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Abstract: Combination of near daily 3 m red, green, blue, and near infrared (NIR) Planetscope
reflectance with lower temporal resolution 10 m and 20 m red, green, blue, NIR, red-edge,
and shortwave infrared (SWIR) Sentinel-2 reflectance provides potential for improved global
monitoring. Sharpening the Sentinel-2 reflectance with the Planetscope reflectance may enable
near-daily 3 m monitoring in the visible, red-edge, NIR, and SWIR. However, there are two major
issues, namely the different and spectrally nonoverlapping bands between the two sensors and
surface changes that may occur in the period between the different sensor acquisitions. They are
examined in this study that considers Sentinel-2 and Planetscope imagery acquired one day apart
over three sites where land surface changes due to biomass burning occurred. Two well-established
sharpening methods, high pass modulation (HPM) and Model 3 (M3), were used as they are
multiresolution analysis methods that preserve the spectral properties of the low spatial resolution
Sentinel-2 imagery (that are better radiometrically calibrated than Planetscope) and are relatively
computationally efficient so that they can be applied at large scale. The Sentinel-2 point spread
function (PSF) needed for the sharpening was derived analytically from published modulation
transfer function (MTF) values. Synthetic Planetscope red-edge and SWIR bands were derived by
linear regression of the Planetscope visible and NIR bands with the Sentinel-2 red-edge and SWIR
bands. The HPM and M3 sharpening results were evaluated visually and quantitatively using the
Q2" metric that quantifies spectral and spatial distortion. The HPM and M3 sharpening methods
provided visually coherent and spatially detailed visible and NIR wavelength sharpened results with
low distortion (Q2" values > 0.91). The sharpened red-edge and SWIR results were also coherent but
had greater distortion (Q2" values > 0.76). Detailed examination at locations where surface changes
between the Sentinel-2 and the Planetscope acquisitions occurred revealed that the HPM method,
unlike the M3 method, could reliably sharpen the bands affected by the change. This is because HPM
sharpening uses a per-pixel reflectance ratio in the spatial detail modulation which is relatively stable
to reflectance changes. The paper concludes with a discussion of the implications of this research
and the recommendation that the HPM sharpening be used considering its better performance when
there are surface changes.
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1. Introduction

The Sentinel-2A and -2B satellites, launched in 2015 and 2017, respectively, acquire global land
surface data at 10 m, 20 m, and 60 m in the visible, near infrared (NIR), and shortwave infrared

Remote Sens. 2020, 12, 2406; d0i:10.3390/rs12152406 www.mdpi.com/journal/remotesensing


http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0003-4470-3616
https://orcid.org/0000-0002-1347-0250
https://orcid.org/0000-0002-8628-4395
http://dx.doi.org/10.3390/rs12152406
http://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/2072-4292/12/15/2406?type=check_update&version=2

Remote Sens. 2020, 12, 2406 2 of 27

(SWIR) bands [1]. Each sensor has a 10 day repeat cycle, acquired from a sun synchronous polar orbit,
and together they provide globally a median average satellite revisit of 3.7 days [2]. Planetscope data are
acquired from a constellation of low cost satellites to provide ~3 m red, green, blue, and NIR data, with a
near-daily global coverage [3]. Consequently, there is potential for improved global monitoring using
near-daily, 3 m, visible to SWIR data, if the Sentinel-2 and Planetscope data can be combined together.

A number of medium to high resolution sensor fusion approaches exist [4,5]. Several are based on
sharpening, whereby coarser spatial resolution band data are sharpened by injecting high frequency
spatial details derived by filtering contemporaneous but higher spatial resolution data [6,7]. Typically,
sharpening requires multispectral sensor data with a panchromatic band that has lower spectral
resolution but higher spatial resolution than the other image bands. When the data from one sensor
are used to sharpen the data from another sensor there are additional challenges, particularly if (i)
the sensors have different and spectrally nonoverlapping bands, and (ii) if the images are acquired on
different dates when the land surface has changed [8,9]. These two issues are the focus of this study,
as Planetscope data have no equivalent Sentinel-2 red-edge and SWIR bands, and Planetscope and
Sentinel-2 data are often acquired over the same location on different days.

Sharpening methods can be classified broadly into two groups: component substitution and
multiresolution analysis [10,11]. Given the global near-daily coverage of Sentinel-2 and Planetscope
data, computationally inexpensive sharpening methods are preferable. Previously we sharpened
Landsat data using component substitution methods due to their computational efficiency, which make
them appropriate for large area application [8,12]. In this study we use two multiresolution analysis
sharpening methods that are relatively computationally efficient but cause less spatial distortion than
component substitution methods while preserving the spectral properties of the lower resolution
imagery [13,14]. This is important as the 10 m and 20 m Sentinel-2 data are systematically calibrated
pre and postlaunch [15,16], whereas the Planetscope data have no onboard calibration and so have
less reliable calibration [17]. In addition, the different Planetscope sensors can have different spectral
response functions and may result in inconsistent reflectance among sensors [18]. A number of
multiresolution analysis sharpening methods have been developed, but in this study, we select two that
are computationally quite efficient and well established [13,19]. The high pass modulation (HPM) [20,21]
and the third modulation method [6], often referred to as model 3 modulation (M3) [13,22], are used.

Sentinel-2 and Planetscope cloud-free data acquired one day apart over three study sites in Zambia
and that include land surface changes are considered. The HPM and M3 methods are used to sharpen
the 10 m Sentinel-2 visible and NIR bands to 3 m and to sharpen the 20 m Sentinel-2 red-edge, NIR,
and SWIR bands to 3 m. As the Planetscope sensors have no red-edge or SWIR bands, synthetic 3 m
red-edge and SWIR reflectance, created by regression of the four Planetscope bands with Sentinel-2
red-edge and SWIR 20 m bands, are used in the sharpening process. The sharpening results are
assessed by qualitative inspection and quantitative evaluation using the Q2" metric [23] applied for
each site and for spatial subsets that contained surface changes between the Sentinel-2 and Planetscope
image acquisitions. The paper is structured as follows. First, the satellite data are described, then the
image preprocessing (geometric registration and atmospheric correction), followed by the sharpening
and evaluation methods, the results, discussion, and a brief conclusion.

2. Data and Study Sites

2.1. Satellite Data Characteristics

The Sentinel-2A and Sentinel-2B satellites, launched by European Space Agency (ESA) in 2015
and 2017, respectively, carry the Multi Spectral Instrument (MSI) sensor that senses a 290-km-wide
swath including 10 m and 20 m multispectral bands (Table 1) [1]. The three Sentinel-2 60 m bands
are not used as they are designed for cloud screening and atmospheric correction and not for surface
monitoring. Sentinel-2 L1C top of atmosphere (TOA) data available from the Copernicus Open
Access Hub (https://scihub.copernicus.eu/dhus) were used. The data are ortho-rectified and defined
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in 109 km x 109 km tiles in the Universal Transverse Mercator (UTM) projection [24]. Nominally, the
Sentinel-2 L1C data have a 3% radiometric calibration accuracy [25] and geolocation <12.5 m and
band-to-band registration accuracies less than 3 m and 6 m for the 10 m and 20 m bands, respectively [26].
Prior to June 15 2016 [27], the geolocation of Sentinel-2 data was less accurate. Consequently, in this
study Sentinel-2 images acquired after this date are used.

Table 1. Sentinel-2 [1] and Planetscope-0 [3] spectral bands used in this study.

Band Sentinel-2 Planetscope-0
Band (Bandwidth) Pixel Size Band (Bandwidth) Pixel Size
Blue 458-523 (65 nm) 10 m 455-515 (60 nm) 3m
Green 543-578 (35 nm) 10 m 500-590 (90 nm) 3m
Red 650-680 (30 nm) 10 m 590-670 (80 nm) 3m
Red-edge 697-713 (16 nm) 20 m -
Red-edge 732-748 (16 nm) 20m -
Red-edge 773-793 (20 nm) 20 m -
NIR 785-900 (115 nm) 10m 780-860 (80 nm) 3m
NIR 855-875 (20 nm) 20 m -
SWIR 1565-1655 (90 nm) 20 m -
SWIR 2100-2280 (180 nm) 20 m -

Currently, there are about 140 Planetscope sensors operating in low-earth sun-synchronous orbits
and, depending on their altitude, acquire 3.7—4.1 m pixel images, which are resampled to 3.0 m for
distribution [3,28]. There have been several generations of Planetscope sensor, and in this study,
Planetscope-0 sensor data, sometimes referred to as Dove Classic data, which sense blue, green, red,
and near infrared (NIR) spectral bands (Table 1), were used. Different Planetscope-0 sensors may have
different spectral response functions, and the red, green, and blue bands can spectrally overlap [18].
Their calibration is quantified on orbit by examination of Landsat 8 operational land imager images
acquired over pseudo-invariant calibration sites, the moon, and crossover RapidEye images, and is
about 5-6% [17]. Their geolocation is typically less than a pixel, with a reported horizontal 4.8 m
RMSE [29].

The Planet atmospherically corrected Level 3B surface reflectance product, available to the
research team through the NASA Commercial Smallsat Data Acquisition (CSDA) program, was used.
The surface reflectance is derived using the 6S radiative transfer code assuming a continental aerosol
model [30] and using the spatially and temporally closest available MODIS aerosol optical depth
(AOD) data [31]. For brevity, in the rest of the paper we refer to the Planetscope-0 surface reflectance as
“Planetscope reflectance”.

2.2. Study Sites and Satellite Data

Study sites where Sentinel-2 and Planetscope-0 cloud-free images, sensed only a day apart,
that covered a range of heterogeneous and homogenous areas and that include surface changes
between the Sentinel-2 and Planetscope-0 acquisitions were selected. Three study sites in Western
Zambia located south of the town of Mongu, near the Zambezi river, in the Northern Kalahari
sand basin that is characterized by open Miombo woodland and has near annual fires [32] were
selected. The Sentinel-2 and Planetscope-0 data were sensed one day apart (Table 2) and include
surface changes with distinct and diffuse changes due to fire that occurred between acquisitions.
Three sites defined by 6 x 6 km image subsets were selected for detailed analysis. These sites include
woodland and woodland clearing (Site 1, Figure 1), roads and burned areas that occurred between
the Sentinel-2 and Planetscope-0 acquisitions (Site 2, Figure 2), and low density settlement and water
bodies (Site 3, Figure 3). The selected Sentinel-2 images were acquired by Sentinel-2B over tile 34LGH,
and the selected Planetscope-0 images were acquired by Planetscope sensors 103b, 0f28, and 101c.
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Table 2. Study sites and Sentinel-2B and Planetscope-0 acquisitions.

Lon/Lat of Top Left Corner Acquisition Date in 2018 Acquisition Time (UTC)

. S2B: 30 July S2B: 08:15:59
o 7 1’ o 4 144
Studysitel  23°41'55" E, 15°40°51" S Planet: 31 July Planet: 08:08:57
. o1mrEar oA S2B: 30 July S2B: 08:15:59
Studysite2  23°12'59" E, 15727207 S Planet: 31 July Planet: 08:12:08
. S2B: 30 July S2B: 08:15:59
o U 1’ o U 1’
Study site 3 23718087 E, 16703337 S Planet: 31 July Planet: 09:05:25

Figure 1. Study site 1 true color (red, green, and blue) surface reflectance images, composed of

1800 x 1800 3.333 m pixels covering 6 x 6 km (a) Sentinel-2 reflectance bilinear resampled from 10 m,
(b) Planetscope reflectance, (c) Sentinel-2 HPM sharpened from 10 m, and (d) Sentinel-2 M3 sharpened
from 10 m. Images oriented with north at the top of the image. Site and image dates summarized in
Table 2.
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Figure 2. Study site 2 true color surface reflectance images, composed of 1800 x 1800 3.333 m pixels

covering 6 X 6 km (a) Sentinel-2 reflectance bilinear resampled from 10 m, (b) Planetscope reflectance,
(c) Sentinel-2 HPM sharpened from 10 m, and (d) Sentinel-2 M3 sharpened from 10 m. Images oriented
with north at the top of the image. Site and image dates summarized in Table 2.

2.3. Data Preprocessing

There are a number of issues that may need to be considered before the reflectance from different
sensors can be used reliably together. These include differences in the sensor (i) spectral band
passes, (ii) calibration, (iii) spatial registration, (iv) atmospheric contamination and correction,
and (v) bidirectional reflectance effects [16,33,34]. In this study, the first two issues are expected
to be handled primarily by the multiresolution analysis sharpening methods. The sensor spectral
bandpass differences are accommodated for in the sharpening methodology (Section 3), and as noted
above, multiresolution analysis sharpening methods cause less spatial distortion while preserving the
spectral properties of the lower resolution Sentinel-2 data that are calibrated. However, some of the
Sentinel-2 and Planetscope-0 bands are spectrally quite different, for example, the Sentinel-2 red and
green bands are much narrower than for Planetscope-0. Notably, Sentinel-2 has two NIR bands, a 20 nm
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wide 20 m band and a 115 nm wide 10 m band, and the Planetscope-0 NIR band only marginally
overlaps with the 20 m Sentinel-2 NIR band.

Figure 3. Study site 3 true color surface reflectance images, composed of 1800 x 1800 3.333 m pixels
covering 6 X 6 km (a) Sentinel-2 reflectance bilinear resampled from 10 m, (b) Planetscope reflectance,
(c) Sentinel-2 HPM sharpened from 10 m, and (d) Sentinel-2 M3 sharpened from 10 m. Images oriented
with north at the top of the image. Site and image dates summarized in Table 2.

The Sentinel-2 and Planetscope-0 data were coregistered using the open-source LSReg v2.0.2
software [27,35] that has been used in a number of recent studies [33,34,36]. Before application
of the LSReg software, the four Planetscope-0 bands and the Sentinel-2 10 m NIR band were
independently resampled within their own image coordinate systems to 3.333 m by bilinear resampling.
The 3.333 m NIR bands for both sensors were then matched using the LSReg software to derive affine
mapping transformations. Each band of the Sentinel-2 10 m and 20 m data (Table 1) was reprojected
into registration with the Planetscope-0 3.333 m grid using the affine transformation coefficients.
The indirect approach was used [37] whereby the location of each Planetscope-0 3.333 m image pixel
was mapped into the Sentinel-2 image and then the Sentinel-2 10 m/20 m band values were bilinear
resampled to 3.333 m resolution. This procedure was applied for each study site to provide registered
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Planetscope-0 and Sentinel-2 10 m and 20 m bands defined with 3.333 m pixels. A 3.333 m pixel
size was used so that the pixel sizes of the Sentinel-2 10 m and 20 m data were an integer multiple
(three and six times, respectively) of the 3.333 m pixel size; this is needed for the sharpening evaluation
(Section 3.4).

The Sentinel-2 data were atmospherically corrected to surface reflectance so that they could
be compared with the Planetscope-0 Level 3B surface reflectance. The Sen2Cor v2.5.5 atmospheric
correction package was run with the default parameter settings [38]. The Sen2Cor surface reflectance
accuracy has been validated by comparison with sample ground-based AERONET surface reflectance
values with root mean square reflectance errors < 0.013 (visible bands) and < 0.028 (NIR and SWIR
bands) [39]. The atmospheric correction accuracy of the Planetscope-0 data is unknown and will
depend primarily on the quality and how representative the MODIS AOD data used to derive the
surface reflectance are.

The satellite data were not corrected for bidirectional reflectance effects. View zenith bidirectional
reflectance effects can be significant across a Sentinel-2 swath and as great as 0.1 (reflectance units 0-1
range) in the SWIR band, about 0.08 in the red-edge and NIR bands, and 0.06 in the visible bands [40,41].
However, the sensor view zenith angles varied by less than half degree across each 6 km X 6 km
study area. The Sentinel-2 and Planetscope-0 images were sensed one day apart with overpass time
differences (Table 2) <8 min, <4 min, and <50 min for sites 1, 2, 3, that resulted in solar zenith differences
of <1.5° for sites 1 and 2 but ~11° for site 3. The solar zenith differences are negligible for sites 1 and
2 but a solar zenith change of the order of 10° has been shown to introduce non-negligible Landsat
bidirectional reflectance effects over anisotropic surfaces [42]. The reflectance impact of these sensor
view and solar angle variations will vary spatially due to different surface anisotropy across the study
sites. We assume that all these differences will be modeled for each pair of Planetscope-0 and Sentinel-2
images by the sharpening process, which incorporates an adaptive modulation of the local high spatial
frequency image content (Sections 3.2 and 3.3).

3. Sharpening Methods

3.1. Overview and Core Processing Calculations

The HPM and M3 multiresolution analysis sharpening methods were used to sharpen the different
Sentinel-2 bands to 3.333 m using the Planetscope-0 data. The two sharpening methods are described
in Sections 3.2 and 3.3. For both methods, (i) spatially degraded versions of the 3.333 m Planetscope-0
data degraded to the Sentinel-2 10 m and 20 m resolutions and (ii) synthetic 3.333 m red-edge and
SWIR reflectance bands, were needed. These two core processing steps are described below.

3.1.1. Planetscope-0 Spatial Degradation

Spatial degradation of the 3.333 m Planetscope-0 study area data to the Sentinel-2 10 m and 20 m
resolutions was undertaken by modeling the smoothing effects of the Sentinel-2 imaging process
(sensor optics, analog to digital conversion, and motion blur) described conventionally by the system
point spread function (PSF), or the modulation transfer function (MTF), i.e., the magnitude of the
Fourier transform of the system PSF [43]. It is well established that if an incorrect PSF is used then
sharpened images have reduced quality [7,44]. A 41 X 41 convolution filter with weights that sum to
1.0 was convolved across the Planetscope-0 3.333 m data to degrade each Planetscope-0 band.

242
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where w) (i, j) is a filter weight for Sentinel-2 band A, withiand j € (=20....20) so thati=0,j=01is
the center of the 41 x 41 filter, and ¢, is defined as:

1
opa2m

)

oA

where 0 ) is the standard deviation (m~1) of the MTF of the system PSF for Sentinel-2 band A and is

defined as:
f2
B 202

MTF(f) = ¢ “7 3

where MTF is the modulation transfer function of the system PSF, f is the spatial frequency (m™),
and oy, is the standard deviation of the MTF (m™1) for Sentinel-2 band A. We used the published
Sentinel-2 MTF values that are defined for the Nyquist frequency [45], i.e., for half of the sample rate,
e.g., when f = 1/20 m~! and f = 1/40 m~! for the 10 m and the 20 m Sentinel-2 pixels, respectively.
We derived oy, analytically from the Sentinel-2B MTF Nyquist frequency values, with values of
0.0318, 0.0313, 0.0305, and 0.0292 for the 10 m blue, green, red, and 115 nm NIR bands, respectively,
and values of 0.0173, 0.0166, 0.0168, 0.0163, 0.0137, and 0.0148, for the 20 m three red edge, the 20 nm NIR,
and the two SWIR bands, and then from these values we defined o, as Equation (2). The filter weights
in Equation (1) were normalized in the conventional manner, i.e., by multiplying each weight w, (i, )
by 1/ X2 o 2?2_20 w, (i, j) so that the 41 x 41 filter weights sum to one.

3.1.2. Planetscope-0 synthetic Red-edge and SWIR Band Derivation

As the Planetscope-0 sensors have no equivalent bands to the Sentinel-2 20 m red-edge and SWIR
bands (Table 1), synthetic 3.333 m equivalent bands were derived for each study site 3.333 m pixel as:

.ﬁ%limt A (i,j) = wr@dﬂp%linetm y (i,7) + wgreen,ﬁp%linetg,m (i,j) + wblue,)\P%ﬁ;neth (i) @
33 -
+ ONIR AP plaety (i,7)
where ﬁ%inm (i, j) is the synthetic Planetscope-0 reflectance at 3.333 m pixel location (i, j) defined for

; 3.3 3.3 3.3 3.3
20 m Sentinel-2 band A (red-edge or SWIR, Table 1), p Planet,qy” P Planet g’ P Planetyy,” and [ L the
Planetscope-0 3.333 m red, green, blue, and NIR reflectance pixel values, and wyeq 1, @green, A @plue, s
and wpjr ) are weights. The weights were derived by least squares regression of the Sentinel-2 A

reflectance with respect to the four Planetscope-0 bands spatially degraded to 20 m as:
20 _ 20 20 20 20
pSZA - w”dr/\pplunetﬂ,d + wg"ee"/)\pplanetg,gm + a)bl“‘fz)\pplanetblw + wNIRr/\pPlanetMR ®)

where pégA is the 20 m Sentinel-2 band A (red-edge or SWIR) and p%,?anet v plz,(l)anet , p%?anet” ,
re green blue

and plzj(l)anetN,R are the spatially degraded Planetscope 20 m red, green, blue, and NIR reflectance values
derived as described in Section 3.1.1. The regression was undertaken for each study site considering the
300 x 300 20 m pixels. A linear regression was used in Equation (5) because nonlinear regression and
nonparametric models (e.g., random forest regression) showed no improvement over linear models for
the prediction of Sentinel-2 red-edge reflectance using Landsat-8 reflectance [46] and we previously
found that a linear wavelength dependent interpolation of the red and NIR MODIS BRDF model
parameters enabled BRDF normalization of the Sentinel-2 red-edge bands [40].

3.2. High Pass Modulation (HPM) Sharpening

The high pass modulation (HPM) sharpening method was developed originally to sharpen
Landsat Thematic Mapper 30 m to SPOT 10 m data [20]. In this study the HPM method was used to
sharpen the Sentinel-2 red, green, blue, and NIR bands with the corresponding Planetscope-0 red,
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green, blue, and NIR bands. In addition, the HPM was modified to sharpen the Sentinel-2 red-edge
and SWIR bands.

The 10 m Sentinel-2 red, green, blue, and NIR bands, and the 20 m NIR band, were sharpened to
3.333 m as:
33 [ N ds33/: - PgZS'S(i'j) 33 .. (3.3—d)>3.3,. .
psy, (i) = P37 (i) + B o X Poianet, 1) = Poianet, (s )

ALY ©)
_ P2 33 (i
- (3.3*>d)>>3.3(4 ~ X Pphmet}‘ (l, ])
Planet ) l’])

where ﬁg% (i,7) is the HPM sharpened Sentinel-2 band A (red, green, blue, or NIR) reflectance at

3.333 m pixel location (i, j), p%'li et (i, j) is the 3.333 m pixel Planetscope-0 A band reflectance, d is the
appropriate Sentinel-2 10 m or 20 m pixel size for Sentinel-2 band A (Table 1), >> 3.3 denotes bilinear
resampling to 3.333 m, and 3.3 — d denotes spatial degradation from 3.333 m to d m. The product
term to the left of p%fmm (i, j) in Equation (6) defines the scalar HPM modulation coefficient, which is
similar to the Brovey modulation coefficient [47].
The Sentinel-2 20 m red-edge and SWIR bands were sharpened to 3.333 m as:

p20>>3.3 (i, ])

‘ég% (i) = (3.35—220)»3.3 . pgl?mem (@7) @)
Planet (l’ J )

where ﬁg;’/\ (i, j) is the HPM sharpened Sentinel-2 band A (red-edge or SWIR) reflectance at 3.333 m

pixel location (i, j), ﬁ%‘inm (i,7) is the 3.333 m synthetic Planetscope A band reflectance derived as
Equation (4), > 3.3 denotes bilinear resampling to 3.333 m, and 3.3 — 20 denotes spatial degradation
from 3.333 m to 20 m.

3.3. Model-3 (M3) Sharpening

The Model 3 (M3) sharpening method was originally developed to sharpen SPOT 20 m data to
10 m [6] and has been refined in a variety of ways that are often computationally intensive [22,48,49].
In this study, the original M3 method was used.

The Sentinel-2 10 m red, green, blue, and NIR bands, and the 20 m NIR band, were sharpened to

3.333 m as:
~3.3 (3.3—d)>3.3

033,01 = P332 1)+ 06 1) X (PFer, 1) = P00, 1) ®)
where ﬁg% (i, j) is the M3 sharpened Sentinel-2 band A (red, green, blue, or NIR) reflectance at 3.333 m
pixel location (i, j), d is the appropriate Sentinel-2 10 m or 20 m pixel size for Sentinel-2 band A (Table 1),
sz/\ (i, j) is the Sentinel-2 A band reflectance, and pf’)‘linet/\ (i,) is the 3.333 m pixel Planetscope-0 A
band reflectance. As before, > 3.3 denotes bilinear resampling to 3.333 m, and 3.3 — d denotes spatial
degradation from 3.333 m to d resolution.

The a‘/j\(i, j) term in Equation (8) is the scalar M3 modulation coefficient that is defined from
the ratio of the reflectance covariance in an m X m window centered on 3.333 m pixel location (i, j)
defined as:

3—d .
PN e )
x) (1’ ] ) - (33—d)>3.3 (33—d)>3.3 )
Planet ) (x’y)’ Planet ) (X,y)
s om+l - m4l c_om+1l - m+l
X€ [z—T, z—i—T], ye[]—T, H’T]
. . I33 (3.3—d)>3.3
where o(a,b) is the covariance of terms a and b, where Psa, (x,y) and pp,, ‘ (v, y) denote the

m? 3.333 m Sentinel-2 A band reflectance values and the m? 3.333 m Planetscope-0 A band reflectance
values, respectively, in the square m x m window centered on (i, j). As before, d > 3.3 denotes a
d resolution pixel bilinear resampled to 3.333 m, and 3.3 — d denotes spatial degradation from 3.333 m
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to d resolution, with d set as the appropriate Sentinel-2 10 m or 20 m pixel size for Sentinel-2 band A
(Table 1). The scalar modulation coefficient is similar to the Gram Schmidt modulation term used in
the component substitution sharpening method [50]. In this study, as suggested in Zhang and Roy [12],
an m = 13 window size was used, i.e., each window used in Equation (9) was defined by a square
neighborhood of 169 pixels.

The Sentinel-2 20 m red-edge and SWIR bands was sharpened to 3.333 m as:

20>>3.3 ~(3.3-520)>3.3 (i ].))
4

033, 0,1) = P223(0, ) + 02000, ) X (P33, 1) = B (10)

£3.3
Ps2,

@), pég/\ is the 20 m pixel Sentinel-2 A band reflectance, aio (i, ) is the M3 scalar modulation coefficient

3.3
Planet
derived as Equation (4). As before, > 3.3 denotes bilinear resampling to 3.333 m, and 3.3 — d denotes

spatial degradation from 3.333 m to d resolution.

where (i, j) is the M3 sharpened Sentinel-2 red-edge or SWIR reflectance at 3.333 m pixel location

defined as Equation (9), and p (i,7) is the 3.333 m synthetic Planetscope-0 A band reflectance

3.4. Sharpening Evaluation

The sharpening results were first evaluated by visual inspection of the 6 X 6 km sharpened study
site images and by examination of 800 X 800 m spatial subsets located where surface changes occurred
in the one day acquisition difference between the Sentinel-2 and Planetscope-0 imagery.

A conventional quantitative evaluation was also undertaken. Specifically, the 10 m Sentinel-2
and 3.333 m Planetscope-0 bands were spatially degraded by a factor of three to 30 m and 10 m,
respectively, and the 20 m Sentinel-2 and the 3.333 m Planetscope-0 bands were degraded by a factor of
six to 120 m and 20 m, respectively. In this way the scale differences between the Sentinel-2 and the
Planetscope-0 bands were preserved and the spatially degraded Sentinel-2 and Planetscope-0 data
have integer pixel sizes. The spatial degradation was undertaken following the method described in
Section 3.1.1. Thus, the Planetscope-0 degradation was undertaken using the Sentinel-2 system PSF
as the Planetscope-0 PSF is unavailable and because the system PSF defined by Equation (1) has a
Gaussian form, which is the usual form used when the system PSF is unspecified [51-54]. The spatially
degraded Sentinel-2 bands were then sharpened to their original resolutions using the HPM and
M3 methods and the sharpened results were compared with the original resolution imagery using
the Q2" metric. The Q2" metric was used as it quantifies spectral and spatial distortions between n
band images as a single value falling between 0 and 1 (where higher values mean less spectral and
spatial distortion) [23]. Specifically, the Q2" metric was calculated by dividing the image area into
nonoverlapping adjacent square windows, each composed of N X N pixels. For each window the Q2"
metric was derived [23,55] as

__9zv_ 2uzpy 2070y
Vozov i +ud o 0%+

Q2" (11)
where o7y is the covariance of reference image Z and test image V over the N x N window area,
oz and oy are the variances, and pz and py are the mean values, of reference image Z and test
image V, respectively. The Q2" metric was developed based on the Universal Image Quality Index
(UIQ) metric for monochrome imagery [55] by treating multiple band pixel spectra as hypercomplex
numbers [23,56]. The hypercomplex number is an extension of the two-dimensional (2-D) complex
numbers to 4-D quaternions, 8-D octonions, and to 2"-D for any band number [23]. The first term in
Equation (11) is similar to the correlation coefficient and means that the Q2" metric captures differences
in the spatial structure between images that are not captured by simpler difference based metrics such
as the bias, root-mean-squared difference, or signal-to-noise ratio [55].

The Q2" values were derived considering the different Sentinel-2 spectral bands individually
(n = 1) and considering the 10 m bands (n = 4) and the 20 m bands (n = 6) together. The Q2" values
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were derived for nonoverlapping adjacent 8 x 8 (i.e., N = 8) pixel windows across each study site
(75 x 75 and 38 x 38 Q2" values for the 10 m and 20 m bands, respectively) and also across each spatial
subset (10 x 10 and 5 x 5 Q2" values for 10 m and 20 m bands, respectively). The mean Q2" value was
used to summarize the different values.

4. Results

4.1. Visual Evaluation

Figures 1-3 illustrate the three study sites and show the Sentinel-2 true color surface reflectance
bilinear resampled from the original 10 m resolution to 3.333 m (a), the Planetscope-0 3.333 m true
color surface reflectance (b), and the HPM (c) and M3 (d) sharpened Sentinel-2 3.333 m true color
surface reflectance images. The study sites contain a variety of high spatial frequency features and
high contrast edges associated with fields (Figure 1), roads and buildings (Figures 2 and 3), and the
edges between highly reflective Kalahari sand and burned vegetation areas (Figure 3). Even at this
scale (6 X 6 km), the richer spatial detail provided by the Planetscope-0 imagery (b) compared to the
Sentinel-2 imagery (a) is evident.

Figures 4-6 illustrate, for the three study sites, false color surface reflectance images showing
NIR, red-edge, and SWIR results. At these longer wavelengths burned areas are apparent, particularly
across the central portion of site 2 (Figure 5). Figures 4-6 show the Sentinel-2 NIR (855-875 nm),
red-edge (773-793 nm), and SWIR (1565-1655 nm) 20 m reflectance bilinear resampled to 3.333 m (a),
the Planetscope-0 NIR 3.333 m band and the synthetic red-edge (773-793 nm) and SWIR (1565-1655 nm)
3.333 m bands derived as Equation (4) (b), and the results of HPM (c) and M3 (d) sharpening of the 20 m
Sentinel-2 false color surface reflectance bands to 3.333 m. Discrete objects such as trees in Figure 4 and
buildings in Figure 6 and the edges of roads and burned areas in Figure 5 are visually more discernable
in the sharpened Sentinel-2 3.333 m imagery than in the bilinear resampled imagery.

In general, the visual improvement of the sharpened Sentinel-2 images compared to the bilinear
resampled Sentinel-2 images is more evident in the 20 m to 3.333 m sharpening (Figures 4-6) than in
the 10 m to 3.333 m sharpening (Figures 1-3). There are no apparent ringing or aliasing effects in the
HPM and M3 sharpened results indicating that the spatial degradation appropriately modeled the
Sentinel-2 band specific system PSF [7,44]. However, at this spatial resolution, there are no significant
apparent differences between the HPM and M3 sharpening results, for both the true color and false
color results, indicating qualitatively that both sharpening methods work well.

4.2. Visual Evaluation of Spatial Subsets Containing Surface Change

Figures 7-9 show detailed 800 x 800 m subsets, composed of 240 x 240 3.333 m pixels, extracted from
the three study sites. The figure columns show from left to right: Sentinel-2 surface reflectance bilinear
resampled to 3.333 m, Planetscope-0 3.333 m surface reflectance, and the HPM and M3 sharpened 3.333
m surface reflectance. In each figure there are four rows. The first and third rows show subsets of the
true color (Figures 1-3) and the false color (Figures 4-6) surface reflectance, respectively. The second
and fourth rows (greyscale figures) shows the difference between the Sentinel-2 bilinear resampled
results and each of the results shown in the other three columns. The subsets include surface changes
that occurred in one day between the Sentinel-2 and Planetscope-0 acquisitions. The surface changes
are due to biomass burning that reduce reflectance at most wavelengths and are most apparent in
Sentinel-2 imagery in the NIR, red-edge, and SWIR bands [57] and so are most evident in the illustrated
false color results. The difference images show the root mean square difference (RMSD) between the
Sentinel-2 bilinear resampled reflectance (pj pjiinesr) and the Planetscope-0, HPM sharpened, and M3

2
sharpened, reflectance (p, ), derived at each 3.333 m pixel as \/ Zf\zl(p A bilinear = P A/x) /3. As expected,
greater RMSD values occur between the Sentinel-2 bilinear resampled reflectance and the Planetscope-0
data along high contrast edges and where surface changes occurred between the sensor acquisitions.
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In general, the HPM and M3 sharpened results have lower RMSD values than the Planetscope-0 data,
indicating the efficacy of the sharpening algorithms.

Figure 4. Study site 1 false color surface reflectance images, composed of 1800 x 1800 3.333 m pixels
covering 6 X 6 km (a) Sentinel-2 NIR (855-875 nm), red-edge (773-793 nm), and SWIR (1565-1655 nm)
reflectance bilinear resampled from 20 m, (b) Planetscope NIR reflectance and synthetic Sentinel-2

red-edge and SWIR reflectance, (c) Sentinel-2 false color reflectance HPM sharpened from 20 m,
and (d) Sentinel-2 false color reflectance M3 sharpened from 20 m. Images oriented with north at the
top of the image. Site and image dates summarized in Table 2.
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Figure 5. Study site 2 false color surface reflectance images, composed of 1800 x 1800 3.333 m pixels
covering 6 X 6 km (a) Sentinel-2 NIR (855-875 nm), red-edge (773-793 nm), and SWIR (1565-1655 nm)
reflectance bilinear resampled from 20 m, (b) Planetscope NIR reflectance and synthetic Sentinel-2

red-edge and SWIR reflectance, (c) Sentinel-2 false color reflectance HPM sharpened from 20 m,
and (d) Sentinel-2 false color reflectance M3 sharpened from 20 m. Images oriented with north at the
top of the image. Site and image dates summarized in Table 2.
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Figure 6. Study site 3 false color surface reflectance images, composed of 1800 x 1800 3.333 m pixels
covering 6 X 6 km (a) Sentinel-2 NIR (855-875 nm), red-edge (773-793 nm), and SWIR (1565-1655 nm)
reflectance bilinear resampled from 20 m, (b) Planetscope NIR reflectance and synthetic Sentinel-2

red-edge and SWIR reflectance, (c) Sentinel-2 false color reflectance HPM sharpened from 20 m,
and (d) Sentinel-2 false color reflectance M3 sharpened from 20 m. Images oriented with north at the
top of the image. Site and image dates summarized in Table 2.
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Figure 7. Study site 1 spatial subset (240 x 240 3.333 m pixels, 0.8 x 0.8 km), top row: true color
(red, green, and blue) surface reflectance, third row: false color (NIR 855-875 nm, red-edge 773-793 nm,
and SWIR 1565-1655 nm) surface reflectance. The columns show from left to right: Sentinel-2 surface
reflectance bilinear resampled to 3.333 m, Planetscope-0 3.333 m surface reflectance, HPM sharpened

3.333 m surface reflectance, and M3 sharpened 3.333 m surface reflectance. The second and fourth rows

(greyscale figures) show the root mean square difference (RMSD = \/ Z?\=1(P Abilinear = P )\/x)z /3) derived
between the Sentinel-2 bilinear resampled reflectance (p pilineqr, left column) and the Planetscope-0
3.333 m, HPM, and M3 sharpened reflectance (p, x, shown in the three right columns). RMSD values
are scaled in reflectance units (0-1) multiplied by 10,000.



Remote Sens. 2020, 12, 2406 16 of 27

400

300

200

100

Figure 8. Study site 2 spatial subset (240 x 240 3.333 m pixels, 0.8 x 0.8 km), top row: true color (red,
green, and blue) surface reflectance, third row: false color (NIR 855-875 nm, red-edge 773-793 nm,
and SWIR 1565-1655 nm) surface reflectance. The columns show from left to right: Sentinel-2 surface
reflectance bilinear resampled to 3.333 m, Planetscope-0 3.333 m surface reflectance, HPM sharpened
3.333 m surface reflectance, and M3 sharpened 3.333 m surface reflectance. The second and fourth rows

(greyscale figures) show the root mean square difference (RMSD = \/ Zi:l (p A bilinear = P /\,x)z /3) derived
between the Sentinel-2 bilinear resampled reflectance (p pitineqr, left column) and the Planetscope-0
3.333 m, HPM, and M3 sharpened reflectance (p, x, shown in the three right columns). RMSD values
are scaled in reflectance units (0-1) multiplied by 10,000.
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Figure 9. Study site 3 spatial subset (240 x 240 3.333 m pixels, 0.8 x 0.8 km), top row: true color
(red, green, and blue) surface reflectance, third row: false color (NIR 855-875 nm, red-edge 773-793 nm,

and SWIR 1565-1655 nm) surface reflectance. The columns show from left to right: Sentinel-2 surface
reflectance bilinear resampled to 3.333 m, Planetscope-0 3.333 m surface reflectance, HPM sharpened
3.333 m surface reflectance, and M3 sharpened 3.333 m surface reflectance. The second and fourth rows

(greyscale figures) show the root mean square difference (RMSD = \/ Z?\:l (p Abilinear = P M)z /3) derived
between the Sentinel-2 bilinear resampled reflectance (p, pilineqr, left column) and the Planetscope-0
3.333 m, HPM, and M3 sharpened reflectance (p, x, shown in the three right columns). RMSD values
are scaled in reflectance units (0-1) multiplied by 10,000.

The unchanged areas within the subsets have more apparent spatial detail in the sharpened results
(last two columns) than the bilinear resampled Sentinel-2 reflectance (first column). As for the full study
site images, this is particularly apparent for the false color bands. However, differences between the
two sharpening methods are not particularly evident. In general, in the unchanged areas, the true color
HPM RMSD values (2nd row, 3rd column) are lower than the M3 RMSD values (2nd row, 4th column),
but this pattern is less apparent for the false color RMSD results (4th row).
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In the changed areas, the two sharpening methods perform quite differently. The M3 method did
not reliably sharpen the Sentinel-2 reflectance (4th column) where the changes occurred, resulting in
blurred sharpened reflectance and low RMSD values relative to the bilinear resampled Sentinel-2 data
that are also blurred. In contrast, the HPM method (3rd column) provides visually more spectrally
and spatially coherent results. This difference is most pronounced in the false color reflectance
bands, where the changes have more contrast with the surrounding unchanged Planetscope-0 pixels,
particularly in Figures 7 and 8 where the changes are more distinct than in Figure 9.

4.3. Quantitative Evaluation

4.3.1. Quantitative Study Site Evaluation

Table 3 summarizes the Q2" results for the three study sites considering the four 10 m sharpened
Sentinel-2 surface reflectance bands (red, green, blue, and the 115 nm wide NIR band) together,
and Table 4 summarizes the results for each band independently. In all cases, the HPM and M3
sharpened reflectance have low spectral and spatial distortion (Q2" values > 0.91) and less distortion
than the bilinear resampled Sentinel-2 reflectance (Q2" values ranging from 0.51 to 0.63). For each
study site and for each sharpening method, the greatest 10 m band distortions (lowest Q2" values) are
for the blue band (Table 4).

Table 3. Study site Q2" values derived considering the four Sentinel-2 10 m sharpened bands (Table 1)
together (n = 4). The highest Q2" value (least distortion) for each study site is shown in red bold font,
and if values are within two decimal places (i.e., [HPM-M3| < 0.01), then both are shown in red bold.

Bilinear HPM M3 HPM-M3
Study site 1 0.5736 0.9328 0.9650 -0.0322
Study site 2 0.5777 0.9628 0.9544 0.0084
Study site 3 0.6319 0.9632 0.9599 0.0033

Table 4. Study site Q2" values derived considering the four Sentinel-2 10 m sharpened bands
independently (1 = 1). The highest Q2" value (least distortion) for each study site is shown in red
bold font, and if values are within two decimal places (i.e., [HPM-M3| < 0.01), then both are shown in

red bold.
10 m Band Site Bilinear HPM M3 HPM-M3
Study site 1 0.5845 0.9112 0.9448 —-0.0336
Blue Study site 2 0.5807 0.9522 0.9309 0.0213
Study site 3 0.6231 0.9501 0.9426 0.0075
Study site 1 0.5783 0.9355 0.9764 —0.0409
Green Study site 2 0.5769 0.9705 0.9673 0.0032
Study site 3 0.6264 0.9672 0.9653 0.0019
Study site 1 0.5915 0.9207 0.9730 -0.0523
Red Study site 2 0.5828 0.9653 0.9655 —0.0002
Study site 3 0.6241 0.9675 0.9615 0.0060
Study site 1 0.5080 0.9517 0.9601 —-0.0084
NIR ﬁ?‘gm Study site 2 0.5307 0.9578 0.9504 0.0074
Study site 3 0.6257 0.9616 0.9685 —-0.0069

Tables 5 and 6 summarize the same results as for Tables 3 and 4 but considering the six 20 m
sharpened bands (the three red-edge, the 20 nm wide NIR, and the two SWIR bands). Again, in all cases,
the HPM and M3 sharpened 20 m reflectance have less distortion (Q2" values > 0.76) than the bilinear
resampled Sentinel-2 20 m reflectance (Q2" values ranging from 0.23 to 0.34). Notably, the values
considering all the 20 m bands together (Table 5) are lower than when considering all the 10 m bands
together (Table 3). Considering the individual 20 m band results (Table 6), the shortest wavelength
red-edge band (697-713 nm) has the highest values (i.e., the least distortion). Notably, the Sentinel-2
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115 nm wide NIR band always has higher Q2" values than the 20 nm wide NIR band. This is likely
because the Sentinel-2 115 nm wide NIR band overlaps spectrally with the Planetscope-0 NIR band but
the Sentinel-2 20 nm wide NIR band does not overlap with the Planetscope-0 NIR band (Table 1).

Table 5. Study site Q2" values derived considering the six Sentinel-2 20 m sharpened bands (Table 1)
together (n = 6). The highest Q2" value (least distortion) for each study site is shown in red bold font,
and if values are within two decimal places (i.e., [HPM-M3| < 0.01), then both are shown in red bold.

Bilinear HPM M3 HPM-M3
Study site 1 0.2856 0.9182 0.9112 0.0070
Study site 2 0.2889 0.8748 0.8625 0.0123
Study site 3 0.3306 0.9020 0.9123 -0.0103

Table 6. Study site Q2" values derived considering the six Sentinel-2 20 m sharpened bands
independently (n = 1). The highest Q2" value (least distortion) for each study site is shown in
red bold font, and if values are within two decimal places (i.e., [HPM-M3]| < 0.01), then both are shown

in red bold.
20 m Band Site Bilinear HPM M3 HPM-M3
Study site 1 0.2702 0.9468 0.9441 0.0027
Red-edge .
(697713 nm) Study site 2 0.2546 0.9279 0.9221 0.0058
Study site 3 0.2959 0.9412 0.9464 —0.0052
Study site 1 0.2457 0.9200 0.9176 0.0024
Red-edge .
(732748 nim) Study site 2 0.2408 0.8869 0.8727 0.0142
Study site 3 0.2989 0.9204 0.9228 —0.0024
Study site 1 0.2441 0.9115 0.9054 0.0061
Red-edge .
(773-793 nim) Study site 2 0.2433 0.8674 0.8548 0.0126
Study site 3 0.3039 0.9179 0.9206 -0.0027
Study site 1 0.2405 0.9170 0.9038 0.0132
NIR 5?55)—875 Study site 2 0.2442 0.9175 0.8931 0.0244
Study site 3 0.3043 0.9330 0.9458 -0.0128
SWIR Study site 1 0.2536 0.8643 0.8575 0.0068
(1565-1655 nm) Study site 2 0.2361 0.7802 0.7657 0.0145
Study site 3 0.2715 0.8123 0.8385 —0.0262
SWIR Study site 1 0.2615 0.8636 0.8756 -0.0120
(2100-2280 nm) Study site 2 0.2712 0.8265 0.8099 0.0166
Study site 3 0.2809 0.8057 0.8237 -0.0180

In Tables 3-6, the highest Q2" values for each table row are highlighted. If the absolute difference
between the two sharpening methods (last columns) are within two decimal places, we assume that
the Q2" values are not meaningfully different. No distinct pattern of difference between the two
sharpening methods is apparent. Considering all the 10 m bands together (Table 3), the two methods
are similar but with less distortion provided by M3 at site 1. Considering all the 20 m bands together
(Table 5) the two methods are similar but with less distortion provided by M3 at site 3 and less distortion
provided by HPM at site 2.

4.3.2. Quantitative Evaluation for the Spatial Subsets Containing Surface Change

Tables 7-10 follow the same order as Tables 3-6 but show the Q2" values for the three subsets
illustrated in Figures 7-9. As for the full image results, in all cases the HPM and M3 sharpened
reflectance in the subsets have low spectral and spatial distortion (Q2" values > 0.87 for the 10 m bands
and > 0.70 for the 20 m bands) and less distortion than the bilinear resampled Sentinel-2 reflectance
(Q2" values ranging from 0.55 to 0.63 for the 10 m bands and from 0.15 to 0.43 for the 20 m bands).
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We note that the spatial subset areas are ~98% smaller than the full image areas and are located
where surface changes due to biomass burning occurred between the Sentinel-2 and the Planetscope-0
acquisitions. Therefore it is not meaningful to compare the magnitude of the subset Q2" values with the
full image Q2" values that are summarized in Tables 3-6. However, the relative patterns among bands
and sites is of interest and allows us to examine sharpening algorithm sensitivity to surface change.
As before, for the full image results, considering all the 10 m bands together (Table 7) the two
sharpening methods perform similarly but with less distortion provided by M3 at site 1. No distinct
pattern of difference between the two sharpening methods is apparent considering the individual 10 m
bands (Table 8). However, in contrast to the full image results, both sharpening methods performed
most poorly for the 115 nm wide 10 m NIR band (Table 8) rather than for the blue band (Table 4).

Table 7. Spatial subset Q2" values derived considering the four Sentinel-2 10 m sharpened bands
(Table 1) together (n = 4). The highest Q2" value (least distortion) for each study site is shown in red
bold font, and if values are within two decimal places (i.e., [HPM-M3| < 0.01), then both are shown in

red bold.
Bilinear HPM M3 HPM-M3
Study site 1 0.6148 0.9438 0.9707 —0.0269
Study site 2 0.5512 0.9528 0.9492 0.0036
Study site 3 0.6340 0.9595 0.9589 0.0006

Table 8. Spatial subset Q2" values derived considering the four Sentinel-2 10 m sharpened bands
independently (1 = 1). The highest Q2" value (least distortion) for each study site is shown in red
bold font, and if values are within two decimal places (i.e., [HPM-M3| < 0.01), then both are shown in

red bold.
10 m band Site Bilinear HPM M3 HPM-M3
Study site 1 0.6270 0.9339 0.9606 -0.0267
Blue Study site 2 0.5513 0.9574 0.9415 0.0159
Study site 3 0.6270 0.9629 0.9571 0.0058
Study site 1 0.6230 0.9487 0.9851 —-0.0364
Green Study site 2 0.5529 0.9716 0.9688 0.0028
Study site 3 0.6248 0.9751 0.9714 0.0037
Study site 1 0.6191 0.9499 0.9808 -0.0309
Red Study site 2 0.5589 0.9651 0.9659 —0.0008
Study site 3 0.6195 0.9712 0.9621 0.0091
Study site 1 0.5512 0.9377 0.9354 0.0023
NIR ;71?15)—900 Study site 2 0.5092 0.9261 0.8719 0.0542
Study site 3 0.6217 0.9257 0.9141 0.0116

Table 9. Spatial subset Q2" values derived considering the six Sentinel-2 20 m sharpened bands (Table 1)
together (1 = 6). The highest Q2" value (least distortion) for each study site is shown in red bold font,
and if values are within two decimal places (i.e., [HPM-M3| < 0.01), then both are shown in red bold.

Bilinear HPM M3 HPM-M3
Study site 1 0.2714 0.9189 0.8770 0.0419
Study site 2 0.2131 0.8036 0.8217 -0.0181
Study site 3 0.4330 0.8490 0.8601 -0.0111

Considering all the 20 m bands together (Table 9), less distortion is provided by M3 at site 3
(as for the full image, Table 5) but also at site 2, and less distortion is provided by HPM at site 1.
However, for the individual 20 m bands, unlike for the full image results (Table 6), the HPM sharpening
performed better than M3 for the majority of the bands and sites. Indeed, the M3 method only
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performed better than HPM for the 1565-1655 nm SWIR band at sites 2 and 3 and for the 21002280 nm
SWIR band at site 3.

Table 10. Spatial subsets Q2" values derived considering the six Sentinel-2 20 m sharpened bands
independently (1 = 1). The highest Q2" value (least distortion) for each study site is shown in red
bold font, and if values are within two decimal places (i.e., [HPM-M3| < 0.01), then both are shown in

red bold.
20 m band Site Bilinear HPM M3 HPM-M3
Red-ed Study site 1 0.2171 0.9592 0.9315 0.0277
( 07713 ifn) Study site 2 0.1792 0.8746 0.8579 0.0167
Study site 3 0.3396 0.9213 0.9146 0.0067
Study site 1 0.2386 0.8915 0.8582 0.0333
Red-edge .
(732-748 nm) Study site 2 0.1578 0.7961 0.7216 0.0745
Study site 3 0.3454 0.8630 0.8504 0.0126
Study site 1 0.2481 0.8602 0.8325 0.0277
Red-edge .
(773793 ) Study site 2 0.1796 0.7644 0.6893 0.0751
Study site 3 0.3803 0.8379 0.8292 0.0087
Study site 1 0.2569 0.8620 0.8189 0.0431
NIR friS)—875 Study site 2 0.1883 0.8401 0.7469 0.0932
Study site 3 0.4097 0.8414 0.8273 0.0141
SWIR Study site 1 0.2114 0.8740 0.7865 0.0875
(1565-1655 nm) Study site 2 0.1516 0.7228 0.7467 -0.0239
Study site 3 0.3810 0.7030 0.7546 -0.0516
SWIR Study site 1 0.2303 0.9119 0.8877 0.0242
(2100-2280 nm) Study site 2 0.2069 0.8022 0.7687 0.0335
Study site 3 0.3261 0.7844 0.8322 —-0.0478

5. Discussion

In this study, Planetscope-0 and Sentinel-2 data were used that have different sensor design
and capabilities with differences in the sensor spectral band passes, calibration, geolocation,
atmospheric contamination due to overpass time differences, and bidirectional reflectance effects due
to surface reflectance anisotropy and the different sensor view and solar geometries. We assumed
that the first two issues were accommodated for by the sharpening process, which incorporates,
for both the HPM and M3 methods, an adaptive modulation of the local high frequency spatial details.
Furthermore, the sharpening methods use multiresolution analysis approaches, which is helpful
because they introduce less spatial distortion than component substitution sharpening methods while
preserving the spectral properties of the Sentinel-2 imagery. This is important as Sentinel-2 data have
more reliable calibration than Planetscope-0 data. The LSReg algorithm used for the coregistration
of Sentinel-2 and Planetscope-0 data had subpixel accuracy, which we believe is adequate for image
sharpening. The atmospheric correction of the Sentinel-2 and Planetscope-0 data used different
radiative transfer codes (6S and Sen2Cor for the Planetscope-0 and Sentinel-2 data, respectively)
and different aerosol sources (derived from MODIS and from Sentinel-2 for the Planetscope-0 and
Sentinel-2 correction, respectively). The Planetscope-0 atmospheric correction is likely to be less
reliable since the MODIS AOD data were acquired at different times from the Planetscope-0 image
acquisitions and because fires in the southern Africa can generate dynamic aerosols [58], which may
be different in the one day difference between the Planetscope-0 and Sentinel-2 image acquisitions.
The degree to which these potential between-sensor atmospheric correction differences affected the
sharpening results is unknown. Sensor and solar geometry variations induce BRDF effects that were
not corrected for in this study. The view zenith variations were less than half a degree across the
6 km x 6 km study sites. The solar zenith differences were, however, non-negligible, in particular over
study site 3 (~11° difference), due to over pass time difference between Sentinel-2 and Planetscopes-0
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satellites. We assumed that the reflectance variations caused by different sensor viewing and solar
geometries was handled in the sharpening process, which incorporates, for both the HPM and M3
methods, an adaptive modulation of the local high frequency spatial detail. Future research to examine
the sharpening impact of differences in the sensor and solar angles is recommended. This research
should consider images acquired over a range of view and solar geometries, over a range of surfaces
with different surface reflectance anisotropy, including different vegetation canopy architectures and
shadow distributions that can be particularly evident in high spatial resolution imagery.

Despite the above differences between the sensed Sentinel-2 and Planetscope-0 data, the HPM
and M3 approaches achieved favorable sharpening results with less spatial and spectral distortions
than conventional bilinear resampling. Objects in the HPM and M3 sharpened imagery had sharper
boundaries and exhibited finer spatial detail than in the bilinear resampled imagery. This was expected
and was because the sharpening process injects spatial details from the Planetscope-0 imagery into the
coarser spatial resolution Sentinel-2 imagery. In contrast, bilinear resampling smooths the imagery by
interpolating reflectance values from four neighboring pixels [59,60].

The Sentinel-2 10 m red, green, blue, and 115 nm NIR spectral bands were sharpened using the
approximately corresponding Planetscope-0 red, green, blue, and NIR spectral bands, respectively.
The sharpened reflectance had high (i.e., low distortion) Q2" values > 0.91 for the three study sites
considering all the 10 m bands together and individually. The greatest distortion was found for the
blue band (Table 4). This is likely because the shortest wavelength blue band is highly sensitive to
aerosols and is the least reliably atmospherically corrected reflective wavelength [39,61] and, as noted
above, because the one day acquisition difference means that the Planetscope-0 and Sentinel-2 images
may have been affected by different aerosol conditions. No distinct pattern of difference between the
two sharpening methods was apparent. Considering all the 10 m bands together in the whole study
sites (Table 3), the HPM and M3 methods were broadly similar.

The Sentinel-2 20 m NIR band (20 nm wide) was sharpened using the Planetscope-0 NIR band
and the Sentinel-2 20 m red-edge and SWIR bands were sharpened using synthetic red-edge and SWIR
bands derived from the Planetscope-0 red, green, blue, and NIR band reflectance values. The Q2" values
considering all the 20 m bands together were lower (values > 0.76) than those considering all the 10 m
bands together. This is because the 10 m band sharpening has a resolution ratio of 3 to the Planetscope-0
reflectance rather than 6 between the 20 m Sentinel-2 and Planetscope-0 reflectance. In addition,
there are no Planetscope-0 red-edge and SWIR bands and so synthetic red-edge and SWIR bands were
used for the sharpening. Notably, the shortest Sentinel-2 red-edge wavelength band (697-713 nm)
had the least distortion (greatest Q2" values in Table 6) among all the 20 m bands—likely because it
is spectrally close to the Planetscope-0 red band (590-670 nm) that was used for the synthetization
of the red-edge band (697-713 nm) (Equation (4)). No distinct pattern of difference between the two
sharpening methods was apparent. Considering all the 20 m bands together (Table 5), the two methods
were broadly similar.

Sharpening using different sensors will be less reliable if the images are acquired at different times
or dates and the surface has changed. This was examined specifically in this paper in detail at three
spatial subsets. The M3 method could not reliably sharpen the Sentinel-2 reflectance where surface
changes occurred and resulted in blurred reflectance. This is because the M3 sharpening modulation
coefficient values (Equation (9)) were low in the surface change areas as the values were derived
from the covariance between the two images acquired on different days. Consequently, there were
few spatial details injected into the Sentinel-2 imagery and the sharpened image appeared blurred.
The HPM method generally did not have this issue and could sharpen the Sentinel-2 bands affected
by surface changes. The Q2" values of the HPM sharpened surface change results were greater than
those of M3 for the majority of the bands and sites. Furthermore, the HPM is computationally much
faster than the M3 since the HPM modulation coefficient is derived using a simple ratio calculation
(middle part of the Equation (6)), while the M3 modulation coefficient is derived using two covariance
calculations and one ratio calculation (Equation (9)). Future research examining other types of surface
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changes is recommended. We note that sharpening will not be reliable if the sensor imagery are
cloudy as typically clouds are spectrally very different to surface conditions. In addition, consideration
of Sentinel-2 sharpening using Planetscope imagery acquired with different temporal separations
is merited, particularly for separations greater than one day that is likely to occur in persistently
cloudy regions.

Currently, there are three generations of Planetscope sensors on orbit (Planetscope-0, -1, and -2)
with different characteristics (https://developers.planet.com/docs/data/sensors/). In this study, the first
generation Planetscope-0 data were used. Due to the spectral band differences among the Planetscope
sensors, the HPM and M3 sharpening methods may perform differently for the Planetscope-1 and
Planetscope-2 sensors. For example, the most recent Planetscope-2 sensors have a red-edge band
and spectral response functions that closely match the visible, red-edge, and NIR Sentinel-2 bands.
Future research to investigate the effectiveness of the HPM and M3 sharpening for the later generation
Planetscope sensors is merited.

The PSFs used in this study were derived analytically for each Sentinel-2 10 m and 20 m spectral
band from published modulation transfer function (MTF) values [45]. The PSFs were implemented
using a spatial domain convolution kernel that can be used for other Sentinel-2 degradation studies and
for development of other sharpening algorithms. Because the PSF for each band of the Planetscope-0
sensor are not publicly available, the Sentinel-2 PSF was used in this study to degrade the Planetscope-0
data in the sharpening algorithm evaluation. The impact of this substitution is unknown and a publicly
available documentation of the PSFs for each of the Planetscope bands would be helpful.

In the last two decades, algorithms to blend MODIS and Landsat reflectance have been developed
to generate synthetic daily Landsat 30 m data [4,62-64] and more recently to generate synthetic daily
Landsat reflectance without using other satellite data [65,66]. With the availability of commercial
high resolution time series there is now considerable interest in combining the data with medium
resolution satellite time series for improved terrestrial monitoring. For example, recently, Houborg and
McCabe [18] developed an algorithm to adjust 3 m Planetscope visible and NIR reflectance time series
to be more consistent with contemporaneous Landsat-8 30 m visible and NIR reflectance. This paper
indicates that it is feasible to generate 3 m visible, red-edge, NIR, and SWIR reflectance on days
where there are Sentinel-2 observations and where there are spatially overlapping Planetscope data.
This approach could be extended to Landast-8 and Sentinel-2 time series and for large area application
and is the subject of future research.

6. Conclusions

Sentinel-2 10 m and 20 m imagery were sharpened to Planetscope-0 3 m resolution using two
well-established sharpening methods: high pass modulation (HPM) and Model 3 (M3). The methods
were demonstrated and evaluated using Sentinel-2 and Planetscope-0 imagery acquired one day apart
over three sites in Zambia, which included surface changes due to biomass burning.

Visual and quantitative results demonstrated that:

(1) the HPM and M3 approaches introduced less spatial and spectral distortion in the sharpened
Sentinel-2 visible, red-edge, NIR, and SWIR 10 m and 20 m bands relative to conventional
Sentinel-2 bilinear resampling; and, over surfaces with no change between the Sentinel-2 and
Planetscope-0 acquisitions, the two sharpening methods produced similar results;

(2) the HPM and M3 sharpened Sentinel-2 20 m red-edge and SWIR bands were visually coherent
but had more spatial and spectral distortion (Q2" values > 0.76) than the sharpened Sentinel-2
10 m visible and 115 nm NIR bands (Q2" values > 0.91);

(3) the HPM method could sharpen the Sentinel-2 bands affected by surface changes whereas the M3
method generally could not;

(4) the HPM method is recommended for Planetscope-0 sharpening of Sentinel-2 data.
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