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Abstract

This Technical Memorandum details the development and evaluation of interim satellite-derived
net primary productivity (netPP) products to ensure data continuity following the scheduled
decommissioning of the MODIS Aqua sensor in August 2026. The core objective was to create
transitional products that closely replicate the existing legacy netPP product, which uses MODIS
chlorophyll data and the Vertically Generalized Production Model (VGPM) algorithm. The
interim products use the same algorithm but are driven by data from the operational VIIRS
sensors aboard the Suomi National Polar-orbiting Partnership (providing data since 2012) and
NOAA-20 (providing data since 2018). To assess their similarity to the legacy product, a
comprehensive statistical evaluation was performed, focusing on product magnitude and on long-
term changes using pixel-wise linear regression for temporal trends. The results showed minimal
differences (<5%) in most open ocean areas, with mean global monthly values generally
exhibiting a small positive difference (0—7%), indicating slightly higher netPP in the interim
products. The trends analysis demonstrated strong agreement, with over 85% of globally
classified pixels displaying matching trend directions between the interim and legacy products.
These findings confirm that the VIIRS-based interim netPP products successfully mitigate the
risk of a data continuity gap by effectively replicating the legacy product’s magnitude and long-
term trend patterns for most of the global ocean. The legacy VGPM algorithm was published in
1997, and since then, several advanced algorithms—including the Eppley-VGPM, the Carbon-
based Production Model, and new absorption-based models for missions like Plankton, Aerosol,
Cloud, ocean Ecosystem —have been developed to improve netPP estimates. The report
concludes with recommendations for enhancing capabilities, which include using ensemble
modeling to generate a future netPP product, improving coastal chlorophyll products, and
developing a sensor-agnostic chlorophyll product.



Introduction
What is primary productivity?

Net primary productivity (netPP) in marine euphotic waters refers to the rate at which
phytoplankton convert light energy into chemical energy stored as organic carbon biomass
through photosynthesis, minus phytoplankton respiration. This process forms the base of the
marine food web, supplying energy and carbon to higher trophic levels and microbial
communities. It also contributes to oxygen production and carbon dioxide uptake, thereby
playing a key role in global biogeochemical cycles. Consequently, monitoring netPP is essential
for understanding marine ecosystems, managing fisheries, and tracking geochemical processes.

What is the status of satellite-based primary productivity products and
algorithms?

Since 2007, the only global satellite-derived primary productivity product available from NOAA
has been a product developed by the NOAA CoastWatch West Coast Node (WCN). This product
is based on the Vertically Generalized Production Model (VGPM) by Behrenfeld and Falkowski

(1997) and derived using data from the MODIS sensor aboard NASA’s Aqua satellite. However,
the MODIS Aqua sensor is scheduled for decommissioning in August 2026, which will mark the
end of this legacy product.

Over the past three decades since the development of the VGPM, several algorithms have been
proposed to improve estimates of netPP. One such refinement is the Eppley-VGPM (Eppley,
1972), which incorporates an exponential function to represent the temperature dependence of
chlorophyll-specific photosynthetic efficiency, allowing for improved representation of high
light acclimation in phytoplankton (Morel, 1991). The Carbon-based Production Model (CbPM;
Behrenfeld et al., 2005) represents a more mechanistic approach, estimating netPP from
phytoplankton carbon biomass (inferred from particulate backscattering) and growth rates,
thereby capturing physiological responses to light and nutrient availability independently of
chlorophyll concentration. Another class of models relies on phytoplankton absorption, directly
linking the light energy available for photosynthesis to carbon fixation, thereby providing a
mechanistic representation of primary production. These absorption-based models are under
active development, including research to utilize the advanced spectral and radiometric
capabilities of new satellite missions such as Plankton, Aerosol, Cloud, ocean Ecosystem
(PACE) (Lee et al., 2015; Silsbe et al., 2016).

A recent synthesis review of satellite-based primary productivity algorithms from an ocean-color
perspective documented the systematic differences in underlying assumptions and performance
characteristics that remain relevant for netPP applications, highlighting that each algorithm
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presents specific strengths and limitations (Carr et al., 2006; Westberry et al., 2023). Therefore,
the selection and implementation of an appropriate algorithm for NOAA’s next-generation netPP
products will require further development, calibration, and validation (as outlined in the Next
Steps section), and operational adoption is unlikely before the decommissioning of the MODIS
Aqua sensor. To mitigate the risk of a data continuity gap, WCN received funding from the
NESDIS Portfolio Management Branch in 2023 and 2024 to produce interim netPP products.
These interim products apply the VGPM algorithm to data from the operational Visible Infrared
Imaging Radiometer Suite (VIIRS) sensors, ensuring continuity in productivity monitoring until
next-generation approaches are ready for implementation.

Objectives and approaches for developing interim products

The following user-driven objectives were used to guide the design of this project.

First, the interim products were intended to closely replicate the results of the legacy product,
allowing users to transition with minimal disruption and reduced need for retooling existing
workflows. To support this goal, the same algorithm used in the legacy product—developed by
Behrenfeld and Falkowski (1997)—was applied to the interim products. However, instead of
relying on MODIS Aqua data, the interim products are driven by data from operational VIIRS
ocean color sensors. A comprehensive statistical evaluation was conducted to assess the
similarity between the interim and legacy products, focusing on value magnitudes, as well as
spatial and temporal trends.

Second, the interim products should offer the longest possible time series, recognizing that long-
term data are essential for applications such as fisheries research, trend analysis, and habitat
modeling. To meet this need, one interim product was developed using data from the VIIRS
sensor aboard the Suomi National Polar-orbiting Partnership (S-NPP) satellite, which provides a
time series extending back to 2012. Given that the S-NPP sensor is now operating well beyond
its nominal 5-year lifespan, a second interim product was developed using data from the VIIRS
sensor on the NOAA-20 satellite, ensuring continued data availability and reliability.

Third, support should be given to users to generate region-specific statistical analyses. The
statistical analysis presented in this Technical Memorandum is global in nature. However, an
individual user is likely to need the analysis for a specific region. To meet this need, a suite of
tools was developed for Jupyter and R notebooks to allow users to customize analyses for their
areas of interest and perform time series comparisons between the legacy and interim products.



The Algorithm and Satellite Data Sources

Primary productivity algorithm

The interim primary productivity products were generated using the VGPM (Behrenfeld and
Falkowski, 1997). This algorithm (Equation 1) estimates daily depth-integrated netPP from
satellite-derived measurements.

netPP = 0.66125 * Pl * —""— % Zo, * CHL = DL (1)

Where:
e CHL = surface chlorophyll-a concentration from satellite data (mg m™2)
e PAR = photosynthetically active radiation at the surface from satellite data (mol m~?
)
SST = sea surface temperature from satellite data (°C)
DL = day length (hours) computed from latitude and day of the year
Zeu = depth where light is 1 percent of that at the surface (m)
PP, = optimal carbon fixation rate within the water column (mg C mg~* chl h™%)

The parameter P%y is a temperature-dependent coefficient calculated as a seventh-order
polynomial (Equation 2) of SST.

Pg’pt = —3.27x1078 SST7 + 3.4132x1076SST® — 1.35x107*SST">
+ 2.462x1073SST* — 0.0205 SST3 + 0.0617SST*? (2)
+ 0.2749SST + 1.2956

The euphotic depth (Zeu) was derived from the chlorophyll concentration within the euphotic
layer (CHLeu) using Case I water models (Morel and Berthon, 1989). The calculation was
performed in two steps:

1. An estimate of CHL., was made from surface CHL (Equation 3):

38.0 CHLY*?>0,if CHL < 1.0
CHL,, { 40.2 CHL®S%7% if CHL > 1.0 (3)

2. CHLeu was then used to determine Zeu, based on CHL., (Equation 4):

{ 568.2 CHL™7*¢,if CHL > 10.0

Z,, = 200.0 CHL™2%,if CHL < 10.0 )



Source satellite data

The algorithm (Equation 1) requires data from two satellite ocean color products: surface
chlorophyll-a concentration (CHL) and photosynthetically active radiation at the surface (PAR),
in addition to satellite sea surface temperature (SST). The legacy netPP product made by WCN
uses CHL, PAR, and SST derived from MODIS Aqua. Data from January 2002 to December
2022 were obtained from the ERDDAP™ data server operated by the NOAA Southwest
Fisheries Science Center in collaboration with WCN. Data after 2022 were not considered due to
the significant degradation in MODIS Aqua data beginning in 2023 (Twedt et al., 2023).

The interim netPP product based on data from the VIIRS sensor aboard the S-NPP satellite and
the interim netPP product based on data from the VIIRS sensor aboard the NOAA-20 satellite
were produced using CHL and PAR from the NASA Ocean Biology Distributed Active Archive
Center. Data are available from 2012 to the present for VIIRS S-NPP and from 2018 to the
present for VIIRS NOAA-20. The interim products both used SST data from the NOAA
Advanced Clear-Sky Processor for the Ocean L3S-LEO SST product. The SST data were
downsampled from 2 km to the 4 km grid NASA standard map image. Table 1 summarizes the
satellite sensors, input data sources (for CHL, PAR, and SST), and time period coverage used to
generate the legacy and interim netPP products.

Table 1. Summary of satellite sensors, input data providers for chlorophyll-a, photosynthetically
active radiation, and sea surface temperature, and analysis periods used in the netPP products.

netPP Satellite Years CHL Input PAR Input SST Input
Product Covered Data Data Data
Provider Provider Provider
Legacy MODIS Aqua  2013-2022 MODIS MODIS MODIS
Aqua Aqua Aqua
Interim VIIRS S-NPP  2013-2022 NASA NASA NOAA
VIIRS S- VIIRS S- ACSPO
NPP NPP
Interim  VIIRS NOAA- 2018-2022 NASA NASA NOAA
20 VIIRS VIIRS ACSPO

NOAA-20 NOAA-20

Interim primary productivity product suite

The legacy product suite provides primary productivity fields in daily, 3-day, 8-day, and monthly
composites (mean values). In contrast, the interim product suites are currently available as daily
and monthly composites. There are two versions of the daily files: a near real-time version,
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https://coastwatch.pfeg.noaa.gov/erddap/griddap/noaacwLEOACSPOSSTL3SCDaily.graph
https://coastwatch.pfeg.noaa.gov/erddap/griddap/noaacwLEOACSPOSSTL3SCDaily.graph

which has a latency of approximately 24 hours, and a science quality version, which has a
latency of approximately 1 month. Links to all the datasets are provided in the Resources section.

If user demand emerges for additional temporal composites, such as 3-day or 8-day averages,
these products can be developed and made available in future updates.

Statistical Analysis and Results

Objectives

One objective of this project was to evaluate how closely the interim products replicate the
results of the legacy product in terms of primary productivity magnitudes, as well as spatial and
temporal trends. To assess differences between the interim and legacy products, we used
unbiased relative difference (y), which quantifies the fractional difference between values. Both
temporal and spatial variations in y were analyzed. Additionally, pixel-wise linear regression of
primary productivity values was performed to evaluate the similarity of long-term trends
between the interim products and the legacy product.

Unbiased Relative Difference

Description of the method

In plain language, vy is the difference between the interim and legacy primary productivity netPP
values, normalized to the mean of the two values.

Interim netPP — Legacy netPP
mean(Interim netPP and Legacy netPP)

Y = )

Normalizing to the mean avoids the bias of arbitrarily selecting one product as the reference.
This analysis allows us to determine how similar netPP values are between the interim and
legacy products.

For our analysis, we calculated y for each pixel in our global grid for each month over a multi-
year timespan. The resulting monthly maps of global y allowed us to generate a time series of
mean global monthly y and a map of the multi-year mean v for each pixel in our global grid
(Figure 1).
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Figure 1. Conceptual workflow for calculating y between interim and legacy satellite-derived
netPP products. Yellow layers represent monthly netPP data from both the interim and legacy
datasets, with matching pixels linked by red lines. For each time step, a monthly y map is
generated, shown as blue layers. From this stack of y maps, a time series is extracted for each
pixel location, and a multi-year average v is then calculated to produce the final green layer.

Results from the unbiased relative difference analysis

Global mean temporal variability. Mean monthly global averages plotted as 10-year (S-NPP
interim/legacy from 2013-2022) and 5-year (NOAA-20 interim/legacy from 2018-2022) time
series were positive for most months, indicating that interim netPP values were generally higher
than those of the legacy product (Figure 2). Despite this, mean values from both interim products
showed only small differences from the legacy product.

The y values, representing the fractional difference from the legacy product, were predominantly
positive, with absolute magnitudes ranging from 0 to 0.07—equivalent to a 0—7 percent
difference—throughout the time series. In the overlapping period between the two time series,
the patterns were similar, with the NOAA-20 interim/legacy series exhibiting slightly lower y
values than the S-NPP interim vs. legacy series.
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Figure 2. The time series of mean global y values is shown for each month from January 2013
to December 2022 (a 10-year period) for the VIIRS S-NPP compared to the legacy product
(black line) and from January 2018 to December 2022 (a 5-year period) for the VIIRS NOAA-
20 compared to the legacy product (gray line).

Global mean spatial variability. The 10-year (VIIRS S-NPP/legacy) and 5-year (VIIRS
NOAA-20/legacy) mean y maps (Figure 3) both showed that in most open ocean regions, the
magnitude of y indicates minimal differences (<5 percent) between interim products and the
legacy product. Moderate differences (5-20 percent) were observed in the Southern Hemisphere
between 10°S and 45°S latitude, and areas of higher differences (>20 percent) are visible at high
latitudes and in some coastal regions.
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Figure 3. Global maps of the multi-year mean y comparing VIIRS S-NPP (a) and VIIRS
NOAA-20 (b) to MODIS-Aqua. Positive values (blue) indicate that the interim product netPP
values are higher than those of the legacy product, while negative values (red) indicate that the
interim product netPP values are lower than those of the legacy product.

Trends Analysis

Description of the method

Global temporal trends for the interim and legacy netPP products were assessed using linear
regression. For each pixel in the global grid, we calculated the slope of netPP over time based on



monthly data spanning multiple years (Figure 4). The analysis was run from January 2013 to
December 2022 for the VIIRS S-NPP interim vs. legacy products and from January 2018 to
December 2022 for the VIIRS NOAA-20 interim vs. legacy products. Regressions were
performed only for pixels with sufficient data coverage—at least 50 percent of available values
(i.e., 60 out of 120 months for the 10-year analysis and 30 out of 60 months for the 5-year
analysis).

The resulting trend maps from the interim and legacy products were compared to evaluate their
agreement in detecting long-term changes in netPP. This analysis was designed to assess

consistency between products using a straightforward trend detection method, rather than to
quantify ecologically meaningful trends in ocean productivity.

NetPP

/jan 2013 Linear regression
NPP = B x time — «
Where B is the slope and
/s

a is the y — intercept
/é Dec 2022

\4

Calculate Slope from
Linear regression

B\\,
AN

Figure 4. Conceptual workflow illustrating the calculation of netPP trends using linear
regression for the VIIRS S-NPP product. Monthly netPP maps from January 2013 to December
2022 (yellow layers) were used to estimate the linear slope (p) at each pixel over time. The
resulting slope values were compiled into a spatial map (blue layer) that represents productivity
trends across the study period.

Maps of Slopes (B)

Results from Trends Analysis

Visually, the global maps of linear regression slopes for the interim products closely resemble
those of the legacy product, indicating that both products capture similar temporal trend patterns
(Figure 5).
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Figure 5. Linear trends in monthly netPP for (a) the interim VIIRS S-NPP product and (b) the
legacy product from 2013 to 2022, and for (c) the interim VIIRS NOAA-20 product and (d)
the legacy product from 2018 to 2022. Positive slope values (blue) indicate increasing netPP
trends, while negative slope values (red) indicate decreasing trends.

To quantitatively assess this similarity, we constructed contingency matrices based on slope data.
Contingency analysis tests for associations between categorical variables; in this case, we
categorized the slopes as significantly positive (B > 0), significantly negative (§ <0), or not
significantly different from zero (n.s.). This classification was applied to each pixel in the global
slope maps for both the interim and legacy products, resulting in nine possible slope
combinations per pixel (Figure 6). Agreement between products is represented by the cells along
the downward-sloping diagonal, where both the interim and legacy products exhibit the same
trend classification.
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Interim: n.s.

Interim: > 0

Interim: < 0

Contingency Table Pair Combinations

Figure 6. Contingency matrix
showing all possible combinations of
pixel-level trend directions between
the interim and legacy netPP
products. Each cell represents one of
nine possible category pairings,
based on whether a pixel exhibited
no significant trend (n.s.), a
significant positive trend (f > 0), or a
significant negative trend (B < 0) in
each dataset. Columns correspond to
trend categories from the legacy
product, while rows correspond to
trend categories from the interim

Interim: n.s. Interim: n.s. Interim: n.s.
Legacy: n.s. Legacy: > 0 Legacy: < 0
Interim: > 0 Interim: > 0 Interim: > 0
Legacy: n.s. Legacy: > 0 Legacy: < 0
Interim: < 0 Interim: < 0 Interim: < 0
Legacy: n.s. Legacy: > 0 Legacy: < 0
product.
Legacy: n.s. Legacy: > 0 Legacy: <0

To compare the interim and legacy products, we calculated the percentage of total pixels falling
into each of the nine possible trend classification combinations and organized these results into a
contingency matrix (Figure 7). Agreement between products was assessed by summing the
percentages along the matrix’s downward-sloping diagonal, which represents pixels where the
interim and legacy products exhibited the same trend direction. Both interim products showed
strong alignment with the legacy product, with over 85 percent of classified pixels displaying
matching trends (i.e., the sum of the diagonal cells, top left to bottom right).

a. Legacy vs SNPP Trend Agreement

b. Legacy vs NOAA-20 Trend Agreement

SNPP n.s. 56.8 6.2 0.7
SNPP >0 1.9 19.1 0.0
SNPPB<0 5.2 0.0 10.1

& L 0
S N L
q’o 7>(4 ,o(/
N3 & &
N N

Cohen's Kappa = 0.86

NOAA-20 n.s. 59.1 2.8 2.0 50

40
?
NOAA-20 8> 0 3.7 20.2 0.0 g
|
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20

NOAA-20 B <0 2.6 0.0 9.6 10
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¥ & &
N N

Cohen's Kappa = 0.89

Figure 7. Contingency table and Cohen’s Kappa statistic comparing (a) the VIIRS S-NPP and
the legacy products and (b) the VIIRS NOAA-20 and the legacy products.
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To account for agreement that could occur by chance, we applied Cohen’s Kappa statistic—a
robust measure of inter-rater reliability that adjusts for random agreement. Kappa values range
from less than 0 (no agreement) to 1 (perfect agreement). The Kappa values of 0.86 (S-NPP) and
0.89 (NOAA-20) both fall into the “almost perfect” category, as defined by Viera and Garrett
(2005) for scores above 0.81.

Summary

Both the VIIRS S-NPP and VIIRS NOAA-20 interim netPP products closely align with the
legacy product, in terms of values and long-term trends. Multi-year analyses showed that mean
monthly differences between each interim product and the legacy product were typically 7
percent or less. Spatially, differences across most ocean regions ranged from 0 to 10 percent,
with larger deviations observed in some high-latitude and coastal upwelling areas. Long-term
trend patterns derived from the VIIRS S-NPP and NOAA-20 interim products demonstrated
more than 86 percent agreement with those from the legacy product.

Next Steps for Enhanced Capabilities

Adopt an ensemble-modeling approach

As NOAA transitions from MODIS to VIIRS and prepares for the hyperspectral era with
missions like PACE, there is an opportunity to evolve our approach to estimating netPP.
Historically, netPP models such as the VGPM and VGPM-Eppley have served as workhorses
due to their simplicity, established use, and reliance on vetted products like chlorophyll-a and
temperature as key drivers. These models have been useful in many applications, but they each
embody assumptions that limit their performance in certain oceanographic conditions. For
example, VGPM-Eppley emphasizes light acclimation effects at warmer sea surface
temperatures, which could potentially overestimate productivity in oligotrophic gyres where
nutrients are a limiting growth factor. The standard VGPM is more conservative at high
temperatures to reflect nutrient limitation but does not account for higher photosynthetic
efficiencies in higher light conditions (often coinciding with warmer temperatures). Meanwhile,
carbon-based models like CbPM (Westberry et al., 2008) make assumptions on how light and
nutrients influence phytoplankton pigmentation levels and shift reliance to backscatter-derived
biomass estimates instead of chlorophyll-a. All of these models still face challenges in dynamic
coastal water masses to which they are not optimized.

A promising direction is the emergence of absorption-based methods, with the Carbon,
Absorption, and Fluorescence Euphotic-resolving (CAFE) model (Silsbe et al., 2016) and the
Absorption based Production Model (AbPM) (Lee et al., 2015). These approaches leverage
satellite parameters more closely linked to raw reflectance (absorption coefficients) and are
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inherently more compatible with hyperspectral data, especially in their ability to account for
pigment diversity, vertical light attenuation, and physiological plasticity. These methods also
mitigate some of the known limitations of chlorophyll-based models, particularly in optically
complex or iron-stressed waters. As we prepare for hyperspectral missions and build out a
NOAA hyperspectral data enterprise, integrating absorption-based netPP models offers an
exciting avenue for innovation.

With this context, it is increasingly clear that no single model can optimally capture netPP
variability across the full diversity of marine ecosystems. Each model reflects different
assumptions about physiology, nutrient limitation, and optical properties, and each performs best
under specific regional and seasonal conditions. Relying on a single model risks introducing
regional biases, while tailoring different models to different regions introduces complexity and
interpretability challenges for end users.

A more scientifically robust path forward is to adopt an ensemble modeling approach,
synthesizing outputs from multiple netPP algorithms to generate a central estimate and bounds of
uncertainty. Related work using the Ocean-Colour Climate Change Initiative (OC-CCI) dataset
applied five netPP algorithms to the merged record (Ryan-Keogh et al., 2023), illustrating how
multi-model results can inform and support the development of an ensemble approach. Robust
evaluation frameworks have already been applied in the OC-CCI context to rigorously assess
multi-mission satellite products against single-mission benchmarks and quantify their suitability
for climate-relevant analyses (Mélin et al., 2017). These frameworks highlight the value of
formal, quantitative assessment protocols that could readily be extended to multi-algorithm
netPP ensembles. The diversity of satellite-based primary productivity models and their
documented strengths and limitations further support the use of ensemble approaches for netPP
applications (Westberry et al., 2023).

The ensemble approach has long been used in meteorology (Toth and Kalnay, 1997), where
ensemble forecasts offer improved predictive skill and transparency around model spread.
Applying this approach to satellite netPP estimation would enable NOAA to provide coastal
managers with more defensible, nuanced information, for instance, including the best- and worst-
case scenarios critical for ecosystem status assessments and resilience planning. The results of
applying the ensemble modeling approach to different regions of interest to NOAA Fisheries are
shown in Figure 8.
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Figure 8. Time series of ensemble netPP (grams carbon per year) across four regions, Beaufort
Sea, New England, Hawaii, and Chukchi Sea, was calculated using five different models. The
blackline shows the average of all five models, and the gray shaded area shows the standard
deviation. Note the significant regional variation in model performance. For example, the CAFE
model (dark blue) registers the lowest values in New England and the Chukchi Sea (outside the
standard deviation) but the second-highest values in Hawaii. Models were obtained from
https://zenodo.org/records/14999403 and converted to annual estimates summed over a polygon
defining each ecosystem (no estuaries included).
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Improve coastal chlorophyll products

A significant drawback to the use of the VGPM and VGPM-Eppley algorithms is that they use
chlorophyll-a as the primary driver, and the existing ocean color algorithms for chlorophyll are
known to perform poorly in coastal waters (Chen et al., 2013; IOCCG, 2000), which is where the
majority of the global fishery catch comes from. This weakness is further compounded when
considering that chlorophyll-a is used as a model input twice in the VGPM, once as chlorophyll-
a and again when deriving the euphotic depth (Equation 1 above), thus propagating any retrieval
uncertainties. Optical signal interference can critically degrade the accuracy of commonly used
chlorophyll-a algorithms, with the highest product uncertainties corresponding to areas of the
highest fisheries catch. The implications of this error include a lack of reliable data for regional
ecosystem assessments, as well as the high potential for overestimating the total magnitude of
removable biomass in a system. There is a strong need to increase the accuracy of ocean color
products in coastal waters.

Having a reliable netPP product would not replace the need for chlorophyll products, as the two
parameters give different information about the marine ecosystem. Chlorophyll products provide
crucial information about the biomass of phytoplankton such as the following:

1. Understanding the “Why:” Primary productivity indicates how much is being
produced, but chlorophyll indicates why. A high primary productivity might be due to a
large bloom (high chlorophyll) or a small number of very active phytoplankton (low
chlorophyll but high growth rate). Conversely, low productivity could be due to low
biomass (low chlorophyll) or a stressed population (high chlorophyll but low growth).

2. Validating Model Inputs: Many primary productivity models, especially the older or
simpler ones, use chlorophyll concentration as a key input. Therefore, having a high-
quality, validated chlorophyll product is essential for developing, running, and validating
these models. It’s a foundational measurement.

3. Detecting Physiological Stress: Phytoplankton can change their chlorophyll-to-carbon
ratio in response to environmental conditions. For example, they may produce more
chlorophyll in low-light conditions to absorb more photons (photoacclimation). A
chlorophyll product can show this physiological response, while a primary productivity
product might show a steady rate. Observing the divergence between these two products
can be a powerful indicator of environmental stress, such as nutrient limitation or light
saturation.

4. Identifying Phytoplankton Communities: The reflectance spectral signature can
sometimes be used to infer information about the dominant types of phytoplankton
present (size or type). This is a step beyond just measuring total biomass and can provide
insights into community structure, which is crucial for understanding the food web.
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Develop sensor-agnostic products

The need to transition from one satellite sensor to a newer one is a recurring challenge in
oceanography, as most satellites have a design life of about 5 years. Although all ocean color
sensors are intended to estimate chlorophyll, subtle differences in the number, placement, and
width of their spectral bands mean that model results may not be the same when a new sensor is
introduced (Welch et al., 2020). Even if the new products were to perform identically to the old
ones, switching operational models is difficult due to user reluctance. Users often do not see a
compelling reason to change if they are already satisfied with their current satellite products,
even if they come from a degrading sensor. The time and effort required to switch to a new
product can be a major deterrent. Developing a sensor-agnostic product that can seamlessly
incorporate data from new sensors as they become available would be a significant benefit. This
would provide a stable, consistent data source for all users who depend on chlorophyll and netPP
products for their operational models.

Moving forward, NOAA should prioritize five key areas:

1. Operationalize the generation of ensemble netPP products, including strategies to
transparently communicate uncertainty and model agreement. Output from all models
should be made available.

2. Invest in absorption-based model refinement, especially in light of new data streams from
PACE. Integrating size class information is vital for fisheries models.

3. Fully utilize the continuous time series (i.e., back to 1997) of satellite ocean color data
streams (e.g., the OC-CCI project) to produce consistent long-term time series of CHL
and netPP products.

4. Leverage NOAA'’s fleet of ships to collect more in-situ data that can be used for in-situ
validation. Priority here should be given to additional measurements of inherent optical
properties, absorption and backscattering, that are crucially needed to validate the next-
generation models (AbPM, CAFE, and CbPM).

5. Engage end users across fisheries, aquaculture, and ecosystem modeling communities to
ensure that new products meet practical decision-making needs while balancing
complexity and usability.

The work outlined in this Technical Memorandum represents a foundational evolution in how
NOAA leverages satellite ocean color to inform marine resource stewardship in a changing
world.

Conclusions

The interim netPP products provide a critical and scientifically robust bridge between the end of
the legacy VGPM-based netPP product, brought on by the decommissioning of the MODIS
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Aqua sensor, and the eventual implementation of next-generation primary productivity models.
By using data from the operational VIIRS sensors applied to the VGPM algorithm, these
products ensure continuity in long-term monitoring efforts with minimal disruption to current
workflows and user applications. They demonstrate strong statistical alignment with the legacy
MODIS-based product, which supports their suitability for ongoing trend analysis and
retrospective comparisons. Importantly, this continuity enables resource managers, researchers,
and decision-makers to maintain confidence in the data during the transition period while
providing a stable foundation for the adoption of more advanced models in the future.

As NOAA transitions from MODIS to VIIRS and prepares for future hyperspectral missions like
PACE, there is an opportunity to improve netPP estimations. Traditional models like VGPM and
VGPM-Eppley have been widely used but are limited by assumptions that reduce accuracy under
certain conditions, especially in dynamic or nutrient-limited environments. Newer carbon- and
absorption-based models offer improvements, particularly with hyperspectral data, by better
representing pigment diversity and light conditions.

No single model can capture netPP variability across all marine ecosystems, so NOAA should
move toward an ensemble modeling approach that combines multiple algorithms to produce
more reliable estimates and quantify uncertainty. This method parallels techniques used in
meteorology (Toth and Kalnay, 1997) and earth-system modeling (Koul et al., 2024) and will
better support ecosystem assessments and decision-making. This strategy positions NOAA to
deliver more accurate, flexible, and decision-relevant ocean productivity data in the face of
evolving satellite capabilities and management needs.

Resources

Access to the Primary Productivity Interim Products

Daily and monthly composites of the interim products can be viewed and downloaded from the
NOAA Southwest Fisheries Science Center ERDDAP™ data server.
e VIIRS S-NPP Interim Primary Productivity
O Daily Composites Near Real-Time

o Daily Composites Science Quality

O Monthly Composites Science Quality
e VIIRS NOAA-20 Interim Primary Productivity
o Daily Composites Near Real-Time

o Daily Composites Science Quality

O Monthly Composites Science Quality
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Guidance for Statistical Analyses Within User-Specified Regions

To support users in exploring and comparing the legacy and interim netPP products, a suite of
Python and R tutorials has been developed. These tutorials allow users to define their region of
interest—either by uploading a shapefile or by specifying a bounding box—and conduct their
own statistical analyses. Each tutorial focuses on a distinct comparison method, enabling users to
assess regional patterns and differences that may not be apparent at the global scale. These
resources provide step-by-step instructions and example datasets to help users perform region-
specific comparisons and draw meaningful conclusions based on their unique study areas.

Available Tutorials:

1. y Tutorial
This tutorial will quantify the fractional difference between the interim and legacy
products without favoring either dataset. It is particularly useful for identifying
systematic biases or proportional differences across a specific region. The output
generated when comparing these products for a region off the coast of California is
shown in Figure 9.
* Access the y tutorial at https://github.com/coastwatch-
wen/primary_productivity/tree/main/tutorials.

Unbiased Relative Difference from
2013-2022 for VIIRS-SNPP - MODIS-Aqua
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Figure 9. The spatial variability in the 10-year monthly y means for VIIRS-SNPP and
MODIS-Aqua (2013-2022) in a region encompassing the California Current (CCAL
Longhurst Province).
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2. Absolute Relative Difference Tutorial
This tutorial will calculate the absolute percentage difference between the interim and
legacy products, providing a direct sense of the magnitude of disagreement, regardless of
direction. It is valuable for assessing the impact of product differences in a given area.
The output generated for this calculation in a region in the Caribbean is shown in Figure
10.
* Access the absolute relative difference tutorial at https://github.com/coastwatch-
wen/primary_productivity/tree/main/tutorials.

Relative Difference from 2013-2022 for VIIRS-SNPP - MODIS-Aqua 0.20

—

0.15
27°N [
0.10
24°N [
0.05

Monthly A

21°N |
0.00

—0.05
15°N

-0.10

—0.15

9°N

95°W 90°W 85°W 80°wW 75°W 70°W 65°W 60°W ~0.20

Figure 10. The spatial variability in the 10-year monthly A means for VIIRS-SNPP and
MODIS-Aqua (2013-2022) in the Caribbean (CARB Longhurst Province).

3. Contingency Table Analysis Tutorial
This tutorial categorizes trends into positive, negative, or non-significant and compares
the classification agreement between the interim and legacy products (Figure 11). It is
particularly useful for trend-based studies where the direction of change is a primary
concern.
* Access the contingency table analysis tutorial at https://github.com/coastwatch-
wen/primary_productivity/tree/main/tutorials.
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CCAL 3x3 Table: MODIS vs NOAA20
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Figure 11. The contingency matrix comparing the trend classifications between VIIRS-SNPP
and MODIS-Aqua net primary productivity products in the California Current region.

Satellite Source Data Used in the Primary Productivity Algorithm

Source Data for Legacy Products

The legacy primary productivity products are derived from data on the NOAA Southwest
Fisheries Science Center ERDDAP™ data server. The following MODIS Aqua datasets are
utilized:

MODIS Aqua Net Primary Productivity

MODIS Aqua Chlorophyll

MODIS Aqua Photosynthetically Active Radiation
MODIS Aqua Sea Surface Temperature

Source Data for Interim Products
For the interim products, chlorophyll and PAR data are sourced from the NASA Ocean Color
Direct Data Access server . Data are collected from two sensors:

e VIIRS S-NPP
e VIIRS NOAA-20 (JPSS-1)

Daily files for these datasets follow the naming convention:
M.yyyydddhh.L3m.DAY.var.4km.nc, where:

e M indicates the mission: either SNPP_VIIRS (VIIRS S-NPP) or JPSS1_VIIRS (VIIRS
NOAA-20).
e yyyydddhh represents the year, Julian day, and hour.
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e var specifies the variable: either CHL.chlor a (chlorophyll) or PAR.par
(photosynthetically active radiation).

Sea surface temperature data from the NOAA ACSPO Daily Global 0.02° Gridded Super-
Collated SST and Thermal Fronts Reanalysis dataset are used for the interim products. These
data are obtained from the NOAA CoastWatch ERDDAP™ data server.

Further Project Information and Analytical Support

For a comprehensive overview of the Interim Primary Productivity project, please visit the
project website. The site provides background information, detailed descriptions of the
methodologies, results, datasets, and additional resources to support user engagement and

analysis.
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