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Lots of Remote Sensing Systems launched since 1972 

Landsat-1

Landsat-5

Belward and Skøien, 2014

Most early remote 
sensing satellites have a 
design life of ~5 years



Landsat 8, 9, Next

Sentinel 2A
Sentinel 2B

ESA Sentinel 2A & 2B

New Global moderate resolution era 

2021

2027



Global median 10 days Global median 16 days 

Average satellite revisit interval (days) 

S2 L8

S2 & L8

S2A, S2B, L8

S2A & S2B

Global median 4.5 days Global median 3.7 days 

Global median 2.9 days 

Li and Roy, 2017
A global analysis of 
Sentinel-2A,
Sentinel-2B 
and 
Landsat-8 
data revisit 
intervals
and implications 
for terrestrial 
monitoring, 
Remote Sensing, 
9,902. 



Landsat 9 successful launch
11:12 am September 27 2021

Vandenberg Space Force Base, California 



1112 x 1112 km 

MODIS tile h20v10
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31 10◦ x 10◦ tiles

MODIS 500m MCD64 C6

August 2019



2861 109 x 109 km HLS tiles

Sentinel-2 & Landsat-8 30 m

August 2019



Sentinel-2 & Landsat-8 30m



Boschetti, Roy, Giglio, et al. RSE, 2019

NASA MODIS 500m Burned Area Product 
Stage 3 Validation by comparison with higher spatial resolution 

30m Landsat derived independent reference data  

Locations of 558 two date Landsat image pairs selected by stratified 
random sampling in space and time; pairs were visually interpreted 
into burned, unburned, and unmapped classes



2861 109 x 109 km HLS tiles

Sentinel-2 & Landsat-8 30 m

August 2019



Lots of Remote Sensing Systems launched since 1972 

Landsat-1

Belward and Skøien, 2014

Since 1999 commercial high 
spatial resolution data have 
become available for 
environmental applications



2000

IKONOS (1999, US Company) 
the first of a series of commercial satellites launched and operated by private 

companies sometimes on behalf of governments

Washington Monument 2000

Panchromatic 0.82 m pixels

Multispectral 3.2 m pixels
(R,G,B,NIR) 

11 x 11 km images



RapidEye (2008)
five satellite constellation 



GeoEye-1 (2008)

roydavi1@msu.edu (GEO 827) 

GeoEye-1 can “revisit” any point 
on the globe every three days or 
sooner, depending upon the 
required look angle 

Washington Monument, 
Barack Obama's inauguration, January 21 2009 

High spatial 
resolution commercial satellite sensor
(financed in part by a $500-million 
NextView contract with the National 
Geospatial-Intelligence Agency)

Panchromatic 0.41 x 0.41 m
Multispectral 1.64 x 1.6 m
(R,G,B,NIR) 

GOOGLE has exclusive rights 
among online mapping sites to 
GeoEye-1 imagery





High spatial 
resolution 
commercial 
satellite 
data  
used 
to infer

human
activities

19 August 2021



High spatial resolution commercial satellite data potential to 
resolve small and spatially fragmented burned areas



Trigg and Flasse, 1999
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But high temporal resolution also needed to capture many burns 
spectra of a pre-burn & burned grass fuel 1 hour, 6 days, 12 days after burning

B   G  R     NIR            LNIR             SMIR               SMIR 



Landsat 8

Kafue
National park, 
Zambia

Day 155 2016

2000 x 2000 30m 
pixels 

false color surface 
NBAR



Sentinel 2A

Kafue
National park, 
Zambia

Day 164 2016

2000 x 2000 30m 
pixels 

false color surface 
NBAR



WILDLIFE
PlanetScope constellation  
• ~200 sensors
• 461- 594 km altitude
• 3 - 4 m 
• B / G / R / NIR λ



PlanetScope average revisit interval
December 2019 – November 2020

9.6% of global land points have 
average annual revisit intervals 
<24 hours (blue tones)

71.8% have average annual 
revisit intervals <36 hours (blue 
and dark green tones),

88.4% have average annual 
revisit intervals <48 hours 
(blue, dark & light green tones)

Roy, Huang, Houborg,
Martins, A global analysis of
the temporal availability of
PlanetScope high spatial
resolution multi-spectral
imagery, RSE, 2021.

Global
median 
30.3 
hours







Sensor: Sentinel 2A
Spatial Resolution: 10 m
Date: 2021/12/27
Time: 16:17:01 UTC
Solar Elevation: 49°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
300 x 300



Sensor: Landsat 9
Spatial Resolution: 30 m
Date: 2021/12/27
Time: 16:18:37 UTC
Solar Elevation: 46°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
100 x 100



Sensor: Planetscope
Spatial Resolution: 3 m
Date: 2021/12/28
Time: 15:33:44 UTC
Solar Elevation: 39°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
1000 x 1000



Sensor: BlackSky
Spatial Resolution: 1 m
Date: 2021/12/28
Time: 22:25:50 UTC
Solar Elevation: 15°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
3000 x 3000



Sensor: Sentinel 2A
Spatial Resolution: 10 m
Date: 2021/12/30
Time: 16:27:01 UTC
Solar Elevation: 49°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
300 x 300



Sensor: BlackSky
Spatial Resolution: 1 m
Date: 2021/12/30
Time: 16:29:02 UTC
Solar Elevation: 47°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
3000 x 3000



Sensor: Planetscope
Spatial Resolution: 3 m
Date: 2021/12/31
Time: 15:32:57 UTC
Solar Elevation: 39°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
1000 x 1000



Sensor: BlackSky
Spatial Resolution: 1 m
Date: 2021/12/31
Time: 22:04:40 UTC
Solar Elevation: 20°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
3000 x 3000



Sensor: Planetscope
Spatial Resolution: 3 m
Date: 2022/01/01
Time: 15:34:37 UTC
Solar Elevation: 39°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
1000 x 1000



Sensor: Sentinel 2B
Spatial Resolution: 10 m
Date: 2022/01/01
Time: 16:16:49 UTC
Solar Elevation: 48°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
300 x 300



Sensor: BlackSky
Spatial Resolution: 1 m
Date: 2022/01/01
Time: 21:25:39 UTC
Solar Elevation: 28°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
3000 x 3000



Sensor: Planetscope
Spatial Resolution: 3 m
Date: 2022/01/02
Time: 16:10:53 UTC
Solar Elevation: 45°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
1000 x 1000



Sensor: BlackSky
Spatial Resolution: 1 m
Date: 2022/01/03
Time: 21:25:59 UTC
Solar Elevation: 28°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
3000 x 3000



Sensor: BlackSky
Spatial Resolution: 1 m
Date: 2022/01/05
Time: 16:03:37 UTC
Solar Elevation: 44°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
3000 x 3000



Sensor: Planetscope
Spatial Resolution: 3 m
Date: 2022/01/05
Time: 17:01:25 UTC
Solar Elevation: 51°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
1000 x 1000



Sensor: Planetscope
Spatial Resolution: 3 m
Date: 2022/01/06
Time: 16:21:16 UTC
Solar Elevation: 46°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
1000 x 1000



Sensor: Sentinel 2A
Spatial Resolution: 10 m
Date: 2022/01/06
Time: 16:27:53 UTC
Solar Elevation: 48°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
300 x 300



Sensor: BlackSky
Spatial Resolution: 1 m
Date: 2022/01/06
Time: 18:38:37 UTC
Solar Elevation: 53°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
3000 x 3000



Sensor: Landsat 9
Spatial Resolution: 30 m
Date: 2022/01/12
Time: 16:18:34 UTC
Solar Elevation: 46°

Location: SAL Airport, San Luis Talpa, 
La Paz, El Salvador

Dimension:
100 x 100



3 Planet generations: 
• Planetscope-0   
• Planetscope-1
• Planetscope-2

Planetscope-1

roydavi1@msu.edu



Before normalization

20 PlanetScope images

Jan. 1 – Jan. 30, 2019
17130 × 7480 3m pixels
Sool, Somaliland



After normalization

20 PlanetScope images

Jan. 1 – Jan. 30, 2019
17130 × 7480 3m pixels
Sool, Somaliland



16250 × 14570 
3m pixels

Benguela, 
Angola

Before 
normalization

False-color 
mosaic
(NIR, red, green)

15 PlanetScope
images

June 3 – June 29, 
2019



16250 × 14570 
3m pixels

Benguela, 
Angola

After 
normalization

False-color 
mosaic
(NIR, red, green)

15 PlanetScope
images

June 3 – June 29, 
2019



Before 
normalization

False-color 
mosaic (NIR, 
red, green)

15 PlanetScope
images

May 1 – May 25, 
2019

15480 × 12670 
3m pixels

Mpumalanga, 
South Africa



After 
normalization

False-color 
mosaic (NIR, 
red, green)

15 PlanetScope
images

May 1 – May 25, 
2019

15480 × 12670 
3m pixels

Mpumalanga, 
South Africa



Before normalization
11 PlanetScope images
July 7 – July 30, 2019

15050 × 84400 3m pixels
Lunda Sul, Angola



After normalization
11 PlanetScope images
July 7 – July 30, 2019

15050 × 84400 3m pixels
Lunda Sul, Angola



Boschetti, Roy, Giglio, et al. RSE, 2019

Took years and a team of 
students to collect the 
Landsat validation data

NASA MODIS 500m Burned Area Product 
Stage 3 Validation by comparison with higher spatial resolution 

30m Landsat derived independent reference data  

Locations of 558 two date Landsat image pairs selected by stratified 
random sampling in space and time; pairs were visually interpreted 
into burned, unburned, and unmapped classes



https://vas3k.com/blog/machine_learning/



CNN U-Net 2-date PlanetScope
classification into burned and 

unburned classes 



Fast prototyping with the NASA 

Landsat burned area training data  

Total: 12,497 Planetscope images 

(2019-2020)

all with cloud cover <30%

roydavi1@msu.edu



Down-selected 12,497 Planetscope images to 
607 two-date image pairs:
• images acquired one day apart 
• ≥25 km2 overlapping spatial area that was 

≥75% cloud- and shadow-free in both images 
• solar zenith angle differences between 

images <5°
• fell within or intersected the 30 m Landsat 

burned area reference mapped areas
Set aside 20 two-date image pairs and 
interpreted them into burned/unburned for 
validation. 

Deep Learning high resolution burned 
area mapping by transfer learning 
from Landsat-8 to PlanetScope
Martins, V.S. a, Roy, D.P. a,b,*, Huang, H. a, et al., 
Remote Sensing of Environment, In Review



20190728_093248_73_106b_3B_AnalyticMS_SR.tif

2019 07 28



20190729_093412_47_106c_3B_AnalyticMS_SR.tif

2019 07 29



U-Net classification

roydavi1@msu.edu



Independent reference

roydavi1@msu.edu



2019 07 18

20190718_064446_101e_3B_AnalyticMS_SR.tif



2019 07 19

20190719_064113_104a_3B_AnalyticMS_SR.tif



U-Net classification

roydavi1@msu.edu



Independent reference

roydavi1@msu.edu



20190109_084515_103c_3B_AnalyticMS_SR.tif

2019 01 09



20190110_084428_1014_3B_AnalyticMS_SR.tif

2019 01 10



U-Net classification

roydavi1@msu.edu



Independent reference

roydavi1@msu.edu



Analysis of different sizes of burned area

Cuanza Sul, 
Angola 

PlanetScope
3 m 
false color  
(NIR/R/G)

July 24 

July 25 

roydavi1@msu.edu



Validation results considering
20 manually interpreted 
Planetscope image pairs

Reference

Classified Burned 
[pixels]

Unburned 
[pixels]

Total 
[pixels]

Burned 
[pixels] 1,383,404 136,572 1,519,976

Unburned
[pixels] 136,060 337,737,527 337,873,587

Total
[pixels] 1,519,464 337,874,099 339,393,563

Commission │Omission errors

Overall:
Commission error = 8.98% 
Omission error = 8.95% 



• Medium resolution Sentinel-2 and Landsat-8 data enable mapping of
- small (~30 m) spatially fragmented burns
- low combustion completeness burns 

• Landsat Next and next generation Sentinel-2 will continue the medium global 
resolution record

• Commercial high spatial & high temporal resolution data 
- new potential for automated burned area mapping of small  (<5 m) burns
- issues with low sensor calibration,  band pass differences, geolocation
- deep learning has real potential 

Summary



PlanetScope
July 3rd

110 x 110 km
36600 x 36600 3m pixels

Zambia
Western Province 

630nm
820 nm
545 nm 

Preliminary 
Example 
validation



630nm
820 nm
545 nm 

PlanetScope
July 31st

Zambia
Western Province 

110 x 110 km
36600 x 36600 3m pixels

Preliminary 
Example 
validation
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8093.4 km2 

compared

PLANET reference
(assumed to be truth)

Burned
[km2]

Unburned 
[km2]

Row total
[km2]

Burned 
[km2]

83.7 56.4 140.7

Landsat-8 & 
Sentinel-2 Unburned 

[km2]
173.6 7780.3 7953.7

Column total 
[km2]

257.0 7836.7 8093.4

Comparison of July burned proportions mapped 
by 3 m PLANET reference  and  30 m Landsat-8 & Sentinel-2

Preliminary 
example 
validation
results

Overall accuracy = 97%     Omission error [0-1] = 0.40    Commission error [0-1] = 0.67 



630 nm
820 nm
545 nm 

Isalo National Park
Madagascar

Dove-R

July 12nd 2019 

surface reflectance 

15.4 × 10.7 km
5134× 3568 3 m pixels

roydavi1@msu.edu



630 nm
820 nm
545 nm 

Isalo National Park
Madagascar

Dove-R

July 16th 2019 

surface reflectance 

15.4 × 10.7 km
5134× 3568 3 m pixels

roydavi1@msu.edu



Dove-R

July 25th 2019 630 nm
820 nm
545 nm 

Near Johannesburg, 
South Africa 

surface reflectance 

6.4 × 6.0 km
2123 × 1997 3 m pixels

roydavi1@msu.edu



July 30th 2019 630 nm
820 nm
545 nm 

Near Johannesburg, 
South Africa 

Dove-R

surface reflectance 

6.4 × 6.0 km
2123 × 1997 3 m pixels

roydavi1@msu.edu



Locations of 558 Landsat-8 two date image pairs interpreted 
into burned, unburned, and unmapped classes

Fast prototyping - use the previously collected Africa Landsat 30m 2-date training 
data to derive a U-Net and investigate its utility (i.e., transfer learning)
for 2-date PlanetScope classification into burned and unburned classes 

Yellow vectors = Interpreted burned areas occurring 
between the two Landsat images sensed 16-days apart

roydavi1@msu.edu



PlanetScope
July 3rd

110 x 110 km
36600 x 36600 3m pixels

Zambia
Western Province 

630nm
820 nm
545 nm 

Preliminary 
Example 
validation



630nm
820 nm
545 nm 

PlanetScope
July 31st

Zambia
Western Province 

110 x 110 km
36600 x 36600 3m pixels

Preliminary 
Example 
validation
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8093.4 km2 

compared

PLANET reference
(assumed to be truth)

Burned
[km2]

Unburned 
[km2]

Row total
[km2]

Burned 
[km2]

83.7 56.4 140.7

Landsat-8 & 
Sentinel-2 Unburned 

[km2]
173.6 7780.3 7953.7

Column total 
[km2]

257.0 7836.7 8093.4

Comparison of July burned proportions mapped 
by 3 m PLANET reference  and  30 m Landsat-8 & Sentinel-2

Preliminary 
example 
validation
results

Overall accuracy = 97%     Omission error [0-1] = 0.40    Commission error [0-1] = 0.67 



roydavi1@msu.edu

Burned Areas Characterized by
• deposits of charcoal and ash
• removal of vegetation
• alteration of vegetation structure
• exposure of underlying material

Cheikh Mbow,
Senegal

Erik Boren
Idaho



roydavi1@msu.edu

Burned pixel is a mix of burned and unburned stuff 
AND the burned stuff has different reflectance



The effects of 
burned areas 
may persist on 
the landscape

Landsat 8, 
30m true color, 
Week 23 2014
South Africa/Moz.

15 x 15 km



Landsat 8, 
30m true color, 
Week 25 2014
South Africa/Moz.

The effects of 
burned areas 
may persist on 
the landscape

15 x 15 km



roydavi1@msu.edu 31km x 22km

August 19th 2001, Botswana
open savanna grassland, fossil dune system, bright Kalahari Sand 
Landsat 30m pixels, bands 5 (1.65µm), 4 (0.82µm), 3 (0.66µm) 



roydavi1@msu.edu 31km x 22km

September 4th 2001, Botswana
open savanna grassland, fossil dune system, bright Kalahari Sand 
Landsat 30m pixels, bands 5 (1.65µm), 4 (0.82µm), 3 (0.66µm) 



roydavi1@msu.edu
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		2.00		11.1811		7.3972		49.9793

		2.01		11.1618		8.07205		49.3608

		2.02		11.3758		8.7469		48.3385

		2.03		11.4691		9.23105		47.2060

		2.04		11.5034		9.7152		46.2938

		2.05		11.4340		10.3066		45.6385

		2.06		11.5668		10.898		45.2035

		2.07		11.4578		11.6065		44.8053

		2.08		11.5431		12.315		44.5540

		2.09		11.9187		12.9695		44.5960

		2.10		11.8096		13.624		44.6015

		2.11		11.8457		14.2525		44.8640

		2.12		11.9766		14.881		45.1633

		2.13		12.0043		15.3205		45.4623

		2.14		12.2123		15.76		45.7618

		2.15		12.1120		16.0955		45.8038

		2.16		11.9925		16.431		45.7725

		2.17		12.1250		16.6665		45.7780

		2.18		12.2258		16.902		45.7833

		2.19		12.5287		16.996		45.7890

		2.20		12.4045		17.09		45.6475

		2.21		12.4580		17.2385		45.4328

		2.22		12.4189		17.387		45.1083

		2.23		12.5660		17.239		44.7098

		2.24		12.6050		17.091		44.1280

		2.25		12.6020		16.7235		42.8488

		2.26		12.7223		16.356		41.5328

		2.27		12.6867		15.964		40.8043

		2.28		12.9675		15.572		40.6260

		2.29		13.0990		15.0905		40.4480

		2.30		13.0267		14.609		40.3803

		2.31		13.3028		13.999		40.2753

		2.32		13.3842		13.389		40.2810

		2.33		13.5036		12.8855		40.2863

		2.34		13.5902		12.382		40.4388

		2.35		13.7031		12.043		40.4443

		2.36		13.9780		11.704		40.4130

		2.37		13.5797		11.161		40.4553

		2.38		13.6085		10.618		40.4608

		2.39		13.9505		10.16525		40.3563

		2.40		13.8844		9.7125		40.0315

		2.41		13.8499		9.23275		39.5598

		2.42		14.0073		8.753		38.9410

		2.43		14.1326		8.35425		37.8820

		2.44		14.1938		7.9555		36.5660

		2.45		13.9826		7.3731		35.6533

		2.46		14.1878		6.7907		34.9238

		2.47		14.5051		6.51335		34.1585

		2.48		14.3740		6.236		33.3930

		2.49		14.5951		6.23285		32.6473

		2.50		14.8328		6.2297		32.5853
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Must account for spectrally confusing land cover changes i.e., 
that look like burning but are not 

Evergreen 
Tropical Forest 
(Brazil)

Bright Soil 
(Kalahari 
sand, 
Namibia)

Dark Soil 
(Simpson 
Desert, 
Australia)

Fire 
reduces 
NIR 

Vegetation removal 
e.g. deforestation



Snow (Siberia)

Snow Melt

Must account for spectrally confusing land cover changes i.e., 
that look like burning but are not 



March 10
NDVI=0.8

April 20 
NDVI=0.5

Rapid Vegetation 
Senescence

100% herbaceous cover,
Barkly Tablelands, Australia

Must account for spectrally confusing land cover changes i.e., 
that look like burning but are not 



Flooding

Water

Must account for spectrally confusing land cover changes i.e., 
that look like burning but are not 



roydavi1@msu.edu 31 km x 23 km 

Must account for spectrally confusing land cover changes i.e., 
that look like burning but are not 



roydavi1@msu.edu 31 km x 23 km 

Cloud 
shadows 
and 
burned 
areas look 
similar in 
this image 

Must account for spectrally confusing land cover changes i.e., 
that look like burning but are not 



To first order the change in reflectance due to 
burning is dependent on the fraction of area 
burned f and combustion completeness cc

MIXED PIXEL
INCOMPLETE 
COMBUSTION

UNBURNED BURNED
roydavi1@msu.edu



Two linear mixture equations 

a pixel with fraction of area burned f
and combustion completeness cc:

ρ = (1-f cc) ρUB + f cc ρB

Roy, D, Landmann, T (2005) Characterizing the surface heterogeneity of fire effects using 
multi‐temporal reflective wavelength data. International Journal of Remote Sensing 26, 4197-4218. 

Linear Spectral Mixture Model



f x cc

day 155 -> 164

2000 x 2000 30m pixels 

roydavi1@msu.edu



Synthetic training data
spectral library

f. cc model
f x cc, ρpre-fire

λ, ρpost-fire
λ

Landsat-8 & Sentinel-2
Spectral Response Functions

f x cc, ρpre-fire
sensor band, ρpost-fire

sensor band

Random Forest Classification 
to 30m f x cc

L-8 30m tiles

S-2 30m tiles

time time time time 
i i+1 i+2 i+3

Temporal
Consistency

Wedge 
approach 
based on 

MODIS C5.1 
(koala) 

approach

time time 
i : i+1 i +1: i+2

30m burned area
& f x cc

30m f x cc 30m f x cc

Current algorithm requires only 3 parameters 

Roy, Huang, Boschetti, Giglio, 
Yan, Zhang, Li, 2019, Landsat-8 
and Sentinel-2 burned area 
mapping - a combined sensor 
multi-temporal change 
detection approach, RSE, 231, 
111254.



after normalization

Normalization for the 7 NIR images



before normalization

Normalization for the 7 NIR images



before normalization

Normalization for the 11 NIR images in Angola 
(DOY-208 image used as the control) 



after normalization

Normalization for the 11 NIR images in Angola 
(DOY-208 image used as the control) 
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