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Abstract: Many ocean color data applications leverage global spatially composited Level-3 
(L3) satellite data, because of their regular Earth-grid frame of reference. However, ocean 
color satellite retrieval performance is routinely evaluated on Level-2 (L2) data at the native 
satellite swath resolution and geometries. This study assesses how accurately binned and 
gridded L3 data represent L2 satellite data products via satellite-to-in situ match-up activities. 
L2 and L3 satellite data retrievals of the photosynthetic pigment chlorophyll-a are compared 
with a common in situ data set, revealing similar L2 and L3 satellite-to-in situ performance 
for both MODIS-Aqua and VIIRS-SNPP. This agreement implies that L2 validation results 
are generally applicable to L3 data. However, uncertainties are introduced during the 
generation of L3 data from L2 data. L3 data comparisons introduce a wider temporal window 
between the time of in situ measurement and the time of the satellite observation, which can 
unintentionally reflect on the quality of the satellite retrieval or algorithm performance. The 
choice of L3 map projection may introduce additional uncertainty by spatially distorting the 
true location of the satellite retrievals. Each manipulation of satellite data beyond the 
instrument’s native spatiotemporal reference (L2) reduces the applicability of L2 validation 
results to higher data processing levels. 
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1. Introduction 
The continuous global data record from ocean color satellites now exceeds twenty years. In 
this time, the oceanographic community invested heavily in the application, improvement, 
and evaluation of this data record [1-3]. In brief, ocean color measurements involve the 
estimation of water-leaving reflectance spectra from which geophysical and spectral optical 
quantities of interest can be derived [4]. Example derived parameters include concentrations 
of the photosynthetic pigment chlorophyll-a (Chl; µg/L), aquatic optical properties, and 
metrics of light penetration and water quality. Space-based estimates of ocean color provide 
frequent, continuous, and high-resolution measurements of these geophysical parameters on 
regional and global scales. Such satellite data records facilitate addressing both research and 
operational applications associated with aquatic ecosystem dynamics, carbon exchanges and 
export, phytoplankton community composition, and fisheries and watershed management, to 
name only a few [5-6]. Naturally, inclusion of satellite-derived data products into any such 
activity requires routine performance assessment and evaluation, particularly as satellite 
instruments age, as algorithms and suites of science data products evolve, and as new ocean 
color missions launch and join the growing constellation of Earth system satellites, often with 
differing design concepts. 
 

The satellite data used in this study are from the NASA Moderate Resolution Imaging 
Spectroradiometer onboard Aqua (MODIS-Aqua) [7-9] and the Visible Infrared Radiometer 
Suite onboard Suomi NPP (VIIRS-SNPP) [10-12]. In this paper onward, all references to 
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MODIS and VIIRS will refer to MODIS-Aqua and VIIRS-SNPP, respectively. As an 
overview, both satellite instruments observe visible and near-infrared radiances at several 
discrete wavelengths at the top-of-the-atmosphere. Contributions to this signal, from the 
atmosphere and sea surface (e.g., Sun glint and white caps), are removed via atmospheric 
correction algorithms to calculate spectral remote sensing reflectance (Rrs(λ); sr−1), the light 
exiting the water column normalized to the incident surface irradiance [4]. Geophysical 
algorithms are applied to the Rrs(λ) to derive estimates of bio-optical parameters, such as Chl. 
In standard NASA processing, the ocean chlorophyll index (OCI) approach [13] is used to 
produce MODIS and VIIRS Chl retrievals. 

 
Ocean color satellite data processing levels are typically defined as: 

• Level 0: Uncalibrated science data (engineering units) in a raw format 
• Level-1A: Uncalibrated science data in an archive format 
• Level-1B: Calibrated, geolocated science data, as observed 
• Level-2: Derived geophysical science products, as observed 
• Level-3: Derived geophysical science products, temporally/spatially composited 

 
In their standard ocean color data processing, NASA (as well as other space agencies) 

executes the atmospheric correction process on Level-1B data to derive Level-2 Rrs(λ), Chl, 
and other geophysical science data products. These Level-2 (L2) data remain in the native 
satellite swath coordinate system, not having yet been projected onto a standard grid, nor 
having been temporally composited. Most common satellite-to-in situ validation exercises and 
performance assessments evaluate L2 data products [14-16]. The NASA SeaWiFS Bio-optical 
Archive and Storage System (SeaBASS) [17] provides one example of a data repository that 
routinely provides L2 satellite-to-in situ validation results for Rrs(λ), Chl, and other science 
data products.  
 

Level-3 (L3) satellite data refer to geophysical satellite data retrievals that have been 
temporally and spatially aggregated onto a common geo-referenced Earth grid over a defined 
period of time. NASA’s aggregation methodology follows the protocol set forth for the 
SeaWiFS ocean color mission [18-19]. For a L3 grid cell to be assigned a value, at least one 
L2 geophysical retrieval data point must pass a set of quality control thresholds, fall spatially 
within the defined bounds of the L3 grid cell, and locate temporally within the assigned 
aggregation time-window, which is defined as daily in this study. The set of quality control 
thresholds applied to generate the L3 data is defined by the flags set in the ocean color data 
product l2flags created during the NASA atmospheric correction (Level-1B to Level-2) 
process (Table 1). NASA L3 files report summary statistics for grid cells that have multiple 
contributing observations, including arithmetic means, standard deviations, observation 
counts, and scene counts. 

 
NASA’s ocean color L3 process creates two types of files: an intermediate file (L3b) is 

created from one or more L2 files, and a standard map (L3m) from the L3b file. L3b files are 
georeferenced onto a sinusoidal Earth grid (Fig. 1), as an approximate attempt to generate an 
equal-area grid for the Earth that is most representative of the satellite retrievals and the 
geographic and spatial area the observations describe. The meridians of this type of grid are 
defined to be sinusoids with equally-spaced parallels, such that the distances along the 
parallels are conserved [20]. There are a few defining characteristics of the ocean color 
sinusoidal L3b Earth-grid [18]: 1.) the individual grid cells are aligned as zonal rows with 
parallels of latitude defining the north and south edges; 2.) rows of cells begin and end along 
the 180° meridian; 3.) each row has a discrete number of cells that varies with the row’s 
cosine of the central latitude, with the two polar rows being defined to each have three cells; 
and, 4.) there are an even number of rows so that the northern and southern hemispheres are 



 

separable at the equator. Additional information on the NASA L3b data format can be found 
at https://oceancolor.gsfc.nasa.gov/docs/format/l3bins/. 
 

Table 1. Summary of l2flags applied when generating comparison match-ups with the L2 data and when 
generating L3b and L3m data products. 

 
 

L3m data are spatial re-projections of L3b data [18]. L3m data can exist in multiple Earth-
grid representations, which provide customizable utility for Earth system modeling studies 
[21-22]. In standard NASA processing, L3m files are georeferenced onto a Plate Carrée map 
projection instead of the L3b sinusoidal Earth-grid (Fig. 1). While this type of Earth-grid is 
often called an equidistant cylindrical or rectangular grid, it should be noted that a Plate 
Carrée grid is a special type of equidistant cylindrical Earth-grid that has the equator as the 
standard parallel. The Plate Carrée map projection is desirable since the distances along the 
meridians are conserved [20]. However, the L3m Earth-grid distorts the representation of 
spatial area, increasing as a function of latitude, providing a less-representative geographic 
portrayal of the Earth toward the poles [23]. 

 
Most validation exercises focus on L2 products and the statistics from such exercises are 

those most often reported. Additionally, performance requirements for heritage and future 
ocean color missions (e.g., for the upcoming NASA Plankton, Aerosol, Cloud, ocean 
Ecosystem (PACE) mission) [24] are often defined for L2 products. However, many critical 
Earth system analyses rely on global L3 maps, which are also the most accessible satellite 
data products for non-expert users, and such studies require some assessment of satellite L3 
data product performance. While some L3 data product performance assessments exist [25], 
this paper further explores whether L2 validation statistics adequately represent L3 data 
product performance. This is accomplished by comparing conventional L2 satellite-to-in situ 
match-up results [14] with those similarly derived using L3 data. The MODIS and VIIRS 
OCI-derived Chl data products are used as the case-study, noting that a rigorous evaluation of 
their individual and cross-instrument performances is not our goal. Rather, this paper focuses 

Flag Name*

Applied to 
Level-2 

Validation

Applied to 
Level-3 

Construction Flag description
ATMFAIL X X Atmospheric correction failure

LAND X X Pixel is over land

HIGLINT X X Sunglint detected via reflectance exceeding threshold

HILT X X Observed radiance very high or saturated

HISATZEN X X Sensor view zenith angle exceeds threshold of 60-degrees

STRAYLIGHT X X Probable stray light contamination

CLDICE X X Probable cloud or ice contamination

COCCOLITH X Coccolithophores detected

HISOLZEN X X Solar zenith exceeds threshold of 70-degrees

LOWLW X X Very low water-leaving radiance

CHLFAIL X X Satellite chlorophyll algorithm failure

NAVWARN X X Satellite navigation quality is suspect

ABSAER X Absorbing Aerosols determined

MAXAERITER X Maximum iterations reached for NIR iteration

CHLWARN X Satellite-retrieved chlorophyll out-of-bounds

ATMWARN X Atmospheric correction is suspect

NAVFAIL X X Satellite navigation failure

FILTER X X Insufficient data for smoothing filter
* this is not a comprehensive list of all l2flags
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2.2 Satellite-to-in situ match-ups 

The L2 satellite-to-in situ Chl match-ups were generated following the methods and exclusion 
criteria [14], namely: 1.) temporal coincidence was defined as ±3 hours of the time of 
collection for the in situ target; 2.) satellite values were the filtered mean of all unmasked 
pixels in a 5 x 5 box centered on the in situ target; and 3.) satellite values were excluded when 
the coefficient of variation within this box exceeded 0.15 or fewer than 13 pixels (that is, 
<50% of the original 25 pixels) remained unmasked. Satellite pixels were masked under any 
of the following circumstances: 1.) the trigger of certain l2flags (see Table 1); 2.) the solar 
zenith angle exceeding 70o; and, 3.) the satellite zenith angle exceeding 60o. In situ 
measurements were averaged when multiple measurements were found to fall spatially within 
a given matching satellite pixel box. While in situ sampling patterns that result in multiple 
measurements per satellite pixel are useful for quantifying sub-pixel variability, that topic is 
beyond the scope of this study.  
 

L3 satellite-to-in situ Chl match-ups were generated following a similar, but subtly 
different, process. Exclusion criteria were not applied to the satellite retrievals, as quality 
control metrics are applied in the generation of standard NASA L3 files in the form of l2flag 
masking (see Table 1). L3 grid cells, containing an in situ target, cover roughly 21.3 km2 and 
were extracted individually. In practice, this resulted in a simpler satellite-to-in situ matchup 
strategy, with only three basic steps: 1.) the in situ target date and time were used to identify 
the corresponding L3 daily file; 2.) the appropriate Earth-grid cell containing the in situ target 
latitude and longitude was identified using a grid-definition look-up table; and 3.) L3 
summary statistics (e.g., Chl mean and standard deviation for each grid cell, the number of 
observations included in each grid cell (Nobs), and the number of input scenes included in each 
grid cell (Nscenes)) were extracted via l3bindump, a component of the Ocean Color Science 
SoftWare (OCSSW) package publicly distributed within the NASA SeaWiFS Data Analysis 
System (SeaDAS). 
 

The satellite-to-in situ matchup methodology remained identical for both L3b and L3m 
data, with the only differences in results arising from the related Earth-grids assigned to each 
file; sinusoidal versus Plate Carrée, respectively (Fig 1.). As for the L2 match-ups, in situ 
measurements were averaged when multiple targets were found to fall spatially within a given 
matching satellite grid cell.  

2.3 Performance metrics 

Two common error metrics for satellite performance assessment were calculated: the mean 
bias and the mean absolute error (MAE) [16]. The mean bias serves as a descriptor of 
systematic error and provides a useful assessment of whether, on average, the satellite 
retrievals under- or over-estimated the geophysical retrievals [30]. The MAE describes the 
absolute errors between the in situ and satellite values, which we note have non-Gaussian 
distributions (Fig. 3). Mean bias and MAE are defined as: 
 

 mean bias =  10^ቆ∑ ౢ౥ౝభబ(ೃ೔)షౢ౥ౝభబ(ೀ೔)೙೔సభ ೙ ቇ
 and (1) 

 

 MAE =  10^ ቀ∑ |୪୭୥భబ(ோ೔)ି୪୭୥భబ(ை೔)|೙೔సభ ௡ ቁ, (2) 

 
where R represents the remotely-sensed satellite retrieval, O represents the in situ observation, 
and n represents the sample size. We also define unbiased percent difference (UPD) as: 
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3. Results 
Satellite-to-in situ L2 and L3b Chl match-ups for both MODIS and VIIRS show reasonable 
agreement regarding data distribution and spread with mean biases and MAEs of similar 
orders of magnitude (Figs. 3 and 4, Table 2). While this should be somewhat expected, as L3b 
data are derived from L2 satellite retrievals, the influence of different sample sizes merits 
further exploration. The number of L3b match-ups (MODIS: 292, VIIRS: 283) exceeds the 
number of L2 match-ups (MODIS: 71, VIIRS: 67) by over a factor of four, due in part to the 
wider temporal window allowed by L3b daily data. This influences interpretation of 
performance metrics, as our selected metrics are sensitive to the number of samples and where 
those samples fall within the full dynamic range of Chl. Both MODIS and VIIRS L3b results 
include far more match-ups near the center of the dynamic range (~0.1 to ~0.2 µg/L), many of 
which show clear negative biases. Relative to L2, this results in mean biases farther from 
unity. MODIS and VIIRS biases increased from 25.2% for L2 to 36.8% for L3b and from 
30.7% for L2 to 33.4% for L3b, respectively. For MODIS, this also results in increased 
MAEs, rising from 56.5% for L2 to 66.0% for L3b. VIIRS MAEs, however, fall from 62.4% 
for L2 to 57.0% for L3b. Ultimately, considering all available samples, the MODIS and 
VIIRS L2 and L3b results show somewhat contrasting performances. On average, the UPDs 
between MODIS L2 and L3b percent biases and MAEs differ by ~37% and ~16%, 
respectively. For comparison, the UPDs between VIIRS L2 and L3b percent biases and MAEs 
differ by ~8% and ~9%, respectively. 
 

Table 2. Summary of validation comparison metrics.  

 
 

The subset of MODIS match-ups with both a L2 and L3b retrieval (N=47) yielded nearly 
identical performance metrics for both data types, namely a bias of 24.6% and a MAE of 
63.5% (Fig. 5, Table 2). The subset of MODIS L3b match-ups without a corresponding L2 
match-up (N=245), however, showed considerably inferior performance relative to the 
common match-ups. These L3b match-ups yielded a much higher mean bias of 38.9% and a 
slightly higher MAE of 66.5%. Eighty-nine percent of these 245 targets failed to generate a 
L2 match-up due to time differences that exceeded the +/- 3-hour L2 match-up window (Fig. 
5). The remaining 11% failed because the exclusion criteria applied to a given L2 5x5 satellite 
pixel box eliminated more than 13 pixels (that is, >50% of the available 25 pixels in the box), 
thereby disqualifying the satellite retrieval for consideration as a valid match-up. As MODIS 
and VIIRS performed similarly in this analysis, only MODIS is presented for brevity. 
 

Satellite-to-in situ L3b and L3m Chl match-ups also show reasonable agreement regarding 
data distribution and spread with similar performance metrics (Figs. 3 and 4, Table 2). The 
sample sizes for L3m match-ups (MODIS: 370, VIIRS: 357) exceed those for the L3b match-

Fig/Panel #
Mean        
bias MAE

in situ vs L2 3A 71 0.7475 1.5645

in situ vs L3b 3B 292 0.6316 1.6603

in situ vs L3m 3D 370 0.6029 1.7352

in situ vs L2 (where L2/L3b overlap) 5A 47 0.7540 1.6354

in situ vs L3b (where L2/L3b overlap) 5B 47 0.7540 1.6346

in situ vs L3b (where L2 failed) 5D 245 0.6115 1.6646

in situ vs L3b (where L3b/L3m overlap) 6A 252 0.6326 1.6668

in situ vs L3m (where L3b/L3m overlap) 6B 252 0.6319 1.6703

in situ vs L3m (where L3b failed) 6C 118 0.5467 1.8911

in situ vs L2 4A 67 0.6930 1.6242

in situ vs L3b 4B 283 0.6656 1.5705

in situ vs L3m 4D 357 0.6355 1.6498
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5. Conclusions 

Many ocean color data users prefer the simplicity of L3 satellite data. However, ocean color 
satellite retrieval performance is evaluated on L2 data. When compared to a common in situ 
data set, L2, L3b, and L3m satellite data retrievals of Chl, show similar match-up results for 
both MODIS and VIIRS instruments. These similarities indicate that L2 validation results are 
largely extensible to L3 data and that in situ data remain the standard against which remotely-
sensed satellite data, both L2 and L3 data products, must be validated. Differences between 
L2 and L3 performance metrics relative to a common in situ data set arise due to the 
introduction of uncertainties during the process of converting satellite data from L2 to L3. 
These uncertainties are dependent on the location under consideration (e.g., low-, mid-, or 
high-latitudes) and the Earth-grid selected. 
 

While L3 validation results largely resemble L2 comparison metrics, validation-focused 
studies should be conducted on L2 retrievals. L2 data remain on the native satellite swath and 
observing geometries and allow for a more rigorous set of exclusion criteria to be applied, 
compared to L3 match-ups. L3 performance metrics do not exactly replicate L2 metrics 
primarily due to satellite-to-in situ time differences. L3 match-ups allow a wider temporal 
window to exist between in situ and satellite observations, which calls into question the 
quality of the L3 match-ups being derived. The use of less-coincident data does not implicitly 
reflect on the quality of the satellite retrieval or algorithm performance. The results presented 
in this study are for daily L3 data only, performance metric differences between L2 and L3 
match-ups are expected to be exacerbated when larger L3 temporal composites are considered 
(i.e., weekly, monthly, etc). 

 
Projecting L3 data onto an Earth-grid may introduce further uncertainty, evidenced by 

discrepancies between L2 and L3 performance metrics. By projecting L3b data onto an L3m 
Earth-grid, spatial ambiguity is introduced since the L3m grid is not defined to have equal-
area grid cells, leading to geographic distortion of the satellite data toward the poles. The 
signal and shape of the Chl distribution in the L2 data are lost with spatiotemporal binning 
and averaging of the L3b and L3m data sets, particularly for the contributions of smaller 
population groups. Each manipulation of satellite data beyond the native satellite’s 
spatiotemporal reference (L2) makes results of validation studies performed on L2 data less 
applicable to higher data levels (L3b and L3m). 
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