remote sensin N
?J & bpy

Article

Using Ground Targets to Validate S-NPP VIIRS
Day-Night Band Calibration

Xuexia Chen *, Aisheng Wu !, Xiaoxiong Xiong 2, Ning Lei !, Zhipeng Wang !
and Kwofu Chiang !

1 Science Systems and Applications Incorporation, Lanham, MD 20706, USA; aisheng.wu@ssaihg.com (A.W.);

ning.lei@ssaihg.com (N.L.); zhipeng.wang@ssaihq.com (Z.W.); kwofu.chiang@ssaihq.com (K.C.)
2 NASA Goddard Space Flight Center, Greenbelt, MD 20661, USA; xiaoxiong.xiong-1@nasa.gov
*  Correspondence: xuexia.chen@ssaihq.com; Tel.: +1-301-867-2047

Academic Editors: Changyong Cao, Jose Moreno, Xiaofeng Li and Prasad S. Thenkabail
Received: 29 June 2016; Accepted: 22 November 2016; Published: 30 November 2016

Abstract: In this study, the observations from S-NPP VIIRS Day-Night band (DNB) and Moderate
resolution bands (M bands) of Libya 4 and Dome C over the first four years of the mission are
used to assess the DNB low gain calibration stability. The Sensor Data Records produced by NASA
Land Product Evaluation and Algorithm Testing Element (PEATE) are acquired from nearly nadir
overpasses for Libya 4 desert and Dome C snow surfaces. A kernel-driven bidirectional reflectance
distribution function (BRDF) correction model is used for both Libya 4 and Dome C sites to correct
the surface BRDF influence. At both sites, the simulated top-of-atmosphere (TOA) DNB reflectances
based on SCIAMACHY spectral data are compared with Land PEATE TOA reflectances based on
modulated Relative Spectral Response (RSR). In the Libya 4 site, the results indicate a decrease
of 1.03% in Land PEATE TOA reflectance and a decrease of 1.01% in SCTAMACHY derived TOA
reflectance over the period from April 2012 to January 2016. In the Dome C site, the decreases are
0.29% and 0.14%, respectively. The consistency between SCIAMACHY and Land PEATE data trends
is good. The small difference between SCTAMACHY and Land PEATE derived TOA reflectances
could be caused by changes in the surface targets, atmosphere status, and on-orbit calibration.
The reflectances and radiances of Land PEATE DNB are also compared with matching M bands and
the integral M bands based on M4, M5, and M7. The fitting trends of the DNB to integral M bands
ratios indicate a 0.75% decrease at the Libya 4 site and a 1.89% decrease at the Dome C site. Part of the
difference is due to an insufficient number of sampled bands available within the DNB wavelength
range. The above results indicate that the Land PEATE VIIRS DNB product is accurate and stable.
The methods used in this study can be used on other satellite instruments to provide quantitative
assessments for calibration stability.

Keywords: VIIRS; SCTAMACHY; Day-Night Band; M bands; calibration; radiance; reflectance; RSR;
BRDF; Libya 4; Dome C

1. Introduction

1.1. NPP VIIRS Sensor Quverview

The Suomi National Polar-orbiting Partnership (S-NPP) is one of the modern Earth-orbiting
Earth-observing weather satellites. Since S-NPP was launched successfully on 28 October 2011 from
Vandenberg Air Force Base in California, it has provided observations of the entire Earth’s surface
twice daily, including the land, ocean, and atmosphere. S-NPP represents a bridge providing consistent
and continuous observation data between NASA’s Earth Observing System (EOS) satellites and
the Joint Polar Satellite System satellites [1-3]. The five instruments onboard S-NPP are the Visible
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Infrared Imaging Radiometer Suite (VIIRS), the Cross-Track Infrared Sounder, the Ozone Mapping
and Profiler Suite, the Advanced Technology Microwave Sounder, and the Cloud and Earth Radiance
Energy System.

VIIRS is designed based on the Moderate Resolution Imaging Spectroradiometer (MODIS)
heritage, and is a wide-swath (3034 km), cross-track scanning radiometer which observes the Earth’s
surface in 22 visible and infrared spectral bands (0.4-12.5 pm). Among the 22 spectral bands, there are
15 reflective solar bands (RSB) and 7 thermal emissive bands (TEB). The VIIRS observation altitude is
828 km and its Earth view observation scan angle range is +56.28° off nadir. The VIIRS instrument
was powered on 8 November 2011 and the instrument nadir door was opened on 21 November 2011.
Among the RSB, the DNB on VIIRS is a visible/near-infrared panchromatic band, which can observe
the Earth during both daytime and nighttime. The spatial resolution of the DNB is 750 m at nadir
and there are 32 aggregation zones through each half of the instrument swath on either side of nadir.
These aggregation zones are designed to maintain a near 750 m spatial resolution for pixels away from
the nadir. In order to provide imagery of clouds and Earth targets from full sunlight to quarter moon
illumination status, the DNB comprises three gain stages: the low gain stage (LGS), the medium gain
stage (MGS), and the high gain stage (HGS). The LGS is used for observing bright earth scenes at day
time, the MGS is used for scenes near the terminator or at twilight, and the HGS is used for night
scenes. In our study, we focus on the DNB LGS performance. The M4 to M7 wavelength ranges are the
matching M bands within the DNB wavelength range. Of these bands, M4, M5, and M7 have Low
Gain and High Gain stages. Table 1 lists characteristics for the DNB for the narrower bandpass bands
M4 through M7.

Table 1. List of characteristics of DNB and M bands within DNB wavelength range.

Wavelength Range Bandpass Spatial Resolution

VIIRS Band (am) (am) Gain Stages Band Explanation at Nadir (m)
DNB 500-900 400 Low, Middle, High Visible/Reflective 750
M4 545-565 20 Low, High - .
M5 662-682 20 Low, High Visible/Reflective 750
Mé 739-754 15 Single
M7 846-885 39 Low, High Near IR 750

1.2. Reference Sites

Several Earth surface sites with stable radiometric characteristics are widely used as references to
monitor satellite sensor long-term stability [4-7]. In this study, we chose the Libya 4 desert site and
Dome C in Antarctica as reference sites, as they have been used extensively in previous studies to
monitor satellite performance.

The Libya 4 desert site (Latitude: 28.55°N, Longitude: 23.39°E) is close to horizontally uniform
and is a relatively homogeneous area covered by sands in Africa [4,5]. The Libya 4 site is often selected
as a calibration study site based on its high spatial uniformity and temporally invariant surface cover
properties for stable reflectance and bidirectional reflectance distribution function (BRDF) [4,5,8-10].
This site is located in an arid region and thus has a low probability of cloudy weather and precipitation.

The Dome C site (Latitude: 74.50°S, Longitude: 123.00°E) is one of the several plateaus on the
Antarctic ice sheet and it is considered to be a nearly homogeneous surface [5-7]. Located in the east
Antarctic, Dome C is covered by snow and has an extremely small terrain surface slope. The altitude of
the site is 3200 m. Its uniformity properties produce temporally invariant reflectance and BRDF spectral
response [11,12]. It has a clear atmosphere with minimized influence of aerosol and atmospheric water
vapor when compared with other reference sites [12]. Since the Dome C site is close to the South Pole
of the Earth, VIIRS can make several overpasses in any given day and it is easy to find a good daytime
image near nadir observation during the southern hemisphere summer period, from October to
March [9].
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1.3. Relative Spectral Response (RSR)

Prelaunch RSRs of all VIIRS bands were measured during sensor thermal vacuum testing.
A double monochromator operating in subtractive mode was used to collect spectral test data in
the lab environment for generating VIIRS RSRs [13,14]. Shortly after S-NPP launch, it was observed
that several VIIRS reflective bands had decreased optical throughput due to the contamination of
the mirror coating on the rotating telescope assembly (RTA) [1,15,16], which also caused the RSRs to
change over time. Without updating the RSRs, the sensor radiometric calibration and the computed
top-of-the-atmosphere (TOA) spectral reflectance delivered in the Sensor Data Records (SDRs) could
be biased [17].

The modulated RSR is derived from a wavelength-dependent optical throughput degradation
model developed by NASA VIIRS Characterization Support Team (VCST) [13]. These modulated
band-averaged RSRs are generated at different times during SNPP mission, and are used to update
post-launch SDR Look-Up-Tables (LUT) to correct the RTA mirror contamination effect [15,18-20].
Figure 1 shows DNB and M4-M7 RSRs at orbit 154 (8 November, 2011, same as prelaunch RSRs) and
at orbit 20875 (8 November 2015, four years after launch). The near infrared bands have been more
affected by RTA contamination than those in the visible wavelength range. In the past four years,
the DNB RSR peak wavelength has shifted to shorter wavelengths with the peak RSR wavelength
changing from 784 nm to 680 nm. Based on the degradation observation and analysis in the past,
the RSRs have been more stable now than in the past, and may change less in the future.
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Figure 1. DNB and M4-M7 bands prelaunch RSRs at orbit 154 and modulated RSRs at orbit 20875.

1.4. VIIRS Radiometric Calibration Stability

Radiometric calibration is the process of characterizing the instrument response to signal inputs,
which usually are known, controlled, and stable [21]. Through the calibration process, systematic errors
may be discovered and evaluated and can also help to determine the relative biases between different
instruments. Calibration stability aims to measure the relative on-orbit calibration change and bias
with time [22]. When a sensor’s calibration is stable and consistent, the response of that sensor to the
same inputs is repeatable, traceable, and expectable over time [22]. Calibration stability studies usually
look at long-term records, which are built upon current calibration methodologies, and consider all of
the currently known system errors. These long-term records could be stable if the instrument and the
inputs are stable whereas the records could experience jumps and drifts when new events occur over
the sensor mission period. New systematic errors can be identified when specific causes are found
to produce the specific effect that causes a drift of the observations. Long-term calibration stability
can be achieved by frequently monitoring the instrument performance and recalibration with all the
discovered system errors. Calibration stability can also evaluate whether the sensor meets mission
requirements with an accurate interpretation of the data in order to make mission decisions.
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The fine spatial resolution of VIIRS RSB and DNB products allow science community users to
develop global surface type classification products [23], to estimate light power [24], to study nighttime
lighting patterns [25], to monitor nighttime surface air quality [26], to monitor and forecast land surface
phenology [27], and to research other topics. These growing interests bring a greater need for better
understanding the calibration stability and absolute accuracy of the VIIRS RSB and DNB products.

The VIIRS RSB and DNB on-orbit calibration methodology used by the VCST has been described
in several studies [1,13,18-20,28,29]. Some studies in the past have also demonstrated independent
techniques for validation of VIIRS on-orbit calibration using Earth view data. Uprety et al. [10,30,31]
have analyzed the stability of VIIRS RSB in the past few years through inter-comparison with Aqua
MODIS and Landsat 8 OLI at Libya 4, Sudan 1, Dome C, and Ocean sites. Wu et al. [9] have done an
assessment of the radiometric calibration stability of the first three years of VIIRS visible and near
infrared spectral bands using measurements from Suomi-NPP VIIRS and Aqua MODIS simultaneous
nadir overpasses over the Libya 4 and Dome C sites. Bhatt et al. [8] and Wang and Cao [32] have also
assessed the VIIRS RSB using Libya 4 and deep convective clouds. Chen et al. [33] have validated the
VIIRS DNB performance at Libya 4 and Dome C using both NOAA Interface Data Processing Segment
(IDPS) and the NASA Land Product Evaluation and Algorithm Testing Element (PEATE) data. Before
5 April 2013, IDPS did not have accurate data due to the prelaunch RSR LUT. After excluding data
before 5 April 2013, IDPS DNB radiance data are consistent with Land PEATE data with 0.6% or less
difference for Libya 4 and 2% or less difference for Dome C [33]. Time series of the bridge light data
are also used to validate the stability of the light measurements and the calibration of VIIRS DNB
radiance [24]. These results indicate that the VIIRS variability is less than 0.6% per year for RSB and
2.5% for shortwave infrared (SWIR) bands [8,9]. The difference between the absolution calibration of
VIIRS and MODIS for most bands are within 2.0% [9,10,30,32]. The global surface classification type
products generated using S-NPP VIIRS data maintain (78.64% =+ 0.57%) overall accuracy [23].

Some research used Simultaneous Nadir Overpass (SNO) data with similar geometry angles from
two or more sensors which allowed for inter-comparison [9,30,32]. The SNO method is relatively
simple and robust. Since it is possible that a pair of polar-orbiting satellites can observe the same point
on the Earth’s surface at nearly the same time close to nadir, there can be very little ground surface and
atmospheric path difference for observed collocated pixels [22]. However, SNO calibration alone is not
sufficient to produce a long-term time series for absolute calibration. The difference in the spectral
response functions between different sensors and the change of surface targets for different SNO
observations can introduce uncertainties in long-term data records and makes the inter-calibration
results difficult to understand. The SNO method is more efficient if one satellite has an accurate
absolute calibration and can be used as a stable standard for other sensors.

Other research uses pseudo-invariant ground targets, such as desert, snow, bridge light power,
and deep convective clouds, for sensor calibration and validation [4,8,10,24,32,33]. There are several
advantages of using pseudo-invariant ground targets for validation. The ground targets are usually
selected based on their spectral and spatial uniformity and radiometric stability, thus they have minimal
effects from the environment and are suitable for long-term monitoring. The ground sites are usually
accessible for ground-based measurements of the radiometric calibration and the measurements can
be done if it is necessary. In addition, monitoring the ground targets long-term trends allows for
investigation of the influence from RSRs changes, F-factor calculation, and other onboard calibration
events [32,33].

Besides the above research, our study is the first one to validate the VIIRS DNB most recent
radiometric calibration quality at two Earth view targets using the NASA Land PEATE products.
The main objective in this research is to track the first four years of on-orbit calibration stability of
the VIIRS DNB and M bands (M4, M5, and M7) using two stable ground reference sites, Libya 4 and
Dome C. In the above paragraphs, we have presented an overview of the instrument, study sites,
RSRs, and previous study results. In the Section 2, we describe the derivation of the data and the
methodology. In Section 3, we provide analysis and the results. Finally, in Section 4, we summarize our
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findings and conclusions. The results shown in this paper are useful for validating the current VIIRS
instrument calibration stability and can help guide future calibration algorithm improvements and data
reprocessing. The methods can be adopted for validating other instruments on board satellites, such as
Moderate Resolution Imaging Spectroradiometer (MODIS), Satellites Pour 1'Observation de la Terre
or Earth-observing Satellites (SPOT), China Brazil Earth Resources Satellite (CBERS), and future Joint
Polar Satellite System (JPSS).

2. Data and Methodology

2.1. Data

The data products used in this study are provided by the NASA Land PEATE
which can be downloaded from Level 1 and Atmosphere Archive and Distribution System
(LAADS) C1.1 Reprocessing version (http://ladsweb.nascom.nasa.gov/). Three products were
downloaded including NPP_VDNE_L1-VIIRS/NPP Day/Night Band 5-Min L1 Swath SDRs 750 m,
NPP_VMAE_L1-VIIRS/NPP Moderate Resolution 5-Min L1 Swath SDRs, and GEO 750 m. We selected
the data to be near nadir overpasses of Libya 4 and Dome C to cover the period between S-NPP
launch and January 2016. The Land PEATE data has been reprocessed with improved calibration
algorithms and LUTs [9,20,34]. In this study, the solar irradiance LUT is provided from the Aerospace
Corporation and the modulated RSR LUTs are provided by the VCST. Among the data we used, the
on-orbit SDSM screen transmission functions combined with the solar diffuser BRDF functions were
generated from both yaw maneuver and regular on-orbit data conducted early in the mission [20] and
the RSR functions have been updated on 31 March 2012, 15 July 2012, and 1 February 2013 and were
implemented in data processing.

Images are visually examined and we exclude those with visible clouds or shadow over the
Libya 4 and Dome C sites. In addition, the distances from the study site center pixel to nadir are
less than 60 pixels, which is about 45 km on ground distance, and the satellite zenith angles are less
than 3.5 degrees. The solar zenith angle range is from 14 to 55 degrees for Libya 4 and from 58 to
70 degrees for Dome C. We extract 32 x 32 pixels to calculate the DNB mean radiance and reflectance
and use co-located 32 x 32 M bands pixels to calculate the M bands mean radiance and reflectance.
All observations are at daytime, thus the DNB data are all observed in low gain stage at both the Libya
4 site and the Dome C site. At the Libya 4 site, M1 and M2 bands are in the high gain stage; M3 band
has both high gain and low gain stage observation due to different seasons; and M4, M5, and M7
bands are all in the low gain stage. At the Dome C site, all dual gain M bands observations are in the
low gain stage. More details on the algorithm are provided in Section 2.2. We also exclude the data
that have shown less homogeneity, where the standard deviation of the DNB radiances is higher than
0.0001 (W-cm~2.Sr~1). Based on the above requirements, Libya 4 and Dome C site images are selected
from 16-day repeatable orbits so all data have approximately the same viewing geometry relative to
the site.

2.2. Calculate Radiance and Reflectance Data

DNB SDRs include calibrated and geolocated radiance data, while the M band SDRs contain
both radiance and reflectance data. L, is provided by the DNB SDRs product directly, which is
calibrated considering the response versus scan angle of a rotating half angle mirror and the solar
diffuser BRDF degradation using the time-dependent modulated RSR [1,15]. The DNB radiance with
the Earth-Sun distance, solar zenith angle, and RSR normalization are calculated using the following
Equations (1)-(4).

L, x d?
Lnarmalized = Cn:)S(G) (1)

Ly, % d?
cos(0) x Fesun

@

Lrsr_normalized =
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Y. (RSR) ¢ x SolarIrradiancey x AA)
Y (RSRy; x AA)

o _ ESUN;
ESUN = 7ESUNtO

ESUN; =

®)

4)

Lyormalizea = Measured solar radiance after Earth-Sun distance and solar zenith angle normalization
(W-em=2.Sr71).

Lysr_normalized = Measured solar radiance after Earth-Sun distance, solar zenith angle, and RSR
normalization (W-cm™2-Sr~1).

Fesun = Ratio of solar irradiance (ESUN) between the data collection time t and the reference
time ty (prelaunch at orbit 154).

Ly = Measured solar radiance imported from the SDRs DNB product (W-cm~2-Sr~1).

d = Earth-Sun distance (astronomical units).

8 = Solar zenith angle (degree).

ESUN; = Band dependent and time dependent mean solar irradiance (W-m~
The summation is taken over lambda ranging from 200 nm to 200,000 nm.

SolarIrradiance) = Solar spectral irradiance (W-m—2-nm™1).

Znm™1).

RSR) ; = Wavelength dependent and time dependent relative spectral response of band A at time ¢.
AM = Wavelength spectral interval (nm).
To retrieve the DNB TOA reflectance data, we use the Equation (5).

7T X Ly x d?

Pnormalized = W (5)

Crormalized = 1Op of atmosphere reflectance with Earth-Sun distance, solar zenith angle, and
RSR normalization.

M bands radiance (L, appang) and reflectance (0y,0rmatized Mband) data are calculated by using the
scaled integer (SI), scale, and offset values provided by the SDRs products following Equations (6)—(9).

Ly Mband = SI X scale + of fset (6)
Lm Mband X d?
Lnormalized_Mband = W (7)
L Mband X dz
Lrsr_normulized_Mband = LT (8)

cos(8) x Fesun

| 70X Ly Mpana ¥ 42 )
Onormalized_Mband = COS(G) x ESUN;

2.3. A Kernel-Driven BRDF Correction Model

When we use satellite data from inter-comparison sensors, as well as from adjoining paths or long
term time series data of the same sensor, a BRDF model is required to remove the anisotropy influence
from the surface and different geometry angles [9,30,32,35]. In this study, we use a semi-empirical BRDF
correction model, consisting of two kernel-driven components [36]. This model has been found to be
functional when applied to reflectances observed by MODIS over the Libya desert and Antarctic surface
sites and by Landsat 7 Enhanced Thematic Mapper Plus over Sonoran and Libya desert sites [4,5].

This BRDF model assumes that the ground target subpixel surface contains a large number of
identical protrusions with rectangular and vertical wall shapes. These protrusions are randomly
distributed on a horizontal surface. The calculation of the BRDF relies on the empirical weighted sum
of two functions (or kernels) of view and illumination geometry and an isotropic parameter [4,5,36].

The kernel-driven BRDF corrected radiance or reflectance R is expressed as Equation (10) [36]:



Remote Sens. 2016, 8, 984 7 of 16

R'(6, ¢, ) = Ky + Kif{(6, @, 9) + Ko f3(6, @, ¥) (10)

where 6, ¢ are the solar zenith, satellite view zenith angles; 1 is the relative azimuth angle between the
solar and the satellite sensor directions with value from 0 to 7; i is the index for the band wavelength;
f1 is estimated from the bidirectional radiance/reflectance associated with the geometric scattering
component of the geometrical structure of opaque reflectors on the subsurface and shadowing effects,
while f is derived from the volume scattering contribution by a collection of dispersed facets which
simulates the volume scattering properties of surface features such as canopies, bare soils, sands, and
other factors. Coefficients Ko, K1, and K, are parameters related to the surface’s subpixel-scale physical
structure, optical properties, and the background and protrusion reflectance. The parameter Ky also
represents the bidirectional reflectance at 0 solar zenith angle and view angle, which can provide a
basis for the inter-comparison of sensor data acquired with different viewing or solar angles [36].

Ky, K1, and K; are surface type-specific parameters, thus the coefficients are determined
empirically for each site in this study. The values of these coefficients are calculated by minimizing the
differences between the observed and modeled reflectance using an optimization algorithm, given the
measured values of 6, ¢ and 1 from the training data sets for each site. In this study, we use the first
three full years available RSR corrected VIIRS DNB and M bands radiance/reflectance data (derived
from Equations (2), (5), (8) and (9)) as the training data set in the kernel-driven BRDF correction
model to cover a complete seasonal oscillation cycle. Please note that these training data are good
for validating a relative trend but are not good for calculating the absolute calibration. In our study,
Equation (11) is used to calculate the BRDF corrected Land PEATE DNB radiance (Ly,4f) and TOA
reflectance (py,4f), which can be used to validate long-term sensor calibration stability. The DNB
Riagiance/ Rrefiectance a0 Ko_ragiance/ Ko_reflectance are derived from the Equation (10) by using radiance data
from Equation (2) or reflectance data from Equation (5) as BRDF model inputs.

KO_mdiunce . KO_reflectunce (11)

Lbrdf = Luormalized X 7 Pbrdf = Pnormalized X R

Ryadiance reflectance

Equation (12) is used to calculate the BRDF corrected Land PEATE M bands radiance (Ly,4f_apand)
and TOA reflectance (ppdf_mpand), which can be used in the comparison with DNB long-term
calibration stability. The R;agiance/ Rrefiectance a0d Ko_radiance / Ko_reftectance are derived from Equation (10)
for each M band using radiance data from Equation (8) or reflectance data from Equation (9).

KOJﬂdiance .
Rmdiance ! 12
KO?reflectance ( )
Rreﬂectance

Lbrdfbeand = Luormalized_Mband ¥

Pbrdf_Mband = Pnormalized_Mband X

2.4. SCIAMACHY Spectral Data Simulated TOA Reflectance

In this study, we also use the Libya 4 and Dome C spectral data recorded by SCTAMACHY to
retrieve the TOA reflectance observed by VIIRS. The SCTAMACHY data used in this study is provided
by the European Space Agency. The data is the averaged reflectance spectra collected over the study
sites from 2002 to 2010. We assume the ground targets do not change significantly and their reflectance
spectra are stable over the period of study. The SCTAMACHY data has a very fine spectral resolution
(<1 nm) [16]. Thus, SCTAMACHY data can provide high spectral precision measurements of our
study sites by sampling several absorption features (Figure 2). These features are within common
atmospheric absorption wavelengths and are affected by atmospheric status and ground materials
status. SCTAMACHY provides the measured hyperspectral data with enough spectral and spatial
resolutions and spectral coverage over the surface sites selected in this study since the SCTAMACHY
data are stable and their average data, our input of the hyperspectral data, is constant over time. Thus,
any impacts due to the DNB RSR changes can be easily simulated and identified.
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We use Equation (13) to calculate the modulated TOA reflectance considering the RSR influence
with time. psciamachy is the SCIAMACHY spectral reflectance indicated in Figure 2. The summation
is taken over the wavelength parameter, A, ranging from 200 nm to 200,000 nm. We assume that the
surface spectral and solar irradiance did not change, and the time-dependent RSR is the major source
for the change of TOA reflectance.

Z (PSCIAMACHY X Solarlrmdiance,\ X RSR/\ X A/\)

p— 1
PTOA_SCIAMACHY Y (RSR, x SolarIrradiance, x A)) (13)

The SCIAMACHY derived TOA reflectance (0704 _sciamachy) is compared with the BRDF
corrected Land PEATE DNB TOA reflectance (py,4¢) for each study site. First, we use the first three full
years of available Land PEATE DNB TOA reflectance data (py4f) to generate a linear fit model. Second,
we use this linear model to derive fitted reflectance values for all of the available dates used in this
study. Third, we normalize p,;¢ and all of the fitted reflectance data from the second step to the first
data point of the fitted reflectance value. We also normalize p1704 scramachy to its first data value.
After the above normalization process, the changes of all three data trends can be easily compared.

1.0]

0.8

0.6 -

Reflectance

400 600 800 1000
Wavelength (nm)

Figure 2. SCIAMACHY spectra of Libya 4 and Dome C sites.

2.5. DNB Comparison with M bands

In this study, we compare the DNB with the M bands within the DNB wavelength range,
except M6. The M6 band lacks sufficient data due to its band radiance saturation and ‘fold-over” [20].

An integrated Mbands radiance using M4, M5, and M7 bands is compared with the DNB for long
term trend monitoring following Equations (14)-(17).

_ J RSR(Miband), x RSR(DNB), X pscramacHy X dA

R, 14
" J RSR(DNB), xpscramacHy X dA (14
R. .
W . — mi 15
" Rm4 + Rm5 + Rm7 ( )
DNByniuide = | RSR(DNB), x dA (16)
IntegraZMbands = (Wm4 X Lm4 + Wis X Lys + Wiz X Lm7) X DNBbandwide (17)

Ry (1=4,5,7) are the weight parameters of M4, M5, and M7 bands, which are computed from
the RSR of these bands [RSR(Miband)]. W,,; are the adjusted weights that contain the scale factor
for making the sum of all the weights equal to 1. The integral M bands radiance (Integralppangs) is
calculated in Equation (16) using the M bands radiance normalized by solar zenith angle, Earth-Sun
distance, and BRDF correction (L,,;), and the DNB integral RSR (DNBy4wide)-
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For the Dome C site, atmospheric Rayleigh scattering and the change of solar zenith angle causes
variations in the reflected radiance (isotropic) [6]. Field experiments demonstrate that when the snow
surface is smooth, there is very little effect from varying azimuth angle between the sun and the surface
roughness features” dominant orientation direction [6,37]. The methodology used to characterize the
long-term trend of the Dome C site is similar to the Libya 4 site reported in the above sections.

3. Results and Discussion

3.1. DNB RSR Influence on ESUN Stability

To accurately compute the DNB and M bands reflectance, a time-dependent, modulated RSR is
used to model the change of incident solar radiance expected during solar calibration events. The band
dependent observed solar irradiance (ESUN) changes due to the change in RSR. Figure 3 indicates the
DNB and M4-M7 ESUN difference derived from the RSR at orbit 154 (same as prelaunch RSR) and
from the modulated RSRs after launch. There is an approximately 3.5% increase of ESUN for the DNB
and about 0.1% increase for M7 during the past four years (1473 days since launch). ESUN increases
by approximately 0.1%, 0.095%, and 0.065% for M4, M5, and M6 bands, respectively.

Solar Irradiances: Modulated to Prelaunch %

O E
9 3¢ DNB -
e E|
e
o 2 E|
.“O:
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Figure 3. DNB and M4-M7 ESUN difference derived from using the modulated RSRs and using the
prelaunch RSRs.

3.2. Libya 4 Site Radiance and Reflectance Long Term Stability

Among all of the selected data, the Libya 4 site view zenith angles are within a narrow range from
1to 3.5 degrees. The variation of reflectance and radiance are relative to the solar zenith angle. Although
the fluctuation patterns are roughly the same, the reflectance with the kernel driven BRDF correction
shows less seasonally related fluctuations than a previous study that uses only the Lambertian model
correction for DNB and M bands [33] (Figure 4). Our results also find that the longer the wavelength,
the better the kernel-driven BRDF correction of TOA reflectance (Figure 4). The solar irradiance has
more interaction with the material at shorter wavelengths than at longer wavelengths, thus there is
reduced scattering and increased direct reflection at longer wavelengths [38]. This causes an increase
in the BRDF at the longer wavelengths. These results confirm that the reflectance for desert sites are
slightly non-Lambertian and thus the kernel-driven BRDF model performs better than the Lambertian
correction at these sites, especially for longer wavelengths bands.

To investigate the VIIRS DNB data calibration stability, a comparison of the Libya 4 DNB
normalized reflectance of Land PEATE and SCIAMACHY data is performed (Figure 5). In this
figure, the Land PEATE reflectance data are normalized to the first fitted value of the Land PEATE
linear fit model. The SCIAMACHY reflectance data are normalized to their first data point. We assume
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the surface SCTAMACHY reflectance spectra and Solar Irradiance LUT do not change in the past,
when the DNB modulated RSR change. The SCIAMACHY derived TOA reflectance has a 1.01%
decrease in the past four years. The trend in the TOA reflectance derived from Land PEATE data
has some oscillation and the linear fit of the Land PEATE data indicates a 1.03% decrease in the past.
The difference between the two trends is relatively small, which demonstrates that the Land PEATE
reflectance changes are mostly caused by the RSR changes. Comparing with another study result that
used IDPS data on the deep convective cloud reflectance time series [32], our Land PEATE reflectance
data at Libya 4 are more stable in earlier days before April 2013. This is because the Land PEATE data
have been reprocessed based on the latest version of RSR LUTs and the data are more accurate. After
April 2013, both IDPS and Land PEATE data trends are stable.
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Figure 4. Comparison of Libya 4 TOA reflectance before and after kernel driven BRDF correction for
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The comparison of Land PEATE DNB and M bands normalized reflectance is shown in Figure 6.
In this figure, each band’s reflectance data are normalized to its first data point. The Libya 4 reflectance
spectra increase between 400 nm and 900 nm (Figure 2) and the M bands’ RSRs have very little change
(Figure 3), thus the normalized DNB reflectance has a larger decrease compared to the M bands when
the DNB RSR peak wavelength moves to the shorter wavelength side at later times. For data after 2015,
both DNB and M bands have some notable decrease which may be mostly due to surface changes or
atmosphere status changes since the RSR change is much smaller than earlier years.
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Figure 6. Comparison of Land PEATE DNB and M bands normalized reflectance at Libya 4 site.

The integral Mbands radiances from M4, M5, and M7 bands are compared with the measured DNB
radiance after Earth-Sun distance, solar zenith angle, and BRDF correction (Figure 7). Their seasonal
oscillations are very similar and the radiance values are close. In the Figure 7, the mean values and
1 standard deviation error bars of DNB 32 x 32 pixels’ are indicated and the percentages of standard
deviation range from 0.96% to 2.08%. The integral Mbands radiance values are also indicated in
Figure 7. For the M4, M5, and M7 individual bands, their percentage of standard deviation ranges are
between 0.94% and 2.14%.
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Figure 7. Comparison of Libya 4 DNB radiance and M bands integral radiance.



Remote Sens. 2016, 8, 984 12 of 16

The use of the M band integrated radiance is to simulate the DNB, thus, ideally the ratio of the two
is 1. Currently, the weights for M bands are changed with time due to the RSRs change and the ratio
between DNB radiance to integral M bands radiance ranges from 1.01 to 0.97 (Figure 7). The fitting
trend indicates that the DNB to integral M band ratio has a 0.75% decrease at Libya 4 site, which is
partly due to the fact that the M bands used for integration are insufficient to simulate the whole
DNB bandpass.

3.3. Dome C site Radiance and Reflectance Long Term Stability

The long-term trends of Dome C reflectance are indicated in Figure 8. Though the DNB modulated
RSR has significant changes in the past, the Dome C surface spectral reflectance is relatively flat in the
visible band range from 400 nm to 1000 nm (Figure 2), the SCTAMACHY derived TOA reflectance has
only a 0.14% decrease in the past four years. The Land PEATE data derived TOA reflectance trend has
large oscillations and the linear fit of Land PEATE data indicates a 0.29% decrease. These two trends
are in good agreement.
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Figure 8. Dome C DNB normalized reflectance of Land PEATE and SCIAMACHY data.

The reflectance data of the Dome C site has significantly larger solar zenith angles (58-70 degrees)
than those of the Libya 4 site (15-55 degrees). After the kernel-driven BRDF model correction, the
reflectance data still show large fluctuations. This indicates that there is still some uncertainty due to
surface and atmosphere status variation at the Dome C site.

The DNB and M bands normalized reflectance over the Dome C site are shown in Figure 9.
Both M bands and DNB have little impact from changing RSRs, thus the trends of DNB and M bands
reflectance are flat. However, they do show large seasonal oscillations due to the BRDF impact.
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Figure 9. Comparison of Dome C DNB reflectance and M bands reflectance.
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The Dome C integral M bands radiance from M4, M5, and M7 bands are compared with the DNB
radiance in Figure 10. Their seasonal oscillations are very similar and the values are close. In Figure 10,
the mean values and 1 standard deviation error bars of the DNB 32 x 32 pixels are indicated and
the percentages of standard deviation range from 0.29% to 1.45%. For M4, M5, and M7 bands, their
individual percentages of standard deviation range from 0.19% to 1.73%. The ratio between DNB to
integral M bands radiance ranges from 1.02 to 0.99, with about 3% difference. The ratio at the Dome C
site is slightly different from the Libya 4 site because the surface spectral characteristics are different,
though the modulated RSR changes are the same. The linear fitting trend indicates the DNB to Integral
M bands ratio has decreased about 1.9% in the past four years.
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Figure 10. DNB radiance comparison with integral M bands radiance for Dome C site.

4. Conclusions

S-NPP VIIRS has been operating normally collecting global data on a daily basis for more than
four years since opening the nadir door on 21 November 2011. In this study, we use two independent
sites, Libya 4 and Dome C, to validate the VIIRS DNB and M bands calibration performance using
nadir overpass images. Because of the DNB wide wavelength range, the DNB observed solar irradiance
is quite sensitive to the incoming radiative spectrum as well as the RSR. In our investigation, the DNB
modulated RSR introduces an approximately 3.5% increase on the DNB observed solar irradiance,
while the M4-M7 bands RSR influences are 0.1%, 0.095%, 0.065%, and 0.1%, respectively. Long-term
trend monitoring of the Earth’s surface using satellite observations always has certain challenges
because the ground surface is usually viewed, at most, once a day with different viewing angles and
solar zenith angles. Even after having performed atmospheric corrections and Earth-Sun distance
correction, a bidirectional reflectance model is also required to reduce the oscillation. The surface
reflectance bidirectional effects in many types of surfaces can add a significant component of noise-like
fluctuations to the time series. The magnitude of these effects can introduce some uncertainties in the
calibration stability assessments when using ground targets.

The kernel-driven BRDF model has been adopted in our study for the correction of surface
bidirectional reflectance effects in a time series of satellite observations. When both the sun and
viewing angles vary during a long-term observation period on the same invariant target, the model can
follow a semi-empirical approach to derive BRDF coefficients specific for the heterogeneous surfaces.
This method is suitable for long-term data series, which can have sufficient training data for the model.
The BRDF kernel model used here contains only three adjustable parameters: the solar zenith angle,
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the satellite zenith angle, and the relative azimuth angle between the sun and the satellite, to describe
the surface BRDF effects. Based on our previous experience, this model can also be tested in more
heterogeneous areas if the model input parameters can be derived from the observed time series. The
regression of observed data should be made in a chosen time period that is short enough to consider
the surface as time invariant and long enough to contain all seasonal oscillation data for a sufficient
regression. The minimum data inputs for this regression are at least four training data sets [36].

In our study, the kernel-driven BRDF model can remove most of the solar zenith angle and
atmospheric Rayleigh scattering influence due to different seasons and atmosphere status in both the
Libya 4 and Dome C site. The linear BRDF correction also works well for the Dome C site when applied
to data with a solar zenith angle of less than 70 degrees. Long-term trending results from the Libya 4
desert and Dome C sites are based on the assumptions that the sites are stable in surface reflectance.
Short-term weather events, such as dust storms or rains in the desert site, winds, clouds, and moisture
changes can cause some variations of surface reflectance changes in the sites. These variations may not
be removed based on our procedures because those are true observations. However, since they are not
frequently observed events, their presence should have very little impact on the trending results if our
observation time is long enough and covers seasonal oscillation cycles. As illustrated, the methods
used in this study are suitable for tracking VIIRS calibration stability.

The theoretical TOA reflectance long term trend calculated from SCIAMACHY spectra and DNB
RSR data indicate a decreasing trend of approximately 1.01% for the Libya 4 site and 0.14% for the
Dome C site during the past four years while the linear fit of Land PEATE DNB reflectance data
show decreases of 1.03% and 0.29% for these two sites, respectively. The differences of the DNB
reflectance trends between the Land PEATE and SCIAMACHY are partially due to the Land PEATE
early data processed RSRs and SDSM transmittance screens. The current trends also demonstrate that
the Land PEATE data long-term trend changes are mostly caused by RSR influence instead of ground
target changes.

Though we will need longer VIIRS observation times and more ground data to better understand
and verify the S-NPP VIIRS Land PEATE data quality, results of this study provide useful information
on VIIRS post-launch calibration assessment and preliminary analysis of its calibration stability for
the past four years of operations. Based on the above results, VIIRS Land PEATE data is suitable for
long-term monitoring tasks due to its stable radiometric calibration and data reprocessing procedure
with improved calibration algorithm. Scientists need to consider the RSR degradation influence before
using DNB for long-term land cover change detection or monitoring.
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Abbreviations

The following abbreviations are used in this manuscript:

S-NPP Suomi National Polar-orbiting Partnership

VIIRS Visible Infrared Imaging Radiometer Suite (VIIRS)

VCST VIIRS Characterization Support Team

Land PEATE = Land Product Evaluation and Algorithm Testing Element
IDPS Interface Data Processing Segment

SDRs Sensor Data Records

RSB Reflective solar bands

DNB Day-Night band
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M bands Moderate resolution bands

BRDF Bidirectional reflectance distribution function
TOA Top-of-atmosphere

RSR Relative Spectral Response

SDSM Solar Diffuser Stability Monitor

LUT Look-Up-Table

RTA Rotating telescope assembly

DCC Deep convective clouds

SNO Simultaneous Nadir Overpass

ESUN Solar irradiance
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