1c). The largest discrepancies between iNPPsat 
and iNPPfloat climatologies occur in late winter and early spring (Figure 2e and Table S2) when differences 
range from −23% to −78%, relative to iNPPsat.

To understand what is causing the observed discrepancies, we consider two important methodological 
differences between the iNPPfloat and iNPPsat calculations. The first difference is associated with using re-
mote (satellite) versus in situ (float) observations of Chl and bbp (platform related discrepancies; Bisson 
et al., 2020). The second difference is associated with the extrapolation of satellite observations to depth 

Figure 2.  Annual (greys) and climatological (light blue; mean ± 1σ) discrepancies between CbPM calculation methods (values given in Table S2). Relative 
differences between (a) iNPPsat and iNPPfloatOD, (c) iNPPfloatOD, and iNPPfloat, (e) iNPPsat and iNPPfloat. (b, d, and f) Depth-resolved relative discrepancies in NPP 
including HYCOM mixed layer depths (blue) and float estimates of zOD (gray) and zeu (black). Relative differences between NPPfloatOD and NPPfloat above zOD 
occur when there are multiple float observations recorded within this depth range. NPP values < 0.5 mg C m−3 d−1 were set to NaN. Consistent wintertime 
breaks in section plots (b) and (f) reflect observing gaps in the satellite data. Absolute discrepancy values are shown in Figure S6.
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versus using depth-resolved float observations (depth-resolution discrepancies; Saba et al., 2010). Specifi-
cally, the satellite CbPM approach assumes a homogeneous mixed layer followed by an exponential decay 
of growth rate with depth.

To isolate the first methodological difference, float Chl and bbp values were averaged within zOD to serve as 
a proxy for what the satellite observes. Then, NPP was derived through depth using the same method of 
CbPM applied to satellite data (Westberry et al., 2008), including satellite estimates of mixed layer depth, 
PAR, and nitracline, with float zOD-averaged data of Chl and bbp. Discrepancies between the resulting float 
(iNPPfloatOD) and iNPPsat values therefore reflect differences in Chl and bbp observations. The iNPPsat and 
iNPPfloatOD climatologies reveal a seasonally varying bias, with the largest relative differences (∼50%) during 
spring and summer and the smallest relative differences (∼1%) during winter (Figure 2a and Table S2). 
The differences are constant throughout the mixed layer where the CbPM algorithm assumes a fixed Chl:C 
(Figure 2b).

To isolate the second methodological difference, we compare NPPfloatOD and NPPfloat. The seasonal bias in 
iNPP resulting from the CbPM-model assumptions required to extend surface observations with depth is 
smaller in magnitude than the bias associated with observing platform differences. However, this is largely 
due to the compensation of biases when integrated through depth (Figure 2c). There is a slight overestima-
tion (1–30%) of NPPfloatOD throughout the mixed layer during summer and significant overestimation and 
underestimation (exceeding ±100%) of NPPfloatOD at different depths within the mixed layer (spanning a 
range of NPP values, up to 20 mg C m−3 d−1; see Figure 1e) during fall, winter, and spring. Therefore, bias-
es resulting from the depth-resolution discrepancy are more important when considering depth-resolved, 
rather than depth-integrated, NPP in this region.

The combined effect of the two methodological differences in iNPPfloat and iNPPsat calculations near OSP is a 
seasonally consistent, partially compensating bias (Figures 2e, 2f and S7). Both the platform and depth-res-
olution discrepancies contribute to the lower spring iNPPsat values (−53%) while the platform discrepancies 
largely explain the lower iNPPsat values during ∼July, which leads to the double hump in production (Fig-
ure 1c) that is not found in the iNPPfloat climatology. The main differences in iNPP are dominated by observ-
ing platform differences. However, the depth-resolved NPP values differ by significantly larger margins (up 
to ±900%), emphasizing that depth-extrapolation may be a significant source of uncertainty in evaluations 
of vertically resolved NPPsat.

4.2.  Annual iNPP

Annual iNPP (ANPP) values were calculated from January through December for each year (Figure  3a 
and Table S3). ANPPfloat was not calculated if floats were missing observations from more than one month 
and satellite ANPP was calculated (a) from data extracted nearest in time and space to each float (ANPPsat; 
Figure 1a) and (b) as a spatial average (ANPPsat-xy) over the study region (Figure 1b). Missing NPPsat val-
ues, caused by cloud cover in December, were filled via interpolation. The highest ANPPfloat, ANPPsat, and 
ANPPsat-xy values were found during MWHs in 2014 and 2019. Though there exist moderate, systematic 

Figure 3.  (a) ANPPfloat versus ANPPsat. Black line is 1:1. (b) Annual SST (ASSTxy) anomaly versus ANPPsat-xy. (c) Climatologies of export calculated as the 
product of satellite-estimated e-ratio (Laws et al., 2011, Equation 3) and iNPPfloatOD (green), iNPPfloat (black), or iNPPsat (gray).
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seasonal differences between iNPPfloat and iNPPsat (Figure 2e), a significant, positive relationship between 
float and satellite ANPP values (Figure 3a) suggests that both platforms provide a consistent perspective on 
interannual variability. As such, we leverage the time periods of both platforms to analyze ANPP anomalies 
with respect to annual SST anomalies.

5.  Marine Heatwaves and NPP
Two marine heatwaves occurred in the NE Pacific during the study period: the first from 2013 to 2016 
followed by one from mid-2018 to 2020. Previous studies on the ecosystem impacts associated with the 
2013–2016 MHW in the NE Pacific and nearby regions have focused on changes in species biomass, biogeo-
graphical shifts, and large-scale die-offs and mass strandings of marine mammals, fish, and birds (Brodeur 
et al., 2019; Cavole et al., 2016; Cheung & Frölicher, 2020; Yang et al., 2019). Others have evaluated chang-
es in phytoplankton community composition (Peña et al., 2019), habitat threats and redistribution (Jacox 
et al., 2020; Smale et al., 2019), harmful algal blooms (McCabe et al., 2016; Trainer et al., 2020), and changes 
in annual net community production (ANCP; Bif et al., 2019; Yang et al., 2018). To our knowledge, no stud-
ies have focused on how MHWs influence NPP in this region.

ANPPsat-xy anomalies are positively correlated with ASSTxy anomalies (Figure 3b), suggesting that up to 70% 
of the ANPP variability in the region may be related to environmental changes associated with elevated 
water temperatures. The 2018–2020 MWH was like the 2013–2016 MHW in that the upper ocean exhibited 
intensified stratification and winter mixing did not persistently penetrate the 25.5 kg m−3 potential density 
surface (Figure S8). However, the earlier MHW exhibited a larger, positive thermal anomaly and the later 
MHW exhibited a larger, negative salinity anomaly in the upper ocean (Scannell et  al.,  2020). Elevated 
NPP, in both float and satellite records, was found during summer following the first winter of each MHW 
(2014/2019); preceded by early heightened growth rates (Figure S9). Prior studies of the 2013–2016 MHW 
identified increases in phytoplankton accumulation and Chl during summer of 2014 (Cavole et al., 2016; 
Peña et  al.,  2019). In 2019, we also find elevated surface Chl and phytoplankton carbon values and de-
pressed carbon dioxide partial pressures, estimated from float pH observations (Johnson et al., 2017; Wil-
liams et al., 2016; Figures S2b and S8). Further, phytoplankton growth rates have been shown to be temper-
ature dependent (Barton & Yvon-durocher, 2019; Laws et al., 2000). Though ANPP values were high during 
both MHWs, only the 2019 ANPP values were statistically significant in both the satellite and float records 
(Table S3).

Elevated ANPP during MHWs may seem unintuitive because stratification also limits the entrainment of 
denser, nutrient-rich waters; however, the study domain is an HNLC region where productivity is primarily 
limited by light and iron availability (Maldonado et al., 1999). Shortwave radiation data from the OSP moor-
ing suggest that light availability was not anomalous during 2014 or 2019. Possible sources of iron supply to 
the region include intermediate water transport and advection (Harrison et al., 1999; Nishioka et al., 2020), 
fire ash deposition (Abram et al., 2003; Kramer, 2020), Asian and Alaskan dust (Boyd et al., 1998), and vol-
canic ash (Hamme et al., 2010; Westberry et al., 2019). Notably, the June 22, 2019 Raikoke volcanic eruption 
resulted in exceptionally high sulfur dioxide concentrations (Figure S10; Theys et al., 2019) over the study 
region in July based on the Ozone Monitoring Instrument aboard the Aura satellite. Additionally, anoma-
lously high Aerosol Optical Depths (an indicator of smoke from wildfires, dust, and sulfates) over Alaska 
and Canada were observed in MODIS-Terra satellite imagery from May through July of 2019 (Figure S10), 
overlapping an unprecedented fire season in Southcentral Alaska (Bhatt et al., 2021). Thus, it is possible 
that iron supply from volcanic ash and regional fires may have caused the anomalous 2019 primary produc-
tivity. Another key factor suggesting elevated production during 2019 is that mixed layer nitrate concentra-
tions were depleted to the float sensor detection limit in August (Figure S8); something not seen in at least 
13 years of seasonal Line P observations and 8 years of continuous float observations near OSP.

Float-based estimates of ANCP during the 2013–2016 MHW by Yang et al. (2018) and Bif et al. (2019), who 
used different chemical tracers, suggest reduced ANCP in different years of the warm event. Lower-than-av-
erage ANCP coupled with higher-than-average ANPP suggests that interannual variability in heterotroph-
ic respiration may play an important role in regulating upper ocean carbon cycling and the efficiency of 
carbon export. Since NPP appears to have been elevated during both recent MHWs, the negative impacts 
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experienced by higher trophic levels during the earlier MHW suggest that the base of the food chain may 
not be a good indicator for broader ecosystem responses.

6.  Conclusions
Over 80% of the global surface ocean has begun to show increases in the duration and intensity of MHWs, 
including the NE Pacific (Oliver et al., 2018), which are expected to become more frequent under global 
warming (Frölicher et al., 2018). Our ANPP estimates are positively correlated with annual SST anomalies; 
however, exceptionally anomalous conditions during 2019, including a volcanic eruption and unprecedent-
ed regional fire activity, make it difficult to draw firm conclusions about the general ecosystem response to 
MHWs.

As NPP models become more commonly applied to float observations, our work suggests that considera-
tion of both depth-integrated and depth-extrapolated biases is needed, in addition to platform observing 
differences. We find a persistent seasonal discrepancy between depth-integrated NPP (iNPP) estimates from 
depth-resolved float data and depth-extrapolated satellite data throughout the study region. Satellite iNPP 
estimates appear to miss the late winter and early spring bloom initiation relative to float iNPP estimates 
that capture subsurface variability and are not limited by cloud cover. While iNPP estimates from these plat-
forms are similar (within ∼50%) and covary, depth-resolved NPP discrepancies are large (≥±100%) and can 
reach up to ±900%. Though we are limited by a lack of discrete NPP data in our ability to ascertain which of 
the platforms provides a more accurate estimate of NPP, we might expect the float estimates to better reflect 
subsurface variability within the mixed layer (Carranza et al., 2018). Additionally, the rigorous QC applied 
to the float fluorescence data elevates our confidence in these estimates. The preadjusted float fluorescence 
data would have yielded a poor estimate of Chl, leading to large, unconstrained biases in calculated NPP 
(Figure S11). Additionally, due to the nonlinear Chl:fluorescence relationship with depth (Figure S2), sat-
ellite observations of Chl are not sufficient to adjust subsurface float fluorescence data; significant biases 
remain in float Chl profiles corrected using satellite surface observations.

Seasonally persistent discrepancies between depth-resolved and depth-extrapolated iNPP estimates have 
important implications for regional, and potentially global, carbon cycle studies that use profiling float 
and satellite observing approaches interchangeably. For example, the same e-ratio (Laws et al., 2011, Equa-
tion 3) applied to float and satellite iNPP climatologies from our study region yields export estimates that 
differ by 12% when integrated annually (Figure 3c). Larger differences may be expected in less physically 
quiescent ocean regions where annual mixed layer depths are more variable and the vertical resolution of 
observations may be more important. Discrete NPP validation data are needed to assess the accuracy of 
CbPM (and other NPP algorithms) in more regions and to develop new algorithms that can leverage the 
growing BGC-float array to fill gaps in, and add context to, surface satellite observations. In the meantime, 
characterizing iNPP biases caused by observing platform and depth-resolution differences between float 
and satellite approaches in other ocean regions would be useful. Such efforts, in combination with similar 
work to compare and improve satellite e-ratio algorithms (e.g., Haskell et al., 2020), may help to reduce the 
>100% spread in annual global carbon export estimates.

Data Availability Statement
Raw and adjusted float data files were downloaded directly from the MBARI FloatViz 6.0 website (http://
www.mbari.org/chemsensor/floatviz.htm). Input data for CbPM-NPP included HYCOM-MLD and satel-
lite ocean color data (PAR, Chl, and bbp) provided by the Oregon State Ocean Productivity Group (http://
sites.science.oregonstate.edu/ocean.productivity/custom.php), and monthly nitrate climatology data 
(WOA; https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/). Other data used in this study in-
clude, monthly SST data (NOAA OISSTv2; https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html), 
HPLC data (IOS, https://open.canada.ca/data/en/dataset/871b0b32-3135-40c8-868e-c5d87800ca76; record 
ID: 871b0b32-3135-40c8-868e-c5d87800ca76), Canadian Line P cruise data (http://www.waterproperties.
ca/linep/cruises.php), Station Papa mooring data (https://www.ncei.noaa.gov/data/oceans/ncei/ocads/
data/0100074/), SO2 Column Amount and AOD (OMI OMSO2e v003 and MODIS-Terra MOD08_M3 v6.1; 
https://giovanni.gsfc.nasa.gov/).
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