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Abstract—The National Aeronautics and Space Administration

(NASA) Landsat program has been dedicated to sustaining

data continuity over the 20-year period during which Landsat

Thematic Mapper (TM) and Enhanced TM Plus (ETM+) sensors

have been acquiring images of the earth's surface. In 2000, NASA

launched the Earth Observing-1 (EO-1) Advanced Land Imager

(ALI) to test new technology that could improve the TM/ETM+

sensor series, yet ensure Landsat data continuity. The study

reported here quantified the continuity of satellite-retrieved

surface reflectance (p) for the three most recent Landsat sensors

(Landsat-4 TM, Landsat-5 TM, and Landsat-7 ETM+) and the

EO-1 ALI sensor. The study was based on ground-data verifica

tion and, in the case of the ETM+ to ALI comparison, coincident

image analysis. Reflectance retrieved from all four sensors showed

good correlation with ground-measured reflectance, and the

sensor-to-sensor data continuity was excellent for all sensors

and all bands. A qualitative analysis of the new ALI spectral

bands (4p: 0.845-0.890 /im and Sp: 1.20-1JO /im) showed that

ALI band Sp provided information that was different from that

provided by the ETM+/ALI shortwave infrared bands 5 and 7 for

agricultural targets and that ALI band 4p has the advantage over

the existing ETM+ near-infrared (NIR) band 4 and ALI NIR band

4 of being relatively insensitive to water vapor absorption. The

basic conclusion of this study Is that the four sensors can provide

excellent data continuity for temporal studies of natural resources.

Furthermore, the new technologies put forward by the EO-1 ALI

sensor have had no apparent effect on data continuity and should

be considered for the upcoming Landsat-8 sensor payload.

Index Terms—Advanced Land Imager (ALI), data continuity,

Earth Observing 1 (EO-1), Landsat Thematic Mapper 4 (TM4),

Landsat Thematic Mapper 5 (TM5), Landsat Enhanced Thematic

Mapper Plus (ETM+), remote sensing.

I. INTRODUCTION

THE DATA from the National Aeronautics and Space

Administration (NASA) Landsat program constitute

the longest record of the earth's surface as seen from space.
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Landsat-1 was launched in 1972 with the Multi-Spectral

Scanner (MSS), which was specifically designed for land

remote sensing. This sensor proved so valuable that it was used

with four subsequent Landsat missions. In 1982, Landsat-4 was

launched with two sensors, MSS and a new sensor called the

Thematic Mapper (TM), which had significant improvements

in spatial resolution, as well as additional bands. The same

payload was launched on Landsat-S in 1984. Landsat-6 was

launched in 1993 but failed to reach orbit. Landsat-7 was

launched in 1999 with an improved TM sensor called the En

hanced Thematic Mapper (ETM+). ETM+ duplicated the TM

technology but provided finer spatial resolution for the thermal

sensor (60 m) and a new panchromatic band at 15-m resolution.

The Advanced Land Imager (ALI) was launched in 2000 on the

Earth Observing I (EO-1) satellite to test new technology that

could be used for sensors aboard the next Landsat platform,

Landsat-8. Compared to ETM+, ALI provides a greater SNR, a

pushbroom sensor, greater quantization, and additional spectral

bands with significant reduction in size, mass, and power [2].

As technology evolved, newer Landsat sensors were modified

slightly, while keeping in mind the importance ofhistorical data

continuity. There is a keen interest in documenting data conti

nuity over the different Landsat sensors. At least two studies

comparing Landsat-4 TM and Landsat-S TM sensors were per

formed when they were both operational. Metzler and Malila

[3] found that Landsat-4 TM radiances were within ±10% of

Landsat-5 TM radiances. Radiances in bands 2 and 5 had the

greatest discrepancy with reduced radiances of 11% and 13%,

respectively. Price [6] found very similar results with his com

parison of Landsat-4 and Landsat-5 sensors. Subsequent work

comparing Landsat-5 TM and Landsat-7 ETM+ yielded even

better results. Vogelmann et al. [9] reported high band-to-band

correlations for Landsat-5 TM and Landsat-7 ETM+ for the

same targets in coincident scenes, ranging from r2 = 0.987 in

band 1 to r2 = 0.999 in bands 4, 5, and 7. Vogelmann et al.

[10] compared NDVI values with coincident Landsat-5 TM and

Landsat-7 ETM+ scenes in Nebraska and found them essentially

the same. He also subjected both scenes to a land classification

scheme and obtained similar results.

This study attempts to quantify data continuity for the

three most recent Landsat sensors and the EO-1 ALI sensor

through ground data verification, and in the case of the ETM+

ALI comparison, coincident image analysis. We used the

REL approach [4] for the comparison of Landsat-4 TM and

Landsat-5 TM sensors, whereas for the other sensor compar-

0196-2892/03S17.00 © 2003 IEEE
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TABLE I

Dates for Image Analysis of Landsat-4 and Landsat-5

Sensors at Maricopa

TABLE I!

List of Images Used for the Landsat-5 TM-Landsat-7 ETM+ Analysis

Date

5/31/1989

6/16/198S

6/25/1989

7/2/1989

7/25/1989

8/19/1989

8/27/1989

9/4/1989

9/12/1989

DOY

151

167

175

183

207

231

239

247

255

Sensor

Landsat 5 TM

Landsat 5 TM

Landsat 4 TM

Landsat 5 TM

Landsat 4 TM

Landsat 5 TM

Landsat 4 TM

Landsat 5 TM

Landsat 4 TM

isons, atmospherically corrected satellite-based reflectances

were compared to the ground data. This study also allowed

a preliminary investigation of two of the three new EO-1

bands, band 4p (0.845-0.890 ftm) and 5p (1.20-1.30 fim), for

agricultural applications.

II. Study Site, Materials and Methods

A. Study Sites

Two locations were targeted where extensive ground data

were available, the Maricopa Agriculture Center (MAC),

owned and managed by the University of Arizona, and the

U.S. Department of Agriculture (USDA) Walnut Gulch Exper

imental Watershed (WGEW) in southeastern Arizona. MAC

is located about 48 km southwest of Phoenix, Arizona in an

extensively irrigated agricultural region, and is composed of

large fields (up to 0.3 x 1.6 km) used for demonstrating new

fanning techniques on a production scale. WGEW has been

instrumented and studied for nearly 50 years by the Southwest

Watershed Research Center (SWRC) in Tucson, an entity of

the USDA Agricultural Research Service (ARS). The WGEW

encompasses 150 km2 and is representative of approximately

60 million ha of brush- and grass-covered rangeland found

throughout the semiarid southwestern United States [7].

B. Landsat-4 TM and Landsat-5 TM Dataset

The dataset for this comparison was comprised of four

Landsat-4 TM images and five Landsat-5 TM images acquired

in 1989 at MAC (Table I). This dataset was chosen to encom

pass a cotton-growing season with alternating Landsat-4 and

Landsat-5 scenes. Thus, the data could be expected to follow a

known trend associated with cotton growth at MAC [5] defined

by decreasing surface reflectance (p) in the visible bands (bands

1-3) and increasing p in the near-infrared band (band 4).

Throughout this cotton-growing season, the p of a uniform

0.3 x 1.6 km cotton field was measured with a four-band Ex-

otech radiometer deployed on a low-flying aircraft. The Cessna

aircraft was flown at 100 m above ground level to avoid atmo

spheric attenuation of the radiance reflected from the surface.

Coincident measurements of a calibrated 0.5 x 0.5 m BaSO.1

reference panel were made with a second Exotech radiometer

on the ground, which was cross-calibrated with the airborne ra

diometer and used to compute p from the aircraft-based mea

surements of radiance (a detailed description of measurement

protocol was given by Moran et al. [4]). Measurements of re-

Date

3/20/1985

7/23/1985

8/9/1985

10/27/1985

4/21/1986

6/24/1986

5/31/1989

4/23/1992

6/10/1992

7/12/1992

9/30/1992

11/1/1992

11/17/1992

9/24/1999

9/26/1999

7/26/2000

9/12/2000

9/26/2000

9/28/2000

4/22/2001

5/24/2001

5/26/2001

7/27/2001

8/29/2001

9/29/2001

DOY

79

204

220

300

111

175

151

114

162

194

274

306

322

267

269

208

256

270

272

112

144

146

208

240

272

Sensor

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Landsat 5 TM

Lanasat 7 ETM+

Landsat 7 ETM+

Landsat 7 ETM+

Landsat 7 ETM+

Landsat 7 ETM+

Landsat 7 ETM+

Landsat 7 ETM+

Landsat 7 £tm+

Landsat 7 ETM+

Landsat 7 ETM+

Landsat 7 ETM+

Landsat 7 ETM+

Location

Maricopa

Maricopa

Maricopa

Maricopa

Maricopa

Maricopa

Maricopa

Walnut Gulch

Walnut Gulch

Walnut Gulch

Walnut Gulch

Walnut Gulch

Walnut Gulch

Maricopa

Walnut Gulch

Walnut Gulch

Walnut Gulch

Maricopa

Walnut Gulch

Maricopa

Maricopa

Walnut Gulch

Maricopa

Maricopa

Maricopa

■-■>■•:.

Fig. I. Powered parachute platform used to deploy a spectrometer for surface

reflectance measurements in support of Landsat and EO-I overpasses.

TABLE 111

Dates and Locations for Image analysis of Landsat-7 ETM+

and EO-I ALI Sensors

Date

4/22/2001

5/24/2001

5/26/2001

7/27/2001

8/29/2001

9/29/2001

DOY

112

144

146

208

240

272

Location

Maricopa

Maricopa

Walnut Gulch

Maricopa

Maricopa

Maricopa

TOTAL

# of ground data readings

4

4

5

4

2

2

21

flectance for the length of the field were averaged to one value

and the image digital numbers (DNs) associated with this lo

cation were extracted from the TM images and averaged to a
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Fig. 2. Response functions for Landsat-4 TM, Landsat-S TM, Landsal-7 ETM+, and EO-I ALI

TABLE IV

Band Characteristics of TM 4, TM S, ETM+, and ALI. Astericks Indicate Bands Used in This Study

.5 0.55 0.6 0.65 0.7

TM4-TM5

Band

no pan

1*

2*

3*

4*

5

6

7

Center

wavelength

0.485

0.560

0.660

0.830

1.650

11.420

2.215

Wavelength

range (urn)

0.45-0.52

0.52-0.60

0.63-0.69

0.76-0.90

1.55-1.75

10.40-12.50

2.08-2.35

Band

Pan

1*

2*

3*

4*

5*

6

7*

ETM +

Center

wavelength

0.710

0.482

0.565

0.660

0.825

1.650

11.450

2.220

Wavelength

range (urn)

.520-.900

0.45-0.52

0.52-0.60

0.63-0.69

0.76-0.90

1.55-1.75

10.40-12.50

2.08-2.35

ALI

Band

Pan

1*

2*

3*

4*

5*

no thermal

7*

1p

4p

5p

Center

wavelength

0.585

0.483

0.565

0.660

0.790

1.650

2.215

0.443

0.B68

1.250

Wavelength

range (um)

0.480-0.690

0.450-0.515

0.525-0.605

0.630-0.690

0.775-0.805

1.550-1.750

2.080-2 350

0.433-0.453

0.845-0.890

1.200-1.300

single coincident value. Thus, a dataset of ground-measured p

was compiled for comparison with p retrieved from Landsat-4

and Landsat-5 TM DNs throughout the growing season.

The refined empirical line (REL) approach, based on the

known reflectance of a within-image target and the modeled

DN equivalent of zero reflectance [4], was used to retrieve p

from satellite DNs. Modeled DN at p = 0 was 50, 15, 10, and

5 for bands 1-4, respectively. For this study, the within-image

target was an alfalfa field for which ground-measured p was

available from the aircraft-based Exotech measurements. With

these two sets of DNs and p, linear regression equations were

developed to convert the image DN to p on each date.

C. Landsat-5 TMand Landsal-7 ETM+ Dataset

Twelve Landsat-5 TM and 13 Landsat-7 ETM+ images were

analyzed in this study. More than one target was analyzed for

several images for a total of 38 targets, 19 for each platform.

Landsat-5 TM images were acquired from 1985 to 1992 and

Landsat-7 ETM + images were acquired from 1999 to 2001

(Table II). This dataset was chosen because a Reagan solar ra

diometer had been deployed to measure atmospheric optical

depth during the overpass on each date. The Reagan radiometer,

built by engineers at the University ofArizona, measured optical

depths at ten different wavelengths to determine molecular op

tical depth, aerosol optical depth and ozone optical depth. One

other parameter necessary for characterizing the atmosphere,

the Junge parameter, was also derived from the solar radiometer

data (a detailed description of this process was given by Biggar

etal. [1]).

These atmospheric measurements were used as input to the

Gauss-Seidel radiative transfer model (RTM) to define the re

lationship between surface reflectance and at-sensor radiance.
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TABLE V

MAD Between Reflectances From 16 Targets Calculated From

Response Curves of Listed Sensor Pairs. Targets Are From

Walnut Gulch and Marciopa

MAC Field Survey (mfal206)

July 25,2001

Band

1

2

3

4

5

7

TM4-TM5

<0.0001

0.0003

0.0002

0.0003

0.0002

<0.0001

TM5 - ETM+

0.0022

0.0049

0.0004

0.0009

0.0009

0.0011

ETM+-ALI

0.0015

0.0031

0.0004

0.0059

0.0001

0.0016

This relationship was used to derive a predicted reflectance at

a location in the satellite image where surface reflectance had

been measured (a detailed description of this process was given

by Thome [8]). Comparing the ground-measured p and satel

lite-retrieved p across platforms allowed for an independent test

of sensor continuity.

Surface reflectance measurements were made during each

overpass using sensors mounted on three different platforms:

yoke, aircraft, and powered parachute (Fig. 1). For some over

passes, a four-band Exotech radiometer was mounted on a back

pack-type yoke and the operator walked over a 120 x 480 m

grid within a uniform Held or grassland. Frequent measurements

over a calibrated 0.5 x 0.5 m BaSO4 reference panel were used

to retrieve surface reflectance (p) from the Exotech-measured

radiance. The aircraft-based approach was described in the pre

vious subsection. The advantage ofaircraft over yoke-based de

ployment was the ability to measure a greater number ofradio-

metrically different targets in a short time. For the most recent

images, the sensor was upgraded from an Exotech to an Ana

lytical Spectral Device (ASD) full-spectrum (FR) hyperspectral

spectrometer and the platform was changed from a Cessna air

craft to a powered parachute. In addition, the BaSC>4 reference

plate was replaced with a more stable pressed Halon plate. The

powered parachute is similar to an ultralight but uses a relatively

narrow parachute instead ofa fixed wing (Fig. 1). This platform

was significantly less expensive than an aircraft, required only

30-100 m for takeoff, and used nearby roads for takeoff and

landing. For large, uniform targets, the measurements ofp made

with the sensors aboard the aircraft and powered parachute com

pared to within 0.005 of coincident yoke-based measurements

(results not presented here).

Reflectances measured with airborne sensors over des

ignated, uniform MAC fields and WGEW grasslands were

extracted and averaged to characterize the reflectance of large

targets. The DN associated with these ground locations were

extracted from the Landsat TM images, resulting in a set of

spatially and temporally coincident ground- and satellite-based

data for comparison of satellite-retrieved and ground-measured

P-

D. Landsal-7 ETM+ and EO-1 ALI Damsel

During the 2001 and 2002 measurement periods, we acquired

six coincident (acquired within less than one minute) Landsat-7

ETM+ and EO-1 ALI images at our two study sites. Images were

acquired on five dates at MAC and one date at WGEW with

cloud-free sky conditions in all cases. As with the Landsat-5

1

i

Crop Type

TJ£H alfalfa

bare soil

cotton

grass

guayule

hesperaloe

trees

r I wheat

tOO 1000 ISB W» 1500 Mcttn

USDA

Fig. 3. Example ofmap produced using information from a MAC field survey.

TM, Landsat-7 ETM + comparison, atmospheric optical depths

were measured during each overpass and a RTM was used to

retrieve surface reflectance from at-satellite radiance. Note that

all images used in all studies were ordered from USGS Eros

Data Center (EDC) and were radiometrically corrected to Level

1. Calibration coefficients for the Landsat images were taken

from the header files. Calibration coefficients from NASA dated

December 2001 were used for the ALI images.

For field reconnaissance, the powered parachute was de

ployed with the ASD FR spectrometer. This approach allowed

us to analyze 21 different targets using only six images

(Tables III and XII). The ALI sensor contains spectral bands

that are quite similar to ETM+ bands except for ETM+ band

4, where there are two narrower ALI bands that occur within

the ETM+ band 4 [Fig. 2(d)]. Because our surface reflectance

measurements for ETM+ and ALI were taken with an ASD

FR, we were able to integrate our hyperspectral ground-based

measurements to simulate both ETM+ and ALI spectral bands.

Note that for this study, we compared ETM+ band 4 with ALI

band 4, rather than ALI band 4p.

E. Band Response Function Comparison

Although, equivilant bands between the four sensors being

compared are similar, the spectral characteristics of equivilant

bands does vary slightly (Table IV, Fig. 2). Before proceeding

to analyze equivilant bands from different satellite sensors it

is ncccesany to sec how the different response functions of

the bands affect the data. The first step in this analysis was
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80
Bandi Band 2

"? 40

.2

200 250
DOY

150 200 250

Fig. 4. Radiance and ground-measured reflectance for Landsat-4 TM and Landsat-5 TM for a cotton field at MAC in 1989. The dashed line represents the

surface reflectance measured with ground-based sensors, and the solid line represents the radiance retrieved from the sensor. Closed circles represent Landsat-4

TM radiance, and open circles represent Landsat-5 TM radiance.
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Ground-measured Reflectance

Fig. 5. Relationship between ground-measured reflectance and reflectance retrieved from the Landsat-4 TM and Landsat-5 TM, using the REL method.

TABLE VI

RMSE for Ground Reflectance and Reflectance Derived Using the

REL Method for Landsat-4 TM and Landsat-5 TM Sensors

Sensor

Landsat4TM

Landsat 5 TM

Bandi

0.008

0.015

Band 2

0.006

0.006

Band 3

0.009

0.009

Band 4

0.011

0.023

to compare reflectance values of similar sensor bands, using

the ASD measurements of p of five targets from WGEW on

September 28, 2000 and 11 targets from MAC on April 22,

2001. ASD measurements of p in 0.001-/im bands were inte

grated into TM 4, TM 5, ETM+, and ALI spectral bands using

the response functions for each band, and the mean absolute dif

ference was calculated for each sensor pair (Table V). As ex

pected, the reflectances for similar bands between the platforms

were extremely close with the highest mean absolute difference

(MAD) of 0.0063 for the ETM+/ALI sensor pair in band 4.

Sensor pair TM4/TM5 had the best relationship with all MADs
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below 0.0005. This is to be expected, since Landsat-5 TM was

designed to have the same sensor characteristics as Landsat-4

TM. The highest MAD of 0.0059 for the ETM+/ALI sensor

pair is also expected, since these two sensors had considerably

different response functions [Fig. 2(d)] compared to the other

sensor-band pairs. The overall low MADs for all sensor pairs

allowed us consider the bands across sensors essentially equiv

alent for the targets used in this study.

F. Supporting Data

Extensive field surveys ofMAC were performed for the days

when images were acquired. Crop cover, crop type, moisture

conditions, crop conditions, and fallow field conditions were

documented for all production fields on the farm. This informa

tion was integrated into a geographic information system so that

maps ofinformation of interest could be generated (Fig. 3). This

information was very useful for analyzing anomalous image and

field data.

III. RESULTS

Since the methodology for analyses of different sensors

varied, the results are presented two sensors at a time: Landsat-4

TM to Landsat-5 TM, Landsat-5 TM to Landsat ETM, and

Landsat-7 ETM+ to EO-1 ALI. The RMSE statistic is used for

all sensor comparisons

0.8

RMSE= \
t=i

0)

where

x p measured by the ground-based sensor;

y p retrieved from the satellite sensor;

n number of observations.

The sensor pair analysis is followed by a statistical compar

ison of data across all sensors. Finally, results from analysis of

two of the three new ALI spectral bands (bands 4p and 5p) are

presented.

A. Comparision ofLandsat-4 TM to Landsat-5 TM

For the cotton field investigated in the Landsat-4 TM to

Landsat-5 TM comparison, ground-based reflectance measure

ments showed a continuous decrease ofreflectance in the visible

bands and a continuous increase in the near-infrared (Fig. 4).

If there was good data continuity between the Landsat-4 TM

and Landsat-5 TM, one would expect the satellite-measured

radiance values to follow similar continuous trends. Visually,

there was a good correlation between the satellite-measured

radiance and the ground-measured reflectance over time in

TM bands 2-4 [Fig. 4(b)-(d)]. This was not the case for the

radiance measured in TM band 1 [Fig. 4(a)]. It is apparent that

the Landsat-4 TM radiance was consistently and substantially

higher than the Landsat-5 TM radiance measured over the same

field. This indicates a calibration error exists between these two

sensors for this scene.

Since the REL approach for retrieving p from satellite DNs

is an empirical image-based method, it does not depend on

an accurate sensor calibration, and the radiance differences

0.6 •

0.4

0.2

0

+

X

o

Band 1

Band 2

Band 3

Band 4

0.2 0.4 0.6

Ground-moosurod Reflectance

0.8

Fig. 6. Relationship between reflectance retrieved from Landsat-5 TM and

Landsat-7 ETM+ sensors and associated ground-based reflectance. Bold

markers represent Landsat-7 ETM+ and light markers represent Landsat-5 TM.

TABLE VII

RMSE Between Ground-Measured Reflectance and Reflectance

Retrieved From Landsat-5 TM and Landsat-7 ETM+ Sensors

Sensor

Landsat 5 TM

Landsat 7 ETM+

Bandi

0.017

0.022

Band 2

0.016

0.018

Band 3

0.022

0.022

Band 4

0.027

0.038

0.2 0.3 0.4 OS

QreundHKoasured RofloOanca

0.6 0.7

Fig. 7. Relationship between Landsat-7 ETM+ and EO-1 ALI atmospherically

corrected satellite-based reflectance and associated ground-based reflectance.

in TM band 1 [Fig. 4(a)] were not relevant to the comparison

of reflectances. Reflectances derived from Landsat-4 and

Landsat-5 TM DNs with the REL method were compared to

ground-measured p throughout the cotton-growing season. The

results showed good continuity for p values retrieved from the

Landsat-4 TM and Landsat-5 TM sensors and good correlation

with ground-measured p (Fig. 5).

The RMSE between ground reflectance and REL-computed

reflectance was calculated for Landsat-4TM and Landsat-5 TM.

For bands 2 and 3, the RMSE for both platforms was the same,

and the RMSE forTM bands 1 and 4 was within 0.01 reflectance

value between the two sensors (Table VI) indicating very good

data continuity.

B. Landsat-5 TM to Landsat-7 ETM+ Comparison

The Landsat-5 TM to Landsat-7 ETM+ comparison was con

ducted with data acquired over a 17-year period from 1985 to

2000. Overall, there was a good relation between satellite-re

trieved p from the Landsat-5 TM and Landsat-7 ETM+ sensors
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Fig. 8. Relationship between surface reflectances retrieved from Landsat-7 ETM+ and EO-1 ALI, and associated ground-measured reflectance, by band. Circles

represent ALI data, and crosses represent ETM+ data.

and the ground-measured p (Fig. 6). For all bands and all dates,

the RMSE between satellite-retrieved and ground-measured p

was 0.021 for Landsat-5 TM data, and RMSE was 0.025 for

Landsat-7 ETM+ data. The RMSE calculated for each band sep

arately (Table VII) showed similar uncertainty, with RMSE for

bands 1-4 ranging from 0.016 (Landsat-5 TM band 2) to 0.038

(Landsat-7 ETM+ band 4). The RMSE values for Landsat-5

TM, bands 5 and 7, were not calculated because ground-mea

sured p values for these bands were not available.

C. Landsat-7 ETM+ and EO-1 ALI Comparison

The ground data for the ALI and ETM+ analysis were

acquired using an ASD FR spectrometer, which covered a

wavelength range from 0.35-2.50 nm. Thus, it was possible to

analyze the two shortwave infrared (SWIR) bands along with

the visible and near-infrared (NIR) bands, which had not been

possible with the Exotech radiometer. Twenty-one data points

from six different days at two sites (Table III) were used for our

analysis ofthese two platforms. The procedure for this analysis

was similar to our analysis of the Landsat-5 TM and Landsat-7

ETM+ sensors; that is, surface reflectances retrieved from

sensor DNs were compared to surface reflectances measured

with ground-based sensors (Fig. 7). The RMSE between satel

lite-retrieved and ground-measured p for all bands combined

was 0.024 for ALI and 0.028 for ETM+. The RMSE for each

band of the two sensors were also computed (see Fig. 8 and

Table VIII). The RMSE ofETM+ and ALI band 4, 0.057 and

0.037, respectively, were higher than the RMSE of all other

bands, which ranged from 0.013 to 0.032. This was due to the

fact that the average reflectance for band 4 was 0.42, whereas

average reflectance in all other bands ranged from 0.08 (band 1)

to 0.29 (band 5). All RMSE values for equivalent ETM+ and

ALI bands were within 0.032 reflectance, indicating very good

agreement between the sensors.

TABLE VIII

RMSE Between Atmospherically Corrected Satellite-Based

Reflectance and Ground Reflectance for Landsat-7 ETM*- and ALI

Sensor

Landsat 7 ETM+

EO-1 ALI

Bandi

0.023

0.021

Band 2

0.024

0.020

Band 3

0.027

0.023

Band 4

0.057

0.037

Bands

0.032

0.020

Band 7

0.013

0.020

Since our comparison of the ETM+ and ALI sensors in

volved temporally coincident images at the same location, it

was possible to make direct comparisons between the sensors

(Fig. 9). In this case, the RMSE was computed according

to (1), where x = radiances retrieved from ETM+ DNs,

y = radiances retrieved from ALI DNs, and n =

number of observations [termed RMSE3 to distinguish it

from RMSE defined in (1)]. Slope and offset were also com

puted (Table IX). Although, the linear relationship between

radiances was quite good, the slope for the bands ranged from

0.90 to 0.92 for all the bands except for band 4 where the slope

was 1.09. Offset for band 4 was negative, and for all the other

bands was positive. Because radiance varies so much between

bands, the RMSE, are difficult to compare across bands

Therefore, the RMSES as a percentage of average radiance for

each band was computed. RMSE8 as a percentage of average

radiance ranged from 3.0% to 7.6% (Table X) indicating quite

good agreement between the sensors. Also, the strong linearity

of the radiance values for both sensors indicates the relative

radtometric stability of the sensors throughout the time of this

study.

D. Analysis Across All Platforms

The statistical comparisons between sensor pairs reported

in previous subsections were based on different measurement

and processing methods (see Section II). Thus, the RMSE in

one sensor-to-sensor comparison would not be comparable
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TABLE IX

Linear Regression Coefficients for Landsat-7 ETM+ Radiances and

EO-l ALI Radiances (in Watts per Square Meter Per Steradian

per Meter), x = ETM+ and y = ALI

Band

1

2

3

4

5

7

Slope

0.911

0.912

0.901

1.090

0.928

0.904

Offset

5.528

4.655

4.209

-1.875

0.922

0.282

with that of another sensor-to-sensor comparison. To evaluate

the data continuity of all four sensors over time and minimize

the method-induced differences, the absolute difference of

the RMSE between sensor pairs from data in Tables VI-VIII

was determined (see Table XI and Fig. 10). Assuming that

the RMSE is a similar measure of ground truth accuracy for

all the approaches used in this study, the absolute difference

of the RMSE between sensor pairs is an unbiased measure

of accuracy across sensor pairs. Based on that statistic, the

highest absolute sensor-to-sensor difference was only 0.020 for

band 4 for EO-I ALI and Landsat-7 ETM+ and differences for

all other bands and sensors were less than 0.013 reflectance

(Table XI). These results were consistent with the comparisons

of reflectances (RMSE) retrieved from ALI and ETM+. The

basic conclusion of this analysis is that data continuity across

all the Landsat sensors and the ALI sensors is excellent.

E. Evaluation ofEO-I ALI Band 5p

The ALI sensor offers an additional SWIR band called 5p,

which ranges from 1.2-1.3 nm. This band was added because it

corresponds to a strong atmospheric window in the SWIR spec

trum, which might be useful in agriculture and forestry applica

tions [11]. In this study, it was possible to compare the satel

lite-retrieved p values for three ALI SWIR bands for the 21

ground targets at MAC. The simultaneous field surveys of the

MAC site near the times ofthe overpasses provided descriptive

data for this qualitative analysis.

The reflectances of the 21 targets measured in ALI bands 5

and 7 showed a wide range of reflectance and a strong corre

lation between the reflectance measured in ALI bands 5 and 7

(Fig. 11). This was not the case for reflectances retrieved from

ALI in band 5p. The vast majority ofthe retrieved reflectances in

ALI band 5p were close to a value ofp = 0.40. The targets that

deviated most from p = 0.40 in ALI band 5p were examined

for field data information. Target number IS had the lowest re

flectance and deviated furthest from the cluster. This target was

a hespcraloe crop, a yucca-like plant used to make high-quality

paper, that had a canopy with much different structural char

acteristics than any field crop targets in this analysis. Another

site with low reflectance was target 3, a pecan orchard that had

a canopy with a more complex structure than a common field

crop. Target 12 had the same reflectance as target 3 and was ma

ture wheat, characterized by dense heads protruding far above

the leaf canopy. The highest reflectance was target 16, which

was 5-m-wide alternating strips of wheat stubble and soil. In

terestingly, the four targets with the furthest deviation from the

cluster were the most structurally heterogeneous targets. The

other study sites were cotton or alfalfa crops, weeds, soil, or

scmiarid grasslands (Table XII).

F. Evaluation ofEO-1 ALI Band 4p

The ALI sensor offers two NIR bands that are narrower than

ETM+ band 4, but fall within the spectral range ofETM+ band 4

[Fig. 2(d)]. The purpose ofthe reconfiguration ofband 4 in ALI

was to avoid the relatively strong water absorption that occurs

in the middle of Landsat-7 ETM+ band 4 (0.810-0.840 /im). In

our study, we found that columnar water vapor ranged from 1-3

cm, and water vapor absorption reduced satellite-retrieved p in

the ETM+ band 4 up to 10%. Ground-based measurements of p
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TABLE X

RMSE, Radiance for Landsat-7 ETM+ and Radiance for EO-1 ALI

Sensor

ALI-ETM+

ALI-ETM+

Units

W/m2/sr/um

As a percent

of average

radiance

Bandi

2.02

3.0%

Band 2

2.58

4.1%

Band 3

4.02

7.2%

Band 4

8.52

7.6%

Band 5

0.67

4.2%

Band 7

0.25

7.1%

TABLE X!

Absolute Difference in RMSE of Satellite-Retrieved Reflectances and Ground-Based Reflectances Between Sensor Pairs

Sensor

TM5-TM 4

ETM+-TM5

ALI-ETM+

Bandi

0.007

0.005

0.002

Band 2

0.000

0.002

0.004

Band 3

0.000

0.000

0.004

Band 4

0.012

0.011

0.020

Band 5

0.012

Band 7

0.007

0.055

Bandi Band 2 Band 3 Band 4 Bands Band 7

Fig. 10. Difference in RMSE of reflectances retrieved from satellite sensors

and ground-measured reflectances between sensor pairs. The legend captions

L4, L5, L7, and ALI refer to Landsat-4 TM, Landsat-5 TM, Landsat-7 ETM+,

and EO-I ALI, respectively.

0.1 0.2 0.3 0.4 0.S

SalcUa-mtftoved Reflectance (EO-1 AU|

Fig. 11. Reflectances retrieved from EO-1 ALI SWIR spectral bands for all

21 targets. Numbers on the graph correspond to target description in Table IX.

were compared to satellite-retrieved p, with and without water

vapor correction for these three bands (Table XIII). For ETM+

band 4, accounting for water vapor improved the relationship

with ground data; the RMSE was reduced from 0.078 to 0.057.

The RMSE for ALI band 4 decreased slightly from 0.053 to

0.041. The RMSE for ALI band 4p was the smallest of all, and

there was a negligible difference between the two cases. These

results showed that, for our dataset, ALI band 4p was essentially

unaffected by atmospheric water absorption.

TABLE XII

Description of Each Target Site

Target*

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

DOY

144

144

144

144

146

146

146

146

146

240

240

112

112

112

112

208

208

208

208

272

272

Target description

alfalfa

alfalfa

secan orchard

wheat, senescent

semi-arid grassland

semi-arid grassland

semi-arid qrassland

semi-arid grassland

semi-arid grassland

alfalfa wet

wheat stubble

wheat

weeds

road

hesperaloe

wheat senescent

soil

cotton

alfalfa

alfalfa

alfalfa

TABLE XIII

RMSE Reflectance Retrieved From Landsat-7 ETM+ Band, EO-1 ALI

Band 4 and 4p and Associated Ground Reflectance. Two Cases Are

Presented: Atmospheric Correction Without Water Vapor

Correction and With Water Vapor Correction

Band

ETM+ Band 4

AU Band 4

ALI Band 4p

Without water vapor

correction

0.078

0.052

0.037

With water vapor

correction

0.057

0.041

0.034

In terms of data continuity between ETM+ and ALI, it was

demonstrated that ALI band 4 and ETM+ band 4 had very sim

ilar reflectance characteristics, at least for a semiarid grassland

(Table V). However, when comparing at-satellite radiances be

tween these two bands, caution should be exercised due to the

different atmospheric water absorption properties.
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IV. Conclusion

Three separate analyses of data continuity were conducted

for Landsat-4 to Landsat-5 TM, Landsat-5 TM to Landsat-7

ETM+ and Landsat-7 ETM+ to EO-1 ALL In all cases, the

RMSE [(1)] between satellite-retrieved and ground-measured

reflectance were comparable between sensors, and the RMSE

was generally within the required accuracy for many applica

tions (Tables VI-VFII). The direct comparison between image

pairs ofLandsat-7 ETM+ and EO-1 ALI (Table X) showed rea

sonable comparability with RMSES as a percentage ofaverage

radiance ranging from 3% (band 1) to 7.6% (band 4). When the

RMSE of all sensors were compared (to minimize the effects

of different methodologies), the sensors showed excellent data

continuity. The absolute differences in RMSE ranged from 0.00

to 0.02 (Table XI).

The qualitative analysis of the new ALI spectral bands (4p

and 5p) showed that ALI band 5p provided information that was

different from that provided by the ETM+/ALI bands 5 and 7 for

agricultural targets (Fig. 11). Further investigation is warranted

to determine what distinctive surface characteristics influenced

the reflectance in band 5p. The ALI band 4p has the advantage

over the ETM+ band 4 and ALI band 4 of being relatively in

sensitive to water vapor absorption (Table XIII). Furthermore,

since the reflectances retrieved from ETM+ band 4, ALI band

4, and ALI band 4p for our 21 agricultural targets were nearly

identical (data not shown here), it could be an excellent substi

tute band for ETM+ band 4 on the next Landsat mission.

This work presented an in-flight analysis of three Landsat

sensors and the new ALI sensor. Combined, these four sen

sors have provided images for the past 20 years, and Landsat-7

ETM+ will continue to provide images for ten more years, if the

lifespan of the sensor is similar to that of Landsat-5 TM. This

represents a potential data stream ofearth images spanning over

30 years. The basic conclusion of this study is that the four sen

sors can provide excellent data continuity for temporal studies

of natural resources. This could represent a new age in which

temporal and spatial changes in natural resources can be moni

tored and managed with the use of moderate resolution satellite

imagery. Furthurmore, the new technologies put forward by the

EO-1 ALI sensor have increased the SNR and improved data

quantization [2]. This has been accomplished with no apparent

effect on data continuity. In addition, the new NIR and SWIR

bands may offer a signal that is less attenuated by the atmos

phere (ALI band 4p) and new surface information (ALI band

Sp). The EO-1 ALI mission has been successful in testing new

technologies for the upcoming Landsat-8 sensor payload.
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