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Constraint on net primary productivity of the global ocean by Argo oxygen measurements

Kenneth S. Johnson! and Mariana B. Bif!

!Monterey Bay Aquarium Research Institute, Moss Landing, CA, USA

The biological transformation of dissolved inorganic carbon to organic carbon during
photosynthesis in the ocean, marine primary production, is a fundamental driver of
biogeochemical cycling, ocean health and the earth’s climate system. The organic matter
created supports oceanic food webs including fisheries and is an essential control on
atmospheric carbon dioxide levels. Marine primary productivity is sensitive to changes due to
climate forcing but observing the response at the global scale remains a significant challenge.
Sparsely distributed productivity measurements are made using samples collected and
analyzed on research vessels. However, there are never enough ships and scientists to enable
direct observations at the global scale with seasonal to annual resolution. Today, global
ocean productivity is estimated using remote sensing ocean colour observations or general
circulation models with coupled biological models that are calibrated with the sparse
shipboard measurements. Here we demonstrate the measurement of gross oxygen
production by photosynthesis using the diel cycle of oxygen concentration detected with the
array of Biogeochemical-Argo (BGC-Argo) profiling floats. The global ocean net primary
productivity computed from this data is 53 Pg C y!, which will be a significant constraint on
satellite and general circulation model (GCM)-based estimates of the ocean productivity.

Global ocean productivity is estimated to be near half of the Earth’s total productivity! and it
represents the production of autotrophic biomass that is readily available for the remaining
food web? 3 4. Uptake of inorganic carbon and sinking of the particulate organics sequesters
atmospheric carbon into the ocean interior, a process known as the biological carbon pump®.
This process reduces the present atmospheric CO; by 200 ppm relative to a world with a
modeled, abiotic ocean®. Measuring metabolic rates via daily photosynthetic generation of
oxygen (gross oxygen production, GOP), total carbon dioxide reduction (gross primary
production, GPP) and net primary production (NPP which equals GPP minus autotroph
respiration to sustain self-metabolism) have been valuable tools to assess the marine
ecosystem status and productivity?. In a changing ocean, primary productivity is observed to be
variable spatially and seasonally” & 2.

The earliest measurements of primary productivity in the ocean were based on the Light
Bottle/Dark Bottle (LBDB) methodology, resulting in GOP rates?0. Poor sensitivity and bottle
artifacts led to replacement of the LBDB method by *C-bicarbonate labeled incubations?! as
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the most generally utilized method. It is interpreted to yield net primary productivity
estimates? 12 13, although method artifacts may still occur®® 4, Early assessments of global
primary productivity were based on extrapolation of 1*C-labeled NPP measurements to the
entire ocean'® 1>, More recently, methods based on the fractionation of the three isotopes of
oxygen have been used to determine GOP rates directly from samples without the need for
incubation'® Y. However, there are never enough of any of these measurements to enable the
extrapolation to a global extent with seasonal to annual resolution.

With the advent of satellite based observations of chlorophyll near the sea surface, a variety of
methods to estimate the ocean’s biological productivity were developed® °, These estimates
were based on empirical models of primary production?® 2! that have been tuned to a limited
set of 1*C-uptake NPP observations (Figure 1a) and driven by the satellite fields of chlorophyll
and carbon. More recently, global estimates of ocean primary productivity have been
generated using general circulation models (GCM) with embedded biogeochemical models that
assimilate ocean color data?? 23, These satellite and GCM methods generate net primary
productivity in the range of 30 to 60 Pg C y! for the global ocean'® 22 24, None of these values
are direct observations of ocean productivity, however. They are estimates derived from
models with documented limitations'® %23, For instance, these models have difficulty
reproducing observations at ocean time series stations?> and they may be affected by changing
phytoplankton physiology?®.

In an approach derived from the original LBDB method, autonomous platforms equipped with
oxygen sensors are now capable of measuring the diel cycle of oxygen production and
respiration directly in the open ocean without enclosing samples?”- 28, This has enabled direct
observations of GOP and community respiration (CR, respiration at all trophic levels) in
oligotrophic waters?® 3031 These approaches require multiple observations over the course of
each day from a single autonomous platform and they are difficult to replicate to the global
scale.

Observing diel oxygen cycles

Here we use the profiling floats of the Biogeochemical-Argo (BGC-Argo) array3? to detect the
diel cycle of oxygen (GOP) and compute net primary productivity at the global scale (Figure 1b).
BGC-Argo floats are free drifting platforms equipped with biological and chemical sensors,
including oxygen, that profile from ~2000 m depth to surface. Observations made on the
ascent are transmitted via satellite to Argo Data Assembly Centers, where results are made
available without restriction within 24 hours. Each float has sufficient energy to make about
200 vertical profiles, typically at ~5 to ~10 day intervals over float lifetimes that reach 4 to 6
years. The low profiling frequency would seem to be incompatible with the need for multiple
measurements during one day to detect a diel oxygen cycle. However, the diel cycle of oxygen
is a signal that is phase locked to the solar cycle. This signal is present in euphotic zone oxygen
concentrations throughout the ocean and it can be resolved using the methods shown here.
Exact calibration of the oxygen sensors in the array is not required.
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Detecting diel cycles from the Argo array has been demonstrated previously. Gille33 found that
the diel cycle of temperature in the upper ocean is observable when the array is used as a
collective set of sensors. Gille introduced one additional protocol to improve the statistical
performance of such calculations. The analysis used the anomaly of the profiling float
temperatures relative to a reference value rather than analyzing the float temperature directly.
The reference for temperature observations was the temperature measured at local noon (or
midnight) near each float profile by orbiting satellites. The use of temperature anomalies
reduces the variability in the data. In the case of profiling float oxygen, we use the anomaly of
oxygen concentration relative to atmospheric saturation (saturation anomaly) in each sample
for our GOP calculations. The oxygen concentrations in the upper 10 m and the saturation
anomaly for all Argo data in the upper 10 m are shown in Extended Data Figure S1.

To illustrate the phase locked oxygen signal, the oxygen concentration anomaly (oxygen —
atmospheric saturation concentration in the same water) data in the upper 20 m from 60°N to
10°N are shown versus the local hour of day when the samples were obtained (Figure 2a).
Although the individual profile data are scattered, a diel signal is clear when the mean oxygen
anomaly value in each hour of the pseudo-daily cycle is computed (Figure 2b). This plot was
made with adjusted oxygen data from floats in the Argo Global Data Assembly Center that have
sampled all hours of the day evenly (see Methods) from 2010 through 2020. 14,294 profiles of
50,736 oxygen profiles from this region have the required float timing with all hours of the day
sampled at nearly even occurrences. The remaining profiles could not be used to assess the diel
cycle because those floats sampled at one or a few fixed hours of the day. Any calibration
offsets in floats that sample at fixed times will corrupt the diel signal by biasing only the few
sampled hours of the day.

A GOP annual rate of 2.2+0.3 (1 Std. Error, N=14,294) mmol O, m3 d"! was obtained from the
data (Figure 2b). The procedure used to fit the GOP rate (Methods) is based on the approach
outlined by Barone et al.?®. Standard error limits were calculated using bootstrapping?®. The
typical least squares fit error gave similar results. A seasonal cycle in GOP is resolved with a
spring maximum (Figure 2c). The annually averaged and vertically integrated GOP rate to 50 m
depth (Figure 2d) is 70t12mmol O, m?2 d1. This analysis was limited to the northern
hemisphere to preserve the seasonal signal. The entire global data set can be used (Extended
Data Figure S2) to obtain a rate of 2.1+0.4 mmol O, m3 d! in the upper 20 m. This rate is a
somewhat spatially biased (Figure 1b) estimate of the global mean GOP rate. The calculations
we applied assume negligible effects on computed GOP from the diel temperature cycle, from
gas exchange, and a presumption that GOP equals CR. The effects of these assumptions are
explored in the Methods. The only limitation on resolving the diel signal and obtaining a GOP
rate by this approach is having sufficient profiles in the geographic and temporal region that
sample all hours of the day. These limits are considered below.

Productivity near Hawaii and Bermuda

Floats are not anchored and the configuration of the array for each hour will be different.
There must be sufficient observations in each particular region to provide an adequate
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representation of the oxygen anomaly value at every hour of the day. The adequacy of this
assumption was tested by computing GOP with profiles near the Hawaii Ocean Time-series
(HOT) station and the Bermuda Atlantic Time-series Station (BATS). GOP determined from float
profiles near the two stations (Figure 1b) were compared with productivity determined from
ship-based sampling. The pseudo-daily cycle near HOT (Figure 3a) was determined from 1791
vertical profiles collected from 2010 through 2020 within a geographic box (21 to 25°N, 165 to
150°W; Figure 1b) that encompasses HOT. The hourly binned data (Figure 3b) show the daily
oxygen cycle with a 0.8 umol kg* daily amplitude in the upper 20 m. A statistically significant
(p<0.0005) GOP of 1.5+0.3 (1 Std. Error) mmol Oz m3 d in the upper 20 m was obtained?® from
the fit to the data in Figure 3a. This represents the annual mean GOP over the past 11 years. In
comparison, Barone et al.?° have tabulated 11 reports of GOP in the mixed layer at HOT with a
mean of 1.3+0.5 (1 SD) mmol O, m3 d1. The GOP integrated to 100 m, near the 1% light level,
was 103+18 mmol 0; m2 d! (Figure 2c). The mean integral observed by Juranek and Quay3* on
four cruises near HOT in 2002 and 2003 was 111451 (1 SD) mmol 02 m2 d! while Quay et al.3>
found 103443 mmol 0, m2 d* on multiple cruises from 2006 to 2008 using the triple oxygen
isotope method.

The annual cycle of GOP in the upper 20 m near HOT was computed from the float data with
two month resolution (Figure 3c). This is the highest temporal frequency that can be resolved in
the float data with ~2000 total profiles (see below). The monthly mean NPP rates in the upper
20 m that were measured by *C-labeled incubations in the HOT program are shown for
comparison. The ratio of GOP/NPP was found to be consistently near 2.7 during the JGOFS
program®? and between 2 to 3 near the surface at HOT®*. The NPP rates measured at HOT
(Figure 3c, d) are plotted on a scale that is a factor of 2.5 smaller than the GOP scale. Both sets
of data show a relatively flat seasonal cycle with GOP about 2.5 times greater than the NPP
near the surface. The weak seasonal signal is consistent with GOP observations at HOT3®. The
vertical profile of GOP at 10 m intervals is shown in Figure 3d. GOP decreased with depth in
parallel with the observed decrease in NPP and was approximately 2.5 times greater than the
NPP values throughout the profile. The larger error limits on GOP at depth preclude detection
of the change in GOP/NPP observed by Quay et al.?®>at HOT.

Figures 3e-f show similar results for float profiles in the geographic box (28 to 38°N, 75 to 55°W;
Figure 1b) that encompasses BATS. There are 741 profiles that are suitable for analysis. The
error bars at each hour (Figure 3f) are larger than near HOT due to fewer profiles and a larger
temperature range that creates greater spread in the oxygen anomaly data. A statistically
significant (p<0.014) diel signal with a GOP rate of 2.3+0.9 mmol O, m3 d ™ in the upper 20 m
was obtained for all data in the 2010 through 2020 period. The GOP rate vertically integrated to
80 m at BATS (Figure 3h) is 148+44 mmol O2 m?2 d. In comparison, Luz and Barakan®’ found a
mean GOP value of 7024 mmol O, m?2 d1. The annual cycle derived from float data (Fig. 3g)
was computed at quarterly intervals because of the smaller number of profiles near BATS. In
contrast to HOT, the GOP values decreased appreciably over the course of the year. This
decrease was mirrored in the measured NPP data. The high productivity in late winter results
from entrainment of nitrate into the mixed layer3?. The GOP/NPP ratios at BATS during winter
and late fall are consistent with the canonical value of 2.7 reported for JGOFS samples*?. During
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summer, the ratios of GOP/NPP in Figure 3g were higher than 2.7, with values up to 5. Higher
ratios of GOP/NPP at BATS during spring and summer, in the range of 3 to 7, have been noted
previously® 7. High GOP/NPP may result from the production of Gel-Like Organic Matter
(GLOM) during NPP incubations that is not trapped on filters3°. GLOM would lead to an
underestimate of primary productivity and elevated GOP/NPP ratios.

Global ocean productivity

The diel cycles of oxygen can be used to compute global ocean GOP and NPP rates between
60°N to 60°S in the deep waters (>2000 m) where floats operate. To minimize biases due to
clusters of profiles in various regions (Figure 1b), we have computed zonal mean GOP by 10°
bands of latitude from 60°N to 60°S (Table 1). This is a balance between spatial resolution and
having sufficient float profiles to minimize errors in GOP. We have also combined observations
from all years to minimize spatial biases. Interannual changes have not been computed as they
reflect significant geographic change in the float array over time. We assume a value of 2.7 for
the GOP/NPP ratio'> 7 to enable NPP calculations that illustrate the consistency of the GOP
determinations on a broad scale. However, the GOP/NPP ratio can vary at times from a value of
2.7, as noted above, in a manner that is not yet well understood.

A GOP rate of 10.4+1.6 Pmol O y}, and a net primary productivity of 46+7 Pg C y! were
obtained by summing the values in each latitude band (Table 1). The areas in Table 1 include
water shallower than 2000 m, effectively extrapolating low open ocean rates to the entire zone.
NPP errors reflect only the uncertainty in the GOP rates and not the GOP/NPP ratio. The total
float GOP was adjusted to a global extent as described in the Methods. This yields 11.9+1.9
Pmol Oz y1, which is consistent with global GOP (9.5 to 12.6 Pmol O; y!) determined from a
neural network fitted to a global set of LBDB and triple oxygen isotope measurements*°. The
NPP values derived from the diel oxygen cycles are compared to values derived from satellite
ocean colour data using the VGPM?2%, CBPM?*, and CAFE*! productivity models in Table 1 and
Extended Data Figure S3. The satellite observations were limited to latitudes from 50°N to 50°S
because monthly climatologies poleward have missing data during many months. The VGPM
total is lower than the observed float value while the CBPM and CAFE models are similar (Table
1). There are apparent differences in the distribution of primary productivity with latitude
(Table 1; Extended Data Figure S3). The float data imply a much greater contrast between NPP
in equatorial regions versus the sub-tropics (Extended Data Figure S3a). The ocean colour NPP
models are in reasonable agreement with the float data at latitudes poleward of 30°. If the
profiling float NPP result in Table 1 is adjusted to a global extent, as for GOP (Methods), then a
global NPP of 5347 Pg C y! is obtained. This is consistent with the CBPM and CAFE global totals
(52 Pg Cy'!) and the mean, global NPP (51 Pg C y!) found in a comparison of 24 NPP
algorithms!8, While significant areas (e.g., 0 to 20° S) of the ocean now have insufficient data for
analysis of diel oxygen cycles, the coverage is greater than that of the primary productivity
stations used to constrain productivity models (Figure 1).

The spatial resolution of the GOP measurements is limited by the number of operating floats
and the number of profiles needed to resolve the diel cycle. Twenty to fifty profiles in each hour

5
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of the pseudo-day are required to clearly resolve diel changes with variability similar to that in
Figure 2a and 3a. The smaller number of profiles pertain to tropics with low oxygen variability
and larger numbers to high latitudes. With 36 profiles per year from a float at the standard 10
day cycle time, accurate GOP determination of annual cycles will require 12 (tropics) to 30 (high
latitude) float years of data. The Biogeochemical-Argo Implementation Plan*? calls for a global
array of 1000 floats, versus 377 floats now operating, although fewer than one half are
operating with the required cycle timing. The low number of floats available in any one year
was overcome in this work by binning 11 calendar years of data. In the future, the size of the
BGC-Argo fleet will increase as the Global Ocean Biogeochemistry Array (GO-BGC) project will
produce an array of 500 floats that are evenly distributed and which will operate with the
required timing properties needed to detect diel oxygen cycles. The GO-BGC array will produce
a much more evenly distributed array and diminish spatial biases due to gaps in the profiling
float array (Figure 1b). However, even at a maximum array size of 1000 floats and with all floats
operating with appropriate cycle timing, the GOP or NPP rates would resolve annual cycles in
only about 50 regions in the ocean. Thus, this method cannot approach the resolution obtained
by satellites. Assimilating the observed diel cycles at low resolution into high resolution GCMs
along with satellite chlorophyll fields will mitigate this issue and contribute to a more accurate
representation of the ocean productivity*3.

Data availability

The profiling float data used in this study was obtained in December 2020 by downloading all
Argo Sprof files directly from the Argo Global Data Assembly Center
(ftp://usgodae.org/pub/outgoing/argo or ftp://ftp.ifremer.fr/ifremer/argo). The corresponding
monthly snapshot (December 2020) of the Argo database, which contains these Sprof files in
addition to floats that do not have biogeochemical sensors, is
https://doi.org/10.17882/42182#79118. The Sprof files for floats with adjusted oxygen
concentrations were then merged into netCDF files for the Northern and Southern
Hemispheres and used for the analyses reported here. These files are available at
https://doi.org/10.5281/zenod0.4989023. Monthly satellite data were down loaded from
http://www.science.oregonstate.edu/ocean.productivity/.

Code Availability

Analyses were performed in Matlab. Code used in this analysis is available at
https://doi.org/10.5281/zenod0.4989023.
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Table 1. Gross Oxygen Production rates from 60°N to 60°S in water deeper than 2000 m.
Annual GOP rates were calculated using all data in each latitude band. Volumetric GOP
rates in column 4 are for the upper 20 m. GOP integrals in column 5 are to the 1% light
level. VGPM, CBPM, and CAFE NPP values were calculated for years 2010 to 2019 using
monthly values downloaded from the Oregon State University Ocean Productivity site
(see Methods). Satellite rates were masked for depth using the ETOPOS5 topography.
Errors are 1 Standard Error.

Latitu | Area | Dept GOP GOP GOP Float | VGPM | CBPM | CAFE
de 10 | h1% | mmol mmol | Pmol O; NPP NPP NPP NPP
+5° m2 | light | Oom3 | O2m? y?! Pg C PgC Pg C Pg C

d—l d-l y—l y-l y—l y—l

55 1.09 39 3.5+1.3 | 77+26 0.31 1.4
45 1.50 41 2.1+1.3 | 58431 0.32 1.4 2.8 2.0 2.3
35 2.08 54 2.1+0.5 | 92t16 0.70 3.1 2.9 2.5 2.8
25 2.51 89 1.2+0.3 | 5311 0.49 2.2 2.2 3.6 3.5
15 3.16 58 2.0£0.7 | 33418 0.38 1.7 3.1 5.7 54
5 3.42 59 3.841.1 | 20582 2.56 11.4 3.5 7.3 6.9
-5 3.38 64 205* 2.53* 11.2 4.0 7.7 7.2
-15 3.35 85 33* 0.40* 1.8 3.2 6.1 6.1
-25 3.10 91 0.8+0.3 | 30£10 0.34 1.5 2.7 4.4 4.3
-35 3.23 60 1.7+0.5 | 87+14 1.02 4.6 4.4 3.9 4.6
-45 3.04 62 2.910.4 | 121+10 1.34 6.0 4.2 3.0 4.5

-55 2.53 71 0.4£0.5 4110 0.04 0.3
Sum 10.4+1.6 | 461771 33 46 48

*GOP values were estimated from corresponding rates in Northern Hemisphere due to a low
number of float profiles.

145 Pg C y! without 55°N and 55°S bands.
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Figure 1 Profile locations where primary production has been determined. a) Red dots are 4C
profiles from the Oregon State University Ocean Productivity database, which includes profiles
used to optimize the primary productivity model embedded in many satellite products?® 24,
Blue dots are the 4C profiles used, in addition to the OSU database, to optimize a GCM model
of ocean productivity?2. b) Float profile locations for floats with adjusted oxygen data and
appropriate cycle timing. Green squares are the boundaries for float profiles used to determine
GOP near HOT and BATS. Stations dots in both plots are the same size.
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Figure 2 Northern hemisphere (60°N to 10°N) oxygen and GOP values. a) Mean oxygen
anomaly in the upper 20 m from each profile with acceptable cycle timing (N=14,294) versus
local hour of the day. Data from all days of year from 2010 through 2020 are included. b)

Mean oxygen anomaly in each hourly interval and the least squares fit of Equation 2 to the data

shown in a) with GOP = 2.2+0.3 (1 Std Error) mmol O, m3d™. c) GOP determined each 2
months in the upper 20 m versus Day of Year. d) Depth profile of GOP rates for all days of the

year. Error bars are one standard error.
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Figure 3. Oxygen anomalies and GOP from floats near the HOT and BATS time series stations.

a) Oxygen anomaly from 2010 through 2020 in the upper 20 m near HOT versus hour of the day
(Local Time). Data were collected and include all days of the year. b) Hourly mean oxygen
anomaly values for samples near HOT and the least squares fit of Equation 2 to the data shown
in a). c) GOP rates in the upper 20 m calculated at 2 month intervals using data shown in a) and
the monthly mean NPP values observed at the HOT station ALOHA from 2010 to 2019. d)
Vertical profile of GOP and the annual mean NPP rates at standard depths observed at the HOT
station ALOHA. Panels e-f are the same for a region surrounding BATS. *4C primary productivity
data are from the BATS station for 2010 to 2016. Error bars are 1 standard error.
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Methods and Data

The Sprof profile files** from all Argo floats with oxygen sensors (N=1276) were downloaded
from the Argo Global Data Assembly Center in December 2020. Only oxygen profiles with data
that had been adjusted to correct for initial sensor calibration errors*> 4647 and with a quality
flag equivalent to good were used. The data were further quality controlled to eliminate any
floats with apparent errors in the adjusted data by plotting the adjusted oxygen percent
saturation in the upper 10 m vs time. The adjusted data from 9 floats (Extended Data Table S1)
had percent saturation values that appeared to be oceanographically inconsistent so they were
removed from the data set. The BGC-Argo adjusted oxygen data have been corrected at the
Argo Data Assembly Centers using two method. Floats that made air oxygen observations?® 48
47 were corrected with an accuracy better than 1% of surface oxygen saturation concentration.
Other floats, which did not make air oxygen measurements, were corrected using methods
outlined in Takeshita et al.*> with an accuracy near 3% of surface oxygen saturation
concentration. All data was treated equivalently, without regard to the recalibration method,
and no additional corrections to the adjusted oxygen concentrations were made. Extended
Data Figure S1 shows all data in the upper 10 m that passed the additional quality control.

The analysis used here requires that each float has sampled all hours of the day at a relatively
constant proportion so that any biases in sensor calibration are distributed equally into all
hours of the day. Many floats make their profiles at non-integer intervals (approximately 5.2 or
approximately 10.2 days) so that each subsequent profile occurs at a different hour of the day
and nearly all hours are sampled over the lifetime of the float due to variability in timing. Any
biases in the oxygen calibration of these floats would be present in all of the hourly samples.
These biases would then appear as a constant offset in the diel cycle, but they would not alter
the shape or the amplitude of the diel cycle. Other floats sample at one or a few fixed times of
the day, often at local noon. Inclusion of the data from such floats in the analysis would
introduce significant biases in both the shape and amplitude of the diel cycle because any
oxygen calibration biases would appear in only a few of the hourly samples. Floats that sampled
at only a few hours of the day were, therefore, removed from the analysis. Unfortunately, this
latter class of floats constitutes the majority of the BGC-Argo array and their elimination
reduced the number of available profiles by about two thirds.

Floats that did not sample all hours evenly were identified by computing the expected number
of samples in each hour (local time) as the total number of profiles divided by 24. If the
maximum number of profiles in any of the hourly bins exceeded the expected number by more
than a factor of 3, that float was removed from the analysis. Individual data point that
exceeded six times the standard deviation of all oxygen anomaly values used in a particular
analysis were also removed to avoid influence from large outliers.

The local time of day for each profile from floats with the required profiling timing was then

computed. All of the oxygen anomaly data on individual profiles in each depth interval that was
analyzed were averaged to a single value. This was done to avoid different weightings for the
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profiles from floats that sample at different vertical resolutions. A pseudo-daily cycle was then
created from the mean oxygen anomaly data from each profile at the local hour of day for a
given region, desired depth range, and for the desired portion of the year. We have not
corrected the data for the effects of gas exchange as the merged data set does not represent a
continuous time series. In any case, the gas exchange corrections over a single pseudo-day
represented by the data would be small, typically less than 10% given an oxygen residence time
in the mixed layer near 2 weeks®®.

The code developed by Barone et al.?° was used to analyze the pseudo-daily cycles. This code
was intended to allow the determination of both GOP and CR from a time series of oxygen data.
However, the difference between GOP and CR, equivalent to Net Community Production, is
small and typically about 10 to 20% of the GOP and CR values® %2. A single, pseudo-daily cycle of
oxygen anomaly is not capable of resolving the difference in GOP and CR over one day, which
will be at most a few tenths of 1 umol kg. Further, as noted by Barone et al.?%, the GOP and CR
values are highly correlated. With only a single daily estimate of the oxygen diel cycle, the best
fits to the data may be reached with large, compensating errors in the GOP and CR. To control
for this, we have assumed that GOP and CR are equal over a daily cycle. In the original method
developed by Barone et al.??, GOP and CR are determined by fitting basis functions to the
oxygen data:

02_Anom(t) = const. + GOP x f(t, E) - CRxt (1)

where f(t, E) is a basis function that describes the variability of GOP with local time (t) and light
intensity (E) over a daily cycle. CR is presumed to be a constant rate and its basis function is
time. Assuming GOP and CR are equal, we have simplified Equation 1 to:

02_Anom(t) = const. + GOP x (f(t, E) — t) (2)

GOP was determined by fitting Equation 2 to all of the data in a pseudo-daily cycle. f(t, E) was
determined using the Sinusoidal option described in Barone et al.?°, which assumes that GOP is
directly proportional to the amount of available sunlight. The daily irradiance cycle was
calculated at the mid-point of the time interval for sub-annual time periods. For annual cycles,
the irradiance cycle was calculated at the median latitude of the data and for day 90 of the
year. Experimentation with subsetting the datasets in time versus calculation with a single
annual cycle shows that the single annual cycle introduces small (order of 10%) errors. We
have used this protocol because some latitude bands in the final global analysis do not have
enough data for subsetting.

In the Figures 2 and 3, we highlight the quality of the GOP determinations by showing hourly
averages of oxygen anomaly with the fit to Equation 2. We stress, however, that all of the data
from each profile in a region at the selected depth interval and time period were used to create
the fit, not the hourly averages.
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Several possible, systematic errors are present in the GOP values determined in each region.
Diel heating can bias GOP values high. Warmer daytime temperatures reduce the computed
oxygen solubility, which increases the oxygen anomaly and apparent GOP. The largest diel
temperature amplitudes occur during summer at the equator and are around 0.1°C33.
Computation of the daily temperature cycle with the floats studied here requires
contemporaneous analysis of satellite data and large numbers of floats, which is beyond the
scope of this study. To assess the magnitude of this error, we have imposed a 0.1°C diel
temperature cycle on the hourly mean data from the 5°N band in Table 1. This shifts the GOP
rates computed with the hourly mean anomalies, rather than all of the individual profile
anomaly values as is done in Table 1, from 4.0+1.1 mmol O; m3 d* to 3.6+1.3 mmol O, m3d.
This is the likely maximum error that results from neglecting diel heating since the temperature
amplitude is largest at the equator. Neglecting diel heating has increased GOP by order of
+10%.

The bias high due to neglect of diel heating is countered by two processes that tend to lower
GOP. First, outgassing of O, over the course of a pseudo-day will reduce the amplitude of the
diel cycle and lower GOP. Given typical piston velocities for gas exchange, this may reduce GOP
by 10%. Correcting for gas exchange in the 5°N band with a large piston velocity of 10 m d*,
typical for a wind velocity of 10 m s while global mean wind speed over the ocean is 7 m s
(Ref. 49), and a shallow mixed layer of 30 m would increase GOP to 4.3+1.3 mmol O, m3d™.
The small effect of gas exchange on determination of GOP from diel cycles in the open ocean is
consistent with the prior work?. Gas exchange about counters the neglect of heating. Second, t
the assumption that GOP equals CR will also bias the computed GOP value low in an
autotrophic ocean®. Global net community production, equal to GOP — CR, is typically less
than 5 mol C m?2yin the open ocean®?!, which is equivalent to a bias of 0.3 mmol C m2d™.
This is likely the maximum bias due to this assumption in the open ocean.

The sum of all three biases will approach zero. As a result, these three processes have been
assumed to have negligible effect on the GOP. The reasonable agreement of the observed GOP
values near HOT and BATS, and the agreement with the global GOP estimate of Huang et al.*°
support this assumption.

Primary production rates are generally integrated vertically, typically to the 1% light level. To
assess the depth of the 1% light level, we used chlorophyll fluorescence profiles observed with
fluorometers on BGC-Argo floats in each of the domains analyzed. Adjusted chlorophyll values
were processed following Argo protocols>2. Daytime profiles were corrected for non-
photochemical quenching and all chlorophyll values computed from the manufacturer’s
calibration were divided by a factor of 2 to correct for a global bias in the sensor calibration®3.
Total chlorophyll was then corrected for sensor background signals with a modified version of
the algorithm described in Briggs et al.>* Each float and sampled year was corrected separately.
The method was also tuned to accommodate the vertical resolution of chlorophyll
measurements on many floats that is lower than the high-resolution profiles used by Briggs et
al.>4. The approximate 0.5% light level for each latitude bin (the primary production zone, PPZ)
was then determined as the depth where chlorophyll signals dropped to 10% of the maximum
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above that depth®>. The 1% level was then calculated assuming an exponential decrease in
chlorophyll levels down to the PPZ. To confirm the calculations of light level, the euphotic zone
depth (1% light level) was also calculated using the equation reported in Morel® and the
climatological surface chlorophyll concentration observed by the MODIS ocean colour satellite.
The float based 1% light level is highly correlated with the values derived from MODIS
chlorophyll for the 10° latitude bins, but the float based value is about 20% shallower. Float
values were also comparable to those reported in Buesseler et al.>>. We preferred the 1% light
levels calculated from the chlorophyll fluorescence profiles as GOP values often became
negative and not statistically significant at greater depths. The uncertainty in the integrated
GOP profile was obtained as the square root of the sum of the squared standard errors of
integrated rates in 10 m vertical bins down to the 1% light level. Note that we have included
negative values of GOP in the integrals that were found above the 1% light level in most cases.
Small negative values result from random noise when GOP is near zero at depth and are
retained to avoid biasing the results. However, large negative values of GOP, at the base of the
euphotic zone in the 25°N and 15°N bands, were excluded as they resulted from large variability
in the oxygen anomaly caused by shallow oxygen minimum zones.

Annual mean values of NPP were computed for the years 2010 to 2019 with the VGPM??,
CBPM?4, and CAFE*! NPP models. Monthly mean NPP data for each model were downloaded
from the Oregon State University Ocean Productivity site
(https://sites.science.oregonstate.edu/ocean.productivity/). The monthly means were
summed for each year and then an annual mean for 2010 to 2019 was determined. To be
directly comparable to float observations, regions shallower than 2000 m were masked out of
the means using the ETOPO5 data set®’. The data for many months poleward of 50° are missing
due to persistent cloud coverage. Using data in this region requires extensive gap-filling and we
have not computed means poleward of 50°. The gap-filled, global means reported for the
VGPM, CBPM, and CAFE models (44, 52, and 52 Pg C y}, respectively)?’ 2% 41 were used instead.
The summed GOP and NPP values in Table 1 for the latitude range 50° N to 50°S were then
extrapolated to a global extent by multiplying by 1.18. The value of 1.18 is the mean ratio of
the reported global total NPP for each satellite algorithm to the summed NPP values for the
algorithms from 50° N to 50°S (Table 1). This factor corrects for areas at high latitudes that
were not analyzed and for high productivity in coastal zones that was not sampled by profiling
floats. These high productivity coastal zones were omitted from the satellite calculations by
masking out regions shallower than 2000 m.
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Extended Data Table S1. WMO numbers of floats with inconsistent oxygen concentrations and

not used in this analysis.

Floats
removed

2902087

2902123

4901137

4901140

4901141

4901784

5900420

5901178

7900559
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Extended Data Figure S1. Profiling float oxygen data. a) Dissolved oxygen and b) Oxygen
Anomaly = Oxygen — Oxygen Saturation in the upper 10 m for all adjusted oxygen data with
quality flag = 1 (good data) in the Argo Global Data Assembly Center, except for 9 floats listed in
Extended Data Table S1.
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487  Extended Data Figure S2. Global (60°N to 60°S) oxygen and GOP values for the years 2016

488  through 2020. a) Mean oxygen anomaly in the upper 20 m from each profile with acceptable
489  cycle timing versus local hour of the day. b) Mean oxygen anomaly in each hourly interval and
490 the least squares fit of Equation 2 to the data shown in a) with GOP =2.1+0.4 (1 Std Error)
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494  Extended Data Figure S3. Annual mean NPP rates from 2010 through 2020 in each 10° latitude
495  band from 50°N to 50°S. a) Float and satellite NPP rates versus latitude. b) Satellite NPP rates
496  in each 10° latitude band for each model versus float NPP rates. Satellite NPP models include
497  VGPM?2, CBPM?4, and CAFE*L. All values from Table 1.
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