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Abstract: We develop a methodology to evaluate the current orbital configuration of the 
Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-
orbiting Partnership (SNPP) and NOAA-20 satellites and to study various orbital 
configurations for the next VIIRS in the Joint Polar Satellite System (JPSS) series from the 
perspective of maximizing the global daily ocean color retrievals. We focus on the coverage 
losses due to high sensor-zenith angle and high sun glint contamination and find that two 
sensors cannot avoid gaps in daily coverage. If JPSS-2 shares the same orbit with SNPP and 
NOAA-20, then phase shift of around 90° relative to SNPP and NOAA-20 would maximize 
daily ocean color retrievals. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement  

1. Introduction 

We are now living in the era of rapidly expanding Earth observations from space, but also at 
the time when rapid changes in Earth environment are taking place. Ocean optical, biological, 
and biogeochemical products are essential for understanding of climate change and its impact 
on our daily life, and satellite ocean color observations are indispensable means to accurate 
and timely global picture, as well as routine global water quality monitoring and quantitative 
measurements [1–3]. 

The Joint Polar Satellite System (JPSS) program [4] aims to deliver consistent global 
daily records of Earth observations spanning multiple decades using a series of satellites 
carrying sensors of similar design and capabilities. The Suomi National Polar-orbiting 
Partnership (SNPP) satellite, which was launched on October 28, 2011, is the precursor to the 
JPSS satellite series. SNPP is flying in polar sun synchronous daytime ascending orbit with 
inclination of 98.7° and local equatorial crossing time around 13:30 for the location under 
nadir. The Visible Infrared Imaging Radiometer Suite (VIIRS) is one of the instruments 
flying aboard SNPP satellite and has been (and will be) carried on the subsequent JPSS 
satellites. VIIRS is a whiskbroom scanner type imager and has 22 spectral bands in the range 
0.41–12 µm [5], which are used for a wide range of Earth land, atmosphere, and ocean 
(including coastal/inland waters) observations [4]. In particular, VIIRS-derived global ocean 
color Environmental Data Records (EDR) is one of the key product suites for science research 
and application communities [6,7]. 

SNPP is followed by NOAA-20, which was launched on November 18, 2017, and is the 
first operational satellite in the JPSS series. NOAA-20 carries the same instrument package as 
SNPP, including VIIRS, and is also flying in practically the same daytime ascending polar 
orbit. However, the position on the orbit (phase) of NOAA-20 is shifted by 180° (time 
difference of about 50 minutes on the orbit) relative to SNPP. Beyond NOAA-20, the next 
satellite in JPSS series (carrying the same VIIRS) is scheduled to be launched around 2021. 

While the designed lifetime of JPSS satellites is about 7 years, in the past similar satellite 
missions, e.g., the Moderate Resolution Imaging Spectroradiometer (MODIS) [8] on the 
Terra (1999–present) and Aqua (2002–present), have significantly exceeded their designed 
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lifetime, and continued to provide useful observations for many years beyond it. The 
possibility of overlapping satellite missions by multiple sensors of the same design raises the 
question of how to arrange their orbits to maximize the utility of the observations. This 
question is especially relevant to the global ocean color retrievals, since the rate of valid 
global daily ocean color data retrievals is rather small (e.g., as low as ~5% for some retrieval 
algorithms [9]), due to clouds [10], straylight [11], sun glint [12], and other factors. Merging 
data from different sensors can improve the overall data coverage [13], but the improvement 
depends on the configuration of the sensor orbits. Thus, in this paper, we investigate the 
question of optimal configuration for polar orbiting satellites from the perspective of the 
global ocean color observations. 

The remainder of the paper is structured as follows: we first discuss the main factors 
limiting satellite ocean color retrievals in Section 2, and show how they affect the single 
sensor ocean color data coverage in Section 3. We then show in Section 4 how multiple 
satellite sensors in different positions on the same orbit can be modeled using data from a 
single sensor. We will then proceed to apply this method to investigate various orbit 
configurations of two and three sensors in Sections 5 and 6, and evaluate the effects on the 
ocean color data coverage. Section 7 provides discussion and summarizes the findings. 

2. VIIRS ocean color measurements 

Deriving global ocean optical, biological, and biogeochemical properties from space-based 
measurements requires accounting for various light scattering processes in the atmosphere 
and at the water surface, through a procedure known as atmospheric correction [14–16]. It 
converts the top of the atmosphere (TOA) radiance spectra measured from space into the 
normalized water-leaving radiance spectra nLw(λ) [17–19], from which various optical, 
biological, and biogeochemical property data, e.g., chlorophyll-a (Chl-a) concentration [20–
22], water diffuse attenuation coefficient at the wavelength of 490 nm Kd(490) [23,24] or at 
the domain of the photosynthetically available radiation (PAR) Kd(PAR) [25,26], are further 
derived. The NOAA VIIRS ocean color retrievals use the Multi-Sensor Level-1 to Level-2 
(MSL12) ocean color data processing system [6], which was developed for consistent ocean 
color data processing from various satellite ocean color sensors [27]. MSL12 has been 
significantly updated to improve VIIRS global ocean color products, in particular, over turbid 
coastal and inland waters [28–31]. In addition, VIIRS on-orbit vicarious calibration has been 
carried out using the in situ optics data from the Marine Optical Buoy (MOBY) in waters off 
Hawaii [32,33]. 

In satellite ocean color remote sensing, one of the most significant limiting factors for 
valid ocean color data retrievals is the cloud cover [10], i.e., ocean color data retrievals are 
only possible over clear sky [34]. While areas with small and fast-moving clouds may be 
observed with multiple sensors at different times of day [35], possibly yielding more 
complete merged coverage from multiple sensors, large cyclone systems can prevent ocean 
color data retrievals over vast areas for several days. 

Another, closely related, major limiting factor affecting ocean color data product 
retrievals is the cloud-adjacent straylight effect, often resulting in low-quality data near 
clouds [11,36]. Traditional methods flag these likely low-quality ocean color data according 
to instrument point spread functions [37], so they are not used in global ocean color data 
composites. However, a recent study based on spectral analysis showed that such a flagging is 
perhaps too conservative [11]. Nevertheless, cloud-adjacent straylight vastly expands the data 
gaps, especially in the areas with sparse clouds [11]. 

In the polar areas, where the sun is below horizon for many days every year, ocean color 
retrievals are also not possible for extended periods of time. In fact, good quality ocean color 
retrievals are only possible when solar-zenith angle is less than ~70°. For larger value of 
solar-zenith angle, the ocean color retrievals are affected by scattering of the incident sunlight 
through a long path of atmosphere [15,16], compounded by Earth’s curvature effects [38], 
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and thus deemed as not reliable. Thus, near spring and fall equinoxes, satellite ocean color 
retrievals are restricted to latitudes less than 70°. During the winter solstice, however, the 
Earth’s axial tilt of 23.4° further restricts the ocean color retrievals to the latitudes less than 
70° – 23.4° = 46.6° (while enabling more retrievals around the opposite polar area). Since this 
factor affects all space-based ocean color retrievals nearly equally, we are not considering it 
in this study. 

VIIRS features a wide swath which extends up to 56.28° off the nadir view, and measures 
at around 3040 km on ground [39], allowing for some overlap of swaths from the adjacent 
orbits, even on the equator. The swath edges correspond to the sensor-zenith angle of around 
70°. However, the data quality of the ocean color retrievals for large sensor-zenith angles near 
swath edge is very significantly reduced [14–16,40]. For that reason, the effective swath 
width for good quality ocean color retrievals is restricted to sensor-zenith angles less than 
60°, leading to gaps between adjacent orbits in ocean color coverage in tropics (see Fig. 1 in 
the next section). In MSL12, ocean color data are processed for all possible solar- and sensor-
zenith angles. However, for high solar- or sensor-zenith angles, global ocean color data are 
masked out in the Level-3 ocean color products. The upper limits for the solar- and sensor-
zenith angles for the data masking are set as constant. 

Reflection of sun light from ocean surface (sun glint) [41] is another significant limiting 
factor for ocean color retrievals [12]. The sun glint mostly affects the retrievals in the tropical 
areas, but it has a seasonal modulation, and can reach the latitudes as high as 50° for days 
near summer solstice [35]. For a sensor on the polar orbit with local afternoon equatorial 
overpass, the solar reflection off the ocean surface is mostly west from the nadir view. The 
actual extent of the sun glint areas is determined not just by the solar and sensor geometry, 
but also by the water surface roughness, which is strongly correlated to the ocean surface 
wind speed [42]. In addition, for atmospheric correction in MSL12, the TOA radiance 
computation (e.g., Rayleigh scattering radiance) requires accurate surface sun glint 
information [42,43]. Thus, there is no simple and exact criterion to identify the areas with 
high sun glint. The current NOAA VIIRS ocean color retrievals in MSL12 use the value of 
glint coefficient [12] of 0.01 computed from the Cox and Munk model [41] as a threshold 
value beyond which the retrievals are considered as high sun glint contaminated, and may 
have large errors in satellite-derived ocean color products [12]. 

While clouds, low sunlight, straylight, large sensor-zenith angle, and high sun glint are 
major limiting factors for ocean color retrievals, the latter two – high sensor-zenith angle and 
high sun glint contamination – directly depend on the choice of the sensor orbit, and can be 
mitigated by combining data from two or more satellite sensors [13]. In this study, we 
investigate what orbital configurations of two and three sensors minimize the data gaps by 
these two factors that affect global daily ocean color data product coverage. 

3. Single sensor global ocean color coverage 

Different factors limiting ocean color retrievals from a single satellite sensor can be identified 
in daily VIIRS-SNPP Chl-a imagery, after discarding low-quality data (i.e., those associated 
with the various quality control flags), shown in Fig. 1 for September 21, 2018. This day is 
close to the fall equinox, so that both northern and southern hemispheres are equally well 
illuminated. The true color base layer in Fig. 1(a) provides a complete daily global coverage, 
including land. The overlaid Chl-a imagery, however, cannot be derived over land, in areas 
with clouds, ice, dense dust, etc. Areas with high sensor-zenith angles and high sun glint 
contamination are also excluded. Note that Chl-a data presented and discussed in this study 
are derived using the OCI Chl-a algorithm implemented in MSL12 [22]. 

Figure 1(b) highlights the gaps in data due to high sensor-zenith angles and high sun glint 
contamination – the focus of this study. The data gaps due to high sensor-zenith angle always 
occur in tropics near the swath edges and result in relatively narrow gaps spanning latitudes 
of 35°S–35°N, which do not change with season. The areas with high sun glint contamination 
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are the wider gaps spanning smaller range in latitudes, shifting with seasonal modulation. 
These areas can also be identified by the characteristic sun glint pattern in the true color 
imagery [Fig. 1(a)]. Since SNPP is in daytime ascending orbit, its daytime orbital track 
follows southeast to northwest direction. The data gaps due to high sensor-zenith angle and 
high sun glint contamination are also aligned with the orbital track. We note that in Fig. 1(b) 
we have combined ocean color data from three days separated by the SNPP revisit interval of 
16 days to emphasize these areas, minimizing the other data gaps due to clouds. The purpose 
of using the three-day composite images is to clearly demonstrate (visually) the effects of data 
gaps due to high sensor-zenith angle and high sun glint contamination on the coverage of 
satellite ocean color retrievals. 

 

Fig. 1. (a) VIIRS-SNPP Chl-a data overlaid on top of true color imagery, showing daily 
coverage for September 21, 2018. Even though true color has a complete global coverage, 
ocean color products cannot be derived (or are masked) in areas with clouds, high sun glint, 
high sensor-zenith angle, and polar areas with little sunlight (i.e., large solar-zenith angle). (b) 
Combined VIIRS-SNPP Chl-a data coverage for three days separated by SNPP 16-day revisit 
cycle, showing fewer gaps due to clouds and emphasizing gaps due to high sensor-zenith 
angles (some marked with red crosses) and high sun glint (some marked with orange circles). 

To quantify the extent of these data gaps, or the loss of ocean color data coverage due to 
high sensor-zenith angle and high sun glint contamination, we have used the VIIRS-SNPP 
ocean color data (binned at 9 km resolution) from the entire year 2016, and calculated for 
each day the area where ocean color retrievals were not possible due to either of the two 
conditions. We also calculate for each day the total global area that has receives enough 
sunlight (i.e., solar-zenith angle less than 70°) during one of VIIRS-SNPP overpasses, as well 
as the total area of valid ocean color retrievals. These results are displayed in Fig. 2. In fact, 
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the total area of open waters that receives enough sunlight for ocean color retrievals changes 
with the season, with maxima around spring and fall equinoxes. The absolute minimum 
occurs near northern hemisphere summer solstice when significant parts of the Southern 
Ocean are under dark. The area lost from single sensor ocean color retrievals due to high 
sensor-zenith angle does not change throughout the year and amounts to ~9.3%, while the 
area subject to high sun glint has a slight seasonal variation, averaging ~9.4% throughout the 
year. Of the remaining ~81.3%, clouds and other factors involving atmospheric conditions 
prohibit retrievals for ~66% of remaining area, resulting in ocean color retrievals for only 
~28% of the total area of open and sunlit waters over the course of the year. We note again 
that these numbers are based on statistics for 9 km bins. Thus, if even one valid retrieval falls 
within a given bin, the whole bin is counted towards the area with valid ocean color retrievals. 

 

Fig. 2. Seasonal dependence of the total water surface area illuminated by sunlight, including 
the area of valid ocean color retrievals (blue), the areas where clouds, straylight, ice, dust and 
heavy aerosols prevent ocean color retrievals (gray), the area high sun glint (yellow), and of 
high sensor-zenith angle (pink). 

4. Modelling multiple sensors orbital configurations 

Both SNPP and NOAA-20 are flying in the same orbit with a 16-day revisit cycle, completing 
227 full orbits during this time period. Thus, on each day, both satellites complete 14 full 
orbits, and a fraction (3/16) of 15th orbit. During one orbit, the Earth rotates by 25.374° about 
its axis, and 14 orbits correspond to Earth rotating by 355.24°. Thus, on the following day, all 
the orbital tracks are shifted by 360° − 355.24° = 4.76° east. This introduces a phase shift of 
3/16 × 360° = 67.5° on the next day orbits, relative to the given day. In fact, this is also equal 
to the fraction of the 15th orbit completed at the end of each day. Since NOAA-20 is shifted 
in orbit by 180° relative to SNPP, on any given day NOAA-20 orbits have the same ground 
tracks as SNPP orbits eight days before or after the given day. The dependence of the phase 
shift with respect to time difference in days is illustrated in Fig. 3. 

We can therefore use the VIIRS-SNPP ocean color data from different consecutive days 
to model another sensor on the same orbit, but with a different phase relative to SNPP. In the 
following sections, we will explore the combinations of two and three sensors flying on the 
same orbit with different relative phase shifts, and assess the effects on the coverage of the 
merged ocean color data products. 
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Fig. 3. SNPP 16-day revisit cycle with phase shifts corresponding to time shift in days relative 
to the SNPP orbit on the given day. Each day introduces a phase shift of 67.5°, resulting in 
zero phase shift after 16 days. NOAA-20 is flying in the same orbit as SNPP, but 180° out of 
phase, which also corresponds to SNPP orbit from ± 8 days relative to the present day. 

5. Two-sensor global ocean color coverage 

In this section, we study the combination of two sensors on the same orbit as SNPP but with a 
variable phase shift, to determine what configuration maximizes ocean color retrievals. This 
evaluates the current SNPP and NOAA-20 configuration based on the combined ocean color 
product coverage, and also accounts for a scenario where SNPP is replaced with JPSS-2 on 
the same orbit, with the latter continuing observations together with NOAA-20. 

To model the combined ocean color data coverage by two sensors, we merge VIIRS-
SNPP data from different days with time difference corresponding to the phase shift 
according to Fig. 3. Thus, for example, to model a sensor with a phase shift φ = 22.5° ahead 
of SNPP in the same orbit, we can use the SNPP data from either 5 days before or 11 days 
after the selected day. However, for two identical sensors, the merged coverage only depends 
on the absolute value of the relative phase between them, thus we can equally well choose to 
use the SNPP data from 5 days after or 11 days before the selected day to model the same 
phase shift. Therefore, in addition to the VIIRS-SNPP data on a particular day of interest, we 
choose the data from the closest following day that yields the desired phase shift between the 
two sensors. The corresponding time differences in days are shown in Table 1. 

Since all the patterns in data gaps occur with the same interval because of SNPP revisit 
cycle of 16 days, for better visualization we again supplement the data for each of the two 
days with additional data from 16 days before and 16 days after the given day. This 
significantly increases the combined coverage and highlights the remaining data gaps (due to 
high sensor-zenith angle and high sun glint contamination). In general, the areas with high 
sun glint shift with a seasonal modulation, but this effect is relatively small over the 32-day 
period. Thus, to produce representative imagery, each choice of phase shift is modeled by 
merging VIIRS-SNPP data from six days (i.e., three days for each of the two sensors). 
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Fig. 4. Merged coverage of global Chl-a imagery on September 21, 2018 from VIIRS-SNPP 
with data from different days used to model two sensors on the same orbit with a variable 
relative phase shift φ of (a) 22.5°, (b) 45°, (c) 67.5°, (d) 90°, (e) 112.5°, (f) 135°, (g) 157.5°, 
and (h) 180°. Note that for more complete coverage and to highlight the remaining data gaps 
due to high sensor-zenith angle and high sun glint conditions, data for each day is 
supplemented with data from 16 days before and after, which have the same pattern of data 
gaps. 

Specifically, Figs. 4(a)–4(h) were generated using VIIRS-SNPP-derived global Chl-a data 
on September 21, 2018 combined with the VIIRS-SNPP Chl-a data derived in 2018 on 
September 26 [Fig. 4(a)], September 27 [Fig. 4(b)], September 22 [Fig. 4(c)], September 25 
[Fig. 4(d)], September 28 [Fig. 4(e)], September 23 [Fig. 4(f)], September 24 [Fig. 4(g)], and 
September 29 [Fig. 4(h)], respectively. As discussed previously, VIIRS-SNPP global Chl-a 
data on the specific day are supplemented (merged) by the VIIRS-SNPP data acquired on ± 
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16 days on that specific day to reduce the data gaps due to clouds and to emphasize gaps 
because of high sensor-zenith angle and high sun glint contamination. 

As seen in Fig. 4, the ocean color data (Chl-a) coverage losses due to high sensor-zenith 
angle and high sun glint contamination are minimized when the phase shift between the two 
sensors in the same orbit is from 67.5°–90°, even though for this range there are still some 
gaps remaining. As mentioned, for two sensors, the coverage loss for phase shift of –φ is the 
same as for φ. The present phase shift of 180° between SNPP and NOAA-20 results in a little 
more data gaps. This is easily understood if we recall that the regions of high sun glint are 
relatively close to the center of the VIIRS-SNPP scan (see Fig. 1). Thus, a phase shift of 180° 
overlays the swath edge (with high sensor-zenith angle) for one sensor and the swath center 
(with high sun glint) for the another, leading to a gap in the combined/merged coverage. 

As for a single sensor, we quantify the coverage loss using the VIIRS-SNPP ocean color 
data for the entire year 2016. For merged data from two sensors, this coverage loss depends 
on their relative phase in the orbit (φ), or more precisely, on the absolute value |φ| of the phase 
shift (coverage is an even function of φ), and thus we only need to investigate values of φ in 
the range from 0°–180°. We show this dependence for the aggregated ratio for the entire year 
of data in Table 1. Table 1 also provides the time difference (in minutes) on orbit 
corresponding to the phase shift, e.g., 180° phase shift between the two sensors (SNPP and 
NOAA-20) is about 50 minutes in the orbit difference. The dependence of the coverage loss 
on the relative phase shift angle φ is consistent with changes in imagery with angle φ in Fig. 
4, with minimum coverage loss for the values of phase shift angle φ between 67.5° and 90°. 
However, it should be noted that even with the 180° phase shift between the two sensors, as 
in the case for SNPP and NOAA-20, the global ocean color data gap is significantly reduced 
(from 18.7% to 6.4%). 

Table 1. Loss of the ocean color product coverage due to high sensor-zenith angle (> 60°) 
and high sun glint conditions. VIIRS-SNPP ocean color data from year 2016 are used to 

simulate the merged data from two sensors on the same orbit as SNPP, but with a 
relative phase shift of φ. Phase shift of 67.5°–90° minimizes the coverage losses, but no 

choice of phase shift allows to completely eliminate data gaps due to these factors. 

Phase shift φ 
Time difference 
on orbit (minutes) 

Time difference of 
merged data 
(days) Coverage loss (%) 

0° 0 0 18.7 
22.5° 6.3 5 11.9 
45° 12.7 6 6.48 
67.5° 19.0 1 2.88 
90° 25.4 4 2.72 
112.5° 31.7 7 4.28 
135° 38.1 2 5.70 
157.5° 44.4 3 6.25 
180° 50.8 8 6.36 

6. Three-sensor global ocean color coverage 

With three sensors, the general analysis for optimal orbit configuration becomes more 
complicated as there are two independent variables (i.e., two phase shifts) describing the 
configuration. However, since SNPP and NOAA-20 have been flying with a 180° phase shift, 
we focus on the scenario where these two sensors continue in the current configuration, and 
the third sensor (JPSS-2) is added in the same orbit with a variable phase shift φ. The results 
of the three-sensor merged Chl-a data imagery for various phase shifts are shown in Fig. 5. 

                                                                                               Vol. 27, No. 8 | 15 Apr 2019 | OPTICS EXPRESS A452 



 

Fig. 5. Three-sensor merged global daily Chl-a imagery on September 21, 2018 with the two 
sensors from SNPP and NOAA-20, and third one simulated assuming the relative phase shift φ 
to SNPP of (a) 22.5°, (b) 45°, (c) 67.5°, (d) 90°, (e) 112.5°, (f) 135°, (g) 157.5°, and (h) 
−22.5°. As before, data for each day is supplemented by the data from 16 days before and 
after, to minimize the gaps due to clouds and to highlight the gaps due to high sensor-zenith 
angle and high sun glint contamination. Note that due to symmetry, the extent and pattern of 
data gaps in panels (g) φ = 157.5° and (h) φ = 157.5° − 180° = −22.5° is essentially identical. 

Here, we use the merged ocean color data from VIIRS SNPP and NOAA-20 to model 
these two sensors, and VIIRS-SNPP data shifted in time to model the third sensor with a 
phase shift φ with respect to SNPP. We use the fact that SNPP and NOAA-20 are exactly 
opposite in the orbit (phase shift of 180°), to show that due to symmetry, the coverage of the 
resultant three-sensor combined data product will be the same for phase shifts φ and φ + 180°. 
Thus, again, only the values of φ within 0°–180° need to be considered. For example, to 
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model the three-sensor coverage with the third sensor flying 22.5° ahead of SNPP, we use the 
merged SNPP and NOAA-20 data from the day of interest, and the SNPP data from five days 
before. The time differences in days required to model different phase shifts are shown in 
Table 2. 

As in the case of two sensors, we use the data from 16 days before and after to minimize 
the gaps due to clouds, and to highlight the gaps due to high sensor-zenith angle and high sun 
glint contamination. Thus, each choice of phase shift in the three-sensor combined imagery is 
modeled by merging SNPP data from six days and NOAA-20 data from three days. 

As shown in Fig. 5, with three sensors, the gaps in data are minimized when the third 
sensor is placed on the same orbit with a phase shift φ of 90°–112.5° ahead of SNPP or 
NOAA-20 (i.e., with orbit time difference of 25–32 minutes). The slight departure of the 
optimal phase shift from 90° is due to high sun glint conditions occurring mostly on the west 
side from the scan center. Other choices of φ closer to either 0° or 180° (meaning closer on 
the orbit to SNPP or NOAA-20) result in progressively increasing gaps in the combined 
(three-sensor) coverage. As mentioned, the coverage is the same for phase shifts φ and φ + 
180°. This is illustrated in Fig. 5 panels (g) φ = 157.5° and (h) φ = 157.5° − 180° = −22.5°, 
which show essentially identical pattern of data gaps. 

As for two sensors, we also show the quantitative loss of the coverage due to high sensor-
zenith angle and high sun glint contamination for a three-sensor combined data product in 
Table 2. The quantitative values are obtained using VIIRS-SNPP data for the entire year 
2016, and the dependence on the phase shift angle (or time difference in orbit) for the third 
sensor is consistent with imagery in Fig. 5. The coverage loss is less than one percent for the 
phase shift φ in the range of 90°–112.5° (or orbit time difference of 25–32 minutes). 

Table 2. Loss of the three-sensor mixed ocean color product coverage due to high sensor-
zenith angle (> 60°) and high sun glint conditions. VIIRS-SNPP ocean color data from 

year 2016 are used to simulate the merged data from the three sensors on the same orbit 
as SNPP, but with different phases (φ), i.e., SNPP: φ = 0°; NOAA-20: φ = 180°; and the 

third sensor (JPSS-2) with variable φ. Phase shift of 90°–112.5° for the third sensor 
relative to SNPP or NOAA-20 minimizes and practically eliminates the coverage losses 

due to high sensor-zenith angle and high sun glint contamination. 

Phase shift φ 
Time difference 
on orbit (minutes) 

Time difference of 
merged data 
(days) Coverage loss (%) 

0° 0 0 6.36 
22.5° 6.3 −5 4.05 
45° 12.7 +6 2.78 
67.5° 19.0 +1 1.76 
90° 25.4 −4 0.73 
112.5° 31.7 +7 0.53 
135° 38.1 +2 1.88 
157.5° 44.4 −3 3.93 
180° 50.8 ±8 6.36 
−22.5° −6.3 +5 3.93 

In the unlikely case of four sensors sharing the same orbit, the most obvious choice is to 
have them separated by equal 90° phase shifts. Because this choice of phase shift maximizes 
the ocean color product coverage in two- or three-sensor configuration, it would only increase 
the coverage with four sensors, eliminating data gaps due to high sensor-zenith angle or high 
sun glint contamination. However, the fourth sensor may have to replace the first one due to 
sensor aging and accuracy degradation, which likely becomes significant after the sensor 
designed life time is exceeded. 

7. Discussion and summary 

Besides the cloud cover, straylight, and insufficient sunlight, the two main factors limiting 
polar orbiting satellite ocean color retrievals are the high sensor-zenith angle for retrievals 
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near the swath edges, and the high sun glint conditions in tropics near the center of the swath. 
In this paper, we have studied the impact of these two factors on the combined daily ocean 
color data coverage from two or three sensors, by using the data from VIIRS-SNPP and 
VIIRS-NOAA-20 to model various orbital configurations of identical sensors sharing the 
same orbit. 

The current orbital configuration of SNPP and NOAA-20 flying on the same orbit with 
180° out of phase (or about 50 minutes in orbit time difference) is not optimal for maximal 
coverage of ocean color retrievals. This is because the sun glint affected ocean color retrievals 
are relatively close to the center of swath, which corresponds to the swath edge with high 
sensor-zenith angle for the other sensor. In fact, a relative phase shift of 67.5° to 90° between 
the two satellites in orbit would minimize the coverage losses due to these two factors in the 
two-sensor combined ocean color product coverage. Still, even with the present SNPP and 
NOAA-20 orbital configuration, the daily global ocean color data gap due to these two factors 
has been significantly reduced from 18.7% (one sensor) to 6.4% (two sensors). Yet this 
number could be decreased to 2.7% if the two sensors were to fly separated by a 90° phase 
shift. 

It should be noted that the present orbital configuration for SNPP and NOAA-20, i.e., 
flying 180° out of phase, may be preferable for other data products, e.g., from land and 
atmosphere. In addition, a phase shift of 180° maximizes time between observations from the 
two sensors, increasing the chance that clouds may have shifted, and thus increasing the 
overall chance of retrievals in areas with sparse clouds. For example, on September 21, 2018, 
both VIIRS-SNPP and VIIRS-NOAA-20 each produced valid retrievals of ~30.1% over 
global water surface area that was sufficiently illuminated by the sun (estimated based on a 
fraction of 9 km bins with valid retrievals). The coverage from the two-sensor merged data 
for the same day was significantly higher at ~41.5%. More than half (~54%) of this increase 
in the coverage was due to changes in atmospheric conditions (such as clouds shifting), 
allowing more retrievals in the areas where neither of the sensors experiences high sun glint, 
nor high sensor-zenith angle conditions. The rest of the improvement in the coverage was due 
to filling the data gaps associated with these two conditions. 

Further separating the observation times by choosing polar orbits with different equator 
crossing times (such as in the morning and in the afternoon) may fill even more data gaps due 
to clouds and straylight [9]. However, a morning orbit is not a likely choice for JPSS-2 
satellite, given its role as SNPP (or possibly NOAA-20) replacement, and also the fact that 
Sentinel-3 series satellites are already flying in a morning orbit. 

The remaining data gaps may be filled through machine learning [44], or through other 
approaches based on spatial-temporal characteristics of the data products, such as the Data 
Interpolating Empirical Orthogonal Functions (DINEOF) [45–47]. In particular, a recent 
study shows that using the DINEOF method the gap-filled data based on the merged VIIRS-
SNPP and VIIRS-NOAA-20 ocean color data can provide more details in the dynamic ocean 
features than those from the SNPP or NOAA-20 alone [47]. Still, even with these methods, 
the gaps in data due to sparse clouds may be easier to fill than the contiguous gaps due to high 
sensor-zenith angle or high sun glint contamination. 

Assuming SNPP and NOAA-20 continue fly in the present configuration with 180° phase 
shift, and the JPSS-2 joins these two sensors on the same orbit, the daily combined coverage 
of ocean color retrievals will be maximized if the third sensor is shifted in orbit by a phase of 
90° to 112.5° (or orbit time difference of 25–32 minutes), relative to either SNPP or NOAA-
20. This would practically eliminate the data gaps in combined ocean color coverage due to 
coincidental high sensor-zenith angle and high sun glint contamination for different sensors. 

JPSS series satellites carry several instruments that are used for a wide variety of Earth 
observations and have different requirements for the solar-sensor geometry. While this study 
outlines the ocean color perspective, other Earth observations may have different 
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requirements. The choice of JPSS-2 orbital parameters will remain a compromise that 
maximizes benefits for all observations. 

Finally, the methodology and approach developed in this study can be used for other 
satellite observing systems, as well as for other types of Earth observations. 
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