Fusion of Landsat 8 OLI and Sentinel-2 MSI data
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Abstract: Sentinel-2 is a wide-swath and fine spatial resolution satellite imaging mission designed for data
continuity and enhancement of the Landsat and other missions. In this paper, a new approach is presented for
fusion of Landsat 8 and Sentinel-2 data to coordinate their spatial resolutions for continuous global monitoring.
The advanced area-to-point regression kriging (ATPRK) approach was employed for the fusion problem,
where the 30 m spatial resolution Landsat 8 bands are downscaled to 10 m using 10 m Sentinel-2 bands as
covariates. To account for the land-cover/land-use (LCLU) changes that may have occurred between the
Landsat 8 and Sentinel-2 images, the Landsat 8 PAN band was also incorporated in the fusion process. The
experimental results showed that the proposed approach is effective for fusing Landsat 8 with Sentinel-2 data,
and the use of the PAN band can decrease the errors introduced by LCLU changes. By fusion of Landsat 8 and
Sentinel-2 data, more frequent observations can be produced for continuous monitoring, and the observed 30
m Landsat 8 data can be downscaled to a finer spatial resolution of 10 m. The products have great potential for
timely monitoring of rapid changes on the Earth’s surface.

Keywords: Landsat 8, Sentinel-2, image fusion, downscaling, area-to-point regression kriging (ATPRK),
global monitoring.

1. Introduction

Landsat data have been used widely for global monitoring, due to their free availability and regular revisit
capabilities. The Landsat 5 satellite equipped with Thematic Mapper (TM) sensor was launched in 1984, but
the TM sensor stopped transmitting in November 2011. As the successor of Landsat 5, the Landsat 7 satellite
was launched in April 1999. In May 2003, however, the scan-line corrector (SLC) of the Landsat 7 Enhanced
Thematic Mapper Plus (ETM+) sensor failed permanently, resulting in SLC-off images with around 22% dead
pixels from May 2003 to present [1]. To cope with the SLC-off issue of the Landsat 7 ETM+ sensor, the new
generation Landsat 8 satellite equipped with Operational Land Imager (OLI) and Thermal Infrared Sensor
(TIRS) sensors was launched in February 2013 and the sensors are now in operation routinely acquiring global
remote sensing data [2]. The limitation of Landsat is that the satellites can only revisit the same area every 16
days. In most cases, the acquired Landsat data for specific areas can be contaminated by cloud and shadow,
meaning that obtaining one clean Landsat image per month is considered a good outcome [3]. The temporally
sparse time-series Landsat data are, therefore, unsuitable for global monitoring of rapid changes on the Earth’s
surface, such as urbanization (especially in highly developed cities, such as Shenzhen in China) [4]-[5],
deforestation and forest degradation (such as in the Amazon rainforest) [6], and rapid phenology changes (e.g.,
due to crop harvesting) [7].

To obtain more frequent Landsat data for timely monitoring, spatio-temporal fusion methods have been
developed to downscale 500 m spatial resolution images from the Moderate Resolution Imaging
Spectroradiometer (MODIS) to 30 m resolution Landsat-like images [8]-[13]. The MODIS sensor can revisit
the same area on a daily basis, which is of great use for near real-time monitoring at the global scale. Some



spatio-temporal fusion methods require at least one pair of MODIS-Landsat images acquired on the same day
to guide the downscaling process of MODIS on other days [8]-[10]. This can be demanding for a given period.
Moreover, from the observed spatial resolution of 500 m to the target resolution of 30 m, the downscaling
process involves a large zoom factor of 16, indicating large uncertainties given the ill-posed nature of the
problem. In addition, the difference between the geographic coordinate system of MODIS (in the Sinusoidal
projection) and Landsat (in the UTM/WGS84 projection) may potentially lead to additional uncertainties in
downscaling.

Very recently in June 2015, the Sentinel-2 satellite was launched for data continuity and enhancement of the
Landsat and SPOT missions. Sentinel-2 is a wide-swath and fine spatial resolution satellite imaging mission of
the European Space Agency (ESA) developed in the framework of the European Union Copernicus
programme [14]-[16]. Sentinel-2 data cover 13 spectral bands, with four bands at 10 m, six bands at 20 m and
three bands at 60 m spatial resolution. The sensor revisits the same area every ten days with a constant viewing
angle. The free access, fine spatial resolution, global coverage and fine temporal resolution make the
Sentinel-2 data of great utility for a wide range of applications based on remote sensing.

The Sentinel-2 bands have corresponding wavelengths to the Landsat bands; see the example for Landsat 8
and Sentinel-2 data in Table 1 [17]. Moreover, the Sentinel-2 products published online have the same
geographic coordinate system as Landsat products. The free access of both Sentinel-2 and Landsat data, the
same wavelengths, and the same geographic coordinate system provide an excellent opportunity to combine
these two types of data for more continuous monitoring at the global scale. As seen from Table 1, however, the
spatial resolutions of the two types of data are different and Sentinel-2 has finer spatial resolutions (10 and 20
m) than Landsat (30 m).

Table 1 Band wavelengths for Landsat 8 and Sentinel-2 data

Landsat 8 Sentinel-2
Band number | Wavelength (nm) | Spatial resolution (m) Band number Wavelength (hm) | Spatial resolution (m)
2 450-515 30 2 458-523 10
3 525-600 30 3 543-578 10
4 630-680 30 4 650-680 10
5 845-885 30 8 785-900 10
6 1560-1660 30 11 1565-1655 20
7 2100-2300 30 12 2100-2280 20

In this paper, for the first time, we fuse Landsat 8 and Sentinel-2 data by addressing the incompatibility
problem of spatial resolution to achieve potentially continuous monitoring. There are two potential schemes
for the fusion task. The first is to upscale the 10 or 20 m Sentinel-2 data to 30 m to match the spatial resolution
of Landsat 8. This scheme is straightforward, but wastes the valuable 10 m information obtained by Sentinel-2.
The second scheme is to downscale the 30 m Landsat 8 data to 10 m to match the spatial resolution of
Sentinel-2. This scheme aims to take full advantage of the available information in both Landsat 8 and
Sentinel-2. For global monitoring, analysts always prefer to obtain as much detailed spatial information as
possible. In this paper, the second scheme is considered. Specifically, we downscale the 30 m bands 2-7 of
Landsat 8 to 10 m, with the aid of 10 or 20 m resolution data in the corresponding Sentinel-2 bands 2, 3, 4, 8,
11 and 12. We suggest that the Sentinel-2 bands provide valuable information at the 10 m target spatial
resolution, which can greatly decrease the uncertainty in downscaling Landsat 8 data. This downscaling issue
is also termed image fusion in remote sensing. The significance of fusing Landsat 8 with Sentinel-2 data is
twofold.

1) It can produce more frequent time-series images for continuous global monitoring. More precisely, in
theory, every month Sentinel-2 can provide an additional three observations as supplementary
information to the two Landsat observations, thus, increasing the number of observations every month
to five.

2) The observed 30 m Landsat 8 data can be downscaled to 10 m and continuous monitoring can be made at



a finer spatial resolution than the original Landsat data. Many features (e.g., urban fabric, small
residential buildings, roads and other linear features) that cannot be observed clearly in the original 30 m
Landsat data can be shown more explicitly in the 10 m downscaled products.

Over the past decades, various approaches have been developed for image fusion, such as the
intensity-hue-saturation [18], Brovey [19], principal component analysis [20], a trous wavelet transform
(ATWT) [21], high-pass filter (HPF) [22], smoothing filter-based intensity modulation (SFIM) [23], and
sparse representation [24] methods. There are several reviews of the available image fusion approaches
[25]-[28]. Recently, area-to-point regression kriging (ATPRK) in geostatistics was proposed for image fusion
[29], [30]. ATPRK treats the coarse band as the primary variable and the fine spatial resolution band (hereafter,
fine band) as a covariate. It is an advanced image fusion approach which has the appealing advantage of
precisely preserving the spectral properties of the observed coarse images (i.e., perfectly coherent). The
advantages of ATPRK over other geostatistical approaches (such as kriging with external drift [31] and
downscaling cokriging [32]-[34]) have been presented both theoretically and experimentally in our previous
research [29], [30]. ATPRK is a user-friendly approach and accounts explicitly for size of support (pixel),
spatial correlation, and the point spread function (PSF) of the sensor. Motivated by the advantages and
encouraging performance of ATPRK in our previous research, in this paper, ATPRK is employed for fusion of
Landsat 8 and Sentinel-2 data.

When fusing Landsat with Sentinel-2 data, land-cover/land-use (LCLU) changes may have taken place
during the period of time between the acquisition of both datasets and this can be a critical problem bringing
great challenges. This is prominent when abrupt changes occur from Sentinel-2 to (relatively) coarse Landsat
images. For example, hypothetically, in a Sentinel-2 image a region may be entirely covered by bare soil, but
in a Landsat 8 image some parts of the region may be changed to be mixed with both bare soil and small
residential buildings (smaller than 30 m). In this case, the 10 or 20 m Sentinel-2 image of this region cannot
provide useful spatial information for downscaling the Landsat data (e.g., downscaling the small residential
buildings that cannot be observed by Sentinel-2 at all). Therefore, using only the Sentinel-2 image may
sometimes be insufficient for accurately reproducing the LCLU changes that have occurred between the
acquisition time of the Landsat and Sentinel-2 data.

It is worth noting that the Landsat 8 OLI sensor also provides a 15 m panchromatic (PAN) band (band 8)
covering the same scene with the 30 m multispectral bands. Although coarser than the 10 m target spatial
resolution, the PAN band is acquired at the exactly same time with the 30 m multispectral bands and can reveal
the changes at a finer spatial resolution than 30 m which may not be observed by the 10 m Sentinel-2 image
(e.g., the abrupt changes). In this paper, we fuse Landsat 8 with Sentinel-2 data by taking full advantage of all
the available information provided by the two types of sensors. Specifically, based on the advanced ATPRK
approach, we propose a new fusion approach to incorporate 10 or 20 m Sentinel-2 and 15m PAN images to
downscale 30 m Landsat 8 images to 10 m.

The remainder of this paper is organized as follows. Section 2 first briefly introduces the theoretical basis of
ATPRK, and then the principles of the proposed ATPRK-based fusion approach. The experimental results are
provided in Section 3 to demonstrate the applicability of the proposed fusion approach. Section 4 provides
some further discussions, followed by a conclusion in Section 5.

2. Methods
2.1 ATPRK
ATPRK consists of regression-based overall “trend” (i.e., the spatially varying mean of a spatial process)

estimation and area-to-point (ATPK)-based residual (i.e., the variation remaining after removal of the trend)
downscaling [29], [35], [36]. The principle of ATPRK is briefly introduced below.



Suppose Z\', (x;) is the random vector of pixel V centered at x; (i=1,...,M, where M is the number of pixels)
in coarse band | (I=1,...,L, where L is the number of coarse bands), and Z (x;) is the random vector of pixel v
centered at x; (j=1....,MF?*, where F is the spatial resolution (zoom) ratio between the coarse and fine bands)

in fine band k (k=1,...,K, where K is the number of fine bands). Using the primary variable Z\', (x;) at coarse
spatial resolution and covariate Z*(x ;) at fine spatial resolution as inputs, ATPRK aims to predict the target
variable z!(x) for all fine pixels in all coarse bands.

Denoting the predictions of the regression and the ATPK parts as Z! (x) and Z!,(x), the ATPRK
prediction is given by

Z,(0)=Z,() +Z,,(%). (1)

At a specific location X, the regression prediction is a linear combination of the K fine pixels in K fine

bands

2 00) = Yalz (), Z°(x,) =1. @

Assuming the relation in (2) is invariant with spatial scale, the coefficients {a, |k =0,...,K} in (2) are
calculated according to the relationship between the observed coarse band | and the upscaled bands Z\‘j
(k=1,...,K) from the original K fine bands.

2)(x) = YAzt (0 + R (), 80 =1 ¥x @)

where the coefficients are estimated by ordinary least squares [37]. Rj(x) is a residual term that needs to be
downscaled to the fine spatial resolution in the following.
ATPK is performed in the second-stage to downscale the coarse residuals I&'(x) in (3) to the target fine

spatial resolution. The fine residual at location X, is predicted as
N

N
Z,,(%) =2 AR (%), st D 4 =1 (4)
i=1 i=1
in which A4, is the weight for the ith coarse residual centered at X; and N is the number of neighboring coarse
pixels. The weights {4 |i =1,..., N} are calculated according to the kriging matrix
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where 7\',\, (x;,x J-) is the coarse-to-coarse semivariogram between coarse pixels centered at X; and X; in band

I, 75, (Xg, X ;) is the fine-to-coarse semivariogram between fine and coarse pixels centered at X, and X; in

band /, and @ is the Lagrange multiplier. Suppose s is the Euclidean distance between the centroids of any two
pixels and h|(s) is the PSF of the sensor. %, (s) and ) (s) are calculated by convoluting the fine-to-fine

semivariogram 7! (s) with the PSF h/(s) as follows
Y (8) = 7 (8)*h; (5) (6)
Y (8) = 7 (8) * 1, (8) *hy (=) (7)

where * is the convolution operator. y, () can be estimated by deconvolution of the coarse semivariogram



calculated from the coarse residual image &' (X) . Details on the deconvolution approach can be found in [29].

Based on the hypothesis that the coarse pixel value is the average of the fine pixel values within it, the sensor
PSF can be defined as follows [32]-[34]

%, if X €V (X)

0, otherwise

h, () = ®)

in which S, is the size of pixel ¥ and V (X) is the spatial support of pixel V centered at x.

2.2 The proposed ATPRK-based approach for fusion of Landsat 8 and Sentinel-2

The proposed fusion approach makes full use of the information in 10 or 20 m Sentinel-2 bands, 30 m
Landsat 8 multispectral bands and the 15 m Landsat 8 PAN band to produce 10 m Landsat 8 multispectral
bands. This section introduces the principle of the ATPRK-based fusion approach.

As seen from Table 1, 20 m Sentinel-2 bands 11 and 12 have the same wavelength as 30 m Landsat 8 bands
6 and 7 and the former will be fused with the latter in downscaling. Obviously, the two 20 m Sentinel-2 bands
need to be downscaled to 10 m in advance to provide the 10 m reference for Landsat 8 bands 6 and 7. For the
downscaling process, the 10 m information in Sentinel-2 bands 2, 3, 4, and 8 can be used. This process can be
achieved using the ATPRK approach, where the 10 m Sentinel-2 bands 2, 3, 4, and 8 are treated as fine bands
(covariates). All four 10 m bands can be used straightforwardly in ATPRK by multiple regression in (2) and
(3). However, the consideration of all fine bands in the regression model in ATPRK may over-generalize. In
this paper, for each of the 20 m bands 11 and 12, a 10 m band with the greatest correlation (quantified by the
correlation coefficient (CC)) with it was selected from the 10 m bands 2, 3, 4, and 8 and used as the covariate
in ATPRK.

The wavelength of the Landsat 8 PAN band is 500-680 nm, which covers those of Landsat 8 bands 2-4 but
not bands 5-7. Thus, compared with 10 m Sentinel-2 images, the Landsat 8 PAN image may not always be able
to provide more useful spatial information for downscaling bands 5-7. On the other hand, if the LCLU changes
between the Sentinel-2 and Landsat 8 images are large or the acquisition time of the two types of data is very
different, using only Sentinel-2 bands 8, 11 and 12 that have the same wavelength with Landsat 8 bands 5-7
may also not be able to provide sufficient textural information at 10 m spatial resolution for the changed areas.
Based on this hypothesis, in the proposed fusion approach, Landsat 8 bands 2-4 are downscaled using both
Sentinel-2 (corresponding bands 2-4) and Landsat 8 PAN images as auxiliary data. For Landsat 8 bands 5-7,
Sentinel-2 images are still used for fusion as they provide spatial information at the desired 10 m spatial
resolution, which is particularly valuable for unchanged areas. However, whether the Landsat 8 PAN image
should be considered for Landsat 8 bands 5-7 depends on its correlation with them. Fig. 1 illustrates
schematically the fusion approach.

For the Ith (I=5, 6 and 7) band of Landsat 8, we denote the CC between the band and the Landsat 8 PAN
band as CC(L,, L;,, ), and the CC between the band and the corresponding kth Sentinel-2 band (k=8, 11 and

12) as CC(L,,S,) . If CC(L,, Ly, )>CC(L,S,), the PAN image is used in fusion; otherwise, the PAN image

is not considered as helpful auxiliary data and only the Sentinel-2 images are used. Note that before calculating
the CCs, the Landsat 8 PAN band and Sentinel-2 bands 8, 11 and 12 need to be upscaled to 30 m to match the
spatial resolution of the Landsat 8 bands 5-7.
The proposed fusion approach is, thus, implemented as follows.
1) Based on ATPRK, the 20 m Sentinel-2 bands 11 and 12 are downscaled to 10 m using the 10 m bands 2,
3, 4, and 8 as covariates. For each 20 m band, a 10 m band with the largest CC is selected from bands 2,
3,4, and 8.
2) Based on ATPRK, the 30 m Landsat 8 bands 2-4 are downscaled to 15 m using the 15 m Landsat 8 PAN
band as the covariate.
3) The 10 m Sentinel-2 bands 2-4 are downscaled to 5 m by the simple bicubic interpolation.



4) Treating the 5 m Sentinel-2 bands as covariates, the 15 m pan-sharpening results of step 2) are further
downscaled to 5 m using ATPRK. In this process, each 15 m band of Landsat 8 is downscaled using the
5 m band with the same wavelength (see Table 1).

5) The 5 mresults of step 4) are upscaled to 10 m to produce the final results for Landsat 8 bands 2-4.

6) For Landsat 8 bands 5-7, the CCs between them and the Landsat 8 PAN band (i.e., CC(L,, Ly, ), 1=5,6

and 7) and Sentinel-2 bands 8, 11 and 12 (i.e., CC(L,;,S,), k=8, 11 and 12) are calculated.
7) For the Ith of Landsat 8 bands 5-7, if CC(L,L,,,)>CC(L,S,), the PAN image is used, and the

downscaling process for this Landsat 8 band is similar to that for Landsat 8 bands 2-4 (see steps 2-5),
where Sentinel-2 band 8, 11 or 12 is involved instead. Otherwise, only the corresponding 10 m
Sentinel-2 band is considered as the covariate and fused with the 30 m band to produce the final 10 m
downscaling result for this Landsat 8 band.

10 m Sentinel-2 30 m Landsat 8
bands 2-4 at t; bands 2-4 at t,
10 m Landsat 8
2-4 at t.
15 m Landsat 8 bands ah
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Fig. 1 The proposed image fusion approach for downscaling Landsat 8 multispectral bands 2-7 at tz, which
uses both a Sentinel-2 image at t: and a Landsat 8 PAN image at t> as auxiliary data. The blue lines indicate
that the Sentinel-2 bands 11 and 12 are downscaled to 10 m using the 10 m Sentinel-2 bands 2, 3, 4 and 8. The
dashed line indicates that whether the Landsat 8 PAN image should be incorporated in downscaling Landsat 8
bands 5-7 depends on its correlation with them.

As the spatial resolution ratio between the 15 m PAN and 10 m Sentinel-2 bands is not an integer, step 3) of
downscaling and step 5) of backward upscaling are introduced, which means that it is essentially 10 m
Sentinel-2 information incorporated in the fusion process. The uncertainty in downscaling in step 3), which
involves direct interpolation without auxiliary data, can be eliminated by the upscaling process in step 5).

In the proposed ATPRK-based fusion approach, the 10 m Sentinel-2 bands are used mainly to provide
valuable information at the target fine spatial resolution, while the 15 m PAN band is used to provide
information for those changes that cannot be sufficiently characterized by 10 m Sentinel-2 bands (e.g., abrupt
changes). For downscaling Landsat 8 bands 5-7, whether the Landsat 8 PAN band should be incorporated is
determined by a completely automatic solution, which makes the proposed approach more user-friendly.
Based on the appealing advantage of the perfect coherence of APTRK, the original Landsat multispectral



information at 30 m spatial resolution is precisely preserved. Note that when no LCLU changes occur between
Sentinel-2 and Landsat 8 observations, using only Sentinel-2 image as the covariate would lead to almost the
same performance as using both Sentinel-2 and Landsat 8 PAN images as covariates.

3. Experiments
3.1 Data and experimental setup

In the experiments, the Landsat 8 and Sentinel-2 datasets used cover a scene in Verona, Italy. The study area
has a spatial extent of 18 km by 18 km, and correspondingly, the 30 m Landsat bands contain 600 by 600
pixels, the 15 m Landsat PAN band contains 1200 by 1200 pixels, and the 10 m Sentinel-2 bands contain 1800
by 1800 pixels. The study area is covered mainly by a mix of vegetation and urban fabric. The Sentinel-2 data
were acquired on 18 August 2015. They are Level-1C products and provide geo-coded top of atmosphere
reflectance with a sub-pixel multispectral registration in the UTM/WGS84 projection [14]. As for Landsat 8
datasets (multispectral bands 2-7 and PAN band 8), we used four observations acquired on 6 September 2015,
5 August 2015, 10 April 2015, and 1 November 2014, respectively. All Landsat 8 datasets are also in the
UTM/WGS84 projection. The original digital number was converted to top of atmosphere reflectance using
the radiometric rescaling coefficients and Sun angle provided in the product metadata file [38]. The Sentinel-2
and Landsat 8 images are shown in Fig. 2. As observed from the bottom right corner of the five images,
obvious LCLU changes exist among all images.
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Fig. 2 The Sentinel-2 and L ts t of 18 km by 18 km
(bands 432 as RGB). (a) 10 m Sentinel-2 image (18 August 2015). (b) 30 m Landsat 8 image (6 September




2015). (c) 30 m Landsat 8 image (5 August 2015). (d) 30 m Landsat 8 image (10 April 2015). (e) 30 m Landsat
8 image (1 November, 2014).

The 30 m Landsat 8 bands could be fused with the 10 m Sentinel-2 bands to produce the 10 m Landsat 8
images. However, no reference at 10 m could then be used to examine the performance of downscaling
objectively. Thus, for reliable assessment, synthetic datasets were used in the experiments. More precisely, all
available data were upscaled by a factor of three. Accordingly, the 30 m Landsat 8 bands, 15 m Landsat 8 PAN
band and 10 m Sentinel-2 bands were upscaled to 90 m (200 by 200 pixels), 45 m (400 by 400 pixels) and 30 m
(600 by 600 pixels). The objective of Landsat 8 and Sentinel-2 fusion was to reproduce the 30 m Landsat
bands with the aid of the 45 m PAN and 30 m Sentinel-2 bands. With this scheme, the 30 m Landsat bands are
known perfectly and can be used for objective assessment. This is a scheme used commonly in experimental
studies to evaluate downscaling approaches [39].

The HPF [22], SFIM [23] and ATWT [21] methods were used as three benchmark methods for comparison.
They fused directly the 90 m Landsat bands with 30 m Sentinel-2 bands to produce 30 m Landsat results.
Moreover, three different versions of ATPRK were also implemented. The first one uses only 30 m Sentinel-2
data, while the second one uses only the 45 m PAN band (i.e., the standard pan-sharpening problem). The third
one is the proposed fusion approach that uses both the Sentinel-2 and Landsat PAN images. For clarity, we
denote the three versions as ATPRK1, ATPRK2, and ATPRKS3. For ATPRK2, the 45 m image band with 400
by 400 pixels was first interpolated to 600 by 600 pixels to match the spatial size of the 30 m spatial resolution
images. The interpolated PAN image was then fused with the 90 m Landsat 8 multispectral bands to produce
30 m predictions.

Six indices were used for quantitative assessment, including the root mean square error (RMSE), CC,
universal image quality index (UIQI) [40], relative global-dimensional synthesis error (ERGAS) [41], spectral
angle mapper (SAM) and coherence. For RMSE, CC and UIQI, they were first calculated for each band, and
then the values for all bands were averaged. For SAM, values for spectra of all pixels were first calculated and
then averaged. Coherence (quantified by the CC) is an index measuring the relation between the observed
coarse image and the coarse image obtained by upscaling the sharpened image. For each multispectral band, a
coherence value was calculated and the values for all bands were averaged.

3.2 Downscaling Landsat 8 images in the past

In this section, the 90 m Landsat data of 5 August 2015 were downscaled to 30 m. The acquisition time of
the Landsat data is before that of Sentinel-2 (18 August 2015), and thus, can illustrate the performance of the
proposed approach for downscaling Landsat images in the past (i.e., acquired earlier than Sentinel-2). The
results are shown in Fig. 3 where bands 432 were selected as the RGB composite. For convenience of visual
inspection, Fig. 4 shows the results for a 4.5 km by 4.5 km sub-area. From the date of Landsat 8 acquisition to
Sentinel-2, the study area was subject to several LCLU changes; see the faint yellow objects in the Sentinel-2
image in Fig. 4(b). As shown in the results, the downscaling results are visually more satisfactory than the
original 90 m coarse image in Fig. 4(c) and many details can be reproduced, suggesting the benefits of the
fusion methods.

Evaluating the results of the six methods, HPF and SFIM produced speckle artifacts for urban pixels.
Moreover, due to the LCLU changes, saturation artifacts (especially for the large faint yellow objects in Fig.
4(b)) and ambiguous boundaries (see, for example, the faint yellow objects in the first few columns) were
produced in the results. ATWT produced smooth results for urban pixels, but the saturation artifacts become
more obvious. Although ATPRK using only Sentinel-2 (ATPRK1) can alleviate some saturation artifacts (e.g.,
around the boundaries of green pixels) to some extent and produces more accurate results than HPF, SFIM and
ATWT, it still failed to deal with some changes and some linear artifacts remain. Using only the 45 m PAN
image for downscaling (ATPRK2) the result of is over-smooth and many details cannot be observed as clearly
as those in the 30 mresults. By referring to the reference in Fig. 4(a), the proposed method (ATPRK3) is found
to produce the most accurate result amongst all methods and remarkably, it is able to remove almost all



saturation artifacts produced by the LCLU changes and reproduce more accurately the LCLU boundaries (see
again the faint yellow objects in the first few columns).
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Fig. 3 30 m Downscaling results for the Landsat 8 image on 5 August 2015 (bands 432 as RGB). (a) 30 m
Landsat 8 reference (5 August 2015). (b) 30 m Sentinel-2 image (18 August 2015). (c) 90 m Landsat 8 image
used as input (5 August 2015). (d) HPF result. () SFIM result. (f) ATWT result. (g) ATPRK result produced
by fusing the 90 m Landsat image with the 30 m Sentinel-2 image (ATPRK1). (h) ATPRK result produced by
fusing the 90 m Landsat image with the 45 m PAN image (ATPRK?2). (i) ATPRK result produced by fusing
the 90 m Landsat image with the 30 m Sentinel-2 and 45 m PAN images (ATPRK3).
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Fig. 4 30 m Downscaling results for a sub-area in Fig. 3 (bands 432 as RGB). (a) 30 m Landsat 8 reference (5
August 2015). (b) 30 m Sentinel-2 image (18 August 2015). (c) 90 m Landsat 8 image used as input (5 August
2015). (d) HPF result. (e) SFIM result. (f) ATWT result. (g) ATPRK result produced by fusing the 90 m
Landsat image with the 30 m Sentinel-2 image (ATPRK1). (h) ATPRK result produced by fusing the 90 m
Landsat image with the 45 m PAN image (ATPRK?2). (i) ATPRK result produced by fusing the 90 m Landsat
image with the 30 m Sentinel-2 and 45 m PAN images (ATPRK3).

Quantitative assessment for the entire 18 km by 18 km study area is shown in Table 2. As listed in the table,
HPF, SFIM and ATWT are less accurate than the three ATPRK-based methods. For example, the CC and
UIQI for HPF, SFIM and ATWT are below 0.94, but for the three ATPRK-based methods, both indices are
above 0.94. All three ATPRK-based methods produced perfect coherence values of 1. The ATPRK1 and
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ATPRK3 products are more accurate than ATPRKZ2. This is because ATPRK2 uses only 45 m Landsat 8 PAN
information in the fusion process, but ATPRK1 and ATPRK3 use the Sentinel-2 data which can provide
information at the desired 30 m spatial resolution. Furthermore, ATPRKS has a larger CC and UIQI and
smaller RMSE, ERGAS and SAM than ATPRKL1. More precisely, ATPRKS3 reduces the overall RMSE,
ERGAS and SAM by 0.0011, 0.3300, and 0.0001, respectively, and increases both the overall CC and overall
UIQI by 0.0094. This demonstrates that incorporation of the Landsat 8 PAN band can enhance the
performance of ATPRK in fusing Landsat 8 with Sentinel-2 data. It is noteworthy that ATPRK1 and ATPRK3
have the same performances for Landsat 8 bands 5-7. The reason for this is that the three bands have a larger
correlation with Sentinel-2 bands 8, 11 and 12 than for the Landsat 8 PAN band, and according to the principle
of the proposed ATPRK3 approach, the PAN band was not considered when downscaling these three bands.

Table 2 Quantitative assessment of the downscaling methods for the entire Landsat 8 image of 5 August 2015
(ATPRK1 uses only the 30 m Sentinel-2 data, ATPRK2 uses only the 45 m PAN band, and ATPRKS3 uses both
the 30 m Sentinel-2 and 45 m PAN data; the bold values indicate the most accurate result in each term)

Ideal HPF SFIM | ATWT | ATPRK1 | ATPRK2 | ATPRK3
Band 2 0 0.0088 | 0.0087 | 0.0088 0.0080 0.0067 0.0067
Band 3 0 0.0110 | 0.0108 | 0.0110 0.0100 0.0080 0.0078
Band 4 0 0.0155 | 0.0152 | 0.0158 0.0140 0.0112 0.0111
RMSE | Band5 0 0.0228 | 0.0224 | 0.0236 0.0211 0.0278 0.0211
Band 6 0 0.0242 | 0.0236 | 0.0244 | 0.0212 0.0241 0.0212
Band 7 0 0.0216 | 0.0209 | 0.0222 0.0193 0.0199 0.0193
Mean 0 0.0173 | 0.0169 | 0.0176 0.0156 0.0163 0.0145
Band 2 1 0.9381 | 0.9396 | 0.9446 0.9506 0.9650 0.9655
Band 3 1 0.9301 | 0.9324 | 0.9378 0.9440 0.9638 0.9658
Band 4 1 0.9355 | 0.9384 | 0.9413 0.9489 0.9669 0.9685
CccC Band 5 1 0.9368 | 0.9387 | 0.9409 0.9479 0.9039 0.9479
Band 6 1 0.9263 | 0.9299 | 0.9315 0.9434 0.9258 0.9434
Band 7 1 0.9305 | 0.9355 | 0.9338 0.9450 0.9410 0.9450
Mean 1 0.9329 | 0.9357 | 0.9383 0.9466 0.9444 0.9560
Band 2 1 0.9361 | 0.9375 | 0.9432 0.9506 0.9644 0.9654
Band 3 1 0.9275 | 0.9296 | 0.9363 0.9440 0.9628 0.9658
Band 4 1 0.9331 | 0.9359 | 0.9393 0.9489 0.9661 0.9685
ulQl Band 5 1 0.9350 | 0.9368 | 0.9387 0.9479 0.9010 0.9479
Band 6 1 0.9192 | 0.9230 | 0.9304 | 0.9428 0.9218 0.9428
Band 7 1 0.9254 | 0.9305 | 0.9325 0.9448 0.9390 0.9448
Mean 1 0.9294 | 0.9322 | 0.9367 0.9465 0.9425 0.9559
ERGAS 0 3.9809 | 3.8859 | 4.0526 3.5786 3.4693 3.2486
SAM(°) 0 0.0628 | 0.0615 | 0.0669 0.0558 0.0655 0.0557
Coherence 1 0.9961 | 0.9964 | 0.9862 1 1 1

3.3 Downscaling Landsat 8 images in the future

In this section, to illustrate the performance of the proposed approach for downscaling Landsat images in
the future (i.e., acquired later than Sentinel-2), the 90 m Landsat 8 image of 6 September 2015 was downscaled
to 30 m. Fig. 5 shows the results of the six methods of the same 4.5 km by 4.5 km sub-area as in Fig. 4.
Compared to the Landsat image of 5 August 2015, the Landsat image of 6 September 2015 shows fewer LCLU
changes relative to the Sentinel-2 image. Similarly to the previous experiment, HPF and SFIM produced
speckle artifacts for urban pixels, ambiguous boundaries for large size objects and elongated artifacts, which
are mainly caused by the LCLU changes. ATWT and ATPRK1 mitigated the phenomenon, but the LCLU
boundaries are still ambiguous. ATPRK2 using only the 45 m Landsat PAN image cannot provide clear LCLU
information at the desired finer spatial resolution. Focusing on the result of the proposed ATPRK3 method, the
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boundaries between the LCLU classes are much clearer than those in the other five results, and it is the closest
to the reference in Fig. 5(a).

Table 3 displays the accuracies of all tested methods for the entire 18 km by 18 km study area. Similarly to
visual inspection, the three ATPRK-based methods are more accurate than HPF, SFIM and ATWT. As for the
inter-comparison between the three ATPRK-based methods, ATPRK?2 is the least accurate. In this experiment,
the Landsat 8 bands 5-7 also have a larger correlation with Sentinel-2 bands 8, 11 and 12 than for the Landsat
8 PAN band and, thus, the PAN band was not used for these three bands. As a result, ATPRK1 and ATPRK3
have the same performances for Landsat 8 bands 5-7. Using both PAN and Sentinel-2 data, however, ATPRK3
increased the overall CC and UIQI by 0.0070 and 0.0071, respectively. The accuracies of both ATPRK1 and
ATPRK3 are greater than that in Table 2, and the accuracy gains of ATPRK3 over ATPRK1 is smaller than
that in Table 2. This is because fewer LCLU changes occurred between the Sentinel-2 image and the Landsat
image used in this experiment. This experiment reveals that the proposed approach also works well for
downscaling Landsat images in the future.
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Fig. 5 30 m Downscaling results for a sub-area of the Landsat 8 image on 6 September 2015 (bands 432 as
RGB). (a) 30 m Landsat 8 reference (6 September 2015). (b) 30 m Sentinel-2 image (18 August 2015). (c) 90
m Landsat 8 image used as input (6 September 2015). (d) HPF result. (e) SFIM result. (f) ATWT result. (g)
ATPRK result produced by fusing the 90 m Landsat image with the 30 m Sentinel-2 image (ATPRKZ1). (h)
ATPRK result produced by fusing the 90 m Landsat image with the 45 m PAN image (ATPRK?2). (i) ATPRK
result produced by fusing the 90 m Landsat image with the 30 m Sentinel-2 and 45 m PAN images (ATPRK3).
Table 3 Quantitative assessment of the downscaling methods for the entire Landsat 8 image of 6 September
2015 (ATPRK1 uses only the 30 m Sentinel-2 data, ATPRK2 uses only the 45 m PAN band, and ATPRK3
uses both the 30 m Sentinel-2 and 45 m PAN data; the bold values indicate the most accurate result in each
term)

Ideal HPF SFIM | ATWT | ATPRK1 | ATPRK2 | ATPRK3
Band 2 0 0.0056 | 0.0056 | 0.0061 | 0.0054 0.0044 0.0046
Band 3 0 0.0074 | 0.0073 | 0.0078 | 0.0070 0.0056 0.0055
Band 4 0 0.0106 | 0.0105 | 0.0114 | 0.0098 0.0079 0.0077
RMSE | Band5 0 0.0174 | 0.0172 | 0.0181 | 0.0160 0.0214 0.0160
Band 6 0 0.0180 | 0.0177 | 0.0183 | 0.0158 0.0187 0.0158
Band 7 0 0.0166 | 0.0161 | 0.0175 | 0.0151 0.0159 0.0151
Mean 0 0.0126 | 0.0124 | 0.0132 | 0.0115 0.0123 0.0108
Band 2 1 0.9581 | 0.9587 | 0.9599 | 0.9637 0.9747 0.9739
Band 3 1 0.9486 | 0.9496 | 0.9534 | 0.9567 0.9708 0.9727
Band 4 1 0.9488 | 0.9497 | 0.9511 | 0.9577 0.9713 0.9735
CcC Band 5 1 0.9427 | 0.9441 | 0.9466 | 0.9532 0.9113 0.9532
Band 6 1 0.9287 | 0.9312 | 0.9323 | 0.9445 0.9212 0.9445
Band 7 1 0.9362 | 0.9400 | 0.9371 | 0.9480 0.9414 0.9480
Mean 1 0.9438 | 0.9455 | 0.9467 | 0.9540 0.9485 0.9610
Band 2 1 0.9578 | 0.9583 | 0.9561 | 0.9633 0.9745 0.9737
Band 3 1 0.9478 | 0.9488 | 0.9496 | 0.9564 0.9702 0.9726
Band 4 1 0.9479 | 0.9489 | 0.9473 | 0.9576 0.9708 0.9735
ulQl Band 5 1 0.9412 | 0.9426 | 0.9440 | 0.9532 0.9085 0.9532
Band 6 1 0.9219 | 0.9243 | 0.9311 | 0.9439 0.9165 0.9439
Band 7 1 0.9322 | 0.9356 | 0.9353 | 0.9479 0.9391 0.9479
Mean 1 0.9415 | 0.9431 | 0.9439 | 0.9537 0.9466 0.9608
ERGAS 0 2.9375 | 2.8866 | 3.0960 | 2.6909 2.7379 2.4919
SAM(°) 0 0.0497 | 0.0492 | 0.0539 | 0.0451 0.0544 0.0449
Coherence 1 0.9965 | 0.9966 | 0.9859 1 1 1

3.4 Downscaling historical Landsat 8 images

To examine the proposed method for downscaling Landsat 8 images that were acquired long before the
Sentinel-2 image, the 90 m Landsat 8 images of 10 April 2015 and 1 November 2014 were downscaled to 30 m.
Fig. 6 shows the results for the same 4.5 km by 4.5 km sub-area for the Landsat 8 data of 10 April 2015.
Consistent with the observations in the previous two experiments, HPF and SFIM produced speckle artifacts
and ambiguous boundaries for changed places, while ATPRK2 cannot provide clear LCLU information at the
desired 30 m spatial resolution. The proposed ATPRK3 method can restore most of the boundaries and
produced results closest to the reference in Fig. 6(a). The accuracies measured by the six indices in Tables 4
and 5 for the Landsat 8 data of 10 April 2015 and 1 November 2014 (entire 18 km by 18 km study area) also
lead to the same conclusion as the visual inspection. More importantly, two further observations can be made
from the two tables.

First, as the time interval between the Sentinel-2 image and the Landsat 8 image increases, the accuracy of
the proposed ATPRK3 approach decreases. More precisely, the time intervals between the Sentinel-2 image
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and the Landsat 8 images of 5 August 2015, 10 April 2015 and 1 November 2014 are 13, 125 and 285 days,
respectively. Correspondingly, the CCs of ATPRKS3 are 0.9560, 0.9527 and 0.9509, respectively.

Second, different from the previous two experiments where the PAN bands were not used for Landsat 8
bands 5-7, in this experiment, the PAN band was used for some of the Landsat 8 bands 5-7 (e.g., bands 6 and 7
of the Landsat 8 data of 10 April 2015). The reason is that as the time interval between the Sentinel-2 image
and the Landsat 8 image increases, the changes between the two types of data increase. As a result, the
correlation between the Sentinel-2 bands 8, 11 and 12 and Landsat 8 bands 5-7 decreases to be smaller than
that between the Landsat 8 PAN and Landsat 8 bands 5-7, and the Landsat 8 PAN band needs to be
incorporated into the fusion process to provide more reliable information.

oa L™
Fig. 6 30 m Downscaling res
(a) 30 m Landsat 8 reference (10 April 2015). (b) 30 m Sentinel-2 image (18 August 2015). (c) 90 m Landsat 8
image used as input (10 April 2015). (d) HPF result. (¢) SFIM result. (f) ATWT result. (g) ATPRK result
produced by fusing the 90 m Landsat image with the 30 m Sentinel-2 image (ATPRK1). (h) ATPRK result
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produced by fusing the 90 m Landsat image with the 45 m PAN image (ATPRK?2). (i) ATPRK result produced
by fusing the 90 m Landsat image with the 30 m Sentinel-2 and 45 m PAN images (ATPRK3).

Table 4 Quantitative assessment of the downscaling methods for the entire Landsat 8 image of 10 April 2015
(ATPRKZ1 uses only the 30 m Sentinel-2 data, ATPRK2 uses only the 45 m PAN band, and ATPRKS3 uses both
the 30 m Sentinel-2 and 45 m PAN data; the bold values indicate the most accurate result in each term)

Ideal HPF SFIM | ATWT | ATPRK1 | ATPRK2 | ATPRK3
Band 2 0 0.0072 | 0.0071 | 0.0077 | 0.0066 0.0050 0.0051
Band 3 0 0.0094 | 0.0092 | 0.0100 | 0.0087 0.0064 0.0063
Band 4 0 0.0139 | 0.0136 | 0.0152 | 0.0126 0.0090 0.0089
RMSE | Band5 0 0.0318 | 0.0315 | 0.0370 | 0.0266 0.0277 0.0266
Band 6 0 0.0225 | 0.0220 | 0.0250 | 0.0207 0.0196 0.0185
Band 7 0 0.0217 | 0.0211 | 0.0244 | 0.0200 0.0176 0.0170
Mean 0 0.0178 | 0.0174 | 0.0199 | 0.0159 0.0142 0.0137
Band 2 1 0.9365 | 0.9385 | 0.9340 | 0.9469 0.9701 0.9693
Band 3 1 0.9245 | 0.9284 | 0.9232 | 0.9379 0.9663 0.9679
Band 4 1 0.9176 | 0.9210 | 0.9098 | 0.9335 0.9662 0.9674
CC Band 5 1 0.9039 | 0.9055 | 0.8786 | 0.9333 0.9274 0.9333
Band 6 1 0.9030 | 0.9081 | 0.8876 | 0.9183 0.9274 0.9350
Band 7 1 0.9054 | 0.9114 | 0.8883 | 0.9208 0.9392 0.9433
Mean 1 0.9152 | 0.9188 | 0.9036 | 0.9318 0.9494 0.9527
Band 2 1 0.9352 | 0.9373 | 0.9324 | 0.9469 0.9697 0.9692
Band 3 1 0.9221 | 0.9262 | 0.9220 | 0.9378 0.9655 0.9679
Band 4 1 0.9148 | 0.9184 | 0.9090 | 0.9330 0.9654 0.9674
ulQl Band 5 1 0.9016 | 0.9033 | 0.8783 | 0.9321 0.9247 0.9321
Band 6 1 0.8950 | 0.9001 | 0.8875 | 0.9154 0.9235 0.9325
Band 7 1 0.8989 | 0.9050 | 0.8882 | 0.9186 0.9370 0.9424
Mean 1 0.9113 | 0.9150 | 0.9029 | 0.9306 0.9476 0.9519
ERGAS 0 4.0360 | 3.9461 | 4.4960 | 3.6513 3.1477 3.0496
SAM(°) 0 0.0832 | 0.0811 | 0.1038 | 0.0747 0.0652 0.0648
Coherence 1 0.9931 | 0.9935 | 0.9743 1 1 1

Table 5 Quantitative assessment of the downscaling methods for the entire Landsat 8 image of 1 November

2014 (ATPRK1 uses only the 30 m Sentinel-2 data, ATPRK2 uses only the 45 m PAN band, and ATPRK3

uses both the 30 m Sentinel-2 and 45 m PAN data; the bold values indicate the most accurate result in each
term)

Ideal HPF SFIM | ATWT | ATPRK1 | ATPRK2 | ATPRK3

Band 2 0 0.0070 | 0.0068 | 0.0083 | 0.0066 0.0047 0.0052

Band 3 0 0.0086 | 0.0084 | 0.0098 | 0.0081 0.0057 0.0058

Band 4 0 0.0121 | 0.0119 | 0.0140 | 0.0112 0.0080 0.0078

RMSE | Band 5 0 0.0313 | 0.0312 | 0.0360 | 0.0272 0.0286 0.0272
Band 6 0 0.0214 | 0.0210 | 0.0234 | 0.0198 0.0198 0.0198

Band 7 0 0.0183 | 0.0177 | 0.0202 | 0.0171 0.0154 0.0145

Mean 0 0.0164 | 0.0162 | 0.0186 | 0.0150 0.0137 0.0134

Band 2 1 0.9495 | 0.9515 | 0.9391 | 0.9561 0.9772 0.9732

Band 3 1 0.9360 | 0.9390 | 0.9280 | 0.9447 0.9720 0.9718

Band 4 1 0.9287 | 0.9320 | 0.9167 | 0.9405 0.9698 0.9712

CC Band 5 1 0.9035 | 0.9040 | 0.8805 | 0.9281 0.9194 0.9281
Band 6 1 0.9043 | 0.9085 | 0.8941 | 0.9188 0.9191 0.9188

Band 7 1 0.9057 | 0.9121 | 0.8929 | 0.9184 0.9344 0.9420

Mean 1 0.9213 | 0.9245 | 0.9085 | 0.9344 0.9487 0.9509

Band 2 1 0.9494 | 0.9514 | 0.9353 | 0.9560 0.9771 0.9730

uiQl Band 3 1 0.9356 | 0.9384 | 0.9248 | 0.9447 0.9715 0.9718
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Band 4 1 0.9278 | 0.9309 | 0.9145 | 0.9404 0.9692 0.9712
Band 5 1 0.9005 | 0.9012 | 0.8803 | 0.9269 0.9162 0.9269
Band 6 1 0.8968 | 0.9005 | 0.8938 | 0.9164 0.9141 0.9164
Band 7 1 0.9001 | 0.9059 | 0.8926 | 0.9168 0.9311 0.9402
Mean 1 0.9184 | 0.9214 | 0.9069 | 0.9335 0.9465 0.9499
ERGAS 0 41011 | 4.0103 | 4.6189 | 3.7778 3.3606 3.2558
SAM(°) 0 0.0766 | 0.0754 | 0.0956 | 0.0695 0.0677 0.0688
Coherence 1 0.9940 | 0.9942 | 0.9749 1 1 1

3.5 Use of the Landsat 8 PAN image in downscaling Landsat 8 bands 5-7

The proposed approach determines whether the PAN band should be incorporated into the downscaling of
Landsat 8 bands 5-7 according to the correlation between them. This necessitates a comparison between the
proposed method (ATPRKS3) and the method that uses consistently the PAN band for all Landsat 8 bands 5-7.
Fig. 7 shows the results of bands 5-7 for the 4.5 km by 4.5 km sub-area of the Landsat 8 images on 5 August
2015 and 1 November 2014. It is observed clearly that when using the PAN band for all three Landsat bands,
the results are ambiguous and some linear features cannot be restored. The results of the proposed approach are
visually more satisfactory. The quantitative assessment (in terms of CC) of the two schemes for all four full
Landsat 8 observations in Fig. 2(b)-(e) is displayed in Table 6. Although the proposed selective approach
sometimes produced smaller CCs for several bands, the CCs for most of the bands as well as the overall
accuracies are greater. This experiment validates the rationale of the selective scheme for downscaling
Landsat 8 bands 5-7 in the proposed fusion approach.

sat 8 image on
(bands 567 as RGB). (a)-(c) are results for the Landsat image on 5 August 2015, and (d)-(f) are results for the
Landsat image on 1 November 2014. (a) and (d) are 30 m Landsat 8 reference images. (b) and (e) are ATPRK
results produced by fusing the 90 m Landsat image with the 30 m Sentinel-2 and 45 m PAN images for all
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bands 5-7. (c) and (f) are ATPRK results produced by fusing the 90 m Landsat image with the 30 m Sentinel-2
and 45 m PAN images using the proposed selective approach.

Table 6 Quantitative assessment (in terms of CC) of the two schemes for downscaling the Landsat 8 bands 5-7
on 5 August 2015 and 1 November 2014 (“All” means considering the PAN band for all bands 5-7, while
“Selective” means the proposed selective approach, that is, APTRKS3; Y means the PAN band is used for the
Landsat 8 band, while N means not; the bold values indicate the most accurate result in each term)

6 September 2015 5 August 2015 10 April 2015 1 November 2014
All Selective All Selective All Selective All Selective
Band5 | 0.9178 | 0.9532(N) | 0.9084 | 0.9479 (N) | 0.9294 | 0.9333(N) | 0.9220 | 0.9281 (N)
Band6 | 0.9347 | 0.9445(N) | 0.9371 | 0.9434(N) | 0.9350 | 0.9350 (Y) | 0.9289 | 0.9188 (N)
Band 7 | 0.9498 | 0.9480 (N) | 0.9471 | 0.9450 (N) | 0.9433 | 0.9433(Y) | 0.9420 | 0.9420 (Y)
Mean | 0.9341 0.9486 0.9309 0.9454 0.9359 0.9372 0.9310 0.9296

3.6 Results of the 10 m downscaled Landsat 8 images

To reveal the applicability of the proposed fusion approach in practice, we applied it to downscale the
observed 30 m Landsat 8 images to 10 m, using the 10 m Sentinel-2 and 15 m PAN images. The results for two
Landsat images on 5 August 2015 and 6 September 2015 are shown in Fig. 8. Fig. 9 exhibits the results for the
4.5 km by 4.5 km sub-area, where the results of the method using only the Sentinel-2 information is also
provided for visual comparison. The benefits of downscaling are very clear when comparing the 10 m results
to the original 30 m Landsat 8 images. For example, the roads, textures of urban fabric and “white” buildings
in the 10 m results are obviously much clearer than those in the original 30 m observations. Furthermore, the
inter-comparison between the two downscaling approaches (i.e., ATPRK1 and ATPRK3) suggests that by
using the 15 m PAN bands, the proposed ATPRK3 approach can produce more satisfactory predictions where
more elongated features are present and pixels of LCLU changes are more accurately restored.

R ORI AT [ ﬁ 2 ) T - \a i T
Fig. 8 10 m Downscaling results of the proposed method for Landsat 8 images on (a) 5 August 2015 and (b) 6
September 2015 (bands 432 as RGB).
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Fig. 9 10 m Downscaling results for a sub-area of the Landsat 8 image on 5 August 2015 and 6 September
2015 (bands 432 as RGB). (a) 10 m Sentinel-2 image on 18 August 2015. (b)-(d) are 10 m results for the
Landsat image on 5 August 2015, and (e)-(g) are 10 m results for the Landsat image on 6 September 2015. (b)
and (e) are the original 30 m Landsat 8 images. (c) and (f) are 10 m ATPRK results produced by fusing the 30
m Landsat images with the 10 m Sentinel-2 images (ATPRKZ1). (d) and (g) are 10 m ATPRK results produced

by fusing the 30 m Landsat images with the 10 m Sentinel-2 and 15 m PAN images (ATPRK3).

4. Discussion
4.1 Contributions

This paper presents a new approach for fusing Landsat 8 with Sentinel-2 images to coordinate their spatial
resolutions for continuous monitoring at the global scale. The spatial resolution of the Landsat 8 images is
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downscaled to 10 m to match that of the Sentinel-2 images. The contributions of this paper lie in the theoretical
innovation, technological advancement and application potential.

Theoretically, for each 30 m Landsat 8 band, we borrow the information from the 10 m Sentinel-2 band with
the same wavelength and incorporate it into the downscaling process. We also consider the LCLU changes
between the Landsat 8 and Sentinel-2 images to increase the accuracy of the downscaled Landsat 8 images.
The objective is to take full advantage of all the information provided by the two types of sensors.
Technologically, the advanced ATPRK approach is proposed for the fusion task, where the 10 m Sentinel-2
images are treated as covariates and provide valuable fine spatial resolution information. Based on ATPRK,
the spectral properties of the original Landsat data can be perfectly preserved. To account for the LCLU
changes, a Landsat 8 PAN image is incorporated into the downscaling process for further enhancement. Since
the PAN band is always acquired at exactly the same time as the multispectral bands, it encompasses
information on changes that cannot be observed by the Sentinel-2 images.

Fusion of Landsat 8 and Sentinel-2 has great potential application value. First, for the Landsat 8 data
acquired after the launch date of the Sentinel-2 satellite, they can be downscaled to 10 m and embedded to the
available Sentinel-2 time-series data to produce finer temporal resolution data at 10 m spatial resolution, and
more continuous global monitoring can be achieved to observe rapid changes on the Earth’s surface. The
experimental results in Sections 3.1 and 3.3 where the Landsat 8 data were acquired temporally close to the
Sentinel-2 data suggested that the proposed ATPRK-based fusion approach is suitable for coordinating the
spatial resolutions of the two types of data for more continuous monitoring. Timely monitoring is critical in a
wide range of applications, such as the urbanization process in highly developed cities [4], [5] and
deforestation and forest degradation processes (for example in the Amazon rainforest where intervention is
needed quickly following the detection of deforestation) [6]. Apart from LCLU changes, the finer temporal
resolution Sentinel-2 data will also have great potential in monitoring rapid changes in vegetation phenology,
especially in agricultural areas.

Second, the historical Landsat 8 data acquired between February 2013 (the launch time of Landsat 8) and
June 2015 (the launch time of Sentinel-2) can also be downscaled to 10 m with the proposed fusion approach.
The 10 m products may provide analysts with more explicit LCLU information in these two years than the
original 30 m Landsat data. The experimental results in Section 3.4 where the two Landsat 8 datasets were
acquired long before the Sentinel-2 data (with time intervals of 125 and 285 days, respectively) revealed that
the proposed fusion approach has potential for downscaling historical Landsat 8 data to 10 m.

4.2 Comparison with fusion of Landsat and MODIS data

Fusion of Landsat and MODIS images is an existing solution to provide more frequent fine spatial
resolution data for global monitoring, which can synthesize 30 m Landsat-like data at the temporal resolution
of the available MODIS data. However, it is substantially different from the fusion problem presented in this
paper. The essence of fusing Landsat with Sentinel-2 data is to downscale the 30 m Landsat data to the 10 m
Sentinel-2 resolution, while fusing Landsat with MODIS data means downscaling the 500 m MODIS data to
the 30 m Landsat resolution. The former involves a zoom factor of only three, but the latter involves a very
large zoom factor of 16 and large uncertainties. Moreover, since Landsat and Sentinel-2 data are provided in
the same geographic coordinate system (the UTM/WGS84 projection), the geometric registration is more
convenient for fusion of the two types of data.

In theory, by fusing Landsat with MODIS data, 30 m Landsat-like data at the temporal resolution of daily
MODIS observations can be generated. Due to atmospheric conditions, however, cloudy pixels exist
commonly in daily MODIS data and eight-day composite MODIS products are sometimes preferable choices
for reliable global monitoring. Thus, given eight-day composite data, approximately four Landsat-like datasets
can be produced every month, which is comparable to the five observations per month that can be produced
from the combined Landsat and Sentinel-2 time-series data. It is worth noting that the addition of the
complementary Sentinel-2B satellite will be launched in mid-2016. The twin Sentinel-2 satellites will be in the
same orbit and 180° apart from each other, and this increases the frequency of coverage from the current ten
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days to five days [42]. Therefore, by fusing Landsat 8 with Sentinel-2 data, up to eight (three for current
Sentinel-2A, three for the forthcoming Sentinel-2B and two for Landsat 8) observations can be made per
month. Moreover, it would be promising to further consider embedding the 30 m Landsat-like data derived
from fusion of Landsat and MODIS data to the coordinated continuous Sentinel-2A, Sentinel-2B and Landsat
8 observations, to provide as frequent data as possible for near real-time global monitoring. Considering the
large uncertainties in fusing Landsat and MODIS data, this potential scheme might require pre-processing
steps to select out reliable 30 m Landsat-like data in advance.

4.3 Comparison with fusion of Landsat and SPOT data

In some studies, Landsat data were fused with SPOT data to obtain finer spatial resolution Landsat data [43],
[44]. This means fusing Landsat multispectral bands with either the SPOT PAN band (e.g., fusion of 30 m
Landsat 5 multispectral and 10 m SPOT 4 PAN bands) [43] or SPOT multispectral bands (e.g., fusion of 30 m
Landsat 5 multispectral and 10 m SPOT 5 multispectral bands) [44]. This may also be a feasible solution for
more frequent monitoring at the global scale. However, SPOT is a commercial satellite imaging mission and
the real-time data are generally not freely available. This is not the case for Sentinel-2 data which are available
free. If 10 m SPOT 5 data is available, they could be readily considered for incorporation with Sentinel-2 data
to downscale the 30 m Landsat 8 data to 10 m, but more importantly, provide more dense real 10 m
observations. Recently, the French government space agency opened publicly the SPOT data archive for over
five years. This will certainly motivate future research for fusion of Landsat, Sentinel-2 and SPOT data for
more continuous monitoring.

4.4 Multiple Sentinel-2 images

In this paper, we consider only one Sentinel-2 image for downscaling Landsat 8 images covering the same
area. Based on the ATPRK approach, Sentinel-2 bands are considered as covariates. It would be interesting to
use multiple Sentinel-2 images for the fusion problem, on the condition that they are acquired temporally close
to the Landsat data of interest. This will become more realistic after the launch of the Sentinel-2B satellite in
mid-2016, when the temporal resolution of the Sentinel-2 observations will be increased to five days and more
Sentinel-2 images can be included in downscaling Landsat 8 data. Technologically, using multiple Sentinel-2
images is convenient for ATPRK, as the geostatistical approach can readily incorporate multiple covariates by
multiple regression.

4.5 Fusion of Landsat 7 and Sentinel-2 images

This paper considers the fusion of Sentinel-2 data with Landsat 8 data. Landsat 7 ETM+ is another sensor in
regular operation, but the SLC-off issue hampers its application to some extent. Some approaches have been
developed to fill gaps in the Landsat 7 SLC-off images, such as the fundamental localized linear histogram
match provided by USGS [45]. When filling SLC gaps, auxiliary full images covering the same area, but
acquired at a proximate time, are generally required to provide reference data for the gaps. For example,
Landsat 7 SLC gaps can be filled by referring to the Landsat 8 data acquired on proximate days. The gap-filled
Landsat 7 data then may be fused with Sentinel-2 data for more continuous monitoring.

Different from the Landsat 8 PAN band, the Landsat 7 PAN band covers a wider wavelength range from
520-900 nm, which also includes part of the near-infrared (775-900 nm). Therefore, using the proposed
ATPRK-based fusion approach, the Landsat 7 PAN might provide useful 15 m information for the Landsat 7
near-infrared band (corresponds to Landsat 8 band 5), which is a theoretical advantage over the Landsat 8 PAN
band. However, it is not clear if use of the Landsat 7 PAN band will necessarily increase the accuracy of
downscaling the Landsat 7 near-infrared band (i.e., using only Sentinel-2 band 8 might be sufficient for this
band). Furthermore, the SLC gap filling process always involves uncertainties. Hence, it is also not clear to
what extent such uncertainties will weaken the applicability of the gap-filled Landsat 7 PAN band in the fusion
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of Landsat 7 and Sentinel-2 data. Therefore, in future research it would be worthwhile to develop a more
powerful SLC gap-filling procedure and corresponding fusion approaches for combining Landsat 7 with
Sentinel-2 data and to study the effect of the PAN band in sharpening the near-infrared band.

4.6 Alternatives for ATPRK

In the proposed fusion approach, ATPRK was used for image sharpening. The experimental results
demonstrated consistently that using only the Sentinel-2 image, ATPRK outperforms HPF, SFIM and ATWT.
This justifies the use of ATPRK for further incorporating the Landsat 8 PAN band in downscaling Landsat 8
bands 2-7 in the proposed approach. The PAN and Sentinel-2 bands are not fused with the Landsat 8
multispectral bands simultaneously. Specifically, the PAN band is incorporated first and then the Sentinel-2
bands. Because the spatial resolution ratio between the 15 m PAN and 10 m Sentinel-2 bands is not an integer,
additional procedures are involved (i.e., steps 3 and 5 in Section 2.2). It would be interesting to develop a
one-stage approach that can incorporate the PAN and Sentinel-2 bands simultaneously. Downscaling
cokriging may be an appropriate solution to this requirement [32]-[34]. However, this geostatistical solution
involves complex cross-semivariogram modeling and the size of the cokriging matrix would be large if both
PAN and Sentinel-2 bands are considered.

5. Conclusion

This paper presents a new approach for coordinating the spatial resolutions of 30 m Landsat 8 and 10 m
Sentinel-2 data for continuous monitoring. The ATPRK approach was proposed to downscale the 30 m
Landsat 8 data to 10 m, treating the 10 m Sentinel-2 bands and 15 m Landsat 8 PAN band as covariates. The
proposed fusion approach accounts for the LCLU changes that have occurred between the Landsat 8 and
Sentinel-2 image acquisitions. In experiments, we compared the proposed approach with HPF, SFIM, ATWT
and another two ATPRK-based approaches that used only Sentinel-2 data and only Landsat 8 PAN data for
fusion. The findings from both visual and quantitative evaluation are summarized as follows.

1) ATPRK is more accurate thanthe HPF, SFIM and ATWT methods, whether or not the Landsat 8 PAN is

incorporated in the fusion process.

2) With the aid of the PAN band, ATPRK can satisfactorily account for LCLU changes and produces more
accurate downscaling results than the ATPRK approach using only the Sentinel-2 data or only the
Landsat 8 PAN band for fusion.

3) ATPRK can perfectly preserve the spectral properties of the original Landsat 8 data.

4) The PAN band may not be useful for downscaling some bands of Landsat 8 bands 5-7, but its value may
increase as the LCLU changes between the Sentinel-2 and Landsat 8 data acquisitions increase.
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