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Abstract

This study describes the post-launch calibration for visible (VIS) and shortwave infrared (SWIR) bands of Indian National
Satellite System (INSAT)-3DR imager over Great Rann of Kutch (GROK) on Day-1 (15th September 2016), when the first
time INSAT-3DR Imager camera was switched on. In order to account the characterization of errors and undetermined
post-launch changes in sensor spectral response, this calibration activity was performed and extended for its monitoring to
Day-56 (since the Day-1; 09th November 2016). A reflectance based technique is used in the present study. The surface
reflectance and atmospheric variables were measured over the site as per solar and viewing geometry of the INSAT-3D
scan. Top of atmosphere (TOA) spectral radiances were computed using 6SV (second simulation of the satellite signal in
the solar spectrum) radiative transfer code with the in situ measurements as well as spectral response function of each
channel. Preliminary results of the Day-1 vicarious calibration yield gain coefficients of 0.974 and 0.820 for VIS and SWIR
channels respectively despite the inhomogeneity of the ground target caused by sufficient sub-surface soil moisture. In
extension of the present study, the obtained gain coefficients were 1.001 and 0.9887 for VIS and SWIR, respectively,

during Day-56 which indicates the performance of sensor is within the range of pre-launch laboratory calibration.

Keywords INSAT-3DR - Vicarious calibration - Reflectance - 6SV - Radiative transfer model

Introduction

The advancement and popularity of satellite data usage for
societal benefits not only requires the development of new
and complex satellites but also to improve the quality of
satellite sensors and their data products. Therefore, it has
become more essential to continually upgrade the ability to
provide calibration of sensors. Generally, calibration pro-
cedure includes first radiometric calibration prior to the
launch (Bruegge et al. 1998) and later the on-board cali-
bration (Bruegge et al. 1993), but in the absence of on-
board calibration facility, a post-launch vicarious calibra-
tion exercise provides an aid to compensate the degradation
of the satellite sensor (Rao 2001). Vicarious calibration
provides a method for calibration of satellite sensors using
reference and precise measurements of spectral reflectance
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from the ground instruments over a terrestrial calibration
site. This calibration coefficients can be incorporated for
the accurate characterisation of the conversion of digital
counts to radiance values. Vicarious calibration is a broadly
adopted technique for continuous monitoring the radio-
metric performance of satellite sensor, which involves the
uncertainties computation in the calibration coefficients to
correct the radiometric response of the sensor (Thome et al.
1998). Vicarious calibration is performed with radiance
simulation using measured ground reflectance and atmo-
spheric parameters on clear day with less aerosol condi-
tions to those at the satellite level.

INSAT-3DR is an advanced weather satellite of India
configured with improved imaging system and atmospheric
sounder as compare to earlier Indian National Satellite
System (INSAT) missions like INSAT-3A and KAL-
PANA-1. Vicarious calibration is performed to monitor the
in-orbit performance of VIS and SWIR channels of
INSAT-3DR imager on day-1 at 1130 Indian Standard
Time (IST) (15th September 2016), i.e. when the first time
INSAT-3DR VIS  (0.55-0.75 yum) and  SWIR
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(1.55-1.70 pm) camera was switched-on and the study was
extended to Day-56 (9th November 2016). The reflectance-
based approach is used with in situ measurements of sur-
face reflectance and atmospheric parameters for the
vicarious calibration exercise. The 6SV radiative transfer
(RT) code is used to estimate the TOA spectral radiance
using ground measured parameters along with pre-launch
laboratory measured spectral response function (SRF). The
6SV simulated TOA spectral radiances were compared
with the INSAT-3DR measured TOA spectral radiance to
estimate the calibration coefficients of each channel. The
uncertainties involved in the computation due to model,
surface measurements, variation in aerosol types and sur-
face anisotropic effect were also estimated for both the
channels of INSAT-3DR and are discussed in subsequent
sections.

INSAT-3DR Specifications

The Indian National Satellite System (INSAT-3DR) is the
multipurpose satellite which provides meteorological,
television broadcasting, telecommunication and search and
rescue services. INSAT-3D and INSAT-3DR are the
advanced meteorological satellites, aiming for a significant
technological improvement in sensor capabilities as com-
pared to earlier INSAT satellites series. INSAT-3DR
satellite was launched successfully on 8th September 2016
using a GSLV MK-II launch vehicle from SDSC-SHAR-
ISRO. It is equipped with a 6-channels Imager and a
19-channels atmospheric sounder, which operate in visible
to thermal infrared region of the electromagnetic spectrum.
INSAT-3DR imager operates from a geostationary altitude
of 36,000 km in visible (VIS) and short wave infra-red
(SWIR) bands with 1 km spatial resolution, while mid-
wave infra-red (MWIR), thermal infra-red 1 (TIR1), ther-
mal infra-red-2 (TIR2) and water vapor (WV) bands with
4 km spatial resolutions. INSAT-3DR sounder has 18
Infrared (IR) channels ranging from 3.7 to 14.7 um and one
visible channel for the cloud detection during daytime with
a 10-km spatial resolution. The significant improvements
incorporated in INSAT-3DR are: (1) imaging in MWIR
band to provide nighttime pictures of low clouds and fog
and (2) imaging in the split band TIR channel with two
separate windows (10.2-11.2 and 11.5-12.5 pum regions)
with 4 km spatial resolution provides estimation of sea
surface temperature with better accuracy. INSAT-3DR
radiance calculation and estimation of calibration coeffi-
cients are similar to previously launched INSAT series
satellite INSAT-3D and details are provided in Patel et al.
(2016).

@ Springer

Test Site and Field Measurements
Calibration Site

Attributing to their preferable stability of surface charac-
teristics and atmospheric dynamics, pseudo-invariant sites
are commonly used for sensor radiometric calibration,
degradation monitoring and inter-comparisons (Chander
et al. 2010; Bouvet 2014) especially for the satellite sensors
without on-board calibration facilities. The Committee on
Earth Observation Satellites (CEOS) Working group on
Calibration and Validation identified several sites around
the world (Teillet and Chander 2010) based on certain
selection criteria, such as low probability of atmospheric
variability, high spatial homogeneity, weak directional
effects, flat reflectivity spectrum. Calibration sites are
never chosen randomly, and to be adequate they must
satisfy a certain number of criteria (Scott et al. 1996; Slater
et al. 1996, 1987, Teillet et al. 1997). Based on these cri-
teria, we have selected a desert site in Great Rann of Kutch
(GROK) (23.67°N and 69.66°E and ~ 4 m above mean
sea level), Gujarat. This calibration site is extended up
to ~ 10 km square area, presenting a flat and homogenous
terrain characterized by a low surface reflectance (observed
during Day-1 campaign) with high soil moisture content
due to excessive water logging during the monsoon season.
Figure 1 indicates the observational site in Great Rann of
Kutch for the vicarious calibration of INSAT-3DR. The
site is a clay-dominated dry land with different spectral
characteristics that have been used for radiometric cali-
bration sites for large footprint sensors (e.g. INSAT-3DR,
INSAT-3D and INSAT-3A) (Patel et al. 2014, 2016).

Field Campaign

Measurements of ground reflectance were carried out with
a spectroradiometer (FieldSpec 3, Analytical Spectral
Devices (ASD), Inc.), which covers the spectral range from
350 to 2500 nm and were made at random sampling points
covering over a region of 4 km® On ground, data was
collected centre over 1130 IST on Day-1 for a period of 1 h
and during 1000-1300 h IST for the Day-56 to cover five
INSAT-3DR scans. Total 30 and 60 spectra of ground
reflectance were covered within a 2 x 2 km site during
Day-1 and Day-56, respectively.

Figure 2 shows the measured surface reflectance over
the calibration site for Day-1 and Day-56 along with
standard deviation (at 1o level). Small boxes at the bottom
panel illustrates the variation of reflectance corresponding
to INSAT-3DR bands. Water vapor absorption at 1380 nm
and 1800 nm are the major reasons for the observed two
gaps in the reflectance curves. The standard deviation of
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Fig. 1 Location of calibration
site (in solid red-star) at Great
Rann of Kutch (GROK),
Gujarat (color figure online)
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the measured reflectance was observed to be 3 and 8% for
VIS and SWIR bands respectively on Day-1, whereas it
reduced to 1.9 and 3% on Day-56, which indicates the
minor spatial variation and uniformity of site.

The aerosol optical depth (AOD) measurements were
carried out using a multiwavelength Microtops-II sunpho-
tometer (Solar Light Co., USA) at five different wave-
lengths at 380, 440, 500, 675 and 870 nm, from the solar
instantaneous flux measurements with its internal calibra-
tion using the Langley method (Reagan et al. 1986; Schmid
and Wehrli 1995). The Full Width at Half Maximum
(FWHM) bandwidth for the 380 nm channel is 2.4 + 0.4
and 10 £ 1.5 nm for the other channels (Morys et al.
2001). A Microtops-II Ozonometer, a ground-based
instrument, which is capable of measuring the total column
ozone (TCO) using three UV channels (305.5, 312.5,
320.0 nm) and the total water vapor content (WVC) using
two near-IR channels (940 and 1020 nm) (Porter et al.
2001) as well as AOD at 1020 nm was also used to

Wavelength (nm)

measure atmospheric variables. Table 1 contains the hourly
value of AOD at 500 nm, TCO and WVC over GROK for
Day-1 and Day-56. More details of design, performance,
error and calibration of Microtops-II is given elsewhere
(Porter et al. 2001; Morys et al. 2001; Badarinath et al.
2007).

Site Characteristics

Radiometric spatial uniformity and temporal stability of
targets are the main features to be considered for calibra-
tion site selection along with long-term radiometric control
of satellite sensor data (Bannari et al. 2005; Cosnefroy
et al. 1996; Gu et al. 1990; Rondeaux et al. 1998). The
optical characteristics of any target site can vary due to
topography variation, soil moisture variation, cracks in the
dry surface that trap light, presence of vegetation, non-
Lambertian behaviour of the surface increasing BRDF
effects, as well as meteorological conditions. (Frouin and
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Table 1 Hourly mean values of atmospheric variables, i.e. AOD at 500 nm, total columnar ozone and columnar water vapor over Great Rann of

Kutch (GROK) during Day-1 and Day-56

Date Hours (IST) AOQOD at 500 nm Total columnar ozone (DU) Water vapor content (g cmfz)
Day-1 (15th Sep 2016) 1130 0.385 302 2.30
Day-56 (09th Nov 2016) 1014 0.209 280 0.85

1044 0.217 275 0.81

1114 0.225 272 0.79

1144 0.221 270 0.78

1214 0.223 271 0.76

Gautier 1987; Scott et al. 1996; Slater et al. 1996; Teillet
et al. 1997; Thome 2001). Radiometric spatial uniformity
of the calibration site is ascertained by calculating spatial
Coefficient of Variation (CV) using cloud-free INSAT-
3DR radiances over the site during Day-1 and Day-56.
VIS and SWIR bands radiance data for Day-1, 1130 IST
and Day-56 1144 IST were analysed to compute CV. CV is
defined by the ratio of the standard deviation and the
average of the radiances. In order to characterize the
variability of the spatial homogeneity of the site, we set a
2 km x 2 km window size with a sampling step of 1 km.
Figure 3 illustrates the result obtained using an INSAT-

VIS (15™ Sep 2016) VIS (09" Nov 2016)

23.8°1
23.75°1
69.65° 69.7° 69.65° 69.7°
e ———— |
0 1 2 3 4 5 6 7 8
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Fig. 3 Images of the computed coefficient of variation (CV) using
2 km x 2 km window in the two bands (VIS and SWIR) of a INSAT-
3DR image acquired over GROK on Day-1;1130 h and Day-
56;1144 h. Black box shows the data collection site

@ Springer

3DR images acquired on Day-1, 1130 IST and Day-56
1144 IST with the data collected site (2 km x 2 km) in
black box. The mean CV was found to be similar for VIS
bands during Day-1 (3.1%) and Day-56 (2.9%), whereas a
significant change in CV was observed for the SWIR band
on Day-1 (5.5%) and Day-56 (3.9%). The substantial
variation in CV for the SWIR band indicates temporal
inhomogeneity of the ground surface induced by sufficient
sub-surface soil moisture due to excessive water logging
during the monsoon season.

Methodology

It is difficult to maintain the radiometric accuracy of the
spectral radiometer that measures the surface radiance in
the radiance-based technique, therefore we have adopted
the reflectance-based technique in the present study (Slater
et al. 1987). The reflectance-based technique mainly
depends on measured ground surface reflectance. The
reflectance is characterized by the ratio of measured
reflectance over the site to a standard reflectance of spec-
tralon panel for which the bidirectional reflectance factor is
precisely determined. The vicarious radiometric calibration
depends on the surface reflectance and radiance from the
sun to earth’s surface and earth’s surface to sensor and
atmospheric optical thickness over the calibration site at
the time of satellite over pass. The ground measurements
are used as an input for radiative transfer (RT) model to
simulate the at sensor radiances for the required bands. The
ground measurements are used to define the spectral
directional reflectance of the surface, the spectral optical
depth that are used to describe the aerosol and molecular
scattering effect in the atmosphere (Gellman et al. 1991)
and along with this we also used columnar water vapor to
include the water vapor absorption effect. We have used
improved 6SV RT code (Vermote et al. 2006; Kotchenova
et al. 2008) to compute the radiance field using ground
measurements. 6SV RT code predicts the satellite signal at
TOA level using ground reflectance measurements and
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atmospheric measurements using sunphotometer. 6SV RT
model is physics based model, which is not specified for
particular satellite or test sites. Because of that 6SV RT
model is used for this study. In addition, 6SV RT model
has covered gaseous absorption and scattering by aerosols
and molecules. 6SV deals better with atmospheric scat-
tering than other RT models (Markham et al. 1992). 6SV
model was formulated for the atmospheric correction in the
short wavelengths of electromagnetic spectrum. 6SV code
requires the geometric conditions (viewing zenith, viewing
azimuth, solar zenith and solar azimuth angles). The sensor
viewing zenith and azimuth angles are obtained from
INSAT-3DR metadata files and solar zenith and azimuth
angles are calculated using date, time and location of field
measurement. Figure 4 describes the detailed work flow for
the simulation of TOA radiance and estimation of cali-
bration coefficient.

During the vicarious calibration exercise, the selection
of optimum aerosol type plays an important role. The
actual aerosols characteristics were often very different

Spectral Reflectance

v
Reflectance extracted for the INSAT-3D bands
and interpolated at 2.5 nm interval

_(_ System Level Spectral
Response Function

Microtops-II derived \____ .
AOD, Ozone and WV .
. Satellite Measured Mean
< - Radiance for the
: Reflectance Simulation
v
6SV RT Code
Inputs:

1. Geometric condtions

2. Atmospheric Model

3. Measurements of Ozone and Water Vapor
4. Aerosol Model

5. AOD Measurements

6. Spectral Response Function

7. Mean Radiance over Site

Forward v v Inverse
Mode | 1A Radiance Atmospherically Mode
Corrected Reflectance

A4
Error Analysis and
Computaiton of
Calibration Coefficient

Fig. 4 Work flow for the simulation of TOA radiance and estimation
of calibration coefficient

compare to those of the standard aerosol models in the RT
codes. It is difficult to precisely estimate the aerosol
characteristics in the field campaign. This may lead to a
systematic error in calibration results (Chen et al. 2014). In
this study, continental aerosol model along with desert and
urban aerosol model were used in order to approximate
their contributions to the systematic calibration uncertainty
as the results are close to the satellite observations and
therefore considered for further discussion.

We have used pre-launch laboratory measurements of
spectral response function (SRF) of INSAT-3DR VIS and
SWIR channels (Fig. 5) of Imager as an input to the RT
code to compute TOA radiances. Both the SRF and ground
reflectance data are resampled to 2.5 nm intervals using a
spline interpolation method. 6SV RT model provides an
output in the form of TOA radiance, which is divided by
the corresponding radiance observed by the INSAT-3DR
for particular channel to yield calibration coefficients.

Analysis of BRDF Effect

Surface albedo is related to surface reflectance which
depends on the bidirectional reflectance distribution
function (BRDF), which indicates the dependence of
reflectance on solar and viewing geometry (Nicodemus
et al. 1977). In general, reflectance of light is an aniso-
tropic phenomenon and this anisotropy is very small as
compared to the Lambertian component except at special
geometries like specular reflection from water surface.
The precise computation of surface reflectance requires
the anisotropy estimation. The BRDF effect provides a
precise computation of uncertainty in reflectance arising
due to evading the anisotropy component. We provided
this BRDF effect into 6SV simulation using MODIS
derived BRDF product (MCD43A1) (http://Ipdaac.usgs.
gov/product/modis/mod43al), which is a combined
MODIS Terra and Aqua product. The MCD43A2 data
product (MODIS ATBD 1999) provides high quality three
Ross-Li BRDF model parameters (isotropic, volume
scattering and geometric optical reflectance terms), which
were pixel-wise implemented into 6SV RT model to
estimate BRDF effect. We used approximately common
bands for MODIS and INSAT-3DR. MODIS provides
BRDF coefficients in the seven narrow bands and three
broad bands. We have used MODIS first broad band
(0.4-0.7 pm) for VIS (0.55-0.75 pm) channel of INSAT-
3DR imager and MODIS SWIR band (1.628-1.652 pm)
for SWIR band (1.55-1.70 pm) of INSAT-3DR imager.
In order to estimate the impact of BRDF on TOA radi-
ance, 6SV RT model was run with and without BRDF.
BRDF impact on TOA radiances is discussed further in
the following subsection of “Error Analysis and Budget”.

@ Springer


http://lpdaac.usgs.gov/product/modis/mod43a1
http://lpdaac.usgs.gov/product/modis/mod43a1

Journal of the Indian Society of Remote Sensing

Fig. 5 Pre-launched laboratory
measurements of spectral
response function for VIS and
SWIR bands of INSAT-3DR
imager
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Results and Discussion

To perform the vicarious calibration for the two bands of
INSAT-3DR over GROK, the 6SV simulated TOA spectral
radiance is compared with INSAT-3DR measured
radiance.

Radiance Comparison

Table 2 shows the detailed mean values of simulated and
satellite observed radiance along with calibration coefficients
and relative error in measurements. As the INSAT-3DR
imager camera was switched on to acquire a single image at
1130 on Day-1, the comparison of satellite observed and
simulated TOA radiance are discussed further in Table 2. The
comparative analysis for Day-1 indicates that the satellite
observed radiance value (81.88 W m™2 sr™' um™") is very
well agreed with the simulated radiance (79.73 W m ™~ -
sr! pm~ 1) in the VIS channel, which shows uniformity of the
site for the VIS channel. On the other hand, the large

700 800 1400 1500 1600 1700 1800
Wavelength (nm)

difference was  observed between INSAT-3DR
(18.87 W m s umfl) and simulated radiance
(1547 W m s umfl) values in the SWIR channel
indicating inhomogeneity due to sub-surface soil moisture
content, which is clearly seen in the analysis of coefficient of
variation (Fig. 3).

Figure 6 shows the result of regression of TOA radiance
for VIS and SWIR bands of INSAT-3DR imager for the
Day-56. In order to reduce the geolocation error, we have
averaged the data on hourly basis and compared with the
satellite observations. The result indicates a good statistical
agreement between INSAT-3DR derived and 6SV simu-
lated TOA radiance with R? values of 0.987 and 0.938 for
VIS and SWIR, respectively. The estimated RMSE values
are found to be very small, 0.40 and 0.47 W m 2 s -
um~" for VIS and SWIR respectively. The large RMSE in
SWIR channel still indicates the influence of soil moisture
but it is improved from Day-1. The bias between satellite
derived radiance and 6SV simulated radiance are observed
very minimal, with the values of 0.10 and

Table 2 Summary of INSAT-3DR observed and 6SV simulated radiance along with calibration coefficients and relative error for Day-1 and

Day-56
Day/hour Channels INSAT-3DR radiance 6SV simulated radiance Relative errors in Calibration
(IST) W m 2 st pmfl) W m 2 st umfl) radiance (%) coefficient
Day-1/1130 VIS 81.88 79.73 - 262 0.974
SWIR  18.87 15.47 - 18.01 0.820
Day-56/ VIS 77.28 78.05 0.99 1.009
1044 SWIR  15.26 15.06 — 131 0.986
Day-56/ VIS 79.43 79.28 —0.18 0.998
1114 SWIR  16.72 16.52 - 1.19 0.988
Day-56/ VIS 84.03 83.78 - 029 0.997
1144 SWIR  17.72 18.18 2.59 1.026
Day-56/ VIS 85.25 85.45 0.23 1.002
1214 SWIR  19.36 18.83 —273 0.972
Day-56/ VIS 84.94 84.90 —0.04 0.999
1244 SWIR  18.89 18.32 — 3.0l 0.970
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Fig. 6 Comparison between

(a) VIS (0.55 - 0.75 pm)

(b) SWIR (1.55 - 1.70 pm)
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020 W m 2 st~ pm~! for VIS and SWIR bands respec-
tively. On average, relative error (RE) between the 6SV
simulated and INSAT-3DR derived radiances are 0.13 and
— 1.1% for VIS and SWIR, respectively, which indicates
that the INSAT-3DR imager slightly underestimates the
radiance values by 0.13% in VIS and overestimates by
1.1% in SWIR band. The correlation is found better in
SWIR on Day-56 compared to Day-1. The standard devi-
ation of the radiance values in Fig. 6 indicates the hourly
spatial variation of site both from INSAT-3DR and 6SV.

Vicarious Calibration Coefficient

The vicarious calibration coefficient is the ratio of 6SV
simulated radiance and satellite observed radiance. For an
ideal case, if there is no degradation in the sensor during
launch and if the ground and atmosphere were properly
characterized and the RT code is perfect then simulated
TOA radiance should precisely match with satellite
observed radiance. It means that the ratio of simulated to
observe radiance should be unity. In practice it is not
possible, there are uncertainties in field reflectance and
atmospheric measurements, and RT modelling uncertain-
ties. To evaluate the coefficients and describe the charac-
teristics of INSAT-3DR observed radiance, we compared
the vicarious calibration coefficients derived for VIS and
SWIR (Fig. 7) for Day-1 and Day-56. The result shows a
small deviation in calibration coefficients from unity for
VIS channels of INSAT-3DR imager, whereas the devia-
tion from unity in SWIR channels during Day-1 clearly
indicates the large contribution of sub-surface soil mois-
ture. The standard deviation in calibration coefficients is
found to be less than 2% for Day-56 for each band indi-
cates stability of the satellite performance. The mean cal-
ibration coefficients are found to be 1.001 and 0.988 for

o

15-09-2016 09-11-2016

=3
K=
L

[=3
o]
1

m VIS
® SWIR

11:30 10:44  11:14  11:44 12114 12:44
Time in Hours (IST)

e
Q

Gain Coefficient (L /L )
=
1
|
1
|
I
:
]
H—*—H
|
|
i
Hi—«
|
|
[
|
—ine-H
|
1
i
|
1
[}
i
|
1
1
1

Fig. 7 Variation of estimated gain coefficients using vicarious
calibration both for VIS and SWIR channels of Day-1 and Day-56

VIS and SWIR, respectively for Day-56. The differences
between simulated and observed radiance are very small
and which is due to the intrinsic variability and meteoro-
logical variability of the sites. In conclusion, the noted
values are found to be consistent, which indicate good
calibration stability of INSAT-3DR VIS and SWIR
channels.

Error Analysis and Budget

The calibration uncertainty in the reflectance-based
approach has been discussed in the earlier work (Thome
2001; Slater et al. 1996). Recently, the uncertainty was
reassessed and improved uncertainty in the reflectance-
based approach is estimated ~ £ 3% in the middle of the
visible portion of the spectrum (Czapla-Myres et al. 2015).
The simulated TOA radiance depends on many variables
like atmospheric parameters, surface reflectance measure-
ments, solar and viewing geometry, which directly affects
the accuracy of the calibration exercises. The dependence
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Table 3 Estimated uncertainty in the reflectance-based approach for VIS and SWIR channels of INSAT-3DR imager both for Day-1 and Day-56

Source of uncertainty

VIS (Day-1) (%)

SWIR (Day-1) (%)

VIS (Day-56) (%) SWIR (Day-56) (%)

Surface reflectance measurements

Spectralon panel calibration 1.6

Ground measurement errors 3.0

Absorption computation

Total columnar ozone 1.5

Columnar water vapor 1.7
Optical depth measurements 1.2
Selection of aerosol type* 1.12
Uncertainty due to BRDF effect 1.2
Inherent code accuracy 0.6
Total uncertainty (root sum of squares) 4.60

1.6
8.0

1.5
1.7
1.2
1.11
1.75
0.6
8.82

1.6 1.6
1.9 3.0
1.5 1.5
1.7 1.7
1.2 1.2
1.12 1.11
0.52 0.88
0.6 0.6
3.82 4.52

For the total uncertainty estimation, uncertainty due to selection of desert model only considered

of TOA radiance on these variables is complex and it is
difficult to quantify it in a closed, analytical form.

(a)

(b)

(©)

(d)

The important source of uncertainty is dominated by
the laboratory determination of reference panel BRF.
We have maintained the Spectralon diffuse reflec-
tance standard, which is calibrated and traceable to
the NIST. The recently estimated uncertainty in the
panel measurement is £ 1.5%/1.7% in the VIS/
SWIR region.

The uncertainty on the mean field reflectance
spectrum is due to variability in the surface charac-
teristics. This uncertainty is estimated by calculating
the standard error of the mean at each band for the
mean filed reflectance spectrum. The mean relative
errors are found to be 3 and 8% for Day-1 and 1.9
and 3% for Day-56 in VIS and SWIR bands
respectively.

In addition, the uncertainty is caused by the 6SV
model. The estimated accuracy for 6SV RT code is
much improved compared to the earlier version and
the relative error is estimated as 0.4-0.6% (Kotchen-
ova et al. 2008; Chen et al. 2014) according to the
radiative transfer theory.

In practise, it is difficult to accurately determine the
aerosol properties in field experiments. In the present
study, the aerosol type analysis confirms the selec-
tion of optimum aerosol model. Then again two
other aerosol types (i.e. urban aerosols and desert
aerosol) are chosen to replace the continental aerosol
model in order to approximate their contributions to
the systematic calibration uncertainty. We have re-
calculated the calibration coefficients using 6SV RT
code with different aerosol types. It is evident that
the reflectance-based method is more sensitive to

@ Springer

(e)

®

aerosol type than other methods. The relative errors
are 1.12 and 1.11% for VIS and SWIR respectively,
using desert aerosol model and 2.15%, and 2.14%
for VIS and SWIR respectively, using urban aerosol
model.

The bi-directional reflectance distribution function
(BRDF) effect is adding an uncertainty into calibra-
tion coefficient, which is one of the important steps
in vicarious calibration. The effect of surface
reflectance anisotropy was assessed by estimating
TOA radiance with the BRDF coefficients (using
MODIS BRDF product) for a site and comparing this
with TOA radiance computed using surface mea-
surements. The estimated uncertainty due to BRDF
effect is 1.2 and 1.75% for Day-1 and 0.52 and
0.88% for Day-56 in VIS and SWIR respectively.
The estimated uncertainty due to measurements of
aerosol optical depth, total columnar ozone and
columnar water vapor is 1.2, 1.5 and 1.7%,
respectively.

From the uncertainty analysis (Table 3), the total uncer-
tainty involved in the calibration coefficient is 4.60 and
8.82% for Day-1 and 3.82 and 4.52% for Day-56 in VIS
and SWIR channels of INSAT-3DR, respectively.

Conclusion

In the present study, post-launch vicarious calibration was
carried out for the VIS and SWIR channels of INSAT-3DR
during Day-1 and Day-56 over GROK to monitor the
radiometric performance of the sensors.

The conclusions are:
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1. The radiometric performance of VIS channel was
observed consistent since Day-1 to Day-56, whereas
the large contribution of sub-surface soil moisture
increases the uncertainty in the derived calibration
coefficients of INSAT-3DR for Day-1. Furthermore,
the noted values of calibration coefficients during Day-
56 indicate the good laboratory calibration stability of
both VIS and SWIR channels of INSAT-3DR imager.

2. Spatial variability of the site is quantified by the
coefficient of variation (CV). The mean value of
spatial CV is found 3.1 and 2.9% for VIS and 5.5 and
3.9% for SWIR on Day-1 and Day-56 respectively.
These values indicate more uniformity of the calibra-
tion site during Day-56 compared to Day-1.

3. The 6SV simulated radiances are in good agreement
with INSAT-3DR measured radiance for both the
bands over GROK during Day-56.

4. Uncertainties in calibration coefficient due to selection
of aerosol model are found to be 1.11-1.32% for desert
model and 2.14-2.57% for urban model. Uncertainty
due to BRDF effect is estimated using MODIS BRDF
products, which was found to be 1.2 and 1.75% for
Day-1 and 0.52 and 0.88% for Day-56 in VIS and
SWIR respectively.

5. Estimated total uncertainty in computed calibration
coefficient is found 4.60 and 3.82% for VIS and 8.82
and 3.52% for SWIR during Day-1 and Day-56,
respectively.

6. The present study also concludes that GROK site is the
preferred site for post-launch calibration due its spatial
homogeneity, which helps to derive precise vicarious
calibration coefficients.
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