Accuracy Standards for Partially Cloudy Landsat Visible/Infrared

Snow Maps
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Landsat as Reference Data
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e history: Characterization of snow is critical for understanding Earth's water and energy cycles. Maps of snow from
ilable online xcox MODIS have seen growing use in investigations of climate, hydrology, and glaciology, but the lack of rig-
orous validation of different snow mapping methods compromises these studies. We examine three

sed MODIS snow products: the “binary” (ic., snow yes/no) global snow maps that were among
) al MODIS standard products; a more recent standard MODIS fractional snow product; and

{pte sensing another fractional snow product, MODSCAG, based on spectral mixture analysis. We compare them to
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MODIS Terra Collection 6 fractional snow cover validation in
mountainous terrain during spring snowmelt using Landsat
TM and ETM+
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« Acc Contents lists available at ScienceDirect Remorc Sersing Abstract:
| AR . ) ‘mm Daily swath MODIS Terra Collection 6 fractional snow cover (MOD10_L2) estimates were validated with two-day Landsat TM/
« — Remote SenSIng of Environment ETM + snow-covered area estimates across central Idaho and southwestern Montana, USA. Snow cover maps during spring
3. A . Key snowmelt for 2000. 2001, 2002, 2003, 2005 2007. and 2009 were compared between MODIS Terra and Landsat TM/
i A ssessment Of S now- C over M applllg Accuracy snc 3 ) ) [ ETM - usng leastsqaredreresion. Song spatal nd emponl wap speement vas found between MODIS Terra fractional
1 Me journal homepage: www.elsevier.com/locate/rse snow cover and Landsal TM/ETM + . although m was observed for two validation dates

High-altitude cirrus cloud contamination during Jows snow condiions ¢ well 2 e

son transient snowfall resulted in map

in a Variety of Vegetation-Cover Densities e

in Central Alaska

Retrieval of subpixel snow covered area,

grain size, and albedo from MODIS

Thomas H. Painter **, Karl Rittger °, Ceretha McKenzie <, Peter Slaughter °, Robert E. Davis, Jeff Dozier ”

disagreement. MODIS Terra’s spatial resolution limits retrieval of thin-patchy snow cover, especially during partially cloudy

conditions. Lands:

image acquisition frequenc;

does not usually persist beyond the daily time:

a y can introduce di
mountain snow cover. Furthermore, transient snowfall later in the s

ale, will skew decadal snow-covered area variability if
record development is the objective. As a quality control step. ground-|
measurements can be used o verify transient snowall evens. Use

riminating between transient and resident
tochastic accumulation event that

monthly climate data
sed daily snow telemetry snow-water-equivalent
13 of daily MODIS Terra fractional snow products should be

1. aware that local solar illumin: ractional snow cover estimation in
] N N , , . » Department of Geagraphy, Universty of Utah, Salt Lake Gity, UT 84112, USA mountainous terrain sor interoperability has heen wm:mned between MODIS Terra and Landsat TMETM 4 when
D' K H(l”, ] L F()-S‘flf r, D L ‘ e l"])l/l(l, A G K]b’l n,! ® Donald Bren School of Environmental Science and Management, University of California, Santa Barbara, CA 93106, USA mapping snow | rmm lhe visible/infrared spectrum. This relationship is strong and supports operational multi-sensor snow cover
| [ ( B N k- ha © US Army Cold Regions Research and Engineering Laboratory, Hanover, NH 03755, USA mappi fic: imate data record development to expand cryosphere, climate, and hydrological science applications.
climate da rd devel d here, cl d hydrological I
1 and C. ensony Copyright 03005 Tehn Wiley & Lid.
so1
it ba ARTICLE INFO ABSTRACT KEY WORDS  MODIS Terra: Landsat TM: Landsat ETM#: snow cover: validation; mountains
its
F sul Article history: We describe and validate a model that retrieves fractional snow-covered area and the grain size and albedo Received 26 November 2012; Accepted 17 December 201
dd and aircraft measurements were acquired in  that the enhanced algorithm represents a significant im- hu e e 30 December 2008 of hat snow from surfce refctnce ot (product MODOOGA) sl by NASK® Moderate Resoluion
) : . : . ) { maging Spectroradiometer e model analyzes the visible, near infrared, and shortwave ) , )
April 1995 in central Alaska to map snow cover with — provement over the original MODIS prototype algorithm sp) Accepted 1 January 2009 infrared bands with multiple endmember spectral mixtures from a library of snow, vegetation, rock, and soll. INTRODUCTION snowpack has changed, is changing, and will be
MODIS Airborne Simulator (MAS) data, acqui especially in the mapping of snow in dense vegetation promw—rs We derive snow spectral endmembers of varying grain size from a radiative transfer model specific to a wow cover o in susceptible 1o long-term change triggered by climatic
l high-altitude aircraft. The Earth Observing The enhanced algorithm will thus be adopted as the MO- cie Snow i;ﬁ";f‘?o:ﬂ"v"v'l"fﬂ\ﬁ‘ﬁ?ﬁ:g&c.’fﬁfﬁ'&ﬁkli?’?ﬂffﬁﬁs..T:i;"mﬁ..ﬁ?'ff%iw.fﬁf‘ fifaif ermain during the hemispheric. col-season forms o WArMing: Satelite emote sensing s uniquely positioned to
S} Moderate l Imaging Spectr DIS at-launch snow-cover algorithm. Using this simple :)"e ede 2130 m resolution, for the Sierra Nevada, Rocky Mountains, high plains of Colorado, and Himalaya. Grain size resident snowpack that melts as springtime solar 20dress these questions because a spectrally distinet snow
(MODIS) is a 36-channel system that will be launched — method for estimating vegetation density from pixel re- Spectral mixture analysis measurements are validated with field measurements during the Cold Land Processes Experiment, and irradiance and near-surface air temperature increase and  COYCr signal can be optically retrieved over broad regions
g J S veg Y ] P " . H h ce 1 pel Cre: . . . . N
he EO M-1 pl e in 1999 e densi N . arc MODIS albedo retrievals are validated with in situ measurements in the San Juan Mountains of Colorado. The pixel- and remote mountainous terrain with high confidence
on the EOS-AM-1 platform in 1999. A vegetation-density flectance, it will be possible to analyze the accuracy of pa weighted average RMS error for snow-covered area across 31 scenes is 5%, ranging from 1% to 13%. The mean planetary albedo decreases (Barry et al., 1995; Barry, (Dozier, 1984: Hall and Martinec, 1985; Dozier, 1989;
map derived from integrated ra ), from MAS  the MODIS snow-cover algorithm in a range of vegeta- the absolute error for grain size was 51 um and the mean absolute error for albedo was 4.2%. Fractional snow 2002; Barry, 2006). In arid regions like the westem o PoR 0 ST 8 Degier. 1996 Hall ef al.
data, is compared with an independently-produced vege-  tion-cover in places where information on vegetation- | cover errors are relativly insensitive to solar zenith angle. Because MODSCAG s a physically based algorithm United States, mountain snowpack accumulation and melt - r A ot 2004 Hall and Rizes, 2007,
1 densi lerived from Th ic M. ) ’ S that accounts for the spatial and temporal variation in surface reflectances of snow and other surfaces, it is contribute approximately 50-70% to the total annually 2001: Dozier and Painter, 2004; Hall and Riggs, 2007;
tation I//])/' and density map derived from Thematic Map-  cover density is not available from ground measure- od capable of global snow cover mapping in its marccompulauanallyclﬁcmn( operational mode. available freshwa -~ ia snow-fod streamflow  FOSter ef al, 2011: Hall et al., 2012). That said,
per (TM) and ancillary data. The maps agreed to within — yents.  ©Flsevier Science Inc., 1998 be 2009 Elsevier Inc. All rights reserved. "é‘“ “ Clgz)cﬁ“ g‘“ﬂ 'W""[w 7&.;;“};)“[4 '\l;wz'go(g; maximizing the snow cover signal relative to background
aya ;. Ba et al., . Bales er al. . N
13%, lhm corroborating the effectiveness of using the re- ac (Cayan, s . g noise contributed by a mixed land surface response
s Therefore, documenting how basi natural variability) " rec 0y ! ) spons
flectance technique for mapping vegetation density. Snow ba . requires quantifying uncertainty and error in snow cover
8 Do snowpack accumulation and melt processes and patterns : ? 2 :
“over was 2 3 ril 1995 MAS i 2, using T o ‘C: m¢ . mapping to ensure that remotely sensed snow algorithms
cover was mapped on a 13 April 1995 MAS image, using  [NTRODUGTION AND BACKGROUND 1. Introduction et al, 2008). Therefore optimal future management of snowmel- vary over multiple spatial and temporal measurcment  TPPIPE L0 €ns! 4 paitilien
the original MODIS prototype algorithin and an en- ; : pmat | nanagem } ification of localiti in nd products are robust and continually improved upon
g MODIS ¢ ype atgor . 11995, a field and ai derived water resources will require explicit physical models driven scales enables identification of localities where mountain o % e o e hn Rosenthal and Dozicr, 1996:
hanced MODIS prototype algorithm. Field measurements — During April 1995, a field and aircraft “‘1“""““’ was A Snow cover and its melt dominate regional climate and hydrology by remotely sensed data along with enhancement of the surface using differing techniques (Rosenthal and Dozier, ;
revealed that the area was completely snow covered.  conducted in the boreal forest of central Al . in many of the world's mountainous regions. One-sixth of Earth's  petworks (Bales et al., 2006). The most critical snow properties for o . Christopher 1. Craford, Cryospheric. Hall et al., 1998; Hall er al., 2001; Hall et al, 20022, b;
With the original algorithm, snow was mapped in 96%  port of the Earth Observing System (EOS) Moderate population depends on snow- or glacier-melt for water resources, and  modeling the energy and mass balance of the snow cover are its ey (Code 615), NASA Godkled Sy Pllghs Gt Cresaba,  Metsamald et al,, 2002; Dozter and Painter, 2004; Pepe
i o . pped in 96% ( | I ! Laboratory (Code 615), NASA Goddard Space Flight Center, Greenbelt, NS . N N Polviong
Jf the pixels having <50% vegetation-cover density ac.  Resolution Imaging Spectroradiometer (MODIS) snow- Pai people in these areas generate one-fourth of the global domestic  spatial extent and albedo (Bloschl, 1991; Dozier & Painter, 2004). s faon et al., 2005; Antilla er al.. 2006; Dozier er al., 2008;
of the piyels having <o0% vegelation-cover density ac- 1 product (Bamett et al., 2005). Recent analyses of long-term surface We describe and validate an automated model for the retrieval of ail: ehristopher j crawford@nasa. gov Salminen er al., 2009; Dobreva and Klein, 2011; Hall and
cording to the R, map, while in the areas having vegeta- m\(lx mapping proj -(-.1, MODIS is scl h_n(lu led for I,mu;h 33{ observations show a declining snowpack in the lower elevationsin the  subpixel snow-covered area and snow grain size that uses surface
tion-cover densities on the EOS AM-1 polar-orbiting platform in 1999. The o reflectance data from MODIS, NASA's Moderate Resolution Imaging

0%, snow was mapped in only
71% of the pivels. When the enhanced MODIS snow-
mapping algorithm was employed, 99% of the pixels hav-
ing <50% vegetation-cover density were mapped, and
% of the pi
were mapped as snow cc

s with =50% vegetation-cover density

red. These results demonstrate

* Hydrological Sciences Branch, NASA/GSFC. Greenbelt. Maryland
1 Forest Sciences Department, University of Alaska. Fairbanks
artment of Geography, Texas A&M University, College Sta-

MODIS Airborne Simulator (MAS,
troradiometer, was flown onboard a NASA ER-2

+ 50-channel spec-
raft
Field measurements were also acquired. An objective of
the m
snow in different vegetation-cover densities, using two
andidate algorithms designed to map global
using MODIS data. In order to do this
edge of the vegetation type and density in the study area

airc

on was to determine the accuracy of mapping

snow cover
adequate knowl

must first be obtained because the amount of snow

western U.S. (Barnett et al., 2008; Howat & Tulaczyk, 2005; Mote et al.,
C

2005), and i in the San Juan Mountail

a positive feedback between dust from the Colorado Plateau and early
snowmelt (Painter et al., 2007a). Dust deposited in the snowpack
causes it to melt out three to five weeks earlier than it did before
agricultural disturbance of the western U.S. in the second half of the
19th century, as revealed by lake sediment analysis (Neff et al., 2008).

Operationally, seasonal forecasts of snowmelt-generated stream-
flow are leveraged through empirical relations based on past
snowmelt periods. These historical data show that climate is changing,
but the changes reduce the reliability of the empirical relations (Milly

* Corresponding author

Based on an earlier model developed for an
imaging spectrometer (Painter et al., 2003) and adapted to multi-
spectral data, this new model (MODSCAG—MODIS Snow-Covered Area
and Grain size) uses multiple endmember spectral mixture analysis
(Roberts et al., 1998) to simultaneously solve for subpixel snow-
covered area and grain size of the fractional snow cover. Grain size
estimates coupled with an estimate of impurity concentration can
then be used to estimate the snow’s albedo. Grain size is the snow
parameter that determines its spectral albedo throughout the near-
infrared and shortwave infrared wavelengths, while absorbing
impurities and, for shallow snow only, snow water equivalent reduce
the albedo in the visible spectrum (Warren, 1982). Here, we describe

tion, Texas ) ) mapped in a given area from a satellite is dependent, in (18 ey the MODSCAG model and assess its accuracy with Thematic Mapper
§ Geophysical Tnstitute, University of Alaska, Fairbanks part, on the land-cover type and vegetation-cover density (K Rittger), € MecKenzie), Staughter), data, field measurements of grain size, and in situ measurements of
Address correspondence to D. K. al Sc While much information can be obtained from existing RobertE | (RE. Davis). albedo.

Hall. Hydrologi clences
N 1. E-mail: dhall@

SE
“ode 974, NASA/GSFC.,

Greenbelt 2

(1998)

(m ‘Avenue of the Americas, New York, NY 10010

satellite-derived vegetation-cover maps (e.g, Townshend
et al., 1993), more detailed vegetation and forest-cover
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Landsat’s Relevance to SnowPEx Obijectives

|. Review sensor-specific limitations for optical snow mapping

2. Establish accuracy standards for Landsat TM, ETM+, and OLI image
pre-processing

3. Reconcile sensor differences in the context of snow map
comparisons and validation
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Objective #1 Determine the accuracy of cloud/cloud shadow
masking for Landsat TM, ETM+, and OLI/TIRS at the pixel scale
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Revised Landsat-5 TM Radiometric Calibration
Procedures and Postcalibration Dynamic Ranges

Gyanesh Chander and Brian Markham
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Landsat-7 Long-Term Acquisition Plan
Evolution Over Time

Brian Markham, Samuel Goward, Terry Arvidson, Julia Barsi, and Pat Scaramuza
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Revised Landsat-5 Thematic Mapper
Radiometric Calibration

Gyanesh Chander, Member; IEEE, Brian .. Markham, and Julia A. Barsi

Abstract—Effective April 2,2007, the radiometric calibration of
Landsat-5 (L) Thematic Mup]ur( M) data that are processed

for luuih Resources Ob: nalmn and Science (EROS) will be
updated. The lifetime gain model that was implemented on May 5

2003, for the reflective bands (1-5, 7) will be replaced by a new
lifetime radiometric-calibration curve that is derived from th
trument’s response to pseudoinvariant desert sites and from cross
calibration with the Landsat-7 (L7) Enhanced TM Plus (ETM+).
Although this calibration update applies to all archived and future
1 data, the principal improvements in the calibration are
for the data acquired during the first eight years of the mission
(1984-1991), where the change: the instrument-gain values are
as much as 15%. The radiometric scaling coefficients for bands 1
and 2 for approximately the first cight years of the mission have
also been changed. Users will need to apply these new coefficients
to convert the calibrated data product digital numbers to radiance.
The scaling coefficients for the other bands have not changed.

Index  Terms—Bi: i characterizati gain,
Landsat-5 (L), Ilh\n, lookup table (LUT), National Land
Archive Production System (NLAPS), offset, radiance, reflectance,
relative spectral response (RSR), spectral bands, Thematic
Mapper (TM).

L. INTRODUCTION

ANDSAT-5 (L.5) was launched on March 1, 1984, with the

Thematic Mapper (TM) Earth-imaging sensor onboard.
‘The satellite and sensor continue to operate today, after more
than 23 years of service. The TM has seven spectral bands:
six 30-m reflective bands and one 120-m thermal band. TM
bands have center wavelengths of approximately 0.49, 0.56,
0.66, 0.83, 1.67, 11.5, and 2.24 pm, respectively. The raw and
calibrated data products are quantized to eight bits.

The TM incorporates an internal calibrator (IC) with lamps
for the reflective bands, a blackbody source for the thermal
band, and a temperature-monitored shutter for all the ban
‘The IC is located behind the primary instrument telescope.

Manuscript received January
was supported in part by the
under Dr. Darel Williams, Project Scien
1 for Earth kcm‘m s Observ
Landsat Project under Krist Kline, Projec
was supported by the USGS under Contact 03CRCNO0O1,

G. Chander is with the Science Applications International Corpora-
tion (SAIC) at the U.S. Geological Survey Center for Earth Resources
Observation and Science (EROS). Sioux Falls, SD 57198 USA (e-mail:
echander @usgs. gov).

B. L. Markham is with the NASA Goddard Space Flight Center, Greenbelt,
MD 20771 USA.

J. A. Barsi is

stems and Applications, Inc., Greenbelt, MD
20771 USA.
Color versions of one or more of the figures in this paper are available online
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calibrator is synchronized with the scan mirror such that the
detectors view the calibration sources during each scan mirror
turnaround (when no scene data are o taken).

The operations of the satellite and its ground proce:
system have evolved over the years [1]. The U.S. Geological
Survey (USGS) has operated L5 since 2001 and currently
processes TM data through the National Land Archive Pro-
duction System (NLAPS). Most users order the fully processed
(Level 1G) data products, to which both radiometric and geo-
metric corrections have been applied. An exponential-decay
model was implemented in 2003 [2] to represent the radiometric
response or gain of each reflective band as a function of time
since launch. The model and coefficients are used
1o generate a day-specific band-average lookup table (LUT) [3]
of detector gains for use in processing. After the appli
the LUT gains, the data are rescaled to a fixed radiance range
(referred to as the postcalibration dynamic range) represented
by LMIN (radiance corresponding to “zero” DN) and LMAX
(radiance corresponding to “255” DN). The thermal-band gain
is calculated based on the respon: to the IC shutter and
blackbody, and image data are similarly rescaled to a fixed
radiance range. Note that the Landsat-7 (1.7) Enhanced TM Plus
(ETM+) products are scaled to an LMIN value of “one™ DN,
and the “zero™ DN is reserved for the fill data.

II. RADIOMETRIC CALIBRATION PROCEDURE

Data continuity requires con
of image data acquired by d
radiance is the fundamental step in putting data from multiple
sensors and platforms onto a common radiometric scale. The
following is a partial list of variables used for radiometric
calibration.

stency in the interpretation

Q Raw quantized voltage or response [DN].

G Detector gain  or  reponsivity [DN/(W/(m? -
sr - pm)).

B Detector bias or background response [DN].

L Spectral radiance at the sensor’s aperture [W/(m? -
s - pm)).

Qcal Quantized calibrated pixel value [DN].

Qcalmin  Minimum  quantized calibrated pixel value
(DN = 0) corresponding to LMIN .

Qcalmax  Maximum  quantized calibrated  pixel  value
(DN = 255) corresponding to LMAX .

LMIN,  Spectral radiance that is scaled (0 Qcat yin [W/(m
sr - pum)).

LLMAX)  Spectral radiance that is
sr - pm)).

aled 10 Qcalmax|W/(m

Authorized licensed s limited to: University of Minnesota. Downloaded on August 28, 2009 at 1554 from IEEE Xplore. Restrictions appiy.
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Landsat-7 ETM+: 12 Years On-Orbit
Reflective-Band Radiometric Performance

Brian L.

Markham, Member, IEEE, Md. Obaidul Haque, Julia A. Barsi,

ad Micijevic,

Dennis L. Helder, Senior Member, IEEE, Kurtis J. Thome, David Aaron, and Jeffrey S. Czapla-Myers

Abstract—The L:
orbit for more tha
formance have bee
radiometric perfort
stable: 1) noise peri
with a few detector
less; 2) coherent noj
been stable, thougl

20 kHz noise in ban
scan line corrector :
18 kHz) has appea)
in magnitude with
0.25 DN out of a ne
gains, the differenc
band, have general

a band, which is rel
has been more stab
to the inability to ¢
tectors that have be
reflective band data
measured gains. In
as much as 2% in
12 years.

Index Terms—C:
(ETM+), Landsat,

I ANDSAT-7 I
agery with its
sensor since Apri
Manuscript received

September 11, 2011. ]
rent version 18,

(LCLUC) Project offi¢
through contract G10P¢
B. L. Markham a
Space  Flight  Center
Brian.L.Markham @ nas
M. O. Haque and E

J A BJNI is with t
Greenbelt, MD 20771 1
D. L. Helder is with
sty Brookings,

1.S. Czapla-Myers
sity of Arizona, Tues
optics.arizona.edu).

Color versions of on¢
at hup:/fieeexplore.icee

Digital Object Identi

Remote Sensing of Environment 122 (2012) 30-40

Contents lists available at SciVerse ScienceDirect

Remacerming

Remote Sensing of Environment

journal homepage: www.elsevier.com/locate/rse

Review

Forty-year calibrated record of earth-reflected radiance from Landsat: A review

Brian L. Markham **, Dennis L. Helder >

* Biospheric Sciences Laboratory, Code 618, NASA/GSFC, Greenbelt, MD 20771, United States
® College of Engineering, South Dakota State University, Brookings, SD 57007, United States

ARTICLE INFO

ABSTRACT

Article history:

Received 27 February 2011

Received in revised form 16 June 2011
Accepted 23 June 2011

Available online 17 February 2012

Keywords:
Landsat

Radiometric Calibration
History

MsS

™

EM+

Sensors on Landsat satellites have been collecting images of the Earth's surface for nearly 40 years. These im-
ages have been invaluable for characterizing and detecting changes in the land cover and land use of the
world. Although initially conceived as primarily picture generating sensors, even the early sensors were ra-
diometrically calibrated and spectrally characterized prior to launch and incorporated some capabilities to
monitor their radiometric calibration once on orbit. Recently, as the focus of studies has shifted to monitoring
Earth surface parameters over significant periods of time, serious attention has been focused toward bringing
the data from all these sensors onto a common radiometric scale over this 40-year period. This effort started
with the most recent systems and then was extended back in time. Landsat-7 Enhanced Thematic Mapper
(ETM)+, the best-characterized sensor of the series prior to launch and once on orbit, and the most stable
system to date, was chosen to serve as the reference. The Landsat-7 project was the first of the series to
build an image assessment system into its ground system, allowing systematic characterization of its sensors
and data. Second, the Landsat-5 Thematic Mapper (TM) (still operating at the time of the Landsat-7 launch
and continues to operate) calibration history was reconstructed based on its internal calibrator, vicarious cal-
ibrations, pseudo-invariant sites and a tie to Landsat-7 ETM + at the time of the commissioning of Landsat-7.
This process was performed in two iterations: the earlier one relied primarily on the TM internal calibrator.
‘When this was found to have some deficiencies, a revised calibration was based more on pseudo-invariant
sites, though the internal calibrator was still used to establish the short-term variations in response due to
contaminant build up on the cold focal plane. As time progressed, a capability to monitor the Landsat-5 TM
was added to the image assessment system. The Landsat-4 TM, which operated from 1982 to 1992, was
the third system to which the radiometric scale was extended. The limited and broken use of the
Landsat-4 TM made this analysis more difficult. Eight-day separated image pairs from Landsat-5 combined
with analysis of pseudo invariant sites established this history. The fourth and most challenging effort was
making the Landsat 1-5 Multi-Spectral Scanner (MSS) sensors' data internally radiometrically consistent.
This effort was particularly complicated by the age of the MSS data, varying formats and processing levels
in the archive, limited datasets, and limited documentation available. Ultimately, pseudo-invariant sites
were identified in North America and used for Ihls effort. Note that most of the Landsat MSS archived data
had already been calibrated using the M . 50 this processing was embedded in the result. The
final effort was developing an absolute scale for Landsat MSS similar to what was already established for the
“TM" sensors. Thi from Landsat-5 MSS and Landsat-5 TV, accounting
for spectral diff between the ser EO-1 u,,. data, The history of the Landsat data
and implications to users are discussed. The key result from this work is a consistently calibrated Landsat data ar-
chive that spans nearly 40 years with total uncertainties on the order of 10% or less for most sensors and bands.
Published by Elsevier Inc.
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Landsat 7 Automatic Cloud Cover Assessment

Richard R. Irish’
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ABSTRACT

An automatic cloud cover a sment algorithm was developed for the Landsat 7 ground em. A scene dependent
approach that employs two passes through ETM+ data was developed. In pass one, the reflective and thermal properties of
scene features are used to establish the presence or absence of clouds in a scene. If present, a scene-specific thermal profile
for clouds is established. In pass two, a unique thermal signature for clouds is developed and used to identify the remaining
clouds in a scene. The algorithm appears to be a good cloud discriminator for most areas of the Earth. Some difficulty has
appeared in imagery over Antarctica, and snow at high illumination angles is occasionally mistaken for cloud.

Keywords: Landsat, ETM+, clouds, ¢

sification, ACCA, algorithm
1. INTRODUCTION

A primary goal of the Landsat 7 mission is to provide a global seasonal archive of cloud-free imagery over the Earth’s
landm: To achieve this goal, 250 images or scenes are acquired each day by the Landsat 7 Enhanced Thematic Mapper
Plus (ETM+) and archived. Mission success is determined by the cloud-free nature of each scene acquired. An automatic
cloud cover assessment (ACCA) algorithm was deployed for ascertaining the cloud component of each ETM+ image prior to
archiving. The resulting cloud cover assessment scores are subsequently used by mission planners to reschedule failed
acquisitions, and by users to filter cloudy scenes from database queries.

Discerning clouds from underlying terrain seems intuitively straightforward. Clouds are white and colder than the land
surface they obscure and these properties match up well with the multispectral response characteristics of the ETM+. Cloud
and land surface variability, however, creates problems. Wide reflectance and temperature profiles for clouds do occur
within and between scenes. A cloud signature that works well for one scene may be ineffective for another. Accurate cloud
identification is also affected by surface features (e.g. snow, white sand) that have reflectance signatures that are similar and
in some cases identical to clouds in the ETM+ bands.

A scene dependent approach for identifying clouds was developed for Landsat 7 to minimize the effects of cloud variability.
The algorithm handles the cloud population in each scene uniquely by examining the image data twice. The first pass
through the data is designed to capture clouds and only clouds. Eight different filters are used to isolate clouds and to
eliminate cloudless areas and problem land surface features such as snow and sand. The pass one goal is to develop a reliable
cloud signature for use in pass two where the remaining clouds are identified.

2. EARLIER WORK
The General Electric Corporation built one of the first Landsat 4 and 5 ground processing systems for the U.S. Government.
The primary payload of these two satellites is the Thematic Mapper (TM) and the ground
Thematic Mapper Image Processing System (TIPS). The original ACCA algorithm was incorporated as part of
Processing limitations of early 1980 computers imposed constraints on the TM ACCA algorithm. To reduce computational
load, only three bands were examined, and these were sub-sampled by a factor of 16. The original scenes, 6112 samples by
5984 lines in size, were reduced to 382 by 374 images for determining cloud statisti

Heritage Automated Cloud-Cover Assessment (ACCA) Algorithm

Characterization of the Landsat-7 ETM+
Automated Cloud-Cover Assessment
(ACCA) Algorithm

Richard R. Irish, John L. Barker, Samuel N. Goward, and Terry Arvidson

Abstract

A scene-average automated cloud-cover assessment (ACCA)
algorithm has been used for the Landsat-7 Enhanced The-
matic Mapper Plu ion since its launch by NASA
in 1999. ACCA assists in scheduling and confirming the acqui-
sition of global “cloud-free” imagery for the U.S. archive. This
paper documents the operational AcCA algorithm and vali-
dates its performance to a standard error of +5 percent.
Visual assessment of clouds in three-band browse imagery
were used for comparison to the five-band ACCA scores
stratified sample of 212 ETM+ 2001 scenes. This comparison
of independent cloud-cover estimators produced a 1:1 correla-
tion with no offset. The largest commission errors were at high

altitudes or at low solar illumination where snow was misclas-
sified as clouds. The largest omission errors were associated
with undetected optically thin cirrus clouds over water. There

were no slatistically significant systematic errors in ACCA
scores analyzed by latitude, seasonality, or solar elevation

angle. Enhancements for additional spectral bands, per-p,
ma land/water boundaries, topography, shadows, multi-

date and multi-sensor imagery were identified for possible use
in future ACCA algorithms.

Introduction

A primary goal of the Landsat-7 (L7) mission is to populate
the U.S.-held Landsat data archive with onally refreshed,
sssentially cloud-free Enhanced Thematic Mapper Plus
2T™M+) imagery of the Earth’s landmasses. To achieve this
goal, the Landsat Project Science Office (LPSO) at NASA’s
Goddard Space Flight Center (csrc) developed the Long-
Term Acquisition Plan (LTAP): a mission-long imaging
strategy designed to optimize the 250 es acquired each
day by the ET™M+ (Arvidson et al., 2001, Arvidson et al.,
2006). An optimized scene acquisition has two primary
characteristics: a priority for acquisition on that date and a
low estimate of cloud contamination. A key element in the
LTAP is a 12-month global analysis of vegetation derived from

3
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Advanced Very High Resolution Radiometer (AVHRR) observa-
tions using the Normalized Difference Vegetation Index
(NDvI) (Goward et al., 1999). Use of the resulting seasonality
increases the probability of ET™M+ collects during periods of
heightened biological activity. Another key element of the
LTAP strategy is to use cloud-cover (cc) predictions to reduce
cloud contamination in acquired scenes.

In addition to the LTAP, acquisition scheduling by mis-
sion planners also requires reliable cC reports for imagery
that is already acquired. Therefore, an automated cloud-
cover assessment (ACCA) algorithm was created for determin-
ing the cloud component of each acquired ETM+ scene. The
resulting CC assessment scores are used to monitor LTAP
performance and reschedule acquisitions as necessary. The
purpose of this paper is to document and evaluate the
operational ACCA algorithm and to suggest potential enhance-
ments for future Landsat-type missions.

Landsat-7 Mission Planning
To predict the probability of clouds in upcoming acquisi-
tions, the L7 LTAP employs historical cc patterns developed
by the International Satellite Cloud Climatology Project
(1sccp) and daily predictions provided by NOAA’s National
Centers for Environmental Prediction (NCEP). Candidate
LTAP acquisitions are prioritized according to the forecasted
cloud environment normalized against the historical cc
average, as well as other system and resource constraints
(Arvidson et al., 2006). The priority for a candidate acqui-
sition receives a boost if the forecasted cc is lower than the
historical average (Gasch and Campana, 2000). The result
of the scheduling process is an imaging schedule for the
top 250 (on average) prioritized scenes. A schedule is
transmitted to the satellite every 24 hours and forms the
basis for operating the ETM+ during its 17 percent maxi-
mum daily duty cyc
These 250 scene: acquired, are transmitted to the
U.S. Geological Survey’s Earth Resources Observation and
Science (UsGs/EROS) facility in Sioux Falls, South Dakota. The
Landsat Processing em (LPS) proce the raw data into
radiometrically uncalibrated and geometrically unresampled
imagery; generates the associated browse imagery, ACCA scores,
and other metadata; and sends the data set to the Landsat
Archive Manager (1.AM) for storage and eventual distribution.

Photogrammetric Engineering & Remote Sensing
Vol. 72, No. 10, October 2006, pp. 1179-1188.
0099-1112/06/7210-1179/83.00/0

© 2006 American Society for Photogrammetry
and Remote Sensing

October 2006 1179

Note: a per-pixel version of the heritage ACCA has been developed for TM,
ETM+,and OLI/TIRS with some refinements (a paper is in draft)
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Projected Cloud Shadows using Solar Geometry
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Automated masking of cloud and cloud shadow for forest change analysis
using Landsat images
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(Received 8 April 2009, in final form 6 August 2009)

Accurate masking of cloud and cloud shadow is a prerequisite for reliable mapping
of land surface attributes. Cloud contamination is particularly a problem for land
cover change anal because unflagged clouds may be mapped as false changes,
and the level of such false changes can be comparable to or many times more than
that of actual changes, even for images with small percentages of cloud cover. Here
we develop an algorithm for automatically flagging clouds and their shadows in
Landsat images. This algorithm uses clear view forest pixels as a reference to define
cloud boundaries for separating cloud from clear view surfaces in a spectral-
temperature space. Shadow locations are predicted according to cloud height
estimates and sun illumination geometry, and actual shadow pixels are identified
by searching the darkest pixels surrounding the predicted shadow locations. This
algorithm produced omission errors of around 1% for the cloud class, although the
errors were higher for an image that had very low cloud cover and one acquired in a
semiarid environment. While higher values were reported for other error measures,
most of the errors were found around the edges of detected clouds and shadows,
and many were due to difficulties in flagging thin clouds and the shadow cast by
them, both by the developed algorithm and by the image analyst in deriving the
reference data. We concluded that this algorithm is especially suitable for forest
change analysis, because the commission and omission errors of the derived masks
are not likely to significantly bias change analysis results.

Twin Cities] At:

{University of Minnesota Libraries,

Downloaded By:

1. Introduction

The usefulness of optical remote sensing images for land surface studies is often
hindered by the presence of cloud and shadow. Little or no information of the surface
can be derived from observations contaminated by cloud or shadow. To minimize the
impact of such contaminations, cloud-free images are often preferred over cloudy
images in land remote sensing applications. For areas that suffer constant cloudy
conditions, however, cloud-freec images are not always available. This problem is

*Corresponding author. Email: cghuang@umd.edu

International Journal of Remote Sensing
ISSN 0143-1161 print/ISSN 1366-5901 online © 2010 Taylor & Francis
http://www.tandf.co.uk/journals
DOL: 10.1080/01431160903369642
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Western Wyoming Study Region
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Peak Snow Accumulation and Melt Intervals for
Western VWyoming, USA
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Method: Cloud/Shadow Accuracy Assessment
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Error Matrix: Visual Interpretation vs. ACCA

Class Assighments
Cloud/Shadow-Free Pixels: Snow Surface (SS) or Snow-Free Land (SFL)

Cloud/Shadow Pixels: Cloud over Snow-Free Land (CSFL), Cloud Edge over Snow-Free Land
(CESFL), Cloud over Snow Surface (€SS), Cloud Edge over Snow Surface (CESS), Shadow
over Snow-Free Land (SSFL), and Shadow Edge over Snow-Free Land (SESFL)
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Pealkk Show Accumulation Peak Snowmelt
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Peak Snow Accumulation Peak Shnowmelt
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Objective #2 Determine the importance of topographic normalization
for Landsat TM, ETM+, and OLI/TIRS images during snowmelt
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Topographic Normalization
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Rapid Calculation of Terrain Parameters For
Radiation Modeling From Digital Elevation

Data

JEFF DOZIER, ASSOCIATE, IEEE, AND JAMES FREW, MEMBER, 1EEE

Abstract-Digital elevation models are noy
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tion for use in surface climate models, interp
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Radiometric corrections of topographically induced effects on
Landsat TM data in an alpine environment

Four radiometric correction methods for the reduction of slope-aspect effects in a Landsat TM data set arc tested in
a mountainous test site with regard to their physical soundness and their influence on forest classification, as well as on
the visual appearance of the scene. Excellent ground reference information and a fine-resolution DEM allowed precise
assessment of the applicability of the methods under investigation. The results of the study presented here demonstrate the
weakness of the classical cosine correction method for radiometric correction in rugged terrain. The statistical, Minnaert

and C-correction approaches, however, yielded an i

of the forest ification and an i ive reduction of

the visual topography effect.

1. Introduction

The overutilization of tropical forests as well
as the problems of deterioration of the health of
forests in mid latitudes, have warned mankind that
an important ecological factor, i.e., an important
natural resource is endangered and may not be
5o renewable as was anticipated. In recent years,
much emphasis was laid on the mapping and in-
ventorying of forests and forest damage. On a local
level, colour-infrared air photographs have been
used with great success, and on larger scales, be
they regional, continental or even global, satellite
studies show quite encouraging results.

In this study the feasibility of Landsat TM
forest classifications in an alpine environment is
tested versus excellent ground reference data. It
has been shown in the past that terrain-induced
illumination variations have hindered an easy
and straightforward solution of the distinction of
forests versus non-forest backgrounds, and also
to separate a forest into its major classes. Four
methods to correct the impact of illumination have
been tested in order to improve the accuracy of
forest classifications. Since a correction of the at-
! Remote Sensing L ies, Dep of G hy

University of Zurich-Irchel CH-8057 Zurich,

* Present address: Jet Propulsion Laboratory, California In-
stitute of Technology, MS 169-315, 4800 Oak Groove Drive,
Pasadena, CA 91109, USA.

mospheric effects based on 5S (Tanré et al., 1986)
did not result in a significant improvement of the
forest classification (Leu, 1991), no atmospheric
correction was applied in this study.

2. Basis of the study

2.1. Selection of test sites and associated ground
reference data

The base dataset consists of a 7-band TM scene
(194-27) of 3 July, 1985. Fall, winter or spring im-
agery is not suited for forest classification due to
the lower sun angles which cast shadows, and the
fact that the foliage of the various forest types is
not fully developed. Within the selected cloud-free
scene, the “Beckenried” site was selected, situ-
ated in the mountainous pre-Alps of the Canton
of Nidwalden in Central Switzerland. The terrain
elevation in the 12.0 km by 17.5 km test site varies
from 434 to 2404 m with pronounced steep slopes.

For this test site the green plates, containing
the class forest, of the 1:50,000 Swiss Federal Of-
fice topographic maps were scanned. Additionally,
maps of forest stands were digitized which had
been generated by the Swiss Sanasilva Project us-
ing colour-infrared air photographs at a scale of
1:10,000 and flown on 25 July, 1985 (353 ha) and
13 August, 1987 (572 ha). Thus, well timed ground
reference information was available, which in part

ISPRS Journal of Photogrammetry and Remote Sensing, 48(4): 17-28
0924-2716/93/306.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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Method: Sample Size / Minnaerts Correction

non-Lambertian

(5\09e
Lambertian
25°
k
[z [o. COS (sz)
H ™" cos (i)

Ln: path radiance for horizontal surface

I—T: path radiance over sloped terrain

cos (sz): sun’s zenith angle

cos (i): sun’s incidence angle
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Landsat TM and the Lambertian Assumption
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Landsat ETM+ and the Lambertian Assumption
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Landsat OLI and the Lambertian Assumption
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Wavelength-Dependent Response by Sensor
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Summary and Way Forward

* Cloud/cloud shadow omission and commission errors are seasonally
dependent and reflect the limits of observation over changing heterogenous
surfaces

*Topographic-induced effects on local solar illumination cannot be ignored
for higher resolution sensors that exhibit wavelength-dependent responses

* Evaluate pixel and sub-pixel snow algorithm performance under partially
cloudy conditions
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