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Abstract—The Sentinel-2B offers high spatial resolution optical
imagery from 13 bands in the visible, near infrared, and short-
wave infrared range of the electromagnetic spectrum, providing
enhanced continuity to monitoring global terrestrial surfaces and
coastal waters. In this article, its radiometry calibration is evalu-
ated using 37 clear-sky observations in 2018 from the four sites of
radiometric calibration network for assuring data quality. How-
ever, since the single calibration results acquired under different
surface and atmospheric conditions have different biases and dif-
ferent uncertainties, it is difficult to determine which calibration
sample is much more trustable. In view of this, by assuming that the
calibration samples are independent of each other, a state-of-the-art
reference value is derived by combining 37 calibration samples us-
ing a weighted average method, which has much lower uncertainty
and approaches the “true” value. The reference value also could be
used to compare each calibration result. The result shows that the
reference value of the relative difference between the simulated and
observed top-of-atmosphere reflectance is 4.29%, 4.95%, 4.54%,
5.34%, respectively, for bands 2, 3, 4, and 8, and the corresponding
uncertainty is 1.09%, 1.10%, 1.10%, and 1.12%, respectively; the
degree of equivalence for each sample is calculated by comparing
each calibration result with the reference value. It is worth noting
that the degrees of equivalence are lower than 5%, and the four
samples on July 9, July 13, October 4, and October 11 perform
worse than the other sample.

Index Terms—Field calibration, Monte Carlo, radiometric
calibration network (RadCalNet), Sentinel-2B/multispectral
instrument (MSI), uncertainty analysis.
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I. INTRODUCTION

IN-FLIGHT absolute calibration plays an increasingly im-
portant role in remote sensing applications by connecting

the response output of a sensor with the real energy it receives.
Due to the harsh environmental constraints imposed by the
launch and in-orbit environments, the radiometric performance
of remote sensors suffers from degradation inevitably in the
course of its lifetime. This would not only cause the variation of
radiometric performance at individual sensor level but also an
overall loss of radiometric consistency between sensors [1]. In
view of this, the radiometry vicarious calibration methodologies
are widely used by space agencies and private operators to
identify the radiometric loss in the sensor lifetime, and thereby,
to recover it if/where necessary.

The vicarious calibration makes use of natural or artificial
sites on the earth’s surface for evaluating at-sensor radiance of
remotely sensors using the simulated top-of-atmosphere (TOA)
radiance at the time of sensor overpass, which is generated
with in situ measurements and an inversion of the forward
processing algorithm. To support these methodologies, a set of
calibration sites, such as Railroad Valley Playa site, La Crau site,
Dunhuang site, etc., have been established, and were selected by
the Committee on Earth Observation Satellites (CEOS) among
49 sites for constructing a global integrated network of cali-
bration sites for the purpose of tracking sensor performance,
conducting cross-sensor comparison and assessing data quality
and consistency [2]. Moreover, the CEOS Working Group on
Calibration and Validation (WGCV) initiates radiometric cal-
ibration network (RadCalNet) activities to collect surface and
atmospheric data necessary for the simulation of observations
by earth observation optical sensors and thus verify their radio-
metric calibration. To increase the number of matchups between
in situ measurements and space sensor observation and reduce
the overall uncertainties, four instrumented sites, namely Baotou
site, La Crau site, Railroad Valley Playa site, and Gobebaba
site, are endorsed by CEOS WGCV as demonstrated standard
sites. The ground-based measurements in those sites must be
traced to SI standards for ensuring the traceability of the space
sensor radiometry and facilitating the establishment of a quality
indicator for the data products delivered by instruments.

As a part of the Copernicus programme of the European
Commission, the European Space Agency has developed and
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is currently operating the Sentinel-2 mission acquiring high
spatial resolution (10–60 m) optical imagery from 13 bands
in the visible, near infrared, and short-wave infrared (SWIR)
range of the electromagnetic spectrum [3]. Nominal radiometric
calibration activities of the Multispectral Instrument (MSI) on-
board Sentinel-2 are based on the exploitation of the on-board
sun diffuser. In fact, the accuracy provided by on-board cal-
ibration techniques, however, may not be sufficient for some
applications and vicarious techniques are needed to verify the
on-board device configuration and health and to achieve the
required accuracy. Gascon et al. [3] and Lamquin et al. [4]
validated the Sentinel-2A/MSI using a ground-reflectance-based
approach over the RadCalNet sites, such as Railroad Valley
Playa site, Gobabeb site, and La Crau site. For each spectral
band, the equivalent TOA reflectance was calculated with a
known surface reflectance and a known atmosphere, and the
ratio between the observed and the simulated equivalent TOA
reflectance was derived. However, due to the surface-atmosphere
coupled effect, the calibration results and associated uncertain-
ties for each sample were inconsistencies for several reasons, and
these inconsistencies would introduce challenges for time series
analysis due to calibration artifacts [5]. Thus, the challenge is to
reconcile these independent results and provide a comprehensive
estimate. To address this issue, a surface-atmosphere invariant
reference value should be determined as an intercomparison
bridge by combining all the calibration results from multiple
sites, and the reference value has much lower uncertainty and
could approximate the “true” value as much as possible.

In this article, the radiometry calibration of Sentinel-2/MSI
is performed using the four instrumented sites of RadCalNet,
and a reference value is derived by the weighted average method
taking into account the uncertainty of each sample. The principle
of the weighted average method for determining the reference
value is presented in the following section, along with a descrip-
tion of the datasets used for the calibration. The implementation
of each calibration result and the associated uncertainty are
then presented, showing discrepancies among the independent
samples. Subsequently, with the aid of the derived reference
value, the calibration results of different samples are compared
with each other.

II. DATASETS

In order to collect much more calibration samples for
Sentinel-2B/MSI, the four sites in RadCalNet have been used
as a stable ground target for transferring the radiometric values.
In this section, satellite data and the corresponding in situ
measurements are depicted as follows.

A. Satellite Data

Sentinel-2 is a polar-orbiting mission, and it comprises two
identical satellites: Sentinel-2A, launched on June 23, 2015,
and Sentinel-2B, which followed on March 7, 2017 [6]. Both
satellites carry the same imaging payload, MSI, which acquires
measurements in 13 spectral bands ranging from the visible
and near infrared to the SWIR. Four of these bands (bands
2–4, band 8) are acquired at a spatial resolution of 10 m, six

Fig. 1. Spectral response function of Sentinel-2B/MSI.

bands (bands 5–7, band 8a, band 11, band 12) at 20 m, and the
remaining three bands (band 1, band 9, and band 10) at 60 m. In
consideration of the target size and the limitation of paper length,
the measurements in bands 2–4, band 8 of Sentinel-2B/MSI are
evaluated via RadCalNet four demonstrated sites. Fig. 1 shows
the MSI spectral response function.

In this article, 37 scenes of Sentinel-2B/MSI images during
2018 under clear-sky conditions over the four sites are used for
performing field calibration. Fig. 2 gives the Sentinel-2B/MSI
images over RadCalNet four instrumented sites, and Table I and
Fig. 3 give the imaging dates and the corresponding viewing and
solar geometries for those 37 matchups.

B. Ground Synchronous Measurements

RadCalNet provides satellite operators with SI-traceable
bottom-of-atmosphere (BOA) spectrally-resolved reflectances
to aid in the postlaunch radiometric calibration and validation
of optical imaging sensor data. It continuously updates nadir-
looking BOA reflectances derived over a network of sites, with
associated uncertainties, at a 10 nm spectral sampling interval, in
the spectral range from 380 to 2500 nm and at 30-min intervals. A
portal provides access to all RadCalNet datasets, allowing users
to visualize and download data acquired by the four instrumented
test sites.1 The BOA reflectances for the four instrumented sites
on the study dates are shown in Fig. 4.

Meanwhile, a National Aeronautics and Space Administra-
tion Aerosol Robotic Network standard Cimel CE318 sun pho-
tometer is also installed at each RadCalNet site; the aerosol
optical thickness (AOT) and water vapor content (WVC) are
also provided to the public for generating TOA reflectance.
In this article, the AOT at 550 nm and WVC at the time of
Sentinel-2B/MSI image acquisition over each site are linearly
interpolated, and those matchups combining both concomitant
in situ measurements and MSI observations, whose AOT at 550
nm are lower than 0.3 under clear-sky condition, are selected
to balance the tradeoff between the uncertainty caused by AOT
and sample number. The AOT and WVC for each matchup are
shown in Fig. 5. It is shown that there are obvious differences in
the atmospheric parameters on the study dates. The AOT at 550

1[Online]. Available: https://www.radcalnet.org/

https://www.radcalnet.org/
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TABLE I
IMAGING DATE AND GEOMETRIES OF SENTINEL-2B/MSI OVER FOUR SITES DURING 2018
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Fig. 2. Sentinel-2B/MSI images over RadCalNet four instrumented sites. (a)
Baotou site (9/21). (b) La Crau site (9/7). (c) Railroad Valley Playa site (6/13).
(d) Gobebaba site (9/27).

Fig. 3. Viewing and solar geometries at RadCalNet four instrumented sites of
Sentinel-2B/MSI.

nm varies from 0.012 to 0.278. The WVC varies from 0.156 to
2.81 g/cm2.

III. METHODOLOGY

This section describes the methodology used to conduct the
study. Some of the processing steps are straightforward and
require minimal description.

A. Field Calibration Using Single Sample at the Four
Demonstrated Sites

For each matchup, with the aid of surface reflectance, atmo-
spheric parameters (AOT and WVC), and the imaging geome-
tries, the simulated TOA spectral reflectance ρT,sim

λ is gener-
ated using MODTRAN 5 atmosphere radiative transfer model,
and then is convoluted with the spectral response function
of Sentinel-2B/MSI to derive the simulated TOA reflectance
in band i [ρT,sim

i , see (1)]. Subsequently, given the spatial
resolution of the sensors and the representative region of the
RadCalNet BOA reflectances, 30 × 30 cloud-free pixels (∼300
m × 300 m) region of interest (ROI) is selected, and then the
digital number (DN) averaged value of ROI is extracted. After
that, the DN value is converted to observed TOA reflectances
(ρT,obs

i ) using (2)

ρT,sim
i =

∫ λ2

λ1
ρT,sim

λ × SRFλ∫ λ2

λ1
SRFλ

(1)

where SRFλ is the relative spectral response function of the
sensor, and λ1 and λ2 define the spectral range of band i.

ρT,obs
i =

DNi

10000
(2)

where DNi is the calibrated pixel digital number in band i.
In this article, the relative difference of TOA reflectance (Δi)

between ρT,sim
i and ρT,obs

i is used as an index to evaluate the
radiometric performance of Sentinel-2B/MSI [see (3)], and a
time series of TOA reflectance relative difference is generated.

Δi =
ρT,sim
i

ρT,obs
i

− 1. (3)
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Fig. 4. Surface reflectance at RadCalNet four instrumented sites.

B. Uncertainty Analysis of TOA Reflectance Relative
Difference for Each Sample

To quantitatively indicate the comparison results among the
sites, an approach is used to analyze the TOA reflectance
comparison uncertainties associated with surface characteris-
tics (denoted as σ1), AOT (denoted as σ2), WVC (denoted
as σ3), aerosol types (denoted as σ4), MODTRAN model
(denoted as σ5), solar irradiance (denoted as σ6), and sensor
calibration uncertainties (denoted as σ7). Among them, the

uncertainties associated with surface characteristics for the
Baotou site include the uncertainty of the derived BOA surface
reflectance, the spatial homogeneity, and the BRDF character-
istics of the target, and the uncertainty analysis for each factor
is described in detail in the study of Gao et al. [7], [8], whereas
the uncertainties of BOA reflectance for the other three sites
are extracted directly from RadCalNet data, and the BRDF
characteristics of the target are also investigated as Baotou site
using the Roujean model and MODIS MCD43A1 Collection 6
product [9], [10]. The uncertainties caused by the WVC and AOT
are also analyzed using Monte Carlo approaches by assuming
an uncertainty of 12% in WVC and 0.1 in AOT [11], [12].
The Monte Carlo simulation is set to run M = 1000 trials for
generating error-added WVC or AOT, and error-added TOA
reflectance is acquired using the MODTRAN 5 model with
the other input sources; subsequently, the relative differences
between the simulated TOA reflectance with WVC (or AOT)
error and those without WVC (or AOT) error could be calcu-
lated, and its standard deviation is taken as the TOA reflectance
uncertainty caused by WVC (or AOT) uncertainty (see Fig. 6).
To analyze the uncertainty caused by the mixed aerosol type of
the rural and desert aerosols, two new groups of simulated total
reflectance are generated when the desert aerosol model and rural
model are used, and their relative difference is calculated as the
TOA reflectance uncertainty caused by aerosol type, whereas
MODTRAN model, sensor calibration, and solar irradiance un-
certainties are propagated independently to the TOA reflectance.
Among them, the uncertainty of MODTRAN model is esti-
mated approximately 2% [13], sensor calibration uncertainty
is approximately 5% [14], [15], the Thuillier solar irradiance
model has a standard uncertainty of 1.5% at 450 nm, 0.9% at
650 nm, 1.1% at 850 nm, and 0.8% at 1550 nm [16], [17], and
the value at each wavelength is calculated using an interpolation
method. Finally, assuming independence among the uncertainty
sources, the final uncertainties for simulated TOA reflectance,
u2(ρT,sim

i )are calculated based on error transfer theory [18].
The corresponding uncertainty for Δi, u(Δi,j) is calculated

as

u (Δi) =

√
u2

(
ρT,sim
i

)
+ u2

(
ρT,obs
i

)
(4)

where u(ρT,obs
i ) is the uncertainty of ρT,obs

i , which is estimated
approximately 5% for Sentinel-2B/MSI.

C. Evaluation Single-Sample Calibration Result Using a
Comprehensive Reference Value

As aforementioned, ground-based in situ measurements of
surface reflectance and atmospheric parameters, combined with
MODTRAN 5.0 model, can provide TOA values for comparison
with satellite sensor observations. The relative TOA reflectance
difference for each sample is different from each other due
to the coupled effects of surface reflectance and atmospheric
conditions, and meanwhile, also is associated with different
uncertainty. This would result in the fact that some samples
have low relative differences with high uncertainties, and this
phenomenon is just the opposite of other samples so that it is
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Fig. 5. Ground synchronous atmospheric measurements. (a) AOT. (b) WVC.

difficult to evaluate which one should be better and be trusted.
In view of this, a state-of-the-art reference value should be
derived based on each calibration result. The reference value
could approximate the “true” value with sufficient samples and
can be used as a bridge for evaluating each sample.

In this article, under the assumption that each sample is
independent of each other, the reference value is calculated as
a weighted mean by multiplying the weight since the weighted
average depicts where most of the observations fall in and it is
more confident than a single-sample result in the metrology field.
The weight assigned to each sample is determined according to
its calibration uncertainty, which refers to the relative credibility
and importance of each data point. Furthermore, in order to

treat each sample fairly and avoid a higher contribution made
by samples with relatively low uncertainties, the cutoff values
for band i, ui,cut−off , are calculated by averaging the calibration
uncertainties for those samples whose calibration uncertainties
are lower or equal to the median of total samples [see (5)].
And then, the uncertainty for sample j, u(Δi,j), is adjusted by
the cutoff uncertainty, the adjusted uncertainty for sample j in
band i, uadj(Δi,j), is equal to u(Δi,j) if u(Δi,j) ≥ ui,cut−off ,
otherwise, uadj(Δi,j) is equal to ui,cut−off

ui,cut−off= average{u(Δi,j)} for
u(Δi,j) ≤ median{u(Δi,j)}, j = 1 to N. (5)
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Fig. 6. Flowchart for calculating TOA reflectance uncertainty caused by WVC.

Subsequently, the weight coefficient in band i for each sample
wi,j is determined by

wi,j =
u−2
adj(Δi,j)∑N

j=1 u
−2
adj(Δi,j)

. (6)

The weighted average value of the relative difference R and its
uncertainty u(R) are determined according to the Consultative
Committee for Photometry and Radiometry (CCPR) by [19]

R =

Δi,1

u2
adj(Δi,1)

+ · · ·+ Δi,N

u2
adj(Δi,N )

1
u2
adj(Δi,1)

+ · · ·+ 1
u2
adj(Δi,N )

=
N∑
j=1

wi,j ·Δi,j (7)

u (R) =
1√

u−2
adj(Δi,1) + · · ·+ u−2

adj(Δi,N )
. (8)

After that, the degree of equivalence for each sample, di , is
calculated to evaluate the difference between Δi,j and R using
the following equation, and the lower the degree of equivalence
is, the more accurate the sample is

di = Δi,j −KCRV. (9)

The uncertainty for di, u(di) is calculated as

u(di)=
√
u2(Δi,j)− u2(KCRV). (10)

IV. RESULTS

A. Single-Sample Field Calibration

Fig. 7 shows scatterplots of the simulated TOA reflectances
and the corresponding sensor-measured TOA reflectances. The
blue line in each figure is a standard 1:1 line. It is worth noting
that the data points fall in the two sides of 1:1 line, and the
TOA reflectance increases with longer wavelength; the TOA
reflectance at Railroad Valley Playa site is higher than that of
the other three sites, among them, La Crau site has lowest TOA
reflectance. Besides, the uncertainties of TOA reflectance caused
by BOA reflectance, AOT, WVC, and MODTRAN model and
solar irradiance are analyzed using the aforementioned method,

and are shown as example in Fig. 8. It is found that the
uncertainties from BOA reflectance and MODTRAN model are
two major determinants; the uncertainty of TOA reflectance
tends to increase with longer wavelength and is within 5% in
the spectral range of 400–900 nm.

Fig. 9 shows the relative differences between simulated TOA
reflectances and the observed ones. It is noted that the relative
differences differ from each other over the four sites at different
study dates. In general, the relative differences are within 10%,
and exhibit an “up and down” behavior over the four sites. The
data points for Railroad Valley Playa site generally perform
better than those for the other three sites, and are within 8%.
The maximum of the relative difference is approximately 15%.
Fig. 10 gives the corresponding uncertainties of those relative
differences. Note that the uncertainties range from 6% to 7.4%,
and are site- and date-dependent. The maximum value appears
on August 31, which is caused by the larger BOA uncertainty.

B. Evaluation Results of Single-Sample Calibration

As shown in Figs. 9 and 10, the TOA relative differences
are site-dependent and date-dependent due to the couple effect
of atmosphere and surface characteristics, and further investi-
gation into the apparent variation in the Sentinel-2B/MSI TOA
reflectances relative difference is extremely necessary. With the
aid of the overall uncertainty results of the relative differences,
a weight coefficient for each data point is derived using (5) and
(6) [see Fig. 11]. It is worth noting that these weight coefficients
range from 0.023–0.03, and the weight coefficients have a neg-
ative correlation with the adjusted calibration uncertainties; the
greater the adjusted uncertainties are, the smaller the weight
coefficients are. In this process, the cutoff uncertainty agreed
upon by CCPR is given as 6.37%, 6.46%, 6.52%, and 6.61% for
bands 2, 3, 4, and 8, respectively, which is used to determine the
adjusted calibration uncertainties. Subsequently, the reference
value is derived by combining these relative differences of 37
data points. The reference value is 4.29%, 4.95%, 4.54%, and
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Fig. 7. Scatterplots of the simulated TOA reflectances and the corresponding
sensor-measured TOA reflectances.

Fig. 8. Uncertainty of simulated TOA reflectances. (a) Baotou site (3/25). (b)
La Crau site (7/9). (c) Railroad Valley Playa site (7/3). (d) Gobabeb site (3/1).
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Fig. 9. Relative difference between the simulated TOA reflectances and the
sensor-measured TOA reflectances.

5.34% for the bands 2, 3, 4, and 8, respectively, the correspond-
ing uncertainty is also derived using (8), and is 1.09%, 1.10%,
1.10%, and 1.12%, respectively (see Table II).

Since the uncertainty of reference value seriously depends on
the number of samples, we randomly select samples to analyze
the influence of samples number on the uncertainty of reference
value. The results are shown in Fig. 12. Note that the uncertainty
of reference value decreases significantly with the increase of

Fig. 10. Uncertainty of relative difference between the simulated TOA re-
flectances and the sensor-measured TOA reflectances.

TABLE II
REFERENCE VALUE AND ITS UNCERTAINTY IN BANDS 2, 3, 4, AND 8 OF

SENTINEL-2B/MSI
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Fig. 11. Weight coefficients for those 37 samples.

the sample number, and its degradation becomes relatively slow
when the sample number is 32.

Besides, the degrees of equivalence for the 37 samples and
the corresponding uncertainties are given in Fig. 13, where the
error bars represent uncertainties of the degrees of equivalence.
In general, the degrees of equivalence for most samples are lower
than 5%, which indicates that these samples are more accurate,
whereas the four samples on July 9, July 13, October 4, and
October 11 perform worse.

Fig. 12. Uncertainty of reference value derived with randomly selected sam-
ples.

Fig. 13. Degrees of equivalence and the corresponding uncertainty.
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V. CONCLUSION

Field calibration is an effective way for evaluating the ra-
diometric performance of in-orbit sensors via ground target. In
order to reduce the random uncertainties from a single-sample
calibration, multiple samples under different surface and atmo-
spheric conditions are used. However, significant differences
in the calibration results and the associated uncertainties for
those multiple samples with different surface and atmospheric
characteristics are generated, and it is difficult to determine
which one is much more trustable. In view of this, a reference
value, which approaches the “true” value as much as possible,
should be derived.

This article evaluates the sensors’ radiometric performances
using multiple samples from RadCalNet four demonstrated sites,
and a state-of-the-art reference value close to the corresponding
“true” value is calculated by assuming those samples are in-
dependent of each other. In this article, 37 clear-sky samples
over Baotou site, La Crau site, Railroad Valley Playa site, and
Gobebaba site during 2018 are used, and the relative differences
between simulated TOA reflectance and the observed one are
derived. In general, the relative differences are within 10%,
and exhibit an “up and down” behavior. Subsequently, a weight
coefficient is assigned to each sample according to its calibration
uncertainty so that a reference value is calculated for bands
2, 3, 4, and 8 of Sentinel-2B/MSI, respectively, using a linear
weighted method. The reference value of the relative difference
between the simulated and observed TOA reflectance is 4.29%,
4.95%, 4.54%, and 5.34%, respectively for bands 2, 3, 4, and
8, and the corresponding uncertainty is 1.09%, 1.10%, 1.10%,
and 1.12%, respectively. The uncertainty is reduced dramatically
due to the increase in sample number. After that, the relative
difference of each sample is compared with the reference value,
and the degrees of equivalence for each sample are calculated.
It is worth noting that the degrees of equivalence are lower than
5%, and the four samples on July 9, July 13, October 4, and
October 11 perform worse than the other samples.

Due to the limitation on the matchup of satellite observations
and in situ measures, 37 validation samples during 2018 are
used. In the future, many more validation samples over different
surface types and synchronized ground measurements will be
required by adding other test sites. Meanwhile, this method also
is valuable for the validation of remote sensing products, such
as surface reflectance and land surface temperature.
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