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Abstract: The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) onboard
Terra platform, which was launched in 1999, has three separate subsystems: a visible and near-infrared
(VNIR) radiometer, a shortwave-infrared radiometer, and a thermal-infrared radiometer. The ASTER
VNIR bands have been radiometrically corrected for approximately 14 years by the sensor degradation
curves estimated from the onboard calibrator according to the original calibration plan. However,
this calibration by the onboard calibrator encountered a problem; specifically, it is inconsistent with
the results of vicarious calibration and cross calibration. Therefore, the ASTER VNIR processing
was applied by the radiometric degradation curves calculated from the results of three calibration
approaches, i.e., the onboard calibrator, the vicarious calibration, and the cross calibration since
February 2014. Even though the current degradation curves were revised, the inter-band and lunar
calibrations show some inconsistencies owing to the different traceability in the bands by different
calibration approaches. In this study, the current degradation curves and their problems are explained,
and the new curves that are derived from the vicarious calibration with lunar calibration are discussed.
The new degradation curves that have the same traceability in the bands will be used for future
ASTER VNIR processing.

Keywords: ASTER; vicarious calibration; lunar calibration; radiometric calibration; VNIR

1. Introduction

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) onboard Terra
platform, which was launched in 1999, has three separate subsystems: a visible and near-infrared (VNIR)
radiometer, a shortwave-infrared (SWIR) radiometer, and a thermal-infrared (TIR) radiometer [1].
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The detector temperature of the SWIR radiometer started to increase owing to the degradation of the
detector cooling system, which resulted in the progressive deterioration of product quality in 2007,
and low-quality SWIR images have been acquired since May 2008 [2]. However, the VNIR and TIR
radiometers have been providing good images for approximately 20 years, and several calibration
approaches have been applied to the radiometers [3-17].

The preflight calibration utilized standard large integrating spheres whose radiance levels were
traceable to primary standard fixed-point blackbodies [3]. The VNIR and SWIR radiometers have
onboard calibrators that consist of two halogen lamps with photodiode monitors for the onboard
calibration [4]. For VNIR, the vicarious calibration using the reflectance-based approach has been
conducted by three separate groups [5]. In April 2003 and August 2017, ASTER observed the Moon
(and the deep space) to conduct a radiometric calibration (i.e., lunar calibration) that can measure
the temporal variation in the sensor sensitivity of the VNIR bands sufficiently accurately (better than
0.1%) [6]. Numerous studies have reported the cross calibration of ASTER and Moderate Resolution
Imaging Spectroradiometer (MODIS) VNIR bands [7-11], but the trends in the cross-calibration results
are not necessarily consistent [11]. Inter-band radiometric calibration, which can be used to evaluate
inter-band consistency, was applied for the ASTER VNIR bands; then, the radiometric degradation
curves of ASTER Bands 2 and 3N with a reference to Band 1, which is well calibrated compared with
other bands, were calculated [12].

ASTER data were radiometrically corrected by the L1 processing using the radiometric calibration
coefficients (RCC) in the radiometric database (DB) [13], which has the information of the degradation
curves. For the VNIR radiometer, its degradation curves in the radiometric DB ver. 1 to 3 have been
estimated from the onboard calibrator [14] according the original calibration plan [15] for approximately
14 years since Terra’s launch. However, the degradation curves produced by onboard calibration
are inconsistent with the results obtained by vicarious and cross calibrations [16]. Therefore, the
degradation curves calculated from the results of three calibration approaches (i.e., onboard, vicarious,
and cross calibrations) have been applied to the latest version of the radiometric DB (ver. 4) on the L1
processing since February 2014 [17]. Even though the degradation curves have been revised in the
radiometric DB ver. 4, the inter-band and lunar calibrations have reported a few inconsistencies [6,12],
which is attributed to the different traceability of each band with a different calibration approach.

In this study, the current degradation curves and their problems are explained, and the new curves,
which are derived from vicarious and lunar calibrations, are discussed. The new degradation curves
that have the same traceability in the bands have been selected to be used for the next radiometric DB
ver. 5 in the ASTER VNIR processing.

2. Vicarious and Lunar Calibrations for ASTER VNIR

2.1. ASTER VNIR

The ASTER VNIR radiometer is the multiband sensor with a 15 m spatial resolution and a 60 km
swath width; the instrument has three bands (Bands 1, 2, and 3N) with a nadir view and one band
(Band 3B) with a backward view. Bands 3N and 3B were used for the topographic interpretation and
the digital elevation model (DEM) mapping.

The center wavelength of Bands 1, 2, and 3 are 0.56, 0.66, and 0.81 micrometers, respectively [3].
This VNIR radiometer has three gain modes (high, normal, and low gains). The values of normal and
low gains in all bands are 1.0, 0.75, respectively. The value of high gain in Band 1 is 2.5, and the value
of high gain in Bands 2 and 3 is 2.0 [1].

2.2. Vicarious Calibration Using the Reflectance-Based Method

Vicarious calibration using the reflectance-based method [18,19] was performed for ASTER VNIR
by three separate groups [i.e., Saga University, the University of Arizona, and the National Institute of
Advanced Industrial Science and Technology (AIST)]. The method is used by all three groups with



Remote Sens. 2020, 12, 427 30f17

differences in the equipment used in the data collection, sampling strategies, and the radiative transfer
code results. Although there were differences in the method used by the groups, the results produced
by the three groups were in good agreement between each other for four years after the launch [5].

In this study, the RCCs for all ASTER VNIR bands (Bands 1, 2, 3N, and 3B) were calculated from
the vicarious calibration by the AIST method [5,12,20-22]. The AIST group performed a field campaign
for the vicarious calibration for ASTER at six sites in the United States and two sites in Australia.
We used the data from all eight sites (the United States six and Australian two sites) to obtain the
degradation curves for the current radiometric DB ver. 4. However, to have a more clear traceability
with almost the same quality, the new degradation curves for the next ver. 5 of the radiometric DB
were derived from the vicarious calibration at only three sites of Ivanpah Playa (35.57N, 115.40W)
in California, USA, Railroad Valley Playa (38.50N, 115.69W), and Alkali Lake (37.85N, 117.41W) in
Nevada, USA.

At the three sites, which are horizontal planes in clay-dominated dry lakes in semi-arid areas,
the field campaigns were carried out with a rectangular target of 90 X 80 m in size and approximately
900 measurements of the surface reflectance factor of the target for one band for each field campaign.
However, except these three sites, the field campaigns were performed for the current radiometric DB
ver.4 without the abovementioned conditions of ground surface and/or measurements, owing to the
convenience of each site.

The solar model for this work is based on the World Radiation Center model, because this model
was standard for the Terra sensors and was selected by the ASTER science team [5]. After the Terra
lunch, many newer solar models have been proposed, and one of the recent ASTER products, ASTER
L1T generated by the United States Geological Survey [23], used a new solar model; however, the effect
of this switch of the model is estimated at <0.3% for all VNIR bands [24].

Figure 1 shows the RCCs vs. days since launch (DSL) in ASTER VNIR bands derived from this
vicarious calibration from 2000 to 2017.
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Figure 1. Radiometric calibration coefficients (RCCs) derived from the vicarious calibration of the
reflectance-based method carried out from 2000 to 2017.
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2.3. Lunar Calibration with the Spectral Profiler Model

Lunar calibration is one of the radiometric calibrations using the Moon that is conducted by
comparing the observed Moon brightness with the expected brightness calculated from the lunar
surface reflectance model [25-27]. Although the absolute accuracy of the lunar calibration method
is considered to be insufficient (5-10%), the lunar calibration, temporal variation of relative sensor
sensitivity can be accurately measured on the order of 0.1% [6].

In April 2003 (DSL = 1213) and August 2017 (DSL = 6440), ASTER observed the Moon and the
deep space to perform lunar calibration with the Robotic Lunar Observatory [25] and spectral profiler
(SP) [26,27] models, and the calibration results of the two models were consistent with each other
within the error range [6].

In this study, we use the relative sensor sensitivity degradation (RD) from 2003 to 2017, and the
RD value is the degradation ratio of RCC (DSL = 6440)/RCC (DSL = 1213). The RDy, is the RD value
derived from the lunar calibration with the SP model. The values of RDy, in Bands 1, 2, 3N, and 3B are
shown in Table 1 [6].

Table 1. Relative sensor sensitivity degradation (RDy ), which is the degradation ratio of RCCs for
VNIR bands from 2003 (DSL = 1213) to 2017 (DSL = 1213) by lunar calibration using the SP model [6].

Relative Sensor Sensitivity Degradation (RDy)

Band Degradation Ratio: RCC (6440)/RCC (1213)
1 0.969
2 0.948
3N 0.942
3B 0.968

3. Radiometric Degradation Curves in the Current Radiometric DB and Its Problems

ASTER data were radiometrically corrected by the L1 processing using the RCC in the Radiometric
DB [13], which has the information of the degradation curves. For the VNIR radiometer, the degradation
curves in the old radiometric DBs ver. 1 to 3 have been estimated from the onboard calibrator [14]
according the original calibration plan [15] for approximately 14 years since the launch. However, the
degradation curves produced by onboard calibration are inconsistent with the results from vicarious
and cross calibrations [16], especially for Bands 1 and 2.

The radiometric degradation curves in the current radiometric DB ver. 4 have been used for L1
processing since February 2014, and the best curve obtained using a different estimation method of
each band was selected as of 2014 by the ASTER science team [17]. However, a problem has occurred
using a different traceability of each band as described below.

3.1. Radiometric Degradation Curves

The dotted lines in Figure 2 indicate the current degradation curves in the radiometric DB ver.
4 for ASTER VNIR bands estimated from the results of three calibration approaches (i.e., onboard,
vicarious, and cross calibrations) from 2000 to 2012. The equations and their parameters are shown in
Tables 2 and 3.
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Figure 2. Degradation curves of ASTER VNIR bands in the current radiometric DB ver. 4. Bands (a)
1, (b) 2, (c) 3N, and (d) 3B. Dotted lines correspond to the current degradation curve in the current

radiometric DB estimated from the results of three calibration approaches (i.e., onboard, vicarious, and

cross calibrations) from 2000 to 2012. Dashed lines indicate the degradation curves derived from the

onboard calibration, which is almost the same as that in the radiometric DB ver. 3. The solid lines
indicate the degradation curves estimated from the inter-band calibration for ASTER VNIR Bands 2

and 3N.
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Table 2. Equations and parameters of the current radiometric degradation curves in the radiometric
DB ver. 4 for ASTER VNIR bands.

Band Duration Equation Coefficients
(d: DSL) (R(d): RCC) 0 o -
1 whole duration R(d) =ap (1.0—ay) exp(—ap d) + a9 ; 0.990 0.794 0.00181
2 whole duration R(d) =ay (1.0—-ay) exp(—az d) +ap ;m 0.949 0.886 0.00181
d <673 R(d) = ag +ay d + ap d? 0.9817 —5.726x10™>  -9.360 x 1077
3N 673 <d < 4825 See Table 3
4825<d R(d) = ao 0.8259 - -
3B whole duration R(d) =ag 1.000 - -

Table 3. Equations and parameters of the current radiometric degradation curves in the radiometric
DB ver. 4 for ASTER Band 3N.

Band Duration Equation Coefficients
(d: DSL) (R(d): RCO) a0 a ar
673 < d <239 0.8599 0.2163 0.0014974
2394 <d <3123 0.8590 0.5750 0.0019668
3N 3123 < d < 3857 R(d) = a1 exp(-az d) +ag 0.8428 0.1054 0.0006679
3857 < d < 4450 0.8310 0.1176 0.0005303
4450 < d < 4825 0.7086 0.2051 0.0001096

The degradation curve of Band 1 in the radiometric DB ver. 4 [dotted line in Figure 2a] was
estimated from the results of three calibration approaches, but the vicarious calibration influences
the degradation curve the most among the approaches. The degradation curve is expressed by the
following exponential equation in the degradation model for the contamination and/or corrosion [28].

R(d) =apc =agxT/Ty = ap(1.0 —ay) exp(—az d) + ap aq 1)

where R(d) represents the radiometric calibration coefficient (RCC) of the DSL d, c is the scaled
calibration coefficient, T represents the transmittance of DSL 4 in the radiometer optics (lenses, mirrors
and etc.), and Ty represents the transmittance T when d = 0. The degradation parameters, ag, 41, and a
represent the RCC at launch, the minimum (saturated) transmittance of the contamination/corrosion
layer of the sensor lenses, and the degradation rate, respectively. Band 1 has ag = 0.990, a; = 0.794, and
a, = 0.00181 coefficients (Table 2).

The ag coefficient, which equals the R(0), was extrapolated by the RCC trend (i.e., the gy coefficient
was estimated from best-fit with the distribution of RCCs) in the period of 0 < d < 673 by the onboard
calibration [4]. That was because the RCC trend in this period by the onboard calibration shows
smooth curve [dashed line in Figure 2a] and was consistent with the trend by the vicarious and
cross calibrations.

The a; and a, coefficients were estimated from the distribution of the RCCs of the vicarious
calibration [16] and the RCCs of the cross calibration [29,30] by the least squares method. The RCCs
of the cross calibration were obtained from image data with high-gain mode and solar zenith angle
limited to 45° or less.

The degradation curve of Band 2 in the radiometric DB ver. 4 [dotted line in Figure 2b] was
estimated from the RCCs in the vicarious and cross calibrations, and the curve is also expressed by
Equation (1). The coefficients of degradation curve in Band 2 are gy = 0.949, a; = 0.886, and a, =
0.00181 (Table 2). However, Band 2 had a problem with the gain ratio at the time of determining
the value of these coefficients; the radiance obtained from the Band 2 image of the high-gain mode
shows a 7-11% difference with the normal-gain mode [7,29,30]. In most ASTER images used for the
vicarious calibration, the gain modes of Bands 1, 2, 3N, and 3B are set to High, High, Normal, and
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Normal, respectively. However, the normal-gain mode was used for all ASTER bands in the onboard
calibration. Therefore, the large difference (almost 10%) existed in the RCCs between vicarious and
onboard calibrations. To determine the degradation coefficients in the radiometric DB ver. 4, the
onboard calibration result was not applied to Band 2. It was difficult to use both calibrations together
owing to the abovementioned large difference, and the recent RCC from the onboard calibration
seemed too small to apply the coefficients. Because the distribution of RCCs of vicarious calibration
and cross calibration is highly scattered, it is not desirable to obtain the coefficient of the degradation
curve only from this distribution. Therefore, the a, coefficient that determines the shape of the curve,
which is the degradation rate, was assumed to be the same as that of Band 1. The ag.p;gn coefficient,
which equals the R(0) in the high-gain mode, was estimated from the best-fit with the distribution of
the RCCs by vicarious and cross calibrations using the image in the high-gain mode. The a4 coefficient,
which equals the R(0) in the normal-gain mode, was calculated from ag.pigh and the gain ratio rg of the
normal-gain and the high-gain mode (i.e., 7= p-normal = 40-high X 7g). The value of rg was investigated
from the two sets of the cross calibration, MODIS Band 1 vs. ASTER Band 2 with the normal-gain
mode and MODIS Band 1 vs. ASTER Band 2 with the high-gain mode [29]. The values of ag.p;gn and
rg were 0.87 and 1.091, respectively; thus ag = dgnormal = 40-high X g = 0.87 X 1.091 = 0.949. Lastly,
1 was estimated from the distribution of the RCCs of the vicarious calibration and the RCCs of the
cross calibration by the least squares method. The RCCs of the cross calibration was obtained from
image data with a high-gain mode and solar zenith angle limited to 45° or less. The cause of this gain
ratio problem is that the ratio after launch changed by almost 10% from the preflight calibration ratio,
which was determined from the analysis of the onboard electrical calibration [31]. On the basis of this
analysis, in the radiometric DB ver. 4, the Band 2 images in the high-gain mode were radiometrically
corrected by +8% [17].
The degradation curve of Band 3N in the radiometric DB ver. 4 [dotted line in Figure 2c] was
mainly estimated from the RCCs in the onboard calibration, and this curve is expressed by the following
equations [4,14]:
R(d) = ag +a1d + ard®> ind < 673
R(d) = a1 exp(—axd) +apin 673 < d < 4825 )
R(d) =apin4825 < d

where the values of coefficients (i.e., a9, a1, and a,) of the degradation curve are shown in Tables 2 and 3.

Band 3N does not have a large difference in the RCCs between onboard and vicarious calibrations
but has a small difference in the degradation trend. The degradation trend by the onboard calibration
shows a gradual downward slope in all periods (from the launch to the present) [dashed line in
Figure 2c]. The trend obtained by the vicarious calibration also shows a downward slope, but the
recent trend does not appear to have a slope (Figure 1). Therefore, the degradation curve in d < 4825
was obtained from the onboard calibration, as with the radiometric DB ver. 3. It was assumed that the
curve in 4825 < d did not degrade, and the RCCs were then set to be a constant.

Band 3B does not have a correction for the degradation [dotted line in Figure 2d], and the equation
is as follows:

R(d) =ap=1 (©)]

In the vicarious calibration, the degradation of Band 3B was observed. However, this degradation
is small compared with that of the other bands (Bands 1, 2, and 3N), and Band 3B does not have an
onboard calibrator. Therefore, the radiometric DB ver. 4 assumed that Band 3B had no degradation, as
with the radiometric DB ver. 3.

3.2. Problems with the Current Radiometric DB

The degradation curves were revised in this current radiometric DB ver. 4, but the inter-band
and lunar calibrations have reported problems [6,12], which are probably caused by the different
traceability of each band with the different calibration approach.
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Inter-band radiometric calibration can be used to evaluate the inter-band consistency. The solid
lines in Figure 2b,c are the degradation curves of Bands 2 and 3N calculated from the degradation
curve of reference band, Band 1, using the inter-band calibration technique. In this study, Band 1
is set to a reference band, because the three calibration approaches (i.e., onboard, vicarious, and
cross calibrations) exhibited good agreement between each other for the Band 1 degradation curve
estimation, in the early stage (from launch day to approximately day 673), and Bands 2 an 3N do not
have good agreement among three approaches [12]. The degradation curves of Bands 2 and 3N from
this inter-band calibration have inconsistencies with the curves from the radiometric DB ver. 4 and the
onboard calibration in Figure 2.

The inter-band inconsistency owing to the difference in traceability can also be read on the basis of
the lunar calibration results. Figure 3 shows the comparison of the RD in VNIR bands from 2003 to 2017
derived from the RCCs in the radiometric DB ver. 4 and three different calibration methods (i.e., lunar,
inter-band, and onboard calibrations) [6]. RD4, RDy, RD;, and RDg are the RD values derived from the
radiometric DB ver.4, lunar calibration, inter-band calibration, and onboard calibration, respectively.
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Figure 3. Comparison of the relative sensor sensitivity degradation (RD) in ASTER-VNIR bands from
2003 to 2017 derived from the RCCs in the radiometric DB ver. 4 and three different calibration methods
(i.e., lunar, inter-band, and onboard calibrations) [6].

The RD4 of Band 1 in the radiometric DB ver. 4 is consistent with RDy in the lunar calibration,
but for Bands 2 and 3B, the RD4 of ver. 4 is larger than RDy, of the lunar calibration; however, for
Band 3N, the RD, of ver. 4 is smaller than RD; of the lunar calibration. However, the RDj in the
inter-band calibration is consistent with the RDy, in the lunar calibration for all three bands, and RDg in
the onboard calibration shows lower values compared with RDy, in the lunar calibration for all bands.

On the basis of the abovementioned points, it was necessary to improve the degradation curve in
the current radiometric DB.

4. Radiometric Degradation Curves in the Next Radiometric DB

In the next radiometric DB ver. 5 for ASTER VNIR L1 processing, new radiometric degradation
curves with the same traceability among the bands are necessary to obtain good inter-band consistency.
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4.1. Selection of the Calibration Approach

In the ASTER science team, several calibration approaches (i.e., preflight, onboard, vicarious,
cross, lunar, and inter-band calibrations) have been performed and discussed for the ASTER VNIR
radiometers. Vicarious and lunar calibration approaches have been selected [32], and the radiometric
degradation curves for ASTER VNIR processing have been derived from the vicarious and lunar
calibrations. The basic ideas (i.e., reason and philosophy) of this selection are explained as follows.

For the onboard calibration, the uncertainty of the onboard calibrator typically increases with
time in the harsh environment of space [5,33]. In ASTER, as described above, the RCCs of Band 1
obtained from the onboard calibration tended to deviate from the RCCs of other calibration approaches
after 673 days since the launch, and Band 3B did not have an onboard calibrator. Therefore, we did not
use the ASTER onboard calibrator, which has been in space for a long period of time, to obtain the
degradation curves for the next radiometric DB.

Recently, numerous studies have reported the cross calibration of ASTER and Terra-MODIS
VNIR bands [7-11], but the trends in the cross-calibration results are not necessarily consistent.
This inconsistency may be attributed to the differences between the versions of the radiometric DBs
used in the ASTER radiometric calibration [11]. The different corrections of spectral and spatial effects
between ASTER and MODIS can also cause inconsistencies. At this point in time, it is difficult to obtain
the degradation curves of the ASTER VNIR bands from the cross calibration.

The inter-band calibration appears to be a promising approach, because it was consistent with
vicarious and lunar calibrations, as shown in the previous section. However, the inter-band calibration
in the current analysis method cannot be applied between bands with different view-angles and
observation times, i.e., between nadir-view bands (Bands 1, 2, and 3N) and backward-view bands
(Band 3B). Therefore, the degradation curve of Band 3B cannot be obtained from inter-band calibration
with reference to Band 1, and the same traceability cannot be given to all bands.

The degradation curve of the sensor cannot be obtained from only the preflight calibration, and
its RCC can only be used at the launch. The assumption that the sensor is not damaged at the launch
is needed in order to apply the RCC of the preflight calibration to the RCC of the degradation curve
at the launch. From the point of view of the onboard and vicarious calibrations in Figures 1 and 2,
it appears that there was a small damage at the launch for ASTER VNIR, and thus, the RCC from the
preflight calibration is not used.

Therefore, the remaining calibration approaches (i.e., vicarious and lunar calibrations) are selected.
Vicarious calibration is an excellent approach to obtain an absolute value of the RCC when the sensor
is performing normal observation (observing the earth). Although the absolute accuracy of the lunar
calibration is considered to be insufficient (5-10%), the relative accuracy of lunar calibration (i.e.,
temporal variation of relative sensor sensitivity) is extremely high (the order of 0.1%) [6]. Vicarious
calibration in ASTER VNIR has been carried out many times throughout the ASTER operation period;
however, lunar calibration has only been conducted twice, in April 2003 (DSL = 1213) and August 2017
(DSL = 6440). Therefore, the base of the degradation curve is obtained from the vicarious calibration,
and the result of the lunar calibration with high accuracy against relative changes (relative degradation)
is used as the constraint condition.

4.2. Radiometric Degradation Curves

Because the uncertainty of the vicarious calibration using the reflectance-based method is not
small (Appendix A), it is difficult to correctly obtain the curve parameters of the degradation from the
RCC distribution of the vicarious calibration. However, if the degradation stops and the RCC value
can be regarded as a constant (or can be regarded to have a linear distribution), a relatively accurate
average (or regression line) of RCCs can be obtained even from the vicarious calibration.

In Figure 1, after 3000 DSL, the degradation stops in all bands, and the RCC is almost constant.
Thus, the RCC value after 3000 DSL can be set by the average of the RCCs of vicarious calibration.
On the other hand, before 3000 DSL, we decided to obtain the degradation curve parameters by the
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least squares method from the distribution of the RCCs of the vicarious calibration, and the result (the
value of relative degradation) from the lunar calibration is used as a constraint for the estimation of the
degradation curve parameters as described below.

After 3000 DSL, the degradation is thought to have stopped; the RCC is assumed to be constant
and is expressed by the following equation:

R(d) =ay =xin3000 < d )

where x is the average of the RCCs derived from the vicarious calibration over 3000 DSL. For the period
before 3000 DSL, the same degradation model [28] as Equation (1) is adopted and expressed by the
following equation:

R(d) =apc=a9xT/Ty=ay (1.0 -a1) exp(—ax d) +a9a;in0 < d < 3000 (5)

where R(d) represents the radiometric calibration coefficient (RCC) of the DSL d, c is the scaled
calibration coefficient, T represents the transmittance of DSL 4 in the radiometer optics (lens, mirror
and etc.), and T represents the transmittance T when d=0. The degradation parameters 4y, a1, and a,
represent the RCC at launch, the minimum (saturated) transmittance of the contamination/corrosion
layer of the sensor lenses, and the degradation rate, respectively. The degradation coefficients ay, a1,
and a, are obtained by the least squares method from the RCCs of the vicarious calibration in Figure 1,
and the following two constraints are given:

R(3000) = ap (1.0 —aq) exp(—3000 X ap) + ag a1 = x (6)
R(6440) x
R(1213)  ap (1.0—a1) exp(—1213 X a3) +ag ay

where vy is the value of RDy, in Table 1 calculated from the lunar calibration. Equation (6) is used to
connect (at 3000 DSL) Equation (4) of the straight line (i.e., constant value) to Equation (5) of the curve;
Equation (7) is used to reflect the result of the lunar calibration.

The radiometric degradation curves obtained from the abovementioned equations are shown in
Figure 4, and their coefficients are shown in Table 4.

Table 4. The equations and parameters of the new radiometric degradation curves in the radiometric
DB ver. 5 for ASTER VNIR bands.

Band ]()dl,lr];t;?j; ( I]{E&‘;aggé | Coefficients
: : ag ay az
. 0.<d <3000 R(d) = a9 (1.0 —ay) exp(—az d) + ap ay 1.017 0.7730 0.001791
3000 < d R(d) = ag 0.7869
5 0<d <3000 R(d) =ap (1.0—ay) exp(—az d) +ag m 1.008 0.8016 0.001114
3000 < d R(d) = ag 0.8152 - -
N 0<d <3000 R(d) = ag (1.0 —a1) exp(—az d) +ap a1 0.9849 0.8192 0.0008238
3000 < d R(d) =ag 0.8218 -
- 0.<d <3000 R(d) = a9 (1.0 —ay) exp(—az d) + ap ay 0.9762 0.9009 0.0003670

3000 < d R(d) = ag 09116




Remote Sens. 2020, 12, 427 11 of 17

1.05
- Band 1
§ 1.00
S
&£0.95
]
= 0.90
2
+ 0.85
= 0.80 - -~
o 2 a y
£075 3
g 0.70 —New degradation curve for next radiometric DB
o
E 0.65 ++ Current degradation curve in Radiometric DB ver.4
e Vicarious Cal.
0.60
0 1000 2000 3000 4000 5000 6000
Days Since Launch (DSL)
Band 2
E 0.70 —New degradation curve for next radiometric DB
‘E 0.65 <=+ Current degradation curve in Radiometric DB ver.4
e > Vicarious Cal.
0.60 T
0 1000 2000 3000 4000 5000 6000
Days Since Launch (DSL)
Band 3N
X X
e o
X
X X X
g 0.70 —New degradation curve for next radiometric DB
£o.
'-é 0.65 -+« Current degradation curve in Radiometric DB ver.4
e x Vicarious Cal.
0.60 -~ T T
0 1000 2000 3000 4000 5000 6000
Days Since Launch (DSL)
(©
1.05
- Band 3B
.5 1.00  teepeeerererrerettte ettt ettt ettt sttt et ee e T N S A B
.
£0.95 < — N N ++
o +
< 0.90 ! - = . — ——
(-] T + + + + +
0.85 -
= 0.80
£075
g 0.70 —New degradation curve for next radiometric DB
='E“ 0.65 «++ Current degradation curve in radiometric DB ver.4
e + Vicarious Cal.
0.60 T T
0 1000 2000 3000 4000 5000 6000

Days Since Launch (DSL)
(d)

Figure 4. New degradation curves of ASTER VNIR bands for the next radiometric DB ver. 5. Bands (a)
1, (b) 2, (c) 3N, and (d) 3B. Solid lines correspond to the new degradation curves for the next radiometric
DB estimated from the vicarious calibration data from 2000 to 2017 with the lunar calibration on April 14,
2003 (DSL =1213), and August 5, 2017 (DSL = 6440). Dotted lines correspond to the current degradation
curves in the current radiometric DB ver. 4. The marks show the RCCs from the vicarious calibration.
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5. Discussion

The shape of the newly obtained degradation curves in Figure 4 for the next radiometric DB is
similar between bands. This approach considerably differs from that used in the current radiometric
DB ver. 4. The shape of new degradation curves is similar to the curve shape of the inter-band
calibration, and the inter-band consistency of new curve shows almost same trend as the inter-band
calibration within the uncertainty of the inter-band calibration (Appendix B). In addition, the shape of
new degradation curves is also different from the curve shape of the onboard calibration in Figure 2.
The onboard calibrator was in the outer space for a long period of time after the launch, and its
degradation may have occurred. In all bands, the RCC value at the launch (the RCC value when d = 0)
obtained from the new degradation curve slightly differs from 1.00 (by approximately 1-3%). This may
indicate that the sensor experienced some changes at the launch, but the difference was small; thus,
this discrepancy may be within the uncertainty in the degradation curve.

The new degradation curve of Band 1 is almost the same as that in the current ver. 4. There is
only a slight difference in the RCC value at launch. Because Band 1 degraded more rapidly than the
other bands, the degradation curve can be accurately obtained from the vicarious calibration, even if
there is no constrain from the result of the lunar calibration.

The new degradation curve of Band 2 is very different from that in the current ver. 4. The
degradation curve in the current ver. 4 has been calculated from the data in the old radiometric DB ver.
3. The problem of electrical calibration for the gain ratio [31] was not improved in the old radiometric
DB. Therefore, the degradation curve of ver. 4 was obtained on the basis of several assumptions, and
some of the assumptions may have been inappropriate.

For Band 3N, because the degradation in the current ver. 4 is based on the onboard calibration,
the new curve obtained from vicarious and lunar calibrations also considerably differs from the current
version. However, after 4825 DSL, the consistency between the current and new curves is higher
because the vicarious calibration is also used as a reference for the current curve.

Band 3B in the current ver. 4 was set to have no degradation. However, for the first time,
its degradation curve is obtained in this study. In this new degradation curve, approximately 10%
degradation exists.

The new degradation curves for the next radiometric DB have the same traceability in the bands,
can represent the distribution of the RCCs from the vicarious calibration, and are highly consistent
with the lunar calibration.

6. Conclusions

In 2014, the radiometric correction of ASTER VNIR bands was once improved by the current
radiometric degradation curves in the radiometric DB ver. 4 [17], compared to the previous DBs ver.
1 to 3. However, the calibration approach applied for each band is different; thus, the traceability is
complicated. Therefore, the problem with the radiometric DB ver. 4 was indicated by inter-band and
lunar calibrations.

For the next radiometric DB ver. 5, vicarious and lunar calibrations were selected, and the base
of the degradation curve was obtained from the vicarious calibration, and the result of the lunar
calibration with high accuracy against relative changes (relative degradation) was used as the constraint
condition. The shape and format of the calibration function of the newly obtained degradation curves
for the next radiometric DB are now similar between bands.

The new degradation curve for Band 1 is almost the same as that in the current radiometric DB
ver. 4; however, other bands have curves that differ from the current version. Specifically, for Band
3B, there is no degradation in the current ver. 4, but the degradation of nearly 10% exists in the new
degradation curve.

In this study, for the next update of the radiometric DB, new favored degradation curves were
obtained. The favored curves have the same traceability in the bands, can represent the distribution of
the RCCs from the vicarious calibration, and are consistent with inter-band and the lunar calibrations.
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However, in order to obtain a better degradation curve in the future, further analysis of other
calibration approaches, e.g., cross calibration and pseudo-invariant calibration had better to be
conducted (Appendix C).

Such long-term calibration activities for one sensor are rare, and we expect that the experience
and knowledge will be useful for the calibration of other sensors in the future.
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Appendix A

In this study, we have used the legacy vicarious calibration approach based on the reflectance-based
method that was established in 1990s, and the uncertainty of this approach is not small, approximately
5%, [34] which is calculated by the analysis of the error sources for one field campaign (or one data).
However, the uncertainty of the degradation curve R(d) derived from multiple field campaigns (or
multiple data) shows smaller than the uncertainty from one field campaign as described below.

The value u, of the uncertainty in the degradation curve R(d) is expressed by the following

equation [35]:
Ue = Ll% + ”g (A1)

where u, and u; represent the uncertainty of the degradation curve R(d) for the random and systematic
components respectively. The u, value is written by the deviation of the R(d) as a regression curve of
the RCC derived from the vicarious calibration.

n N p)2
Uy = \/ i—1fl1(igd_l)p) Rz) (AZ)

where d; represents the DSL of the i-th field data (or field campaign), R; is the RCC of the DSL d;, nn is
the number of the field data, and the p is the number of the parameters for the function R(d). On the
other hand, the error sources of the reference panel and solar irradiance can be set at least as the
systematic components. Therefore, the u; value is calculated from the error sources of the reference
panel (2.0%) [34] and solar irradiance (0.3% or less) [24]. Table A1 shows these uncertainties calculated
above equations for ASTER VNIR in this study, and the uncertainty u. is estimated to be approximately
2% or more.

Many of the error sources of the vicarious calibration are assumed to be the random components,
however if there are unknown error sources of the systematic components except the reference panel
and solar irradiance, the 1, value should become larger.
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Table A1l. The uncertainties of R(d) calculated from the multiple field data for ASTER VNIR bands.

Uncertainty of R(d) Duration (d:DSL) Band 1 Band 2 Band 3N Band 3B
0 <d <3000 0.0053 0.0056 0.0076 0.0089
. 3000 < d 0.0072 0.0065 0.0064 0.0067
Us Independent to d 0.020 0.020 0.020 0.020
0 <d <3000 0.021 0.021 0.022 0.022
e 3000 < d 0.021 0.021 0.021 0.021
Appendix B

The shape of newly obtained degradation curves is similar to the curve shape of the inter-band
calibration, but the shape of the current degradation curve of Band 2 and 3N in the radiometric DB
ver.4 is different from it (Figure Ala—c). The RCC difference of Band 1, Band 2, and Band 3N between
new degradation curve and the degradation curve from the inter-band calibration are 0.003, 0.016, and
0.018 respectively, which are average values in the period of 0-6500 DSL.

To compare the inter-band consistency among three kinds of degradation curve, Figure A2a—c
shows the RCC ratio between bands for each degradation curve. The curve shape of the RCC ratio of
new degradation curve is similar to the shape of the RCC ratio curve from the inter-band calibration,
but the curve shape of the RCC ratio of current degradation curve is different from the curve from the
inter-band calibration. The percent difference of the RCC ratio curve in Band 1/ Band 3N, Band 2/
Band 1, and Band 3N/ Band 2 between new degradation curve and the degradation curve from the
inter-band calibration are 1.8%, 1.6%, and 0.4% respectively, which are average values in the period of
0-6500 DSL. The uncertainties of the inter-band calibration for ASTER VNIR bands are 3.0, 2.6, and 2.5,
respectively, for Bands 1 and 3N, Bands 1 and 2, and Bands 2 and 3N [12]. The inter-band consistency
of new curve shows almost same trend as the inter-band calibration within the uncertainty of the
inter-band calibration.
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Figure A1l. Comparison of the shape of the degradation curve calculated from the inter-band calibration,
the current radiometric DB ver.4, and the next radiometric DB. Bands (a) 1, (b) 2, and (c) 3N.
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Figure A2. The RCC ratio between bands for each degradation curve for comparison of inter-band
consistency. (a) Band 1/Band 3N, (b) Band 2/Band 1, and (c) Band 3N/Band 2.

Appendix C

The cross calibration is a good method that can be carried out frequently and has lower uncertainty
than vicarious calibration. However, we have encountered the two problems with applying it to
the ASTER VNIR radiometer. One is the large spread (Band 1: almost 10%, Band 2: 5-10%) in the
RCC values, which is calculated from the cross-calibration between ASTER and MODIS, among the
sites [7-9]. The other is the large spread (Band 1: 3-7%, Band 2: 7-11%) in the RCC values, which
is calculated from the cross-calibration between ASTER and MODIS, between the normal and high
gains [7,29,30]. The Band 2 High/Normal gain problem was corrected from the analysis of the onboard
electrical calibration [31] at the current radiometric DB, but the other problem is currently under
investigation. Moreover, the onboard electrical calibration showed many kinds of problems [31].
Recent studies of the cross calibration have been conducted at only one site (Railroad Valley), but
the results show still the 1-4% difference between the studies [10,11]. We have identified and solved
the problems inherent in the ASTER VNIR radiometer one by one using the results from the cross
calibration. The studies of the cross calibration for the ASTSER will be continued and eventually
reflected in the sensor trends.

The pseudo-invariant calibration [36] is a good method that can be carried out frequently and has
high accuracy for monitoring of the relative degradation. However, we could not obtain a sufficient
number of ASTER images for the study of the pseudo-invariant calibration. The swath width of ASTER
image is 60 km, then the ASTER sensor pointing system in cross-track direction has covered 232 km
width. It means that the ASTER does not observe the pseudo-invariant calibration sites (PICSs) at
every overpass-time, and its observation has been planned according to the operational mission and
user request. For example, in Libya-4 desert site, the number of ASTER-VNIR images for 20 years
after the launch is almost 40 scenes in the daytime, and the number of the cloud-free nadir images (i.e.,
the cloud-free images at the overpass-time) is almost 10. Moreover, 10 cloud-free and nadir observed
scenes include different gain modes. The ASTER-VNIR images observed at different targets and/or
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by the different gain modes sometimes cause the different results as mentioned above in the cross
calibration. We hope that these problems will be solved, then pseudo-invariant calibration will finally
be applied to the ASTER VNIR.
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