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Abstract: As sensor parameters and atmospheric conditions create uncertainties for at—sensor ra-
diation detection, radiometric consistency among satellite images is difficult to achieve. Relative
radiometric normalization is a method that can improve multi—image consistency with accurate
pseudo—invariant features (PIFs), especially over large areas or long time series satellite images.
Although there are algorithms that manually or automatically select PIFs, the spatial mismatch of
satellite images can affect PIF extraction, particularly with artificial pixels. To alleviate this prob-
lem, we proposed to use Landsat—8 OLI as the reference image and Sentinel—2A as the subject
image, to apply pseudo—invariant features—based algorithms with polygon features through the
single—band and multiple—band regression. Compared to pseudo—invariant point features, hyper-
spectral library, and histogram matching approaches, the results demonstrate the superiority of the
proposed algorithms with correlation coefficients of 0.9948 and 0.9945, and an RMSE of 0.0097 and
0.0095 with multiple— and single—band regression, respectively. We also found more accurate linear
fitting and better shape matching through band scattering and reflectance frequency analysis. The
proposed algorithms are a significant improvement in radiometric normalization, within artificial

pixels, achieving spectral signature consistency.

Keywords: pseudo—invariant polygon features; single—band regression; multiple—band regression;
contemporaneous satellite images

1. Introduction

Remote sensing has proven itself to be essential in land change detection [1], crop
growth monitoring [2], and forest succession monitoring [3]. Different kinds of satellite
image data, including Landsat, MODIS, Sentinel, GF, and ZY, among others, are achieving
great success. Building on this success, by integrating different types of satellite data, has
the potential to solve ecological, natural resource, and human development challenges
through large coverage remote sensing images, capitalizing on our ability to process large
datasets [4-6]. However, among platforms, images differ due to variation in temporal,
spatial, radiometric, and observation angles. Solving image data inconsistency is the
most important issue that will allow the application of multiple remote sensing images.
Radiometric value is essential in remote sensing, so radiometric normalization, which is
a preprocessing procedure to eliminate radiometric differences among images, has been
studied by several researchers with the development of many radiometric normalization
algorithms [7-10].

Radiometric normalization algorithms can be divided into two main categories based
on the transformation of grayscale values to physical signals: absolute radiometric normal-
ization requiring accurate sensor calibration parameters and atmospheric properties [11,12],
and relative radiometric normalization (RRN), which is an image—based approach using
one image as a reference to normalize another image through its radiometric characteris-
tics [13-15]. Due to parameter differences among sensors and the difficulty in collecting
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atmospheric parameters, the relative radiometric normalization method is generally used
for image normalization that does not require extra parameters [16,17]. Hence, in this
process, the subject image tends to need similar radiometric conditions as the reference
image. Nevertheless, images from different satellite sensors have inherent bandwidth and
spectral response differences (among others) that limits the practical application of absolute
radiometric normalization but facilitates relative radiometric normalization algorithms in
many applications.

Among these relative radiometric normalization techniques, linear regression using
pseudo—invariant features (PIFs) has been promoted as an empirical and practical method
to normalize radiometric distortion caused by non—land surface—related factors [18,19].
This approach assumes that reference and subject images have a consistent response
and adjusts the subject image’s radiometric properties with paired pixels from the two
images [20,21]. The key to preprocessing is to extract accurate PIFs, allowing image
data collected at different times or by different sensors to be normalized. Comparing
seven relative radiometric normalization methods with Landsat MSS images at different
times, Sadeghi, Ebadi [19] and Syariz, Lin [22] have shown that accurately extracted
PIFs can improve image radiometric consistency for the same sensor type at different
times. Accurate PIFs are essential to compare sensor images. Rahman, Hay [7], Razzak,
Mateo—Garcia [16], Yan, Yang [17], and Padrd, Pons [23] normalized images from different
sensor types (e.g., Landsat, Sentinel -2, Gaofen, and super—resolution images) using a
PIF—based method and reported coherent image correction among varying time series and
sensor types. The biggest difference between these studies is the processing of manually or
automatically PIFs selection.

Automatically extracting PIFs makes the radiometric correction processing more
efficient and has been proposed by several researchers [24-28]. In these studies, PIFs are
extracted automatically and sorted into a radiometric control set, radiometric control points,
no—change set, and unchanged pixels [29-32]. However, manual PIFs extraction is more
accurate in some applications, especially when ground types are complicated. Manual
extraction allows pairwise pixels in different ground types to be selected, decreasing the
matching error for paired pixels [7,15]. Although spatial mismatch problems in RRN are
well—addressed in [18,33,34], three issues remain: (1) the spectra of paired pixels may
differ due to the pixel—level spatial mismatch, especially for pairwise images with different
sensing angles that create spatial distortion; (2) a regression analysis in which one variable
does not consider the influence of adjacent bands, and; (3) applications are not focused on
crop—growing areas and extracted PIFs are untrained to different types of crop or ground
materials. To address these issues, we propose new relative radiometric normalization
methods by replacing invariant points or pixels with invariant polygons or surfaces to
apply to a crop—growing area that has been surveyed on the ground. We show decreases
in the influence of pixel—level spatial mismatch and demonstrate the effect of adjacent
bands using multiple variable regression. The proposed algorithms show superiority in
crop area radiometric normalization and contribute to the improvement in normalization
accuracy, particularly in human—impacted areas of the Earth’s surface.

2. Study Area and Data

To test the performance invariant polygon and adjacent bands, we evaluated Landsat—8 OLI
as the reference image and the Sentinel —2A as a distortion image. The study area is located
at Baiquan, in Heilongjiang Province, China. Images were from September 2019 (Figure 1).
In this area, crops, including rice, corn, and soybean, are close to harvest, resulting in mixed
pixels with soil properties, contributing to the generalizability of our results. Field surveys
identified five types of ground material: water, grass, trees, pure soil, and artificial. A
regression relationship of minimum and maximum reflectance [20] proved to be the most
accurate to predict land cover. Through field experiments, we established the relation-
ship between two images based on the reflectance of different land cover types, including
minimum through maximum reflectance values.
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Figure 1. Scope and true color images of the study area.

To focus on radiometric normalization, we geometrically registered two images
covering the same spatial range. To match tiles, we upscaled Sentinel -2A images us-
ing the nearest neighbor method to obtain the same spatial resolution as the match-
ing Landsat—8 OLI image. Data were downloaded from the European Space Agency
(https:/ /sentinels.copernicus.eu/, accessed on 26 September 2019) and the United States
Geological Survey (https://earthexplorer.usgs.gov/, accessed on 22 September 2019),
both with absolute radiometric calibration. Here, we regard the Landsat—8 OLI image
as a reference and Sentinel —2A as the subject. Six data bands were chosen for analysis
(Table 1). Due to higher spatial resolution, the 0.785-0.900pm band was selected from
Sentinel —2A imagery.

Table 1. The selected bands of image data.

Image
Band Landsat 8—OLI (Resolution) Sentinel —2A (Resolution)
an

1 (Blue) 0.450-0.510 pm (30 m) 0.458-0.523 pm (10 m)

2 (Green) 0.530-0.590 um (30 m) 0.543-0.578 um (10 m)
3 (Red) 0.640-0.670 um (30 m) 0.650-0.680 um (10 m)

4 (NIR) 0.850-0.880 um (30 m) 0.785-0.900 um (10 m)

5 (SWIR-1) 1.570-1.650 pm (30 m) 1.565-1.655 um (20 m)
6 (SWIR—2) 2.110-2.290 pm (30 m) 2.100-2.280 pm (20 m)

3. Normalization Algorithms

We used an approach of hyperspectral library—based normalization. As satellite
sensors differ, the influence of sensor channels is best analyzed using radiometric nor-
malization from hyperspectral library data. Polygon features (pseudo—invariant polygon
features—based normalization) and point feature normalization (pseudo—invariant point
features—based normalization) were compared to determine the most effective method.
To identify the effects of adjacent bands, multiple—band fitting and single—band fitting
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methods were applied as cross—integrations. Therefore, pseudo—invariant point features
with the single band (point—single), pseudo—invariant point features with multiple bands
(point—multi), hyperspectral features with the single band (SpecLib—single), hyperspectral
features with multiple bands (SpecLib—multi), pseudo—invariant polygon features with
a single band (polygon—single), and pseudo—invariant polygon features with multiple
bands (polygon—multi) were all tested to evaluate data normalization. Histogram matching
was another approach we used for comparison.

The main processing procedures we used were: (1) download valid and contempo-
raneous images of Sentinel -2A and Landsat 8 —OLI and resample Sentinel -2A images
to have the same spatial resolution as Landsat 8—OLI (30 m per pixel) using nearest
neighbor interpolation; (2) perform spatial registration through geographical coordinates
and manual processing; (3) select feature points in each ground type based on ground
survey information; (4) confirm the best processing window size and calculate the mean
reflectance of each polygon feature area; and (5) calculate fitting equations using the poly-
gon features and couple them with single—band and multiple—band regression for image
radiometric normalization.

We examined two factors, correlation coefficient (R?) and root mean square error
(RMSE), to determine the accuracy of both regression equations and normalization results.
They are briefly described in Equations (1) and (2):

R2 Cov(S,S)

@

Var(S)-Var(S)

2

where Cov(X, Y) is the covariance of X and Y, and Var(X) is the variance of X. When the two
factors were applied to evaluate linear regression, S and $ are the measured and predicted
value, respectively. These represent the reference and normalized subject image reflectance,
respectively, when used for normalization evaluation. N is the image pixel number.

3.1. Hyperspectral Library—Based Normalization

The key step to normalizing spectral radiation from different sensors is developing a
hyperspectral library. We built a hyperspectral library by selecting images of relevant land
cover ground types from the USGS and ASTER libraries, and simulated spectra from the
PROSAIL model, spectra of GF—5, and Hyperion imagery. Each band’s spectral response
function from Sentinel —2A and Landsat—8 OLI images (Figure 2) was used in Equation (3)
by using corresponding data types from all bands within the same range to obtain the
normalized reflectance.

A2
or= [ fipida ©
M

Where p, is the normalized reflectance on the band (Table 1), A; and A; are the
start-stop wavelengths of the band A, and f; and p; are the spectral response function and
hyperspectral reflectance of band I, respectively. After applying Equation (3) to process each
spectral dataset, differences among sensor bandwidths were removed and the corrected
data regressed to calculate the transfer coefficient for each band between the two datasets.

We found that radiation from two images has a strong linear relationship with a
fitted correlation coefficient approaching 1 (Figure 3). Adjacent bands have little influence
on satellite image band radiation (Table 2). Except for band 4, all other coefficients of
corresponding bands are close to 1. It is clear from these relationships that the radiometric
difference caused by bandwidth effects can be linearly calibrated. If linear regression is
used for the radiometric normalization of two images, the bandwidth variation detected is
the linear regression coefficient, which is not necessary to conduct separated processing.
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Figure 2. The spectral response of Sentinel -2A and Landsat—8 OLI.
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Figure 3. Normalization coefficient and errors by SpecLib—Sing]le.

Table 2. Normalization coefficient and errors by SpecLib—Multi.

Landsat8
. Band-—1 Band—-2 Band—3 Band—4 Band-—5 Band—6
Sentinel —2A

Band—-1 1.1105 0.0329 —0.0052 0.1199 —0.0023 0.0091
Band—2 —0.0871 0.9900 0.0523 —0.1169 0.0089 —0.0262
Band—3 0.0626 0.0802 1.1079 —0.1476 —0.0111 0.0234
Band—4 —0.0614 —0.0279 —0.0660 1.4037 0.0049 —0.0104
Band—5 —0.0093 —0.0020 0.0000 0.0038 0.9994 0.0020
Band—6 0.0095 0.0025 0.0020 0.0031 —0.0021 1.1088
Bias 0.0002 0.0001 0.0002 —0.0001 0.0000 0.0002
R2 1.0000 1.0000 1.0000 0.9999 1.0000 0.9999

RMSE 0.0015 0.0006 0.0006 0.0024 0.0005 0.0019
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3.2. Pseudo-Invariant Point Feature-Based Normalization

Pseudo-invariant polygon feature-based normalization was conducted using pseudo—
invariant point features. One crucial procedure for point feature—based radiometric nor-
malization is to accurately select pixels that indicate the same geometric position in different
images [22]. In our study, eight different surface types with diverse reflectance were selected
to generate the regression equation. To avoid point number weight effects, we chose the
same number of samples for each surface class in this process of radiometric normalization
based on pseudo-invariant point features.

3.2.1. Pseudo-Invariant Point Features with the Single Band (Point-Single)

The invariant features with single—band regression is:

Y;=aX;+b 4)
where X; and Y; are the ith band of subject and reference image data. 4 and b are the
normalization coefficient and bias, respectively.

Fifty spectra from each surface type in Landsat-8 OLI images (reference) and Senitnel-
2A images were selected. Band data were used to calculate the least square fitting equation
and calibrate the radiation data from Sentinel-2A at the reference image’s scale (Figure 4).
These analyses indicate that the fitting coefficients are less than 1, meaning that all band
reflectance from Sentinel-2A are higher than the reference of Landsat-8 OLI data. Among the
spectra from eight surface types, all except for man-made, artificial surfaces are clustered.
The complexity of artificial pixels, their geometrical location, and spatial resolution increases
the difficulty of accurately matching these point features from two different sensor images.
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Figure 4. Statistical results by pseudo—invariant point feature with single—band data.

3.2.2. Pseudo—Invariant Point Features with Multiple Bands (Point—Multi)

To account for the effects of adjacent bands, all bands in the reference images were com-
pared using multivariate regression. The equation for invariant features with multiple—band
regression is expressed as:

Y=Y aiXi+b (5)

where 4; is the ith band normalization coefficient and 7 is the band number of the subject image.
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The coefficient and fitting error were estimated from invariant point features using
multivariate regression (Table 3). R> and RMSE show that the fitting accuracy of the red,
green, and blue bands is not the same as for bands 4-6. This appears to be because the
first three bands have low reflectance in both Landsat—8 OLI and Sentinel —2A images.
Fit using multiple bands was consistently more accurate than fit using single bands, but
with low fluctuation (Figure 3). Except for band 4, all bands are significantly affected by
adjacent bands, some with negative influences.

Table 3. Transfer coefficients and error of point—multi between Sentinel —2A and Landsat—8 OLI.

Landsat8
. Band—1 Band—2 Band—3 Band—4 Band—5 Band—6
Sentinel —2A

Band—1
Band—2
Band—3
Band—4
Band—5
Band—6
Bias
RZ
RMSE

0.6386 0.5386 0.5773 —0.0735 0.5868 1.0106
—0.5458 —0.3355 —0.8125 0.0166 —1.2052 —1.4804
0.1608 0.1515 0.7489 —0.1694 0.0999 0.1242
0.0768 0.1005 0.0639 0.9756 0.1713 0.1599
—0.5442 —0.5553 —0.5363 —0.3156 0.1266 —0.6149
0.6779 0.6665 0.6427 0.4385 0.8774 1.5224
0.0286 0.0443 0.0432 0.0182 0.0440 0.0412
0.2982 0.3356 0.4222 0.7169 0.7733 0.6855
0.0441 0.0445 0.0486 0.0460 0.0497 0.0535

3.3. Pseudo—Invariant Polygon Features— Based Normalization

Due to spatial resolution differences, the true geometrical position of each pixel covers
a unique range. This may result in very different data for the same locations from different
sensors. To mitigate this effect, we expanded pseudo—invariant features from polygon
points using the mean reflectance of selected areas to replace reflectance from selected
pixels. This has the effect of lowering the geometrical error, thus, reducing the uncertainty
that may be caused by non—corresponding points.

3.3.1. Pseudo—Invariant Polygon Features with the Single Band (Polygon—Single)

To avoid the influence of noncorresponding scatter points, the mean reflectance of
selected areas was substituted for pixel reflectance in regression analyses. When fitting
a single band, a much more precise equation is generated than that obtained from point
features. Correlation coefficients are all greater than 0.9, except for band 3 (Figure 5).

3.3.2. Pseudo—Invariant Polygon Features with Multiple Bands (Polygon—Multi)
Multivariate regression equations have similar high accuracy as single—band regres-
sion, even obtaining more precise correlations (Table 4). Bands 4, 5, and 6 are strongly

and positively influenced by corresponding bands while the others are greatly affected by
adjacent bands.

Table 4. Transfer coefficient and error of polygon—multi between Sentinel —2A and Landsat8—OLIL

Landsat8
. Band—1 Band—2 Band—3 Band—4 Band—5 Band—6
Sentinel —2A

Band—1
Band -2
Band—3
Band—4
Band—5
Band—6
Bias
R2
RMSE

0.6945 —0.0268 —0.0758 0.2168 —0.1613 0.1875
0.2421 1.2244 0.7760 0.1973 1.0132 0.5372
—0.1027 —0.1630 0.4461 —0.0332 —0.4453 —0.3343

—0.0455 —0.0540 —0.0878 0.9290 0.0004 0.0350
0.1315 0.1467 0.1451 0.2432 0.8925 —0.0506
—0.1596 —0.1671 —0.1581 —0.3065 0.0135 0.8808
—0.0070 —0.0113 —0.0123 —0.0240 —0.0368 —0.0293
0.9667 0.9743 0.9785 0.9956 0.9977 0.9972

0.0020 0.0021 0.0028 0.0043 0.0035 0.0029
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Figure 5. Statistical results by pseudo—invariant polygon features with single—band data.

3.4. Histogram Matching

Histogram matching is one of the most common distribution—based radiation nor-
malization methods [35]. It can avoid subjectivity in the selection of pseudo point features
as well as image misregistration [36]. One simple way to conduct histogram matching is
to plot the histogram of the reference and subject images and use the mean differences
between the two to shift, or normalize, the subject histogram to the master [7]. The principle
of histogram matching is to calculate the frequency of image brightness accounting for
frequency variation. This approach has the clear advantage of using all pixels from images.
Here, reference and subject images are manually geospatially calibrated, and histogram
matching is applied to obtain a normalized comparison object.

4. Evaluation of Normalization Results

The Sentinel -2A data were calibrated using regression equations (above) and then
compared to the reference image. We use three perspectives to represent the accuracy of
calibrated results: band comparison, pixel comparison, and reflectance frequency.

4.1. Comparisons among Bands

To compare evaluation methods among bands, scatter analysis was applied to the
normalized subjects and reference images. The coefficient and bias of fitting equation results
are shown in Figure 6; normalization is much more precise when the fitting coefficient is
closer to 1 and the bias is closer to 0. Except for band 2 of point—multi, coefficients obtained
from polygon—multi are much closer to 0, which means the reflectance of the two images
has better radiometric consistency. The polygon—single method follows closely, and then,
in order, SpecLib—single and SpecLib—multi that only consider bandwidth. The fitting
coefficients are less than 1, which is counter to results from other methods. The bias results
show that the polygon—single and polygon—multi methods are relatively more accurate
for most bands. As indicated by R? and RMSE evaluation (Figure 7), polygon—multi has
the best fit and point—multi the worst, indicating that the calibrated subject image has
satisfactory radiometric consistency with the reference image.
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Figure 7. Evaluation of scatter—fitting results.

4.2. Comparison of Each Pixel Normalization

The ultimate purpose of radiometric normalization is to obtain spectral curve con-
sistency at each pixel. In both R?> and RMSE maps, hyperspectral library—based nor-
malization methods have the lowest R? and the highest RMSE (Figure 8). Among the
other methods, point—single and histogram matching have similar accuracy compared
to polygon—single and polygon—multi. Except for pixels in the water spectrum (blue
and dark blue in the R? histogram matching map) and artificial (brightly colored areas in
the RMSE point—multi map), the pseudo—invariant polygon features—based normaliza-
tion has significantly greater accuracy than other methods. Pseudo—invariant polygon
features—based normalization has larger R? and smaller RMSE (Table 5). As the study area
is an agricultural planting region, artificial pixels are few, slightly improving the accuracy
of polygon—based normalization.

4.3. Comparison of Image Frequency Distribution

After determining single and multivariate regression to the subject image, the re-
flectance frequency of each band was generated to compare with the frequency from the
reference image (Figure 9). The more the frequency curves overlap, the better the radiomet-
ric normalization result. The subject image frequency curves from all methods, except for
hyperspectral library —based normalization, are nearly identical to those of the reference
image reflectance frequency in bands 4, 5, and 6. Curve peaks are much closer between
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two images in all bands compared with the original frequency. Polygon—multi, histogram
matching, point—multi, and polygon—single perform better, matching the frequency peak
position. However, within bands 2 and 3, the frequency peak of subject images from
point—multi and polygon—single appear to be offset from the frequency peaks of reference
images. Point—multi, polygon—single, and polygon—multi methods provide the nearest
matching frequency peaks between two images. In these two areas, polygon—multi has the
highest radiometric normalization accuracy.
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Figure 8. R?> and RMSE of image consistency at each pixel. Note, to present the pixel —wise values,
the minimum and maximum of R2 maps range from 0.9950 to 1, and RMSE maps range from 0 to 0.1.

Table 5. The mean R?> and RMSE of image consistency at each pixel. To quantitatively present
accuracy, we computed the mean value of each map.

Methods Point— Point— Polygon—  Polygon—  SpecLib— SpecLib—  Histogram
Error Single Multi Single Multi Single Multi Matching

R? 0.9944 0.9941 0.9945 0.9948 0.9861 0.9812 0.9943
RMSE 0.0112 0.0148 0.0097 0.0095 0.0398 0.0439 0.0095
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5. Discussion
5.1. Variation of Pseudo—Invariant Point Features

The fitting coefficient of the point—single (Figure 4) and point—multi (Table 3) methods
are close to their respective mean reflectance variation (Figure 5 and Table 4) at each band.
Their correspondence indirectly explains the stability of regression relationships obtained
for polygon features. Indeed, it is artificial surfaces (Figure 4) that appear to vary irregularly,
inducing variation in regression correlations, and resulting in inaccurate normalization
results. We selected non—adjacent artificial points in the study area and used them to
center the chosen polygon region, point variation, and mean value of 115 different rectangle
regions (each rectangle includes 5 x 5 pixels; Figures 10 and 11). All bands have pixels
greater than 0.5 and lower than 0.1 in reflectance, and the higher and lower reflectance
pixels are not located in the same place (pixel No. in x—axis). If those pixels are considered
as pairwise points, a regression analysis may vary and not be universal. Using the mean
reflectance of a 5 x 5 pixel area can reduce the influence of bright or dim pixels, increasing
the similarity of artificial pixel reflectance. By increasing the polygon size from 3 x 3 to
101 x 101 pixels, the variance of mean reflectance in each band is affected (Figure 12).
The lower the variance is, the fewer abnormal artificial points the image contains, and
with the increase in polygon size, the variance of mean artificial reflectance decreases. In
addition, we use all the image pixels in linear regression (Figure 13), compared with the
polygon—single (Figure 5), and found they were significantly affected by the artificial
points. When the polygon size is large, the proportion of abnormal pixels decreases, but
the area will contain more land cover types and weaken the effect of artificial features. To
keep artificial spectral features, setting a suitable polygon size is essential for automatically
selecting polygon features for radiometric normalization.
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Figure 10. Reflectance variation of 5 x 5 artificial pixels from Landsat—8 OLI.

5.2. Limitations of Polygon Feature—Based Normalization Algorithms

For the most widely used relative radiometric normalization algorithms, automatically
selecting pseudo—invariant point features is the most important step [37]. How to extract
pseudo—invariant polygon features effectively and precisely is, therefore, fundamental to
preprocessing. In Section 4.1, we discussed the influence of polygon size. Integrating the
pseudo—invariant points with a suitable polygon size, as demonstrated by Kim, Pyeon [38],
Zhou, Liu [24], and Lin, Wang [25], is a practical way to automatically select polygon
features and will be included in future research and monitoring.

In this study, we only considered contemporary remote sensing images. Due to
changing atmospheric conditions over time, regression relationships are not universal,
especially in temporal sequences. When normalizing temporal image radiation, it is
necessary to extract multiple invariant polygon characteristics and establish separate
regression equations for each. Over the history of remote image data collection, most
differences in radiation have been caused by atmospheric conditions. This kind of radiation
normalization usually relies on roads, developments, and other types of artificial surfaces
for georeferencing. However, different image resolutions and spatial mismatches may
result in the same pixel from two images containing different landcover types and different
endmember abundance. Unlike artificial surfaces, land cover types usually change with the
seasons, thus, image data across periods may not maintain radiation consistency at the pure
pixel scale. However, mixed pixel decomposition can extract pure artificial surface radiation
of invariant feature points and improve radiation normalization accuracy. Our study
highlights avenues to be explored in future research relying on polygon feature—based
normalization. We considered a variety of ground object types in a ground survey. PIFs
were determined by manual processing, which will affect the application in an area with or
without limited samples. Classification methods to automatically extract PIFs are active
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methods that will be discussed in future studies, as will the comparison to some classical
algorithms, such as IRMAD [28] and key—points—based RRN [18,39], to identify the
accuracy and efficiency of these algorithms.

Variation aera Minimum reflectance Maximum reflectance Mean reflectance |

Band—1 Band—2

0.5 1

Reflectance

Band-3 Band-4

Reflectance
o
[&;]

Band-5 Band—-6
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Figure 11. Reflectance variation of 5 x 5 artificial pixels from Sentinel —2A.
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Figure 12. Variance analysis of mean reflectance among artificial polygon sizes.
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6. Conclusions

We propose novel relative radiometric normalization algorithms based on pseudo—invariant
polygon features with single—band and multiple—band regression, called polygon—single
and polygon—multi methods. In comparison to normalization algorithms based on
pseudo—invariant point features, hyperspectral features, and histogram matching, the
proposed methods are more accurate when using contemporaneous Sentinel -2A and
Landsat—8 OLI image radiometric normalization. They are followed by histogram match-
ing, pseudo—invariant point features—based normalization, and hyperspectral library —based
normalization. The comparative results in each band show that polygon—multi has the
best scatter fitting, especially for bands 2 and 3. Polygon—multi and polygon—single
are the most accurate (R? = 0.9948, 0.9945 and RMSE = 0.0095, 0.0097, respectively) for
each pixel comparison. The reflectance frequency of the whole image also illustrates
that polygon—multi and polygon—single have the best shape fitting and are close to the
histogram matching algorithm. Our multiple—band regression analysis indicates that
the adjacent bands have a large influence and the fit of pseudo—invariant features using
multiple—band data achieved is higher and provides more accurate normalized reflectance
than that with a single band. Using the mean reflectance of selected polygons to replace
point reflectance can effectively eliminate the influence of abnormal (artificial) points,
making the regression equation more universal. The proposed algorithms have distinct
advantages over other methods, especially for the normalization of artificial surface pixels.

Author Contributions: Methodology, L.C., YM. and Y.Y; Validation, Y.L. (Yi Lian) and Y.L. (Yanzhen
Lin); Investigation, H.Z. and Y.L. (Yanzhen Lin); Writing—original draft, L.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Project of Special Investigation on Basic Resources of
Science and Technology grant number 2019FY202501 and National Natural Science Foundation of
China grant number 41802246 and 41971306.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets that were analyzed in this study can be found publicly
here: https://scihub.copernicus.eu/ (accessed on 26 September 2019) and https://earthexplorer.
usgs.gov/ (accessed on 22 September 2019). The dataset presented in this study can be available on
request from the author.


https://scihub.copernicus.eu/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/

Appl. Sci. 2023,13, 2525 150f 16

Acknowledgments: The authors would like to thank the United States Geological Survey and
European Space Agency for freely providing remote sensing images.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Henchiri, M.; Ali, S.; Essifi, B.; Kalisa, W.; Zhang, S.; Bai, Y. Monitoring land cover change detection with NOAA-AVHRR and
MODIS remotely sensed data in the North and West of Africa from 1982 to 2015. Environ. Sci. Pollut. Res. 2020, 27, 5873-5889.
[CrossRef]

Mansaray, L.R.; Kanu, A.S.; Yang, L.; Huang, ].; Wang, F. Evaluation of machine learning models for rice dry biomass estimation
and mapping using quad-source optical imagery. GIScience Remote Sens. 2020, 57, 785-796. [CrossRef]

Schroeder, T.A.; Cohen, W.B.; Song, C.; Canty, M.].; Yang, Z. Radiometric correction of multi-temporal Landsat data for
characterization of early successional forest patterns in western Oregon. Remote Sens. Environ. 2006, 103, 16-26. [CrossRef]
Loiseau, T.; Chen, S.; Mulder, V.L.; Dobarco, M.R.; Richer-De-Forges, A.C.; Lehmann, S.; Bourennane, H.; Saby, N.P.A.; Martin,
M.P,; Vaudour, E.; et al. Satellite data integration for soil clay content modelling at a national scale. Int. ]. Appl. Earth Obs. Geoinf.
2019, 82, 101905. [CrossRef]

Pu, R.; Landry, S. Mapping urban tree species by integrating multi-seasonal high resolution pléiades satellite imagery with
airborne LiDAR data. Urban For. Urban Green. 2020, 53, 126675. [CrossRef]

Deliry, S.I; Avdan, Z.Y.; Do, N.T.; Avdan, U. Assessment of human-induced environmental disaster in the Aral Sea using Landsat
satellite images. Environ. Earth Sci. 2020, 79, 471. [CrossRef]

Rahman, M.M.; Hay, G.J.; Couloigner, I.; Hemachandran, B.; Bailin, J]. A comparison of four relative radiometric normalization
(RRN) techniques for mosaicing H-res multi-temporal thermal infrared (TIR) flight-lines of a complex urban scene. ISPRS ].
Photogramm. Remote Sens. 2015, 106, 82-94. [CrossRef]

Wu, W.; Sun, X,; Wang, X; Fan, J.; Luo, J.; Shen, Y.; Yang, Y. A long time-series radiometric normalization method for landsat
images. Sensors 2018, 18, 4505. [CrossRef]

Moghimi, A.; Mohammadzadeh, A.; Celik, T.; Brisco, B.; Amani, M. Automatic Relative Radiometric Normalization of Bi-
Temporal Satellite Images Using a Coarse-to-Fine Pseudo-Invariant Features Selection and Fuzzy Integral Fusion Strategies.
Remote Sens. 2022, 14,1777. [CrossRef]

Bonnet, W.; Celik, T. Random Sampling-Based Relative Radiometric Normalization. IEEE Geosci. Remote Sens. Lett. 2022, 19, 1-4.
[CrossRef]

Yan, W.Y.; Shaker, A. Radiometric normalization of overlapping LiDAR intensity data for reduction of striping noise. Int. J. Digit.
Earth 2016, 9, 649-661. [CrossRef]

Nazeer, M; llori, C.O,; Bilal, M.; Nichol, ].E.; Wu, W,; Qiu, Z.; Gayene, B.K. Evaluation of atmospheric correction methods for low
to high resolutions satellite remote sensing data. Atmos. Res. 2021, 249, 105308. [CrossRef]

Li, J.; Feng, L.; Pang, X.; Gong, W.; Zhao, X. Radiometric cross calibration of gaofen-1 wfv cameras using landsat-8 oli images:
A simple image-based method. Remote Sens. 2016, 8, 411. [CrossRef]

Leach, N.; Coops, N.C.; Obrknezev, N. Normalization method for multi-sensor high spatial and temporal resolution satellite
imagery with radiometric inconsistencies. Comput. Electron. Agric. 2019, 164, 104893. [CrossRef]

Santra, A.; Mitra, S.S.; Mitra, D. Relative Radiometric Normalisation-performance testing of selected techniques and impact
analysis on vegetation and water bodies. Geocarto Int. 2019, 34, 98-113. [CrossRef]

Razzak, M.T.; Mateo-Garcia, G.; Lecuyer, G.; Gomez-Chova, L.; Gal, Y.; Kalaitzis, F. Multi-spectral multi-image super-resolution
of Sentinel-2 with radiometric consistency losses and its effect on building delineation. ISPRS ]. Photogramm. Remote Sens. 2023,
195, 1-13. [CrossRef]

Yan, L.; Yang, J.; Zhang, Y.; Zhao, A.; Li, X. Radiometric Normalization for Cross-Sensor Optical Gaofen Images with Change
Detection and Chi-Square Test. Remote. Sens. 2021, 13, 3125. [CrossRef]

Moghimi, A.; Celik, T.; Mohammadzadeh, A.; Kusetogullari, H. Comparison of Keypoint Detectors and Descriptors for Relative
Radiometric Normalization of Bitemporal Remote Sensing Images. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2021, 14,
4063-4073. [CrossRef]

Sadeghi, V.; Ebadi, H.; Ahmadi, EF. A new model for automatic normalization of multitemporal satellite images using Artificial
Neural Network and mathematical methods. Appl. Math. Model. 2013, 37, 6437-6445. [CrossRef]

Hall, F; Strebel, D.; Nickeson, J.; Goetz, S. Radiometric rectification: Toward a common radiometric response among multidate,
multisensor images. Remote Sens. Environ. 1991, 35, 11-27. [CrossRef]

Sadeghi, V.; Ahmadi, EF.; Ebadi, H. A new automatic regression-based approach for relative radiometric normalization of
multitemporal satellite imagery. Comput. Appl. Math. 2017, 36, 825-842. [CrossRef]

Syariz, M.A.; Lin, B.-Y,; Denaro, L.G.; Jaelani, L.M.; Van Nguyen, M.; Lin, C.-H. Spectral-consistent relative radiometric
normalization for multitemporal Landsat 8 imagery. ISPRS ]. Photogramm. Remote Sens. 2019, 147, 56-64. [CrossRef]

Padré, J.-C.; Pons, X.; Aragonés, D.; Diaz-Delgado, R.; Garcia, D.; Bustamante, J.; Pesquer, L.; Domingo-Marimon, C.; Gonzalez-
Guerrero, O.; Cristébal, J.; et al. Radiometric correction of simultaneously acquired Landsat-7/Landsat-8 and Sentinel-2A imagery
using pseudoinvariant areas (PIA): Contributing to the Landsat time series legacy. Remote Sens. 2017, 9, 1319. [CrossRef]


http://doi.org/10.1007/s11356-019-07216-1
http://doi.org/10.1080/15481603.2020.1799546
http://doi.org/10.1016/j.rse.2006.03.008
http://doi.org/10.1016/j.jag.2019.101905
http://doi.org/10.1016/j.ufug.2020.126675
http://doi.org/10.1007/s12665-020-09220-y
http://doi.org/10.1016/j.isprsjprs.2015.05.002
http://doi.org/10.3390/s18124505
http://doi.org/10.3390/rs14081777
http://doi.org/10.1109/LGRS.2020.3047344
http://doi.org/10.1080/17538947.2015.1111951
http://doi.org/10.1016/j.atmosres.2020.105308
http://doi.org/10.3390/rs8050411
http://doi.org/10.1016/j.compag.2019.104893
http://doi.org/10.1080/10106049.2017.1367424
http://doi.org/10.1016/j.isprsjprs.2022.10.019
http://doi.org/10.3390/rs13163125
http://doi.org/10.1109/JSTARS.2021.3069919
http://doi.org/10.1016/j.apm.2013.01.006
http://doi.org/10.1016/0034-4257(91)90062-B
http://doi.org/10.1007/s40314-015-0254-z
http://doi.org/10.1016/j.isprsjprs.2018.11.007
http://doi.org/10.3390/rs9121319

Appl. Sci. 2023,13, 2525 16 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhou, H,; Liu, S.; He, ].; Wen, Q.; Song, L.; Ma, Y. A new model for the automatic relative radiometric normalization of multiple
images with pseudo-invariant features. Int. J. Remote Sens. 2016, 37, 4554-4573. [CrossRef]

Lin, B.-Y,; Wang, Z.-].; Syariz, M.A,; Denaro, L.G.; Lin, C.-H. Pseudoinvariant feature selection using multitemporal MAD for
optical satellite images. IEEE Geosci. Remote Sens. Lett. 2019, 16, 1353-1357. [CrossRef]

Liu, K.; Ke, T,; Tao, P; He, J.; Xi, K,; Yang, K. Robust radiometric normalization of multitemporal satellite images via block
adjustment without master images. IEEE . Sel. Top. Appl. Earth Obs. Remote Sens. 2020, 13, 6029-6043. [CrossRef]

Xu, H.; Wei, Y,; Li, X.; Zhao, Y.; Cheng, Q. A novel automatic method on pseudo-invariant features extraction for enhancing the
relative radiometric normalization of high-resolution images. Int. |. Remote Sens. 2021, 42, 6155-6186. [CrossRef]

Canty, M.].; Nielsen, A.A. Automatic radiometric normalization of multitemporal satellite imagery with the iteratively re-weighted
MAD transformation. Remote Sens. Environ. 2008, 112, 1025-1036. [CrossRef]

Elvidge, C.D.; Yuan, D.; Weerackoon, R.D.; Lunetta, R.S. Relative radiometric normalization of Landsat multispectral scanner
(MSS) data using an automatic scattergram-controlled regression. Photogramm. Eng. Remote Sens. 1995, 61, 1255-1260.

Ya’Allah, S.M.; Saradjian, M.R. Automatic normalization of satellite images using unchanged pixels within urban areas. Inf. Fusion
2005, 6, 235-241. [CrossRef]

Im, J.; Hodgson, M.E. Characteristics of search spaces for identifying optimum thresholds in change detection studies. GIScience
Remote Sens. 2009, 46, 249-272. [CrossRef]

Hong, G.; Zhang, Y. A comparative study on radiometric normalization using high resolution satellite images. Int. ]. Remote Sens.
2008, 29, 425-438. [CrossRef]

Moghimi, A.; Sarmadian, A.; Mohammadzadeh, A.; Celik, T.; Amani, M.; Kusetogullari, H. Distortion Robust Relative Radiometric
Normalization of Multitemporal and Multisensor Remote Sensing Images Using Image Features. IEEE Trans. Geosci. Remote Sens.
2022, 60, 5400820. [CrossRef]

Kim, T.; Han, Y. Integrated Preprocessing of Multitemporal Very-High-Resolution Satellite Images via Conjugate Points-Based
Pseudo-Invariant Feature Extraction. Remote Sens. 2021, 13, 3990. [CrossRef]

Richards, J.A. Remote Sensing Digital Image Analysis; Springer: Berlin/Heidelberg, Germany, 1999; Volume 3.

Rahman, M.M.; Hay, G.J.; Couloigner, I.; Hemachandran, B.; Bailin, J. An assessment of polynomial regression techniques for the
relative radiometric normalization (RRN) of high-resolution multi-temporal airborne thermal infrared (TIR) imagery. Remote Sens.
2014, 6, 11810-11828. [CrossRef]

De Carvalho, O.A; Junior; Guimaraes, R.F; Silva, N.C.; Gillespie, A.R.; Gomes, R.A.T;; Silva, C.R.; De Carvalho, A.P.F. Radiometric
normalization of temporal images combining automatic detection of pseudo-invariant features from the distance and similarity
spectral measures, density scatterplot analysis, and robust regression. Remote Sens. 2013, 5, 2763-2794.

Kim, D.S.; Pyeon, M.W.; Eo, Y.D.; Byun, Y.G. Automatic pseudo-invariant feature extraction for the relative radiometric
normalization of hyperion hyperspectral images. GIScience Remote Sens. 2012, 49, 755-773. [CrossRef]

Moghimi, A.; Celik, T.; Mohammadzadeh, A. Tensor-based keypoint detection and switching regression model for relative
radiometric normalization of bitemporal multispectral images. Int. ]. Remote Sens. 2022, 43, 3927-3956. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1080/01431161.2016.1213922
http://doi.org/10.1109/LGRS.2019.2899969
http://doi.org/10.1109/JSTARS.2020.3028062
http://doi.org/10.1080/01431161.2021.1934912
http://doi.org/10.1016/j.rse.2007.07.013
http://doi.org/10.1016/j.inffus.2004.12.002
http://doi.org/10.2747/1548-1603.46.3.249
http://doi.org/10.1080/01431160601086019
http://doi.org/10.1109/TGRS.2021.3063151
http://doi.org/10.3390/rs13193990
http://doi.org/10.3390/rs61211810
http://doi.org/10.2747/1548-1603.49.5.755
http://doi.org/10.1080/01431161.2022.2102951

	Introduction 
	Study Area and Data 
	Normalization Algorithms 
	Hyperspectral Library-Based Normalization 
	Pseudo-Invariant Point Feature-Based Normalization 
	Pseudo-Invariant Point Features with the Single Band (Point-Single) 
	Pseudo-Invariant Point Features with Multiple Bands (Point-Multi) 

	Pseudo-Invariant Polygon Features-Based Normalization 
	Pseudo-Invariant Polygon Features with the Single Band (Polygon-Single) 
	Pseudo-Invariant Polygon Features with Multiple Bands (Polygon-Multi) 

	Histogram Matching 

	Evaluation of Normalization Results 
	Comparisons among Bands 
	Comparison of Each Pixel Normalization 
	Comparison of Image Frequency Distribution 

	Discussion 
	Variation of Pseudo-Invariant Point Features 
	Limitations of Polygon Feature-Based Normalization Algorithms 

	Conclusions 
	References

