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Abstract 

Net primary productivity (NPP) is the rate at which phytoplankton convert carbon dioxide into 

organic carbon, forming the foundation of marine food webs and driving the biological carbon 

pump. The Carbon, Absorption, and Fluorescence Euphotic-resolving (CAFE) model employs a 

mechanistic, absorption-based approach to estimate global oceanic NPP from satellite ocean 

color observations. By leveraging inherent optical properties (IOPs), the model quantifies 



spectrally integrated absorbed radiation and links it to the quantum efficiency of carbon fixation, 

accounting for light availability, photoacclimation, and vertical water column structure. The 

algorithm integrates chlorophyll-a, photosynthetically available radiation (PAR), sea surface 

temperature, and mixed layer depth to generate depth- and time-resolved NPP estimates. 

Implemented for the hyperspectral PACE Ocean Color Instrument (OCI), this NPP-CAFE 

product provides daily carbon fixation estimates (mg C m⁻² day⁻¹) at global scales. This initial 

version establishes a framework for ongoing validation and uncertainty quantification using in 

situ datasets such as SeaBASS. 

Plain Language Summary 

Tiny marine plants called phytoplankton use sunlight to turn carbon dioxide into organic matter, 

much like plants on land. This process, called photosynthesis, supports the entire marine food 

web and helps regulate Earth’s climate by removing carbon from the atmosphere. Because the 

ocean is so vast, scientists cannot measure this process everywhere in person. 

The NPP-CAFE model addresses this by using satellite "ocean color" data to calculate how much 

sunlight these plants absorb and how efficiently they convert that energy into growth. By 

combining satellite observations of light, temperature, and water clarity, the model provides a 

daily map of ocean productivity across the globe. Developed for NASA’s PACE mission, this 

tool allows scientists to monitor the health of ocean ecosystems and their changing role in the 

global climate system. 
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Version Description 

This is the first version of the NPP-CAFE model technical document, currently in 

implementation for PACE OCI.  

 

1 Introduction 

 All chlorophyll-containing organisms in the ocean harness energy from sunlight to 

convert carbon dioxide into organic material through the process of photosynthesis. Some of that 



carbon is used for cellular metabolism and the remaining portion of the carbon available for 

growth is termed net primary production. Thus, this phytoplankton-generated carbon fuels both 

marine foodwebs and the biological carbon pump. 

The rate of net primary productivity has historically been measured by in-situ methods 

(Steemann Nielsen, 1951; 1952, IOCCG, 2022), but thanks to the continuous observation by 

ocean color satellites, it can also be estimated from space. The CAFE model uses inherent optical 

properties derived from ocean color observations to mechanistically and accurately predict net 

primary productivity (NPP, mg C m-2 day-1, Silsbe et al. 2016). 

 

PACE Net Primary Productivity – CAFE for month of November 2025.  

 

2 Context/Background 

2.1 Historical Perspective 

For most of the 20th century, measurements of net primary productivity were made using in-situ 

techniques. The most common method uses radioactive 14C which is added to seawater samples 

and incubated at natural light levels. After the incubation period (typically 12-24 hr), the amount 

of 14C isotope that has been incorporated into organic matter is quantified. Alternative 

approaches measure the amount of oxygen evolved from a water sample over time, or sample 

parts of the photosynthetic electron transport chain via fast repetition rate fluorometry, or 

measure the change in optical properties over time (IOCCG, 2022). While these methods offer 

direct measurements of productivity, they are labor-intensive, and give us only a limited snapshot 

of the spatiotemporal distribution of productivity in the ocean.   

Beginning with the launch of early ocean color satellites (e.g., CZCS), remote sensing-based 

models emerged to estimate regional and global ocean net primary production (Platt and 



Sathyendranath, 1988; Longhurst et al., 1995; Antoine et al., 1996; Behrenfeld and Falkowski, 

1997). The complexity of the models generally increased over time, incorporating better 

resolution and mechanistic representation of light absorption, physiology and phytoplankton 

community diversity, but all start with the same basic inputs (e.g., Chl-a, PAR, SST, etc.).  

The CAFE model is an ‘absorption-based’ model, which means one of the central quantities it 

estimates is the rate at which phytoplankton absorb light energy, which is calculated by knowing 

phytoplankton absorption characteristics and the quantity and spectral quality of available light 

throughout the euphotic zone.    

  

3 Algorithm Description  

3.1 Scientific Theory 

 The Carbon, Absorption, and Fluorescence Euphotic-resolving (CAFE) model is a 

mechanistic depth-resolved, spectrally-resolved, and time-resolved approach for the estimation 

of global oceanic NPP. This absorption-based model exploits advances in ocean color inversion 

algorithms that provide the inherent optical properties (IOPs) of the water, and thus defines NPP 

as a product of energy absorption (QPAR; derived from irradiance and the sum of phytoplankton 

absorption, aph, relative to total absorption) and the quantum efficiency of growth (ϕμ; adjusted as 

a function of irradiance and the light saturation parameter, Ek). The Ek model is based on 

fundamental principles of pigment synthesis regulation (Behrenfeld et al. 2016), and the 

derivation incorporates changes in spectral quality with depth/absorbed energy (Markager and 

Vincent 2001), and dynamically adjusts for bulk photoacclimatory status depending on the ratio 

of mixed layer depth (MLD) to the euphotic depth (Zeu). Absorption-based models are 

advantageous in that they encapsulate accessory-pigment composition and hold a direct relation 

to radiance observed from satellites.  

  

3.1.1 Scientific Theory Assumptions 

Several assumptions are made in this model. First, an assumption about maximum quantum 

efficiency of growth is lower than the theoretical maximum, that accounts for loss of the 

absorbed energy through heat and fluorescence (and other cellular processes that diverts the 

energy away from Calvin cycle). In order for the model to be depth resolved, assumptions are 

made on depth-dependent photoacclimation, physiological adaptation that cannot be seen from 

ocean color satellites.  

               

3.2 Mathematical Theory 

 Core NPP and Growth Rate Equations 



The fundamental model structure combines absorption-based and carbon-based approaches: 

𝑁𝑃𝑃 =  𝑄𝑃𝐴𝑅 × 𝜙𝜇
𝑚𝑎𝑥 ×  tanh

𝐸𝑘

𝐸
  

𝜇 =  
𝑁𝑃𝑃

𝐶_𝑝ℎ𝑦𝑡𝑜
  

Where: 

• NPP = Net primary productivity (mol C m⁻² d⁻¹) 

• 𝑄𝑃𝐴𝑅  = Spectrally integrated absorbed radiation (𝑄𝑃𝐴𝑅  =  𝑃𝐴𝑅 × 𝑎𝑝ℎ (𝑎𝑝ℎ + 𝑎𝑑𝑔 + 𝑎𝑤)⁄  

• 𝜙𝜇
𝑚𝑎𝑥  = Maximum quantum efficiency of carbon fixation (0.018-0.030 mol C (mol 

photons)⁻¹) 

• 𝐸𝑘 = Light saturation parameter 

• E = Irradiance 

• μ = Phytoplankton growth rate (d⁻¹) 

• C_phyto = Phytoplankton carbon biomass (mg m-3) 

Silsbe et al. (2016) details the mathematical theory behind the approaches in the absorbed energy 

calculation, depth and time-resolved light attenuation, quantum efficiency with 

photoacclimation, depth specific spectral correction for 𝐸𝑘 and depth-dependent 

photoacclimation.  

Mixed Layer Depth is calculated using temperature and salinity profiles from Hycom ESPC-D-

V02: Global 1/12° Analysis, corresponding to the depth where density exceeds a threshold 

criterion of 0.03 kg/m³ relative to a near-surface reference value (density at 10 m depth). MLD is 

capped at 1000 m maximum.  

3.2.1 Mathematical Theory Assumptions 

 Scientific assumptions mentioned above also exist in mathematical approach to the 

model. Additional assumptions are inherited from input parameters of the IOP suite and other 

ocean color products, as well as from calculation of the Mixed Layer Depth.   

 

3.3 Algorithm Input Variables 

 CAFE uses numerous ocean color and modeled input parameters. The full suite of input 

is provided in the Table 1.  

 



Table 1. Input variable used in the algorithm 

Name Long name Unit 

chlor_a concentration of Chlorophyll a  mg m-3 

SST Sea Surface Temperature °C 

PAR Photosynthetically available radiation  Einsteins m-

2 d-1 

adg_vvv Spectral absorption coefficient of non-algal particles and 

chromophoric dissolved organic matter, current default GIOP 

m-1 

aph_vvv  Spectral phytoplankton absorption coefficient, current default GIOP m-1 

aw_vvv  Spectral pure water absorption coefficient, current default GIOP m-1 

bbp_vvv Spectral particle backscattering coefficient, current default GIOP  m-1 

bbp_s Spectral slope coefficient for particle backscattering coefficient, 

current default GIOP 

unitless 

mld mixed layer depth m 

dayL length of day Decimal 

hours 

 

3.4 Algorithm Output Variables 

  

Table 3. The output products from the algorithm 

Name Long name Unit 

npp_cafe net primary productivity from CAFE model  mg C m-2 day -1 



 

4 Performance Assessment 

4.1 Validation Methods 

 While no validation for NPP has been done yet, future validation will be done using in 

situ NPP measurements archived in the NASA SeaWiFS Bio‐optical Archive and Storage System 

- SeaBASS. 

4.2 Uncertainties 

 The uncertainties for the NPP product have yet to be quantified. Uncertainties do exist for 

the suite of input parameters.  

4.3 Validation Errors 

 TBD following the validation.  

 

5 Algorithm Implementation 

5.1 Algorithm Availability 

 URL 

https://oceancolor.gsfc.nasa.gov/docs/ocssw/ 

DESCRIPTION 

This is the source code of NASA's Ocean Color Science Software (OCSSW). NPP product could 

be obtained from satellite remote sensing data via command line processing or using the 

graphical user interface to OCSSW known as SeaDAS https://seadas.gsfc.nasa.gov).  

The IOP model utilized in the npp model may be modified as follows (applicable to npp_cafe): 

iop_opt (int) (default=7) = IOP model for use in downstream products 

0. None (products requiring a or bb will fail) 

1. Carder 

2. GSM 

3. QAA 

4. PML 

5. NIWA 

6. LAS 

https://seabass.gsfc.nasa.gov/
https://seabass.gsfc.nasa.gov/


7. GIOP 

5.2 Input Data Access 

 URL 

https://oceancolor.gsfc.nasa.gov/data/download_methods/ 

DESCRIPTION 

Input data can be accessed following the directions described on the above linked website. 

5.3 Output Data Access 

 URL 

https://oceancolor.gsfc.nasa.gov/data/download_methods/ 

DESCRIPTION 

NPP_cafe is a L4 product under the PACE mission, and as such can be accessed through the 

sources described on above linked website.   
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