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inference of wood densities) are more comprehen-
sive locally than remote sensing data that generally 
measure aggregate canopy height (in the case of li-
dar sensors) or some indicators of forest height and 
volume (in the case of radar sensors). In contrast, 
airborne or satellite remote sensing-based data are 
far more extensive, with millions of measurements 
over regional or continental scales compared to 
plots and providing a more spatially comprehensive 
measure of forest biomass variations. However, both 
ground inventory and remote sensing observations 
focus on measuring some physical properties (e.g., 
height or diameter, volume, etc.) that are not forest 
biomass (Clark & Kellner 2012). Both efforts rely on 
statistical techniques to estimate biomass, using 
single-tree allometry in the case of field plots and 
plot-aggregate allometry in the case of satellite data. 
Furthermore, both approaches are subject to several 
measurement and algorithmic errors.

A variety of remote sensing sensors provide mea-
surements of biophysical and structural character-
istics of forests based on the interaction of light or 
microwave energy with forest canopy and woody 
components. These sensors are typically categorized 
into passive sensors, such as spectrometers or ra-
diometers that measure reflected or emitted radia-
tion from the Earth’s surfaces, and active sensors, 
which internally generate and emit energy and then 
measure different attributes of the returned ener-
gy bouncing back from the surface. Passive remote 
sensors measure different ranges of wavelengths of 
reflected solar radiation (optical and microwave), 
providing two-dimensional information that can be 
indirectly linked to biophysical properties of vegeta-
tion (Rosette et al. 2012, Shugart et al. 2010). Exam-
ples of passive systems include Landsat (measuring 
the visible spectrum), QuickBird (visible to near-in-
frared), AVIRIS, and MODIS, with the latter two mea-
suring from visible to infrared (Hyde et al. 2006). 
On the other hand, active sensors are designed to 
work at limited wavelengths, such as lidar in visible 
or near-infrared wavelengths (Drake et al. 2002) 
or radar in microwave long wavelengths (Shugart 
et al. 2010). For more details on remote sensing 
techniques for forestry applications, see Zhang & 
Ni-meister (2013), Wulder & Franklin (2012), Zolkos 

et al. (2013), Saatchi et al. (2011b), and LeToan et 
al. (2011). Here, for the sake of brevity, the remote 
sensing techniques for forest structure and biomass 
are divided into two categories:

(1) The first category refers to remote sensing ob-
servations that provide the most direct mea-
surements of forest structure, such as canopy 
height from lidar sensors on either airborne 
or spaceborne platforms. Lidar sensor mea-
surements must be treated similarly to ground 
measurements such as tree height measure-
ments using a laser ranger or clinometers in 
the field. In both cases, the measurements are 
relatively direct. Height is measured from laser 
altimetry from air or space, and from distance 
and angle measurements in the ground. There 
is strong evidence that tree height can be mea-
sured as accurately if not better than ground 
measurements using small-footprint (<1 m) 
lidar systems (Asner et al. 2010). Here, the 
measurement errors can be treated the same 
as measurement errors in the field (Dubayah et 
al. 2000, Lefsky et al. 2002, Lefsky 2010).

(2) The second category refers to active remote 
sensing observations that provide indirect 
measurements of forest structure, such as 
active radar sensors for forest volume or bio-
mass and height. In this case, radar backscatter 

measurements provide strong sensitivity to 
forest structure and biomass. This sensitivity 
may be asymptotically reduced when biomass 
increases to a range of more than 100 to 150 
Mg/ha at L-band wavelengths (~25 cm) (Saatchi 
et al. 2011b, Mitchard et al. 2011, Mermoz et 
al. 2015), and more than 200 to 300 Mg/ha at 
P-band wavelengths (~70) (Saatchi et al. 2011b, 
LeToan et al. 2011, Sandberg et al. 2011). By 
adding interferometric radar techniques as in 
PolInSAR and TomoSAR measurements, the 
sensitivity of radar sensors may increase over 
the entire biomass range in tropical forests 
(Hajnsek et al. 2009, Minh et al. 2015, Neu-
mann et al. 2012). The high-resolution, two-di-
mensional radar measurements (backscatter 
power) have provided separation of tropical 
forest biomass based on their canopy gaps, 
structure, and spatial heterogeneity (Hoekman 
et al. 2000), and have been used as an import-
ant deforestation and degradation monitoring 
tool.

Lidar and radar remote sensing techniques are 
currently recognized as the best approaches for 
quantifying and monitoring forest AGB changes 
globally. Therefore, numerous space agencies are 
attempting to improve the presence of these tech-
niques for spaceborne observation of forest bio-

Figure 5.3 
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1.1  Background
As highlighted by the Global Forest Observation 

Initiative (GFOI) in their Methods and Guidance 
Document (MGD) (GFOI 2017), SAR datasets have 
proven useful as a source of activity data for forest 
Monitoring, Reporting, and Verification (MRV) sys-
tems at national and regional levels. SAR datasets can 
provide substantial aid to MRV systems, particularly in 
areas with persistent cloud cover, due to the sensor’s 
all-weather capability (Reich et al. 2016).

The MGD also highlights the potential of SAR data-
sets with higher spatial resolution (<5 m) to charac-
terize forest canopy. SAR captures different target 
parameters than optical sensors, therefore providing 
unique information that complements standard opti-
cal remote sensing methods. A helpful analogy would 
be that while the energy captured by optical sensors 
of a green leaf relates to its amount of chlorophyll 
(or “greenness”), the amount of microwave energy 
(part of the electromagnetic spectrum used in SAR) 
scattered by the leaf would be proportional to its size, 

shape, and water content (Woodhouse 2006). SAR 
indeed has a strong sensitivity to forest structure and 
biomass (Saatchi 2015).

GFOI’s MGD also documents the limitations of op-
tical data such as Landsat and MODIS to estimate for-
est biomass and to detect early regrowth of secondary 
vegetation, including a limited ability to expose small 
disturbances such as removal of individual trees 
(GFOI 2017). The main premise and recommendation 
of GFOI’s MGD is to combine both remote sensing 
technologies, optical and SAR. However, the main 
limitation faced over and over by users is how to start 
ingesting SAR when its assimilation and analysis is 
rather difficult, considered highly sophisticated, and 
previously limited only to experienced professionals.

To clearly define the need for SAR technology for 
forest monitoring systems, a needs assessment was 
carried out within the SERVIR global network. SERVIR 
is a joint initiative between NASA and the U.S. Agency 
for International Development (USAID) that fosters 
the use of Earth observations to assess environmental 
conditions to improve decision-making actions. 

Then, in collaboration with SilvaCarbon, a plan 
was designed and implemented to effectively address 
needs and knowledge gaps of remote sensing special-
ists working in MRV systems to use SAR. SilvaCarbon 
is an interagency technical cooperation program of the 
U.S. government to enhance the capacity of selected 
tropical countries in measuring, monitoring, and re-
porting on carbon in their forests and other lands. In 
addition, SilvaCarbon is the U.S. primary contributor to 
GFOI, where their activities focus on capacity building.

1.2  Limitations and 
Opportunities of Applying 
SAR Technologies 

Multiple research efforts investigate empirical re-
lationships between SAR backscatter and biophysical 
forest properties, particularly aboveground biomass 
(Woodhouse 2006, Reich et al. 2016). Yet there are 
a number of limitations that are well summarized by 
GFOI’s MGD in using SAR for biomass estimation:

• Depending on wavelength, rapid saturation of 

This Synthetic Aperture Radar (SAR) handbook of applied methods for forest monitoring and biomass estimation has been developed by SERVIR in collaboration with 
SilvaCarbon to address pressing needs in the development of operational forest monitoring services. Despite the existence of SAR technology with all-weather capa-
bility for over 30 years, the applied use of this technology for operational purposes has proven difficult. This handbook seeks to provide understandable, easy-to-as-
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This introductory chapter explains the needs of regional stakeholders that initiated the development of this SAR handbook and the generation of applied training 
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the authors followed a unique approach that involved the global SERVIR network. This process ensured that the content covered in this handbook actually addresses 
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the signal at low aboveground biomass stock 
(~50–100 t C/ha) (Gibbs et al. 2007)

• Increased errors due to terrain
• Rainfall and soil moisture effects
• Localized algorithm development focused on a 

single biome or mono-species stands
• Lack of consistency in estimates as a function of 

sensor parameters
Of particular concern is the limited transferabili-

ty of algorithms within and between different forest 
structural types (GFOI 2017). Chapter 5 of this 
handbook addresses this particular topic in depth. 
Though these limitations may confine some appli-
cability of SAR technology, this handbook addresses 
them effectively and provides users with practical 
information to facilitate the appropriate use of SAR 
data for accurate results. It explains state-of-the-art 
methods not only with theory but also with hands-on 
exercises. 

The use of SAR datasets to accurately monitor pro-
cesses of deforestation, land and forest degradation, 
and secondary forest regrowth (Hoekman & Quinonez 
2000) has produced promising results that should not 
be overlooked. Chapter 3 provides practical infor-
mation on change detection and forest degradation 
analysis. All chapters provide key information that 
addresses the listed challenges in working with SAR 
data. Practical workflows are also included to provide 
SAR analysis tools specific for stated user needs and 
forest monitoring applications.

With publicly available C-band data from the Sen-
tinel-1 mission (Malenovský et al. 2012, Berger et al. 
2012) since 2014, the outlook of SAR operational use 
has changed significantly, and in the most promising 
way. This, in addition to the forthcoming availability 
of public L-band data from NISAR and TanDem-L, 
completely changes the game in terms of potential 
operational use of SAR datasets. Previously designat-
ed Research and Development (R&D) topics by GFOI 
(2013) now use SAR for forestry applications such as 
change detection within forest land, near-real time 
forest change indicators, and forest stratification.

This previous R&D has enabled current and oper-
ational use of SAR for these applications. This hand-
book strives to provide technical materials to facilitate 
these new resources into operational use. 

1.2.1  FROM NEEDS TO PRACTICE

Though extremely useful and educational, the most 
complete literature available on SAR is constrained 
mainly to textbooks (Woodhouse 2006, Shimada 2018) 
and does not focus on an applied approach needed by 
technicians to start processing SAR datasets. In addi-
tion, there are a number of studies and peer-reviewed 
publications (Moreira et al. 2013, Hoekman & Quiriones 
2000) that add to the wealth of knowledge, but also lack 
applied content that facilitates uptake of SAR technol-
ogy. This handbook represents a comprehensive re-
source for using SAR datasets for forestry and biomass 
applications, and also augments recent efforts to gener-
ate reference documentation for interpreting SAR data-
sets (CEOS 2018), given its applied focus that includes 
processing workflows for specific forestry applications.

The content of this handbook has been driven by the 
needs of the community (see Sec. 1.3), and as such, is 
strongly focused on forest biomass estimation. Howev-
er, it also covers a range of topics from basic preprocess-
ing to change detection, including mangrove monitor-
ing, Forest Stand Height (FSH), and sampling design for 
uncertainty estimation. Given that current state-of-the-
art methods use SAR data for forest biomass estimation 
as well as the ongoing research on how to better under-
stand forest backscatter signals (Brolly & Woodhouse 
2012), this handbook clearly describes the limitations 
and advantages of using SAR for specific forest appli-
cations. It also conveys in practical and understandable 
terms the main considerations and concepts technical 
users should be aware of when analyzing SAR data. It 
is the authors’ intent to generate applied knowledge by 
leveraging the wealth of research knowledge that has 
been gathered over the past 30 years. 

SERVIR and SilvaCarbon are committed to strength-
ening the technical capacity of users working on forest 
monitoring applications, and as new SAR missions are 
launched and new technologies emerge, it becomes 
crucial to join efforts to achieve this goal.

1.3  Needs Assessment
1.3.1  WHO IS SERVIR? 

SERVIR operates through established technical 
organizations (called hubs) with unique sets of ca-
pabilities, including political buy-in from member 

countries, technical expertise in remote sensing, geo-
graphic information systems, and database manage-
ment, along with strong relationships with stakehold-
ers. Science within SERVIR is coordinated through the 
Science Coordination Office (SCO) at NASA Marshall 
Space Flight Center. All SERVIR activities and projects 
are user-driven and involve stakeholders who play a 
key role in service development and uptake. SERVIR’s 
network of hubs includes: 

• Eastern and Southern Africa, with the regional 
hub at the Regional Center for Mapping of Re-
sources for Development (RCMRD) in Nairobi, 
Kenya;

• Hindu-Kush Himalaya, with the regional hub at 
the International Center for Integrated Mountain 
Development (ICIMOD) in Kathmandu, Nepal;

• Lower Mekong River, with the regional hub at 
the Asian Disaster Preparedness Center (ADPC) 
in Bangkok, Thailand; 

• West Africa with the regional hub at Centre 
Regional de Formation et d’Application en 
Agrométéorologie et Hydrologie Opérationnelle 
(AGRHYMET) in Niamey, Niger; and

• Amazonia, with the regional hub based at the In-
ternational Center for Tropical Agriculture (CIAT) 
in Cali, Colombia. Because this is the newest hub 
in the SERVIR network and the agreement to 
start activities did not take effect until December 
2018, it was not included in the development of 
this material.

SERVIR hubs are comprised of recognized experts 
in their respective regions for satellite remote sensing 
and have developed multiple applications related 
to SERVIR’s thematic areas, including food security 
and agriculture, water and water-related disasters, 
weather and climate, and land cover/land use. Forest 
monitoring is one of the common threads among the 
services SERVIR hubs provide in the land cover/land 
use change thematic area. SERVIR’s stakeholders have 
identified forest biomass estimation using remote 
sensing as a key need. 

Measurements of forest biomass can advance the 
understanding of forests in the global carbon cycle 
(Pan et al. 2011). In addition, forest biomass estimates 
are useful to support the implementation of Reducing 
Emissions from Deforestation and forest Degradation 
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the handbook. These one-pagers include “SAR 
Data Access and Availability,” “SAR Vegetation 
Indices,” “SAR Preprocessing Steps,” “SAR for 
Biomass Estimation,” and “SAR for Forest Stand 
Height (FSH) Estimation.” Digital versions of 
these one-pagers can be found on the handbook 
webpage or in the handbook appendices.

• Technical videos—The editors have de-
veloped short animated videos to simplify and 
clearly communicate complex concepts found 
within the handbook. These include an introduc-
tion to SAR concepts (wavelength, penetration 
depth, polarization, etc.), FSH estimation, and 
biomass estimation. 

1.6  What to Expect
This handbook was developed to generate ap-

plied knowledge on using SAR for forest applications. 
The content has been generated by world-renowned 
experts on the topic and vetted, tested, and reviewed 
by a community of applied remote sensing users. It 
covers basic concepts to understand how SAR tech-
nology works and identifies some of the best practic-
es and approaches to estimating forest change, bio-
mass, and stand height; to mapping mangroves and 
estimating their biomass; and to sampling design for 
uncertainty estimation of biomass maps. 

All the training tutorials use open source software 
and programming languages to process and analyze 
SAR datasets. This was a requirement that was ful-
filled by the SAR experts that generated the materials. 

This handbook is comprised of eight chapters in 
total, including this introductory Chapter 1 and 
the following:

• Chapter 2, Spaceborne Synthetic Aperture Ra-
dar – Principles, Data Access, and Basic Process-
ing Techniques. Author: Franz Meyer—This first 
technical chapter explains basic concepts to start 
using SAR datasets. It covers basic preprocessing 
and the peculiarities of SAR imagery, which en-
ables an understanding of how these datasets 
are interpreted. This chapter also provides a 
comprehensive inventory of past, current, and 
planned SAR sensors. 

• Chapter 3, Use of SAR Data for Mapping Defor-
estation and Forest Degradation. Author: Josef 
Kellndorfer—This chapter focuses on the appli-
cations of SAR imagery for forest change detec-
tion. It discusses how SAR backscatter changes 
due to sensor and target parameters, with an 
emphasis on forest targets. It also explains an ap-
proach for time series analysis for forest change 
detection. 

• Chapter 4, Forest Stand Height. Author: Paul 
Siqueira—This chapter discusses the estimation 
of Forest Stand Height (FSH) through the use of 
spaceborne SAR, especially at L-band repeat-pass 
Interferometric SAR (InSAR). It covers the theory 
and software, and provides examples for the use 
of repeat-pass InSAR for FSH estimation.

• Chapter 5, SAR Methods for Mapping and 
Monitoring Forest Biomass. Author: Sassan 
Saatchi—This chapter provides a summary of 
the methodologies and techniques for estimat-
ing forest aboveground biomass. The content 
covers state-of-the-art SAR remote sensing ap-
proaches for characterizing vegetation structure 
and biomass estimation, and provides resources 

for future developments in the technology and 
emergency methodologies. 

• Chapter 6, Radar Remote Sensing of Mangrove 
Forests. Author: Marc Simard—This chapter 
addresses the use of SAR imagery to monitor 
changes in the mangrove forest extent. The state-
of-the-art radar remote sensing techniques to 
measure and monitor mangrove forest structure 
are also covered in this chapter. 

• Chapter 7, Sampling Designs for SAR-Assisted 
Forest Biomass. Author: Hans Andersen—This 
chapter discusses sampling design and statisti-
cal modeling/estimation frameworks to provide 
a sound, statistically rigorous assessment of the 
uncertainty of forest biomass maps. It provides 
examples for efficiently using expensive field plot 
data and more extensive use of less expensive, 
remotely sensed information. 

• Chapter 8, Perspectives on the Future Applica-
tion of SAR in Forest and Environmental Monitor-
ing. Authors: Emil Cherrington et al.—This chap-
ter discusses future and emerging applications 
of SAR for forest and environmental monitoring, 
and also reflects on how SAR is currently being 
used across a range of applications. This chapter 
discusses how this is expected to change due to 
the growing public availability of SAR data and 
platforms to process and analyze radar data. It 
also discusses how SERVIR regional hubs are 
applying SAR technology, and how the SERVIR 
global network can be important resource cen-
ters in support of SilvaCarbon and GFOI to aid in 
articulating and addressing new environmental 
monitoring challenges.
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in C-band, the family of future SAR sensors is largely 
focused on the L-band frequency range. While L-band 
SARs do not provide the high-resolution capabilities 
of shorter wavelength SARs, their ability to penetrate 
vegetation holds a number of advantages for Earth 
observation. With a higher likelihood of seeing the 
ground, L-band SARs are useful for mapping activity 
underneath canopies such as flooding. Due to the 
high penetration into vegetation covers, L-band SAR 
also lends itself well to characterizing canopy struc-
ture, especially in denser forests. Finally, the higher 
canopy penetration is also advantageous for users of 
Interferometric SAR (InSAR), achieving higher inter-
ferometric coherence (see Sec. 2.6.2.) and better 
deformation tracking capabilities. 

P-band SAR sensors are currently under devel-
opment. Spaceborne applications at this frequency 
are hampered by ionospheric distortions, and only 
recent developments in ionospheric correction 
(Belcher 2008, Belcher and Rogers 2009, Gomba et 
al. 2016, Jehle et al. 2010, Jehle et al. 2009, Kim et 
al. 2011, Meyer et al. 2006, Meyer & Nicoll 2008a, 
Meyer 2011, Meyer et al. 2016, Meyer & Nicoll 2008b, 
Pi et al. 2012) have allowed spaceborne P-band SAR 
missions to go forward. The first spaceborne P-band 
SAR—ESA’s Biomass mission—is planned to launch 
in 2021 and will focus on mapping the status and the 
dynamics of Earth’s forests, as represented by the 
distribution of forest biomass and its changes.

2.3.2  A SUMMARY OF RELEVANT SAR 
PLATFORMS WITH THEIR PROPERTIES

A list of the most relevant past, current, and future 
SAR platforms is provided in Table 2.4. The sensors 
are sorted by their period of performance. For each 
instrument, the sensor wavelength, supported polar-
ization modes, resolution and size of image products, 
repeat cycle, and means of data access are listed. This 
quick guide may be useful in selecting appropriate 
sensors for a specific application. 

2.4  SAR Data Types and 
Their Applications

Table 2.4 showcases the diversity of SAR sensors 
that have been launched since the beginning of the 

spaceborne SAR era in 1979. While the deep, mul-
titemporal archive provided by these sensors is of 
tremendous value for users interested in long-term 
Earth observation, SAR data products from these 
various platforms are, unfortunately, plagued by in-
consistent naming conventions and come in a range 
of data types and formats, which can cause confusion 
even for more senior users of SAR. The following sec-
tions attempt to summarize and categorize the vari-
ous data types and nomenclatures used by different 
data providers to provide guidance to users new to 
this tremendously useful Earth observation asset. For 
every data type, typical naming conventions are listed 
and appropriate open source software tools are in-
troduced. Also summarized are the main applications 
associated with a specific data type. A concise sum-
mary of all information provided can also be found 
in Table 2.5.

The variety of data types provided by a SAR system 
are related to the diverse flavors of information that 
are captured in every SAR acquisition. In every pixel, 
a SAR provides measurements of signal amplitude, 
phase, and polarization, all of which are related to 
different physical quantities of the observed ground. 
As extracting and utilizing these different information 
layers is often not straightforward—and as ampli-
tude, phase, and polarization information is often 
relevant to different user communities—SAR data 
providers have decided to offer their imagery up in 
a range of different processing levels, each progres-
sively simplified and tailored to emphasize different 
components of the SAR information space. 

2.4.1  SAR RAW DATA

General Description: As the purest of all SAR 
processing levels, RAW data corresponds to the de-
coded but otherwise unfocused (i.e., Wiley’s aper-
ture synthesis processing has not yet been applied; 
Sec. 2.1.3) raw observables made by a SAR sen-
sor. Unlike optical sensors, visualizing raw SAR data 
does not provide much useful information about the 
scene. Only after aperture synthesis processing is the 
RAW data transformed into an interpretable image. 

Applications: RAW data products are the ba-
sis for all higher level SAR processing levels, and as 
such, RAW is an essential data type in every SAR data 

archive. Outside of the user community interested in 
SAR data processing, however, RAW products find 
very little use. Interestingly, while RAW data are an 
essential product for every SAR sensor, not every 
satellite operator has decided to make his RAW data 
products available to the community. For some sen-
sors, satellite data security laws prohibit the publica-
tion of RAW data products. Mostly, however, sensor 
providers elect to hide RAW data to retain proprietary 
information about their SAR processing routines.  

Naming Convention: RAW products are cat-
egorized as processing Level 0 data, a processing 
level typically abbreviated as L0. An exception to this 
abbreviation exists for data from the ALOS PALSAR 
sensor, which uses L1.0 when referring to their RAW 
data products. 

Open Source Software Tools: There are a 
number of open source software tools that can be 
used to read and manipulate (focus) RAW SAR data 
products. These include the following:

• InSAR Scientific Computing Environ-
ment (ISCE)—Developed by Jet Propulsion 
Laboratory (JPL)/Stanford/Caltech. More infor-
mation and download: https://winsar.unavco.
org/isce.html.

• GMTSAR—Developed by Scripps Institution 
of Oceanography. More information and down-
load: http://topex.ucsd.edu/gmtsar/.

• Repeat Orbit Interferometry PACkage 
(ROI_PAC)—Developed by JPL/Caltech. More 
information and download: https://winsar.un-
avco.org/portal/wiki/ROI_PAC/.

• Delft Object-oriented Radar Interfero-
metric Software (DORIS)—Developed by 
Delft University of Technology. More informa-
tion and download: http://doris.tudelft.nl/.

Note that most of these tools are focused on the 
SAR expert community and therefore require a con-
siderable amount of expertise to use correctly. Fur-
thermore, these tools predominantly reside on Linux 
or UNIX operating systems and use command-line 
methods as the means of user interaction.

2.4.2  SINGLE LOOK COMPLEX IMAGE

General Description: Single Look Complex 
(SLC) images are fully focused SAR data that are 

https://winsar.unavco.org/isce.html
https://winsar.unavco.org/isce.html
http://topex.ucsd.edu/gmtsar/
https://winsar.unavco.org/portal/wiki/ROI_PAC/
https://winsar.unavco.org/portal/wiki/ROI_PAC/
http://doris.tudelft.nl/
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https://earthengine.google.com/
https://earthengine.google.com/
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provided at the full native resolution (single look) 
with both amplitude and phase information stored 
in each (complex) pixel. SLC products are typically 
provided in the original slant-range observation ge-
ometry (Fig. 2.1) and are therefore not geocoded or 
terrain-corrected. In contrast to most optical sensors, 
the native resolution of SAR sensors is often signifi-
cantly different along the azimuth and range image 
directions. Hence, SLC images often look geomet-
rically distorted when viewed in image processing 
software. While SLCs usually come with radiometric 
calibration factors already applied, speckle noise re-
mains unmitigated in these full-resolution products. 
For polarimetric data, separate SLC products are pro-
vided for each polarimetric channel. 

Applications: The phase information stored in 
SLC products is an essential prerequisite for InSAR 
processing (Sec. 2.6.2), which is used for mapping 
surface topography or surface deformation. In addi-
tion to its use in InSAR, SLCs are also the basis for 

higher level image products such as amplitude imag-
es, polarimetric products, and geocoded images. See 
Table 2.5 for more information.

Naming Convention: In the SAR world, SLC 
products are categorized as processing Level 1 data, 
typically abbreviated as L1 or L1 SLC data. An excep-
tion to this abbreviation exists for data from the ALOS 
PALSAR sensor, which uses L1.1 when referring to its 
SLC products.

Open Source Software Tools: SLC data can 
be read and further processed by a series of open 
source software tools. These include (but are not lim-
ited to) the following:

• All previously named RAW data tools (ISCE, 
ROI_PAC, GMTSAR, DORIS)

• MapReady: Developed by the Alaska Satel-
lite Facility. More information and download: 
https://www.asf.alaska.edu/data-tools/ma-
pready/.

• Sentinel Application Platform 

(SNAP): Developed by ESA. More 
information and download: http://
step.esa.int/main/download/.

While all of these tools are capable of processing 
SLC products, not all tools work with all sensors. Us-
ers should refer to the links above to ensure that their 
data can be successfully processed with a particular 
tool choice.

2.4.3  DETECTED (AMPLITUDE) IMAGES

General Description: Amplitude products are 
fully focused SAR images that have been stripped 
of phase information and are typically multi-looked 
(spatially averaged) to reduce speckle noise and to 
create pixels of approximately square size. While 
useful for a range of mapping and monitoring appli-
cations, amplitude products unfortunately come in a 
variety of geocoding stages. Most legacy SAR systems 
(e.g., ERS-1/2, Envisat, Radarsat-1, JERS-1, and ALOS 
PALSAR) provide non-geocoded amplitude products 

!"#$%&.(17&89:;*:,%<

SENSOR FORMAT PRODUCT NAME PRODUCT FILES PROCESSING LEVEL OPEN SOURCE TOOLS APPLICATIONS

RECENT AND FUTURE SPACEBORNE SENSORS

SAOCOM
PAZ SAR
RCM
NISAR
BIOMASS
TanDEM-L

Formats and data types yet to be determined

AIRBORNE SENSORS

UAVSAR 
PolSAR

UAVSAR Ground Projected Com-
plex [full-res; 3x3; 5x5]

grd, ann Georeferenced Amplitude ASF MapReady; PolSARpro Visualization

Multi-Look Complex mic, ann MLC ASF MapReady; PolSARpro Polarimetry

Compressed Stokes 
Matrix

dat, ann AIRSAR compressed stokes 
matrix

ASF MapReady; PolSARpro Polarimetry

GeoTIFF Pauli
Decomposition

tif MLC pol. decomposition QGIS; graphics software Visualization, GIS compatible

KMZ Google Earth KMZ kmz KML compressed Google Earth Visualization

UAVSAR
InSAR

UAVSAR Amplitude amp1, amp2, ann Amplitude ASF MapReady; PolSARpro Visualization

Ground Projected 
Amplitude

amp1.grd, amp2.grd, hgt.
grd, ann

Georeferenced Amplitude ASF MapReady; PolSARpro Visualization

Interferogram int, unw, cor, ann Interferogram ASF MapReady; PolSARpro

Ground Projected 
Interferogram

cor.grd, hgt.grd, int.grd, 
unw.grd, ann

Interferogram ASF MapReady; PolSARpro

KMZ Google Earth KMZ amp.kmz,
cor.kmz, hgt.kmz, int.kmz, 
osr.kmz, unw.kmz

Google Earth Visualization

https://www.asf.alaska.edu/data-tools/mapready/
https://www.asf.alaska.edu/data-tools/mapready/
http://step.esa.int/main/download/
http://step.esa.int/main/download/
https://www.asf.alaska.edu/get-data/get-started/data-formats/data-formats-in-depth/#UAVSAR
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that are left in the original acquisition geometry, and 
it is upon the user to geocode these datasets man-
ually. Other sensors (e.g., Sentinel-1) make georef-
erenced amplitude products available. While these 
products remain in their native acquisition geometry, 
information needed to link the image coordinate sys-
tem to geographic coordinates is stored within the 
image file. Currently, only the recently reprocessed 
archive of Seasat (available at the Alaska Satellite Fa-
cility) provides data in full geocoded formats.

Note that amplitude products are typically geo-
referenced or geocoded to an ellipsoidal approxima-
tion of the Earth. This means that image distortions 
caused by surface topography (see Fig. 2.4) are not 
corrected in amplitude products.

Applications: In their original form, the main 
applications of amplitude images are limited to visu-
alization and data inspection. Only after an end user 
applies geocoding and terrain correction steps do 
these products have relevance in mapping, change 
detection, hazard monitoring, and other Earth obser-
vation disciplines.

Naming Convention: Amplitude products 
belong to the L1 family of products. To distinguish 
them from SLCs, they are often referred to as L1.5 
(ALOS PALSAR) or L1 Detected (Sentinel-1, ERS-1/2, 
Envisat, Radarsat-1, JERS-1). While data are provided 
in a range of custom formats, most modern sensors 
increasingly favor standard formatting such as Geo-
TIFF or HDF5. For more information, please refer to 
Table 2.5.

Open Source Software Tools: Amplitude 
products can be read and further processed by all of 
the software tools mentioned in Section 2.4.2 and 
Table 2.5.

2.4.4  POLARIMETRIC PRODUCTS

General Description: Most SAR sensors pro-
vide the different channels (i.e., HH, HV, VH, and 
VV; see Sec. 2.2.3) of multi-polarization data as 
separate layers, processed to either an L0, L1 SLC, 
or L1 Detected product. There are, however, some 
exceptions to this general approach. The NASA JPL-
run airborne remote sensing system UAVSAR offers 
two product types (the Compressed Stokes Matrix 
and Pauli Decomposition products) that are true po-

larimetric products. The Compressed Stokes Matrix 
captures information about the polarization state of 
the measured polarimetric signal, while the Pauli De-
composition provides information on the polarimetric 
scattering properties of an observed surface. Polari-
metric products are also planned for upcoming SAR 
missions NISAR and TanDEM-L.

Applications: Polarimetric data are useful for 
studying the structure of the observed surface and 
performing unsupervised image classifications. Pola-
rimetric products have been used extensively in ag-
riculture monitoring (crop classification, soil moisture 
extraction, and crop assessment) (Alemohammad et 
al. 2016, Jagdhuber et al. 2013, Liu et al. 2013, Quegan 
et al. 2003, Xie et al. 2015), oceanography (surface 
currents and wind field retrieval) (Hooper et al. 2015, 
Latini et al. 2016, Migliaccio & Nunziata 2014), forestry 
(forest monitoring, classification, and tree height esti-
mation) (Banqué et al. 2016, Mitchard et al. 2011, Shi-
mada et al. 2016, Walker et al. 2010), disaster moni-
toring (oil spill detection and disaster assessment), 
and military applications (ship detection and target 
recognition/classification). 

Naming Convention: Due to the recent devel-
opment of standalone polarimetric products, no nam-
ing convention has been established thus far. 

Open Source Software Tools: Polarimetric 
data can be processed with the following software 
packages (sorted in ascending order of sophistication 
of available polarimetric processing):

• MapReady—Developed by the Alaska Sat-
ellite Facility. More information and download: 
https://www.asf.alaska.edu/data-tools/ma-
pready/.

• SNAP (Sentinel Application Platform)—
Developed by ESA. More information and down-
load: http://step.esa.int/main/download/.

• PolSARpro—Developed by ESA. More infor-
mation and download: https://earth.esa.int/
web/polsarpro/home.

2.4.5  LEVEL 2 AND HIGHER LEVEL PRODUCTS

General Description: For the sake of this hand-
book, Level 2 data are defined as all data products 
that are projected to the ground, gridded in regular 
grids, and transformed into physical variables such as 

a calibrated radar cross section (e.g., the radiometric 
terrain-corrected data generated via the processing 
flow described in Sec. 2.6.1), line-of-sight deforma-
tion, or polarimetric decomposition variables. 

While Level 2 products are offered by only a few 
missions at this point in time, an increasing number 
of future sensors will offer products at advanced 
processing levels. Currently, operationally produced 
Level 2 products are only provided for the Seasat and 
the UAVSAR archive and include geocoded amplitude 
images (both sensors) as well as polarimetric and in-
terferometric products (UAVSAR; Table 2.4).

Several data formats have been used for Level 2 
and higher products from SAR, as no common data 
format has been established yet for this still uncom-
mon product type. Currently used formats include 
GeoTIFF, HDF5, and KMZ.

Applications: Level 2 SAR data products facil-
itate a wide range of applications. Calibrated am-
plitude images find use in a range of fields such as 
general mapping, land-use classification, change 
detection, and hazard analysis. Interferometric data 
may be used in damage mapping, geophysical analy-
ses of surface deformation, and more.  

Naming Convention: Various.
Open Source Software Tools: The geocoded 

products can be used in most Geographic Informa-
tion System (GIS) tools. While GeoTIFF products are 
natively compatible with GIS tools, readers may have 
to import HDF5 formats with their respective meta-
data information.

2.5  Accessing SAR Data
While an increasing number of satellite systems 

are operating under a free and open data policy, 
many legacy sensors and some currently operating 
higher resolution sensors are still providing data 
under a restricted or commercial paradigm. The fol-
lowing sections provide information on how, where, 
and under which conditions data from these different 
types of sensors can be accessed.

2.5.1  FREE AND OPEN DATA POLICY 
MISSIONS 

Past and current SAR missions that have (at the 
writing of this chapter) adopted a free and open data 

https://www.asf.alaska.edu/data-tools/mapready/
https://www.asf.alaska.edu/data-tools/mapready/
http://step.esa.int/main/download/
https://earth.esa.int/web/polsarpro/home
https://earth.esa.int/web/polsarpro/home
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to forward in the azimuth direction for each burst, 
avoiding scalloping and resulting in homogeneous im-
age quality throughout the swath. A schematic of the 
TOPSAR acquisition principle is shown in Figure 2.13. 

The TOPSAR mode replaces the conventional 
ScanSAR mode, achieving the same coverage and res-
olution as ScanSAR, but with nearly uniform image 
quality (in terms of signal-to-noise ratio and distrib-
uted target ambiguity ratio).

Interferometric wide SLC products contain one 
image per sub-swath and one per polarization chan-
nel, for a total of three (single-polarization) or six 
(dual-polarization) images in an IW product. Each 
sub-swath image consists of a series of bursts, where 
each burst has been processed as a separate SLC im-
age. The individually focused complex burst images 
are included, in azimuth-time order, into a single sub-
swath image with black-fill demarcation in between.

2.6.3  CHANGE DETECTION USING SAR

2.6.3.1  Problem Statement

Detecting changes in land-use/land-cover is one 
of the most fundamental and common uses of remote 
sensing image analysis. One of the most rudimentary 
forms of change detection is the visual comparison of 
two images by a trained interpreter. With an effective 
display system large enough to display both images 
simultaneously and to explore and digitize with a cur-
sor tracking to the same location in both images, this 
is a quick method that can be used to locally collect 
valuable GIS-compatible data while streaming the 
images themselves over a relatively low-bandwidth 
Internet connection.

In an attempt to automate change detection (and 
hence make it available for large-scale and more op-
erational implementation), a wealth of digital change 
detection algorithms have been developed over the 
last decade that operate on a range of different sen-
sors and are grouped into “supervised” and “unsu-
pervised” categories. While a great many methods 
for detecting changes from remote sensing data are 
available in literature, this short introduction is limit-
ed to methods that are used in reference to SAR.

2.6.3.2  Summary of SAR-Based Change 

Detection Techniques

Even when limiting research to SAR-based change 
detection only, the number of algorithms proposed in 
recent years can seem overwhelming. Hence, instead 
of providing an extensive summary of all available 
techniques, this section attempts to categorize tech-
niques to help in choosing the right method for an 
envisioned application. Methods will be categorized 
using several indicators such as by the type of input 
information needed, the required amount of training 
data, and the amount of processing expertise needed 
to implement the algorithms. 

2.6.3.2.1  Input Data Used for Change Detection 

SAR-based change detection techniques can be 
categorized by the type of SAR information used 
for change identification. Categories include “am-
plitude-based methods,” “phase/coherence-based 
techniques,” and “polarimetric techniques.”

Amplitude-based methods focus on the RCS 
information contained in the data, initially ignoring 
information coming from phase and polarization. 
One of the advantages of amplitude-based methods 
lies in their ability maximize the temporal sampling 
that can be achieved with SAR-based change detec-
tion information. Amplitude information is available 
for every SAR collection, making every new image 
useful for change detection. As not all SAR acquisi-
tions allow for the use of phase and/or polarization, 
amplitude data naturally lead to better temporal 
sampling. This benefit can be further enhanced if RTC 
is applied to all images. As RTC processing removes 
most geometry-dependent distortions from the mea-
sured SAR RCS, it allows for combining SAR data ac-
quired from multiple incidence angles, leading to fur-
ther improvements in temporal sampling. However, a 
disadvantage of amplitude-based methods relates to 
its limited sensitivity, which often increases the like-
lihood of false negatives, in which true changes are 
erroneously missed in the classification. 

Phase/coherence-based techniques utilize 
the fact that significant surface change results in a 
significant reduction of interferometric coherence, 
enabling the automatic detection of change via coher-
ence thresholding. Coherence-based techniques are 

highly sensitive to change, which interestingly is both 
the main advantage and disadvantage of this catego-
ry. On one hand, the high sensitivity is an asset, as it 
reduces the likelihood for false negatives. On the oth-
er, coherent change detection methods tend to have 
very large false positive rates, where change is vastly 
overestimated. While methods have been developed 
to combat these problems, the need for false positive 
correction makes coherence-based methods appear 
very complicated and non-straightforward for the 
uninitiated user. Coherent image pairs are required 
for these methods to be applicable, which somewhat 
limits the temporal sampling that can be achieved. 

Polarimetric techniques are often highly 
capable, as they can analyze surface changes across 
several polarimetric channels. This maximizes the 
likelihood of change detection and allows one to 
associate those changes with scattering types (e.g., 
changes associated with double-bounce, roughness, 
and volume scattering). The latter is especially rel-
evant, as it enables one to ascertain as to whether 
a change signature is related to vegetation or the 
ground, enabling change classification. However, the 
main disadvantage of polarimetric change detection 
is related to its reliance on multi-polarization data, 
which are not always available. Furthermore, polari-
metric processing theory may be a bit overwhelming 
to uninitiated readers.

Independent of change detection methods, the 
proper choice of sensor is essential to optimizing 
change detection performance. In particular, the 
choice of sensor wavelength should be appropriate 
given the surface and vegetation characteristics of 
an area of interest. If changes underneath vegetation 
canopies are the target, longer wavelength sensors 
are preferred. For bare surfaces, shorter wave-
lengths often have an advantage. This is because 
shorter wavelength sensors often increase the RCS 
associated with rough surfaces and provide more 
dynamic range that can be used for the identification 
of change. 

2.6.3.2.2  Supervised vs. Unsupervised Methods

Change detection can be performed either un-
supervised (Bruzzone & Prieto 2000) or supervised 
(Huo et al. 2010). In unsupervised change detection, 
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�1�H�S�D�O���V�L�Q�F�H���W�K�H�������������1�H�S�D�O���%�L�K�D�U���H�D�U�W�K�T�X�D�N�H����

7'&,2"00"V*(1,/4.4,)&.)<,L400&/,[%":(/,C4(1&,9&@
.&L.&/,J[C9M,*#41&)<,,V*00,=&,:)&/,2"%,.'*),&X&%L*)&R

p, N%&@&+&(.,*#41&,4Ld:*%&/,"(,B$%*0,AU<,EGASR,
�6���$�B�–�:�B�*�5�'�+�B���6�6�9�B�����������������7�������������B��
���������������7�������������B�������������B���������&���B�����$�$

p, N").@&+&(.,*#41&,4Ld:*%&/,"(,B$%*0,EO<,EGASR,
�6���$�B�–�:�B�*�5�'�+�B���6�'�9�B�����������������7�������������B
�����������������7�������������B�������������B���������'�&�B�%������

N0&4)&,/"V(0"4/,.'&)&,?&(.*(&0@A,?BC,*#41&),:)@
*(1,B?3i),;&%.&X,)&4%L',&(1*(&,J'..$RTT+&%.&XI/44LI4)2I
404)84I&/:MI,

HYH$$1:747;P6<$C6;$'!-$@A74:??P6<$%>:F?$P6$
%(&@

?.4%.,?DBN,=>,L0*L8*(1, "(, .'&,4))"L*4.&/, /&)8."$,
*L"(,"%,=>,.>$*(1,*(,3-"# ,*(,>":%,L"##4(/,V*(/"VI

3\3\4((O$*&(1(!=D(%J1'*(%&(!P=X

Q(,"%/&%,.",$&%2"%#,1&"L"/*(1,4(/,C7!,$%"L&))*(1,*(,
?DBN<,.'&,*($:.,$%"/:L.),)'":0/,=&,"(&,"%,#"%&,[C9,"%,
?W!,$%"/:L.),"+&%,>":%,4%&4,"2,*(.&%&).I,c'*0&,=".',/4.4,
.>$&),L4(,=&,$%"L&))&/,.",C7!,*#41&)<,V&,4%&,:)*(1,[C9,
*#41&),*(,.'*),04=,/:&,.",.'&*%,)#400&%,)*e&I,,

?.&$,A,@,"$&(,.'&,$%"/:L.)R
Z)&,.'&,P$&(,N%"/:L.,=:.."(,*(,.'&,."$,.""0=4%,"2,

.'&,?DBN,*(.&%24L&,4(/,=%"V)&,2"%,.'&,0"L4.*"(,"2,.'&,
?&(.*(&0@A,[C9,$%"/:L.),JDP<OA:$GY3MI,

�6�H�O�H�F�W���W�K�H���
���]�L�S���4�O�H���F�R�Q�W�D�L�Q�L�Q�J���W�K�H���S�R�V�W���H�Y�H�Q�W���L�P�D�J�H��
���G�D�W�H�G�����������������������D�Q�G���F�O�L�F�N���2�S�H�Q�����3�U�H�V�V���D�Q�G���K�R�O�G���W�K�H��
!.%0,=:.."(,"(,.'&,8&>="4%/,)'":0/,>":,V4(.,.",)&0&L.,
#:0.*$0&,$%"/:L.),4.,4,.*#&I,

)*+,-%&'(0&�2�S�H�Q���3�U�R�G�X�F�W���G�L�D�O�R�J���L�Q���6�1�$�3��

?.&$,E,@,+*&V,.'&,$%"/:L.R,
Q(,.'&,N%"/:L.,6X$0"%&%,JDP<OA:$GYJM,>":,V*00,)&&,.'&$

"$&(&/,$%"/:L.)I,3"%,[C9,/4.4<,.'&,$%"/:L.,=4(/,2"0/@
&%,V*00,L"(.4*(,.V",.",2":%,04>&%)<,/&$&(/*(1,"(,V'&.'&%,
.'&,/4.4,)&.,V4),4Ld:*%&/,*(,)*(10&@,"%,/:40@$"0,J4(,4#@
$0*.:/&,4(/,*(.&()*.>,*#41&,*),$%"+*/&/,$&%,$"04%*e4.*"(MI,
�)�R�U���6�/�&���G�D�W�D���� �\�R�X���Z�L�O�O���4�Q�G���W�Z�R���E�D�Q�G�V���S�H�U���S�R�O�D�U�L�]�D�W�L�R�Q��
L"(.4*(*(1, .'&,%&40,J*M,4(/, *#41*(4%>,JdM,$4%.), "2, .'&,
L"#$0&X,/4.4I,

�1�R�W�H���W�K�D�W���L�Q���6�H�Q�W�L�Q�H�O�������–�:���6�/�&���S�U�R�G�X�F�W�V�����\�R�X���Z�L�O�O���4�Q�G��
.'%&&,):=)V4.'),04=&0&/,QcA<,QcE<,4(/,Qc_I,64L',):=@
)V4.',*),2"%,4(,4/Y4L&(.,4Ld:*)*.*"(,L"00&L.&/,=>,?&(.*@
(&0@Ai),7PN?,#"/&I,3"%,#"%&,*(2"%#4.*"(,"(,.'*),#"/&,
4(/,"(,.'&,#&4(*(1,"2,.'&,):=)V4.',/4.4<,$0&4)&,%&2&%,
.",.'&,04=,"(,Q(.&%2&%"#&.%*L,?BC,$%"L&))*(1,*(,?&L.*"(,_I

?.&$,_,@,+*&V,4,=4(/R,
7",+*&V,.'&,/4.4<,/":=0&@L0*L8,"(,&*.'&%,.'&,4#$0*@

.:/&,"%,*(.&()*.>,=4(/,2"%,"(&,"2,.'&,$"04%*e4.*"(),J&I1I<,
Q(.&()*.>•;;MI,7'&,*#41&,V*00,4$$&4%,"(,.'&,%*1'.,)*/&,"2,

.'&,*(.&%24L&I,z""#,*(,:)*(1,.'&,#":)&,V'&&0,4(/,$4(,
=>,L0*L8*(1,4(/,/%411*(1,.'&,0&2.,#":)&,=:.."(I

3\3\3(=$$<2(X/*"%:*(O/.%+(-%<*

7'*),*),4(,"$.*"(40,).&$,.'4.,V*00,#4X*#*e&,.'&,1&"0"@
L4.*"(,d:40*.>,.'4.,L4(,=&,4L'*&+&/,/:%*(1,1&"L"/*(1I,
�3�U�H�F�L�V�H�� �R�U�E�L�W�� �4�O�H�V�� �D�U�H�� �L�V�V�X�H�G�� �E�\�� �W�K�H�� �(�X�U�R�S�H�D�Q�� �6�S�D�F�H��
B1&(L>,V*.'*(,V&&8),42.&%,.'&,4Ld:*)*.*"(,"2,4,/4.4,)&.I,
7'&)&,"%=*.),4%&,(".,4((".4.&/,*(,.'&,*#41&,/4.4,/*@
�U�H�F�W�O�\���E�X�W���D�U�H���U�D�W�K�H�U���S�U�R�Y�L�G�H�G���D�V���D���V�H�S�D�U�D�W�H���4�O�H�����6�1�$�3��
*),4=0&,.",0"L4.&<,/"V(0"4/<,4(/,4$$0>,.'&)&,$%&L*)&,
�R�U�E�L�W���4�O�H�V���D�X�W�R�P�D�W�L�F�D�O�O�\���Y�L�D���W�K�H���I�R�O�O�R�Z�L�Q�J���V�W�H�S��

�6�W�H�S�����������D�S�S�O�\���R�U�E�L�W���4�O�H��,
7",4$$0>,$%&L*)&,"%=*.),)&0&L.,B$$0>,P%=*.,3*0&,*(,.'&,

C4/4%,#&(:,"2,?DBNI,B,(&V,V*(/"V,V*00,4$$&4%,JDP<]
OA:$ GYKM, $%"+*/*(1, )"#&, $%"L&))*(1, "$.*"()I, D".&,
.'4.,.'&,/&24:0.,)&..*(1),2"%,$%"L&))*(1,"$.*"(),)'":0/,
V"%8,2"%,#").,4$$0*L4.*"()I

)*+,-%&'(1&�3�U�R�G�X�F�W���(�[�S�O�R�U�H�U���W�D�E���Z�L�W�K�L�Q���W�K�H���6�1�$�3���X�V�H�U���L�Q�W�H�U�I�D�F�H��
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)*+,-%& '(2& �&�D�O�L�E�U�D�W�L�R�Q�� �L�Q�I�H�U�I�D�F�H�� �Z�L�W�K�� �U�H�O�H�Y�D�Q�W��

�R�S�W�L�R�Q�V���V�H�O�H�F�W�H�G��

7'&,"(0>,&XL&$.*"(,.",.'*),1&(&%40,%:0&,$&%.4*(),.",
.'&,QTPN4%4#&.&%),.4=,V'&%&,.'&,":.$:.,/*%&L."%>,2"%,
.'&,74%1&.,N%"/:L.),L4(,=&,L'4(1&/,2%"#,.'&,/&24:0.,
.",4,/&)*%&/,)."%41&,0"L4.*"(I,!0*L8,C:(,.",*(*.*4.&,.'&,
�D�X�W�R�P�D�W�L�F���G�R�Z�Q�O�R�D�G���D�Q�G���D�S�S�O�L�F�D�W�L�R�Q���R�I���4�O�H�V�����$���Z�L�Q�G�R�Z��
V*00,$"$, :$, )'"V*(1, .'&,$%"1%&)),"2, .'&,$%"L&))*(1I,
9&$&(/*(1,"(,.'&,L"#$:.*(1,$"V&%,"2,>":%,#4L'*(&<,
&X$&L.,"(&,.",)&+&%40,#*(:.&),"2,$%"L&))*(1,.*#&I,P(L&,
$%"L&))*(1,*),L"#$0&.&<,.'&,":.$:.,2%"#,.'&,$%&+*":),
).&$,V*00,4$$&4%,*(,.'&,N%"/:L.,6X$0"%&%,V*(/"V,"2,.'&,
�L�Q�W�H�U�I�D�F�H�����4�O�H�Q�D�P�H���H�Q�G�L�Q�J���L�Q���
�B�2�U�E���������6�L�Q�J�O�H���F�O�L�F�N���W�K�H��
�4�O�H���Q�D�P�H���W�R���V�H�O�H�F�W���L�W���I�R�U���W�K�H���Q�H�[�W���S�U�R�F�H�V�V�L�Q�J���V�W�H�S��

3\3\(̀=$$<2(D1E%#J*+/%"(N1<%./1+%#&

?.&$,S,@,L40*=%4.*"(R
7",L"%%&L.0>,4$$0>,C7!,L"%%&L.*"(),.",.'&,/4.4<,.'&,

*#41&,*(2"%#4.*"(,(&&/),.",=&,L40*=%4.&/,2"00"V*(1,.'&,
�•G���G�H�4�Q�L�W�L�R�Q�����7�R���F�D�O�L�E�U�D�W�H���W�R���•G<,)&0&L.,.'&,C4/*"#&.%*L,

�!���&�D�O�L�E�U�D�W�H���R�S�W�L�R�Q���Z�L�W�K�L�Q���6�1�$�3���V���5�D�G�D�U���P�H�Q�X�����–�Q���W�K�H���E�R�[��
�W�K�D�W���D�S�S�H�D�U�V�����U�D�G�L�R�P�H�W�U�L�F�D�O�O�\���F�D�O�L�E�U�D�W�H���W�K�H���L�P�D�J�H���W�R���•G,=>,
1"*(1,*(.",.'&,N%"L&))*(1,N4%4#&.&%),.4=,4(/,)&0&L.*(1,
.'&,P:.$:.,=&.4G,=4(/,"$.*"(,JDP<OA:$GYKMI,Q2,/:40@$"0,
/4.4,4%&,4+4*04=0&<,>":, '4+&, .'&,L'"*L&, "2,$%"L&))*(1,
=".',$"04%*e4.*"(),"%,)&0&L.*(1,4,):=)&.,"2,$"04%*e4.*"(),
=>,L0*L8*(1,"(,.'&,/&)*%&/,L'4((&0)I,!0*L8,C:(,.",*(*.*4.&,
$%"L&))*(1I,7'&,/&24:0.),$04L&,.'&,":.$:.,*(.",.'&,)4#&,
/*%&L."%>,4),.'&,*($:.I,

3\3\b(=$$<2(D1E%#J*+/%"(Y*//1%&(-<1++*&%&'(,DYN(X/#"*::%&'?

C7!,$%"L&))*(1,*),%&2&%%%&/,.",4),mC4/*"#&.%*L,7&%%4*(,
304..&(*(1„,*(,.'&,?DBN,.""0I,7'*),).&$,V*00,%&#"+&,#").,
"2,.'&,%4/*"#&.%*L,/*)."%.*"(),2%"#,.'&,/4.4,.'4.,4%&,*(@
.%"/:L&/,=>,):%24L&,."$"1%4$'>I

?.&$,F,r,C7!,$%"L&))*(1R,
�7�R���D�S�S�O�\���5�7�&���S�U�R�F�H�V�V�L�Q�J�����4�U�V�W���V�H�O�H�F�W���W�K�H���R�X�W�S�X�W���R�I���W�K�H��

$%&+*":),$%"L&))*(1,).&$,J&X.&()*"(,m•P%=•!40nM,*(,.'&,
�3�U�R�G�X�F�W�� �(�[�S�O�R�U�H�U�� �Z�L�Q�G�R�Z���� �7�K�H�Q���� �V�H�O�H�F�W�� �5�D�G�L�R�P�H�W�U�L�F�� �!��
C4/*"#&.%*L,7&%%4*(,304..&(*(1,2%"#,?DBNi),C4/4%,#&(:,
J)&&,=&0"VMI,7'&,/&24:0.,)&..*(1),/"V(0"4/,4,/*1*.40,&0@
&+4.*"(,#"/&0,J96-M,#4.L'*(1,.'&,1&"0"L4.*"(,"2,.'&,
�V�F�H�Q�H�� �E�H�L�Q�J�� �F�R�U�U�H�F�W�H�G���� �S�O�D�F�L�Q�J�� �W�K�H�� �R�X�W�S�X�W�� �4�O�H�� �L�Q�W�R�� �W�K�H��
)4#&,/*%&L."%>,4),.'&,*($:.I,-").,4$$0*L4.*"(),V*00,(".,
�U�H�T�X�L�U�H���D���P�R�G�L�4�F�D�W�L�R�Q���R�I���W�K�H���G�H�I�D�X�O�W���V�H�W�W�L�Q�J�V�����&�O�L�F�N���5�X�Q��
���a�������P�L�Q�X�W�H�V���R�U���O�R�Q�J�H�U�����G�H�S�H�Q�G�L�Q�J���R�Q���V�\�V�W�H�P���F�D�S�D�E�L�O�L�W�\����

D".&,.'4.,4(,*(.&%(&.,L"((&L.*"(,*),(&L&))4%>,2"%,.'*),
).&$,4),.'&,96-),(&L&))4%>,2"%,$%"L&))*(1,4%&,/"V(@
0"4/&/,2%"#,4(,"(0*(&,%&$")*."%>I

N".&(.*40,(&L&))4%>,*(.&%#&/*4%>,).&$,r,-:0.*0""8*(1R,
9&$&(/*(1,"(,.'&,%&)"0:.*"(,"2,.'&,96-,.'4.,L4(,=&,

2":(/,2"%,>":%,4%&4,"2,*(.&%&).<,.'&,?BC,/4.4,#4>,'4+&,.",
=&,#:0.*0""8&/,J%&/:L&/,*(,%&)"0:.*"(M,=&2"%&,$%"L&))@
*(1I,Q2,.'&,96-,*),"2,0"V&%,%&)"0:.*"(,.'4(,.'&,?BC,/4.4<,
?DBN,V*00,&(2"%L&,#:0.*0""8*(1,.",.'&,%&)"0:.*"(,"2,.'&,
96-,=&2"%&,C7!,$%"L&))*(1,L4(,=&,4$$0*&/I,7",#:0.*0""8,
>":%,*#41&%><,)&0&L.,.'&,/4.4,)&.,&(/*(1,*(,m•P%=•!40n,*(,
.'&,N%"/:L.,6X$0"%&%,V*(/"V,4(/,.'&(,)&0&L.,-:0.*0""8@
*(1,2%"#,?DBNi),C4/4%,#&(:,J2":(/,"(,.'&,+&%>,=".."#,
"2,.'&,#&(:MI,Q(,.'&,&#&%1*(1,V*(/"V<,)&0&L.,.'&,/&@
)*%&/,(:#=&%,"2,0""8),V*.'*(,.'&,N%"L&))*(1,N4%4#&.&%),
.4=,4(/,L0*L8,C:(I,P(L&,L"#$0&.&<,:)&,.'&,":.$:.,2%"#,
�W�K�L�V���V�W�H�S�����4�O�H���H�Q�G�L�Q�J���L�Q���
�B�2�U�E�B�&�D�O�B�0�/�������D�V���W�K�H���L�Q�S�X�W���I�R�U��
?.&$,F,r,C7!,N%"L&))*(1I

%=C99$)C>C$&6C9X?P?$#g:A4P?:

*#D+'#$'!-$@'+-#%%/(1

'!-$-+''#-!#)

Q.,#4>,=&,*().%:L.*"(40,.",L"#$4%&,.'&,?BC,*#@
41&,/4.4,=&2"%&,4(/,42.&%,C7!,$%"L&))*(1I,?:L',
4,L"#$4%*)"(,V*00,$%"+*/&,>":,V*.',*(2"%#4.*"(,
�E�R�W�K���R�Q���W�K�H���E�H�Q�H�4�W�V���D�Q�G���O�L�P�L�W�D�W�L�R�Q�V���R�I���5�7�&���F�R�U@
%&L.*"(,2"%,>":%,4%&4,"2,*(.&%&).I,

7",L"(/:L.,4,L"#$4%*)"(<,"$&(,=".', .'&,*#@
41&,=&2"%&,J&X.&()*"(,m•P%=•!40•-WnM,4(/,42@
.&%,J&X.&()*"(,m•P%=•!40•-W•73nM,C7!,L"%%&L@
.*"(,*(, .'&,?DBN,+*&V&%,=>,/":=0&@L0*L8*(1, .'&,
*#41&,=4(/),*(,.'&,%&)$&L.*+&,/4.4,)&.)I,!0*L8,"(,
.'&, , , , , , , , , )>#="0, .", )>(L'%"(*e&,+*&V),4L%")),
#:0.*$0&,*#41&,V*(/"V),4(/,e""#,*(.",4(,4%&4,
�R�I�� �L�Q�W�H�U�H�V�W�� ���S�U�H�I�H�U�D�E�O�\�� �D�Q�� �D�U�H�D�� �Z�L�W�K�� �V�L�J�Q�L�4�F�D�Q�W��
."$"1%4$'>MI,7'&(, ."110&,=&.V&&(,*#41&),4(/,
L"#$4%&,L"(.&(.I,g":, )'":0/, )&&,.'4.,#")., "2,
.'&, ."$"1%4$'*L, )'4/*(1, V4), %&#"+&/, =>, .'&,
C7!, $%"L&))*(1, ).&$I, C&)*/:40, ."$"1%4$'>, *),
#").0>,/:&,.",0*#*.4.*"(),*(,.'&,%&)"0:.*"(,"2,.'&,
96-,4(/,.'&,)#400,*(L*/&(L&,4(10&,/&$&(/&(L&,
�R�I�����•G�����…*MI,B(,&X4#$0&,"2,.'&,$&%2"%#4(L&,"2,C7!,
�F�R�U�U�H�F�W�L�R�Q�� �L�V�� �V�K�R�Z�Q�� �E�H�O�R�Z���� �$�� �V�L�J�Q�L�4�F�D�Q�W�� ���D�O�E�H�L�W��
("., $&%2&L.M, %&/:L.*"(, "2, ."$"1%4$'*L, )'4/*(1,
V4),4L'*&+&/I
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3\3\Q((V*#"#E*(+B*(DYN5N#//*"+*E(H1+1

?.&$,U,r,[&"L"/*(1R,
Z(2"%.:(4.&0><,.'&,("#&(L04.:%&,.'4.,*),:)&/,*(,?DBN,

2"%,.'&,1&"L"/*(1,).&$,*),4,=*.,"$4d:&I,g":,V*00,'4+&,.",
�S�L�F�N�� �*�H�R�P�H�W�U�L�F�� �!�� �7�H�U�U�D�L�Q�� �&�R�U�U�H�F�W�L�R�Q�� �!�� �5�D�Q�J�H���'�R�S�S�H�U��
7&%%4*(,!"%%&L.*"(,2%"#,.'&,C4/4%,#&(:, .",4$$0>,.'&,
1&"L"/*(1,$%"L&/:%&,JDP<OA:$GYLMI,?&0&L.,.'&,":.$:.,
�R�I�� �W�K�H���5�7�&���S�U�R�F�H�V�V�L�Q�J���V�W�H�S�����4�O�H���H�Q�G�L�Q�J���L�Q���
�B�2�U�E�B�&�D�O�B
-W•73nM,4),*($:.,2"%,.'&,1&"L"/*(1,$%"L&/:%&I

7'&,$%"L&))*(1,="X,$"$),:$<,4(/,.'&,/&24:0.),2"%,.'&,
�–���2���3�D�U�D�P�H�W�H�U�V���W�D�E���S�O�D�F�H���W�K�H���R�X�W�S�X�W���4�O�H�V���L�Q���W�K�H���V�D�P�H��
�G�L�U�H�F�W�R�U�\���D�V���W�K�H���V�R�X�U�F�H���4�O�H�����7�K�H���3�U�R�F�H�V�V�L�Q�J���3�D�U�D�P�H�W�H�U�V��
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#4.L'*(1,$").$%"L&))*(1M,#*1'., "+&%L"#&, )"#&, "2,
.'&)&, *)):&)I, `"V&+&%<, *., *), *#$"%.4(., .", 4))&)),
V'&.'&%,=4L8)L4..&%,L'4(1&,).&#),2%"#,1&"#&.%*L,

�)�L�‘�X�U�H�������������'�H�V�F�U�L�S�W�L�R�Q���R�I���V�L�P�S�O�H���V�W�U�X�F�W�X�U�D�O���F�O�D�V�V�H�V���R�I���Y�H�‘�H�W�D�W�L�R�Q�����'�R�E�V�R�Q���H�W���D�O����������������

":ANC4:7O? Q77;X
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%>AO4>OAC9$
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7%:(8) D"(& D"(&
-4(>,)#400,.%:(8),
V*.',L'4%4L.&%*).*L,

"%*&(.4.*"()

!"(*L40,.%:(8,V*.',
04>&%&/,/*&0&L.%*L

!>0*(/%*L40<,
2"%8&/,.%:(8,V*.',
04>&%&/,/*&0&L.%*L

!>0*(/%*L40,.%:(8,
"2,'"#"1&(&":),

/*&0&L.%*L

5%4(L'&)
D"(@V""/>,

).408),"%,).&#)
D"(@V""/>,).&#)

-4(>,)#400,
=%4(L'&),b,).&#)

5%4(L',)*e&T"%*&(@
.4.*"(,+4%*&),V*.',
'&*1'.],=%4(L'&),
"2.&(,0"(1T.'*(

3"%8&/,=%4(L'&)<,
2&V,'"%*e"(.40,&0@
&#&(.)],=%4(L'&),
"2.&(,)'"%.T.'*L8

D"(&

3"0*41&
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�)�L�‘�X�U�H�������������0�X�O�W�L�W�H�P�S�R�U�D�O���V�S�H�F�N�O�H���4�O�W�H�U���D�S�S�O�L�F�D�W�L�R�Q���R�Q���D���S�H�U�I�H�F�W�O�\���F�R���U�H�‘�L�V�W�H�U�H�G���W�L�P�H���V�H�U�L�H�V���G�D�W�D���V�W�D�F�N���R�I��

�$�/�2�6���/���E�D�Q�G���G�D�W�D���R�Y�H�U���/�R�X�L�V�L�D�Q�D�����8���6

"$&%4.*"()I,7'*),*),40)",.%:&,2"%,V4%$*(1,"$&%4.*"(),
V'&(,L"(+"0:.*"(),"(,.'&,?BC,/4.4,4%&,$&%2"%#&/I,
7'&%&2"%&<,*.,*),%&L"##&(/&/,.'4.,/4.4,=&,L"(+&%.@
&/, .", .'&,$"V&%,/"#4*(, /:%*(1,$%"L&))*(1<, ):L',
4),.'&,64%.',5*1,94.4i),J659i)M,$%"L&))*(1,)"2.V4%&,
2"%, #:0.*.&#$"%40, 2*0.&%*(1I, 7'&, f[Q?, $0:1*(, "2,
659i), "$&(, )":%L&, ?BC,.*#&, )&%*&), +*):40*e4.*"(,
.""0,40)", :)&),$"V&%,.%4()2"%#4.*"(),=&'*(/, .'&,
)L&(&),V'&(,/*)$04>*(1,.*#&,)&%*&),*(,/5,)L40&I,

IY3Y3$$!/R/(1$&()$-+(%!'[-!/+($+D$
!/0#$%#'/#%$D'+0$1#+!/DD%$Q/!"$
./'![&R$'&%!#'$!&*R#%

c*.', .'&, 4/+&(., "2, ?BC, )&()"%), V*.', 10"=40,
4Ld:*)*.*"(), 4., '*1', .&#$"%40, 2%&d:&(L><, .'&, &%4,
"2, .*#&, )&%*&), 4(40>)*), 2"%, ?BC, /4.4, '4), =&1:(I,
?&(.*(&0@A<, V*.', *.), .V"@)&()"%, 2"%#4.*"(, 20*1'.)<,
("V,#"(*."%),#").,"2,.'&,$04(&.,4.,AE@/4>,%&$&4.,
L>L0&)<, /&()&%, 4., '*1'&%, 04.*.:/&)I, c*.', )V4.',
V*/.', *(, '*1'@%&)"0:.*"(, Q(.&%2&%"#&.%*L, c*/&,
?V4.', #"/&, 4., qESG, 8#<, ?BC, /4.4, +"0:#&), =&@
L"#&,#4))*+&,d:*.&,d:*L80>I,7':)<,*.,*),*#$&%4.*+&,
.'4.,4$$%"$%*4.&,.*0*(1,)L'&#&),4(/,/4.4,'4(/0*(1,
).%4.&1*&), 4%&, &#$0">&/I, 3"%, #4(>, %&4)"()<, .'&,
[&"7Q33,*#41&,2"%#4., '4),&+"0+&/,4),4, ).4(/4%/,
2"%, '4(/0*(1, %&#".&, )&()*(1, *#41&%>I, Q(, L"(L&%.,
V*.',.'&,;*%.:40,C4).&%,74=0&,J;C7M,2"%#4.,2%"#,.'&,
[9BW,0*=%4%><,[&"7Q33),L4(,=&,+&%>,&22*L*&(.0>,.*&/,
."1&.'&%,*(.",.*#&,)&%*&),.'4.,L4(,%&4/*0>,=&,):=)&.,
"%, %&4%%4(1&/, V*.'":., .'&, (&&/, 2"%, 04%1&, %4).&%,
/4.4,"$&%4.*"()I,;C7),4%&,Y:).,^-W@=4)&/,'&4/&%),
.'4., 2"%#, .'&, #&.4/4.4, 2"%, =:*0/*(1, *#41&, =4(/,
).4L8)I,5:.,&+&(,#"%&,)"<,#4(>,%4).&%,"$&%4.*"(),
L4(, =&, $%&)L%*=&/, 4), ;C7, $%"L&))*(1, *(, #:0.*$0&,
).&$)<,"(0>, .",=&,&X&L:.&/, "(, .'&, /4.4,V'&(, .'&,
%4).&%,":.$:.,*),1&(&%4.&/I,

B,.*0*(1,4$$%"4L',V4),/&+&0"$&/,2"%,?&(.*(&0@E,
"$.*L40,/4.4,4.,EG@#,%&)"0:.*"(,=4)&/,"(,.'&,-*0*@
.4%>,[%*/,C&2&%&(L&,?>).&#,J-[C?MI,7'*),10"=400>,
L"()*).&(., Z(*+&%)40, 7%4()+&%)&, -&%L4."%, JZ7-M,
$%"Y&L.*"(@=4)&/,4$$%"4L',8&&$), /4.4,L"()*).&(.,
*(, )$4.*40,&X.&(.,4(/,$%"Y&L.*"(,4L%")), .'&,10"=&I,
7'&,$*X&0,4%&4,"2,4(,-[C?,Z7-,.*0&,4.,.'&,&d:4."%,
*), .'&, )4#&,4), *(,4, .*0&,4., '*1'&%,04.*.:/&)I,B%1:@
4=0><,.'*),4$$%"4L',8&&$),/4.4,10"=400>,#*(*#400>,
/*)."%.&/<,4(/,401"%*.'#),2"%,)$4.*40,L"(+"0:.*"(),

0*8&,)$&L80&,2*0.&%),V":0/,V"%8,L"()*).&(.0>,"(,Z7-,
/4.4I, 7'*), *), ("., .%:&, 2"%, /4.4, *(, 04.*.:/&T0"(1*@
.:/&, )$4L*(1<,V'&%&,0"(1*.:/*(40,$*X&0,%&)"0:.*"(,
L'4(1&),V*.',04.*.:/&I,Z)*(1,.'&,?&(.*(&0@E,-[C?,
.*0*(1, )L'&#&, 40)", 2"%, ?&(.*(&0@A, /4.4, &(4=0&),
%&4/*0>, "$.*L40T?BC, 2:)*"(, V*.'":., .'&, (&&/, 2"%,
2:%.'&%,%&$%"L&))*(1I, `&(L&<, .'&,659,$%"/:L.*"(,
):*.&, %&4/*0>, $%"+*/&), ?&(.*(&0@A, ?BC, .*#&, )&%*&),
/4.4,).4L8),*(,-[C?,.*0*(1,2"%#4.I,

B,/4.4,1:*/&,&X$04*(*(1,.'&,(4#*(1,L"(+&(.*"(),
4(/, .*0*(1, "2, ;C7T[&"7Q33, .*#&,)&%*&), /4.4, ).4L8),
:)&/, =>, 659, $%"/:L.), L4(, =&, 2":(/,'&%&I, [9BW,
L4(, =&, :)&/, /*%&L.0>, .", =:*0/, ;C7, ).4L8), )"0&0>,
=4)&/,*(,"$&(,)":%L&,L"#$"(&(.)I

IYJ$$-EC6<:$):>:4>P76$
&FFA7C4E:?$B7A$%&'$)C>C

IYJYG$$*/!#0@+'&R$0#!"+)%

!04))*L, *#41&, L'4(1&, /&.&L.*"(, #&.'"/), 2"%,
=*.&#$"%40, *#41&, L"#$4%*)"(, L4(, =&, 4$$0*&/,
.",V&00@L40*=%4.&/,C7!,?BC,*#41&%>I,7'&,0"1@%4@
.*", #&.'"/, V4), &X$04*(&/, *(,-ECF>:A$ HI, 7'&,
Q.&%4.*+&0>,%&V&*1'.&/,-:0.*+4%*4.&,B0.&%4.*"(,9&@
.&L.*"(, J*-B9M, 401"%*.'#, JD*&0)&(, EGGUM, '"0/),
$%"#*)&,2"%,L'4(1&, /&.&L.*"(,=&.V&&(, .V", *#@
41&)], '"V&+&%<, 4), )'"V(, *(, $%&+*":), )&L.*"()<,
*., *), *#$"%.4(., .", :(/&%).4(/, $"))*=0&, *#$4L.),
"(, =4L8)L4..&%, L'4(1&, .'4., 4%&, ("., 0*(8&/, .",
%&40, L'4(1&), ):L', 4), /&2"%&).4.*"(I, c'*0&, 2"%@
&)., L'4(1&), 4%&, &4)*&%, .", /&.&L., *(, =*.&#$"%40,

4(40>)&), 4., W@=4(/<, !@=4(/, /4.4, "2.&(, $%&)&(.,
4,L'400&(1&<,4),):%24L&,%":1'(&)),4(/,#"*).:%&,
L"#$"(&(.), L4(, 0&4/, .", )*1(*2*L4(., ?BC, )*1(40,
4#=*1:*.*&)I,

IYJYH$$!/0#$%#'/#%$&(&R\%/%$0#!"+)%

Q(, .'&, $4).<, .'&, 4+4*04=*0*.>, "2, ?BC, /4.4, V4),
)$4%)&, *(, )$4L&, 4(/, .*#&], '"V&+&%<, .'&, ?&(@
.*(&0@A, #*))*"(, '4), =&&(, 4, 14#&, L'4(1&%, *(,
#"+*(1,?BC,*(.","$&%4.*"(40,:)&I,7'&,:$L"#*(1,
DQ?BC, #*))*"(lV*.', *.), "$&(, /4.4, $"0*L>, 4(/,
W@=4(/, /4.4,4.,AE@/4>,%&$&4., *(.&%+40),4.,#&/*@
:#,%&)"0:.*"(lV*00,=&,.'&,(&X.,=*1,$:)',2"%,?BC,
/4.4,4+4*04=*0*.>I,c*.',(&4%@L"(.*(:":),4+4*04=*0@
*.>,"2,?BC,"=)&%+4.*"(),"2,.'&,1%":(/<,%&40,.*#&,
2"%&)., #"(*."%*(1, L4(, .':), =&, 4L'*&+&/I, 7*#&,
)&%*&),4(40>)*),.&L'(*d:&),/&+&0"$&/,2"%,"$.*L40,
*#41&%>,4%&,)"#&V'4.,4$$0*L4=0&<,40.'":1',?BC,
L'4%4L.&%*).*L),"2,=4L8)L4..&%,)&()*.*+*.>,.",).%:L@
.:%&,4(/,#"*).:%&,V4%%4(.,4,L0")&%,0""8,4., (&V,
#&.'"/)I, !'4(1&, $"*(., /&.&L.*"(, V*.', L:#:04@
.*+&,):#),J-4("14%4(,b,W"$&e,EGAHM,*),4(,&).4=@
0*)'&/, .*#&, )&%*&), 4(40>)*), .&L'(*d:&, ).&##*(1,
2%"#, .'&,2*(4(L*40, )&L."%I,c*.', .'&,1&(&%40,?BC,
=4L8)L4..&%, .%&(/*(1, .", /&L%&4)&, V*.', =*"#4)),
0")), /:&,.", /&2"%&).4.*"(,"%,2"%&).,/&1%4/4.*"(<,
.'&, 4$$0*L4.*"(, "2, L:#:04.*+&, ):#, 4(40>)*), .",
?BC, .*#&, )&%*&), /4.4, )&&#), $".&(.*400>, )*#$0&<,
>&.,$"V&%2:0I,

7'&,2"00"V*(1,2*1:%&),)'"V, .*#&,)&%*&),)*1(40),
"+&%, 4, /&2"%&).4.*"(, &+&(., *(, 6L:4/"%, "=)&%+&/,

https://github.com/EarthBigData/openSAR/tree/master/code/QGIS/plugins
https://github.com/EarthBigData/openSAR/tree/master/code/QGIS/plugins
https://www.gdal.org/gdal_vrttut.html
https://sentinel.esa.int/documents/247904/1955685/S2A_OPER_GIP_TILPAR_MPC__20151209T095117_V20150622T000000_21000101T000000_B00.kml/ec05e22c-a2bc-4a13-9e84-02d5257b09a8
https://sentinel.esa.int/documents/247904/1955685/S2A_OPER_GIP_TILPAR_MPC__20151209T095117_V20150622T000000_21000101T000000_B00.kml/ec05e22c-a2bc-4a13-9e84-02d5257b09a8
https://github.com/EarthBigData/openSAR/blob/master/documentation/EBD_DataGuide.md
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V*.', ?&(.*(&0@A, /4.4, 2%"#, EGAF, .", EGAH, .'4., &X@
&#$0*2>,.'&,).%&(1.',"2,?BC,.*#&,)&%*&),2"%,2"%&).,
L'4(1&,/&.&L.*"(I,DP<OA:$IYGV���V�K�R�Z�V���D�������[�������N�PE,
):=)&.,"2,4(,4L.*+&,0"11*(1,%&1*"(,*(,.'&,("%.'&4).@
&%(,$4%.,"2,6L:4/"%<,4(/,�)�L�J�X�U�H����������,)'"V),.'&,
.*#&, )&%*&), $%"2*0&, 4(/, 4))"L*4.&/, *#41&%>, 2"%, 4,
0"11*(1,&+&(.,*(,K4(:4%>,EGAUI,c'*0&,)"#&,("*)&,
&X*).), *(, .'&, .*#&, )&%*&)<,4,L0&4%,=4L8)L4..&%, /&@
L%&4)&,*(,&4%0>,EGAU,*),+*)*=0&,*(,.'&,L&(.&%,*#41&,
4(/, .*#&, )&%*&),$0".I,B), *), .>$*L40,2"%, /&2"%&).&/,
4%&4),4.,!@=4(/<,0"V&%,=4L8)L4..&%,4.,'*1'&%,+4%*@
4=*0*.>,*),"=)&%+&/,*(,.'&,!@=4(/,$%"2*0&,42.&%,.'&,
/&2"%&).4.*"(,&+&(.I,7'*),/*).:%=4(L&,"=)&%+4.*"(,
L4(, =&, */&(.*2*&/, 2%"#, .'&, 0"(1&%, .%&(/), +*)*=0&,
L"#$4%&/,.",#"%&,)'"%.@.&%#,%4(/"#,("*)&,/:&,
.", #"*).:%&, +4%*4.*"()I, B2.&%, 4$$0>*(1, 4, 8&%(&0,
2*0.&%,.", )#"".', .'&, .*#&,)&%*&), )"#&V'4.<,4,L:@
#:04.*+&,):#,L:%+&,L4(,=&,L"().%:L.&/,2%"#, .'&,
%&)*/:40),"2,.'&,.*#&,)&%*&),/4.4<,#*(:),.'&,#&4(,
"=)&%+4.*"(,"2,.'&,&(.*%&,.*#&,)&%*&)I,

DP<OA:$IYHGcCd,)'"V),.'&,)#"".'&/,.*#&,)&@
%*&),$%"2*0&,4(/,.'&,#&4(,"2,.'&,.*#&,)&%*&),:)&/,
.",L40L:04.&,.'&,%&)*/:40)I,7'&,L:#:04.*+&,):#,"2,
.'&,%&)*/:40),*),)'"V(,4),.'&,$&48*(1,=0:&,L:%+&,
*(,.'&,=".."#,$4(&0I,B,V4>,.",&).4=0*)',.'&,+40*/@
*.>,4(/,)*1(*2*L4(L&,"2,4,L4(/*/4.&,L'4(1&,$"*(.,*),
.",$&%2"%#,4,="".).%4$,4(40>)*),*(,V'*L',.'&,.*#&,
).&$), 4%&, %4(/"#0>, %&"%/&%&/, 4(/, L:#:04.*+&,
):#),"2,.'&,%4(/"#*e&/,%&)*/:40),4%&,L"#$:.&/I,
Q2, .'&, %4(/"#*e4.*"(, J�Q�K�!�K���������� �V�K�R�Z�V�� �I�H�Z�� �R�U�� �Q�R��

�)�L�‘�X�U�H�������������(�F�X�D�G�R�U���O�R�‘�‘�L�Q�‘���W�H�V�W���V�L�W�H

�)�L�‘�X�U�H�������������7�L�P�H���V�H�U�L�H�V���S�U�R�4�O�H���R�I���U�H�G���V�T�X�D�U�H���Z�L�W�K���D�V�V�R�F�L�D�W�H�G���6�H�Q�W�L�Q�H�O�������G�H�V�F�H�Q�G�L�Q�J���9�9���G�D�W�D��

L:%+&),%&4L'*(1, .'&, )4#&,#4X*#:#,+40:&, "2, .'&,
$&48, "2, .'&, L:#:04.*+&, ):#, L:%+&, JV'*L', *), .'&,
L'4(1&,$"*(.,*(,.*#&M,.'&,$"*(.,L4(,=&,04=&0&/,+40@
*/I,7'&,="".).%4$$*(1,.':),$%"+*/&),4,L"(2*/&(L&,
0&+&0,2"%,4, /&.&L.&/, L'4(1&,$"*(.I,P.'&%,#&.%*L),

L4(,4*/,*(,.'&,L"(2*%#4.*"(,"2,L'4(1&,$"*(.),*(,4,
?BC,.*#&,)&%*&)<,4),&04="%4.&/,V*.',2"%#:04),4(/,
N>.'"(,L"/&,*(,.'&,.%4*(*(1,K:$>.&%,D".&=""8),.'4.,
1",40"(1,V*.',.'*),L'4$.&%I,B),L4(,=&,)&&(,*(,DP<]
OA:$ IYHGcNd<,.'&,SGG@2"0/,%4(/"#*e4.*"(,)'"V),
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3.5.3  SUMMARY ON TIME SERIES SIGNAL 
ANALYSIS FOR SAR BACKSCATTER DATA

In summary, SAR time series data, such as those 
now available from Sentinel-1, are an invaluable 
resource for detailed forest change mapping with 
quasi-continuous mapping capacity from the sen-
sors. Note that several regions of the planet might 
be covered more often with ascending or descend-
ing data, single-polarization VV or dual-polarization 
VV+VH datasets. The upcoming NISAR mission will 
bring the same datasets and temporal frequency at 
L-band, which will increase forest change detection 
capability, as fewer signal ambiguities in the time 
series exist with clear drops in backscatter from 
deforestation and forest degradation activities. 

An example of a semi-arid region and time se-
ries signal variation at C-band is provided for Burki-
na Faso. Figure 3.22 exemplifies the moisture 
and structure dependency of various dense for-
ests. Note in this figure how backscatter varies by 
season due to an increase in moisture and agricul-
tural activity. Even a strong rain event seems to be 
detected in April 2016, leading to a spike in almost 
all curves but urban and the mud flat. The mud flat 
profile shows a strong drop at one date (which is 
most likely associated with a flash flood event from 
the heavy rain event), leading to open water sur-
face detection in the time series. Also note that the 
amplitude in the time series signal increases with 
decreasing canopy cover, which can be attributed 
to an increase in soil moisture signal contribution 
during the rainy season. It can be seen that with 
decreasing density, the seasonal moisture changes 
contribute to the rise and fall of backscatter. Thus, 
it is again important to keep in mind that backscat-
ter signals vary over time, which is vital for careful 
selection of seasons for time series analysis. A com-
pilation by Ulaby et al. (2014) entitled Microwave 
Radar and Radiometric Remote Sensing contains in-
depth resources for SAR data backscatter behavior 
from soil and vegetation targets.

3.5.4 OPTICAL/SAR FUSION FOR FOREST 
MAPPING

SAR and optical data provide complementary 
information for forest monitoring, as different im-

aging principles underlie the SAR backscatter and 
optical multispectral reflectance measurements. 
As previously noted, SAR measures changes in 
vegetation and soil moisture content as well as 
the structural composition of the vegetation (life-
forms). Optical remote sensing measures changes 
in the chemical composition of leaves and their 
reflectance when illuminated by sunlight, also in-
cluding measurements of shadow fractions within 
canopies. Indices like the Normalized Difference 
Vegetation Index (NDVI) (Tucker 1979) normalize 
optical reflectance values and provide a measure of 
the vegetation density or leafiness. Thus, studies of 
SAR backscatter and NDVI can be used to compare 
time series of optical and SAR data. Several studies 
have exploited these similarities, fusing SAR data 
from Sentinel-1 and ALOS and Landsat time series 
(Reiche et al. 2016). Various approaches for fusing 
time series data can be applied. Attempts have 
been made to fuse time series at the signal level, 
where optical and SAR signals are normalized to 
simulate similar trends in a fused time series (e.g., 
filling NDVI gaps with simulated SAR backscatter 
assuming similar behaviors). This is problematic, 
however, given that the signals have different un-
derlying principles, although some successes have 
been demonstrated (Reiche et al. 2015).

Another approach is fusion at the prediction lev-
el, that is, optical and SAR time series are analyzed 
separately, and probabilities for deforestation and 
forest degradation events are computed and com-
pared in the time domain. This has an advantage 
in that inherent sensor characteristics are optimally 
analyzed, and probabilities as dimensionless mea-
sures can readily be fused in a time series. As such, 
SAR can fill time gaps in optical observations, and 
joint probabilities can confirm detections from sep-
arate optical or SAR analyses. Holden et al. (forth-
coming) developed and tested two approaches 
for fusing time series of Landsat reflectance and 
L-band backscatter time series for mapping defor-
estation for a site with both small- and large-scale 
agroforestry near Yurimaguas, Peru. This “Proba-
bility Fusion” approach—similar to the approach-
es used by Reiche et al. (2015, 2018)—performed 
slightly better for finding deforestation with radar 

data in terms of map accuracy (78.9% vs. 75.6%) 
and change detection timing, even with a relative 
abundance of Landsat data and only 11 radar ob-
servations. The improvement when using radar 
data was much higher when simulating reduc-
tions to Landsat data availability. Their “Residual 
Fusion” algorithm relies on time series regression 
forecasts (similar to BFAST Monitor (Verbesselt et 
al. 2010) or CCDC (Zhu et al. 2012)) and was less 
accurate when fusing data sources than when us-
ing Landsat alone, likely because there were too 
few radar observations to reliably develop forecast 
regression models. The authors encourage further 
development of time series fusion algorithms that 
can incorporate data from current and upcoming 
radar missions, especially approaches that can go 
beyond just deforestation mapping to provide class 
transition labels for IPCC reporting. 

3.6  Conclusions
With the launch of Sentinel-1 and its associat-

ed open data distribution, monitoring forest re-
sources at medium resolution with SAR has now 
reached operational levels. The C-band mission 
of the Sentinel-1 sensors are already projected to 
2030 in ESA’s budget. NASA and ISRO are poised 
to launch the L-band NISAR missions at the begin-
ning of the next decade, which will provide 12-day 
repeat global L-band and regional S-band acquisi-
tions, also with an open data policy. As shown in 
this chapter, SAR data have a strong sensitivity to 
forest change. Careful preprocessing is required to 
build good time series data stacks. Seasonal and 
moisture variations need to be separated from 
structural changes in change detection approach-
es. This requires potentially filtering of the time 
series to remove “outliers.” Cumulative sum-based 
change detection of SAR backscatter mean shifts 
are amongst efficient change detection techniques 
of the continuously available time series signals.
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�,�Q�¦�>���@��import  pandas  as  pd 
import  gdal  
import  numpy as  np 
import  time , os ,  glob  









"#$!%&'!#&()*++,! !B

!"#$%&'"()*+&(,#*"(*-./*0"1/*2/3"/#*45*267*!&-&

!"#$%&'(%)##*+,-%&./)(%0(%*1#0%&'.&%/.123%4%.12%56%71%&'(%87.$(9%2.&.3(&%."(%:"#$%).&(%;."<'%.12%).&(%=<&#/(">%?(&@3%&.*(%)##*%.&%&'(3(%7$.A(3>

89:0;*+/<&=#/*$'-.4(*"#*&(*4>?/<-*43"/(-/,*#<3"$-"()*%&()=&)/@*A/*<&(*45-/(*<41>"(/*#/B/3&%*#-/$#*C43*5=(<-"4(*<&%%#D*"(-4*4(/*<411&(,E
2//*-./*-3"<F*>/%4A*-4*&<</##*&*3&#-/3*>&(,*&(,*3/&,*-./*,&-&*"(*4(/*#-/$E

�,�Q�¦�>�����@��!"#$%&%"'())"&%)%*+"+$%"+',"-./0&"  
raster_1  = img . GetRasterBand ( 5) . ReadAsArray ()  
�U�D�V�W�H�U�B�� = img . GetRasterBand ( 18) . ReadAsArray ()  

G%4--"()*"(*G'-.4(*-4*H"#=&%"I/*-./*91&)/*+&(,#

�0�D�W�S�O�R�W�O�L�E�
�V���S�O�R�W�W�L�Q�J���I�X�Q�F�W�L�R�Q�V���D�O�O�R�Z���I�R�U���S�R�Z�H�U�I�X�O���R�S�W�L�R�Q�V���W�R���G�L�V�S�O�D�\���L�P�D�J�H�U�\�����:�H���D�U�H���I�R�O�O�R�Z�L�Q�J���V�R�P�H���V�W�D�Q�G�D�U�G���D�S�S�U�R�D�F�K�H�V���I�R�U���V�H�W�W�L�Q�J���X�S���4�J�X�U�H�V��

!7"3&%0(%."(%)##*71A%.&%.%3&#-/3*>&(,%.12%7&@3%.33#<7.&(2%."#-4)3&1>

�,�Q�¦�>�����@��fig  = plt . figure ( figsize =( 16, 8))  !"1/(+(.)(2%"3(456%"'(+$"."&(2%  
ax1  = fig . add_subplot ( ������ )   !"787"0%+%69(/%&:"7"6,';"8"<),+&;"3(6&+"<),+  
�D�[�� = fig . add_subplot ( ������ )   !"788"0%+%69(/%&:"7"6,';"8"<),+&;"&%*,/0"<),+  
 
!"=(6&+"<),+:"19.4%  
bandnbr =5 
ax1 . imshow ( raster_1 , cmap='gray' , vmin =�������� , vmax=�������� )  
ax1 . set_title ( 'Image Band {}  {} ' . format ( bandnbr ,  
                                    tindex �>bandnbr - 1�@. date ()))  
 
!">%*,/0"<),+:"?(&+,646.9  
!"1@ABC#DE#:"#,"4%+"."$(&+,46.9;"'%"3(6&+"/%%0"+,"F3).++%/F"  
!"+$%"+',G0(9%/&(,/.)"(9.4%"(/+,".",/%G0(9%/&(,/.)"H%*+,6I  
h = �D�[��. hist ( raster_1 . flatten (), bins =������ , range =( �� , �������� ))  
�D�[��. xaxis . set_label_text ( 'Amplitude (Uncalibrated DN Values)' )  
_=�D�[��. set_title ( 'Histogram Band {}  {} ' . format ( bandnbr ,  
                                    tindex �>bandnbr - 1�@. date ()))  





"#$!%&'!#&()*++,! !D

�,�Q�¦�>�����@��!"#$%#&"'()&"*(+#",#&#  
showImage ( �U�D�V�W�H�U�B��, tindex , 11, 1000 , �������� )  

�(�;�(�5�&�–�6�(���������5�H�D�G���W�Z�R���G�L�•�H�U�H�Q�W���E�D�Q�G�V���D�Q�G���G�L�V�S�O�D�\���W�K�H�P���V�L�G�H���E�\���V�L�G�H

�7�K�H���R�X�W�S�X�W���V�K�R�X�O�G���G�L�V�S�O�D�\���W�Z�R���E�D�Q�G�V���Z�L�W�K���D���K�H�D�G�L�Q�J���R�I���W�K�H���E�D�Q�G���Q�X�P�E�H�U�V�����8�V�H���W�K�H���F�R�Q�F�H�S�W���I�R�U���4�J�X�U�H�V���Z�L�W�K���V�X�E�S�O�R�W�V���I�U�R�P���W�K�H���I�X�Q�F�W�L�R�Q���V�K�R�Z�–�P�D�J�H���������7�U�\���\�R�X�U���F�R�G�H���W�R
�F�R�P�S�D�U�H���L�P�D�J�H�V���I�U�R�P���G�L�•�H�U�H�Q�W���\�H�D�U�V���D�Q�G���G�L�•�H�U�H�Q�W���V�H�D�V�R�Q�V��

�,�Q�¦�>�����@��!"#$%#&"'()&"*(+#",#&#  









"#$!%&'!#&()*++,! ���‚



E@! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��!"#$%&'"()*"%+*$$"',*%"(-.&*$  
fig =plt . figure ( figsize =( 16, 4))  
fig . suptitle ( 'Comparison of Histograms of SAR Backscatter in Different Scales' , f
ontsize =14)  
ax1 =fig . add_subplot ( ������ )  
ax2 =fig . add_subplot ( ������ )  
�D�[��=fig . add_subplot ( ������ )  
 
!"/0')*%,1%"%)"2(3,%%$12"%+$"45"*,6%$*"-0,.$"%)"'*)7&8$","+-6%)*.*,0  
ax1 . hist ( rasterAmp �>bandnbr �@. flatten (), bins =100 , range =( 0. , 0.6 ))  
ax2 . hist ( rasterPwr �>bandnbr �@. flatten (), bins =100 , range =( 0. , 0.25 ))  
�D�[��. hist ( rasterdB �>bandnbr �@. flatten (), bins =100 , range =( - 25, - 5))  
 
!"9$,16:"0$7-,16",17"6%77$;  
amp_mean=rasterAmp �>bandnbr �@. mean()  
amp_std =rasterAmp �>bandnbr �@. std ()  
pwr_mean=rasterPwr �>bandnbr �@. mean()  
pwr_std =rasterPwr �>bandnbr �@. std ()  
dB_mean=rasterdB �>bandnbr �@. mean()  
dB_std =rasterdB �>bandnbr �@. std ()  
 
!"#)0$"3-1$6"()*"0$,1",17"0$7-,1  
ax1 . axvline ( amp_mean, color ='red' )  
ax1 . axvline ( np. median ( rasterAmp �>bandnbr �@����color ='blue' )  
ax2 . axvline ( pwr_mean , color ='red' , label ='Mean' )  
ax2 . axvline ( np. median ( rasterPwr �>bandnbr �@����color ='blue' , label ='Median' )  
�D�[��. axvline ( dB_mean, color ='red' )  
�D�[��. axvline ( np. median ( rasterdB �>bandnbr �@����color ='blue' )  
 
!"<-1$6"()*"="6%77$;  
ax1 . axvline ( amp_mean- amp_std , color ='gray' )  
ax1 . axvline ( amp_mean+amp_std , color ='gray' )  
ax2 . axvline ( pwr_mean- pwr_std , color ='gray' , label ='1 $\sigma$' )  
ax2 . axvline ( pwr_mean+pwr_std , color ='gray' )  
�D�[��. axvline ( dB_mean- dB_std , color ='gray' )  
�D�[��. axvline ( dB_mean+dB_std , color ='gray' )  
 
ax1 . set_title ( 'Amplitude Scaled' )  
ax2 . set_title ( 'Power Scaled' )  
�D�[��. set_title ( 'dB Scaled' )  
_=ax2 . legend ()  

!"#$%&'()*+',-")&%#,*".*-+/*%#$0'-12/3*$"4/&3*%(2*25*,6%0/2*2%-%







"#$!%&'!#&()*++,! EB

�,�Q�¦�>�����@��fig , ax =plt . subplots ( nrows =2, ncols =2, figsize =( 16, 16))  
fig . suptitle ( 'Comaprison of Like- and Cross-Polarized Sentinel-1 C-band Data' ,  
             fontsize =14)  
ax �>0�@�>0�@. set_title ( 'C-VV Image' )  
ax �>0�@�>1�@. set_title ( 'C-VH Image' )  
ax �>1�@�>0�@. set_title ( 'C-VV Histogram' )  
ax �>1�@�>1�@. set_title ( 'C-VH Histogram' )  
ax �>0�@�>0�@. axis ( 'off' )  
ax �>0�@�>1�@. axis ( 'off' )  
ax �>0�@�>0�@. imshow ( rl_dB , vmin =- 17.5 , vmax=- 5, cmap='gray' )  
ax �>0�@�>1�@. imshow ( rc_dB , vmin =- 25, vmax=- 10, cmap='gray' )  
ax �>1�@�>0�@. hist ( rl_dB . flatten (), range =( - 25, - 5), bins =100)  
ax �>1�@�>1�@. hist ( rc_dB . flatten (), range =( - 25, - 5), bins =100)  
fig . tight_layout ()   !"#$%"&'%"&()'&"*+,-.&"&-"/+0%"&'%"1().2%"/-2%"3-/4+3&  

�(�;�(�5�&�–�6�(���������(�[�S�O�R�U�H���G�L�•�H�U�H�Q�W���6�H�D�V�R�Q�V���L�Q���G�L�•�H�U�H�Q�W���S�R�O�D�U�L�]�D�W�L�R�Q�V

�&�K�D�Q�J�H���W�K�H���E�D�Q�G���Q�X�P�E�H�U�V���E�D�Q�G�Q�E�U�B�O�L�N�H���D�Q�G���E�D�Q�G�Q�E�U�B�F�U�R�V�V���L�Q���W�K�H���F�H�O�O���D�E�R�Y�H���W�R���H�[�S�O�R�U�H���G�L�•�H�U�H�Q�W���E�D�Q�G�V��
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�,�Q�¦�>���@��subset  

�,�Q�¦�>���@��!"#$%&"%'(")*'+"*'+",-),(&"%-&$.'("&%",(("/0.10",-),(&"/("*2(".'&(2(,&(+".'  
raster =band . ReadAsArray ()  
vmin =np. percentile ( raster . flatten (), 5)  
vmax=np. percentile ( raster . flatten (), ���� )  
fig =plt . figure ( figsize =( 10, 10))  
ax =fig . add_subplot ( 111 )  
ax . imshow ( raster , cmap='gray' , vmin =vmin , vmax=vmax)  
!"3$%&"&0(",-),(&"*,"2(1&*'4$(  
_=ax . add_patch ( patches . Rectangle (( subset �>0�@��subset �>1�@����subset �>2�@��subset �>3�@�� 
                                 fill =False , edgecolor ='red' ))  

�,�Q�¦�>�����@��raster0  = band . ReadAsArray ( * subset )  
bandnbr =0 !"5((+(+"6%2"-3+*&(,  
rasterstack =img . ReadAsArray ( * subset )  

�2�X�W�>���@��(0, 0, 4243, 3776)
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�,�Q�¦�>�����@��from  IPython.display  import  HTML 
HTML( ani . to_jshtml ())  

!"#$%$&'%("#)*"%+'*,-%#.%$&'%/0+'%1'20'-%.#2%$&'%13)-'$
!"#$%&'()*+%&#,%#-%.()

/"#$%0-1,(#0(2&*

3"#$%&'(),#,%#45

6"#78%,#,+0(#*()+(*#%9#0(2&*

�2�X�W�>�����@��

��

��

�~ �� �a �� �` �� �� �d �� �c �� �h �� �g �� �}

���6�U�J�L�� ���3�V�V�W�� ���9�L�Å�L�J�[
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�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��!"#$"%&'()*+,&'"-&".&/)*  
caldB =- 83 
calPwr  = np. power ( ������ , caldB / ������ )  
rasterstack_pwr  = np. power ( rasterstack , 2. ) * calPwr  
!"0$"%&123-)"4)5'+  
rs_means_pwr  = np. mean( rasterstack_pwr , axis =( �� , 2))  
!"6$"%&'()*-"-&"78  
rs_means_dB  = ������ * np. �O�R�J����( rs_means_pwr )  

�,�Q�¦�>�����@��rs_means_pwr . shape  !"%9):;"-95-"/)"<&-"-9)"1)5'+"&()*"-,1)  

�,�Q�¦�>�����@��!"=$".>&-  
fig =plt . figure ( figsize =( ���� , �� ))  
�D�[��=fig . add_subplot ( ������ )  
�D�[��. plot ( tindex , rs_means_pwr )  
�D�[��. set_xlabel ( 'Date' )  
�D�[��. set_ylabel ( �
���?�R�Y�H�U�O�L�Q�H�^�?�J�D�P�P�D�A�R�`�����>�S�R�Z�H�U�@�
)  
 
 
ax2 =�D�[��. twinx ()  
ax2 . plot ( tindex , rs_means_dB , color ='red' )  
ax2 . set_ylabel ( �
���?�R�Y�H�U�O�L�Q�H�^�?�J�D�P�P�D�A�R�`�����>�G�%�@�
)  
fig . legend ���>'power' , 'dB' �@��loc =�� )  
plt . title ( 'Time series profile of average band backscatter $\gamma^o$ ' )  

�,�Q�¦�>�����@��a =pd. Series ( rs_means_dB , index =tindex )  

�2�X�W�>�����@������������

�2�X�W�>�����@���7�H�[�W�����������������������
�7�L�P�H���V�H�U�L�H�V���S�U�R�I�L�O�H���R�I���D�Y�H�U�D�J�H���E�D�Q�G���E�D�F�N�V�F�D�W�W�H�U�����?�?�J�D�P�P�D�A�R�����
��





�‚����! "#$!%&'!#&()*++,

�$���W�Z�R���S�D�U�W���4�J�X�U�H���Z�L�W�K���P�R�Y�L�Q�J���J�O�R�E�D�O���P�H�D�Q���E�D�F�N�V�F�D�W�W�H�U���R�I���W�K�H���W�L�P�H
�V�H�U�L�H�V���L�Q���G�%

�,�Q�¦�>�����@��%%capture   
import  matplotlib.pyplot  as  plt  
import  matplotlib.animation  
import  numpy as  np 
 
fig ,  ( �D�[��, ax2 )  = plt . subplots ( �� , 2, figsize =( ���� , 4), gridspec_kw  = { 'width_ratios' ���>��
,  3�@�`�� 
 
vmin =np. percentile ( rasterstack . flatten (), 5)  
vmax=np. percentile ( rasterstack . flatten (), ���� )  
im  = �D�[��. imshow ( raster0 , cmap='gray' , vmin =vmin , vmax=vmax)  
�D�[��. set_title ( " {} " . format ( tindex �>0�@. date ()))  
�D�[��. set_axis_off ()  
 
ax2 . axis ���>tindex �>0�@��tindex �>- �� �@��rs_means_dB . min (), rs_means_dB . max�����@�� 
ax2 . set_ylabel ( �
���?�R�Y�H�U�O�L�Q�H�^�?�J�D�P�P�D�A�R�`�����>�G�%�@�
)  
ax2 . set_xlabel ( 'Date' )  
ax2 . set_ylim (( - ���� , - 5))  
l ,  = ax2 . plot ���>�@���>�@�� 
 
 
def  animate ( i ����  
    �D�[��. set_title ( " {} " . format ( tindex �>i �@. date ()))  
    im . set_data ( rasterstack �>i �@�� 
    ax2 . set_title ( " {} " . format ( tindex �>i �@. date ()))  
    l . set_data ( tindex �>����i +�� ���@��rs_means_dB �>����i +�� ���@�� 
 
!"#$%&'()*"+,"-+(&$"+$".+**+,&/0$1,  
ani  = matplotlib . animation . FuncAnimation ( fig ,  animate ,   
                                         frames =rasterstack . shape �>0�@�� 
                                        interval =400 )  

�,�Q�¦�>�����@��from  IPython.display  import  HTML 
HTML( ani . to_jshtml ())  

�2�X�W�>�����@��

��

��

�~ �� �a �� �` �� �� �d �� �c �� �h �� �g �� �}

���6�U�J�L�� ���3�V�V�W�� ���9�L�Å�L�J�[

�c

!"!#$%&!
!"#$%&'()*'+,$-+($",'%.,/($",'("'#$012+&'+,$-+($",'"%'+'0$,32*'1$4*2'"%'&".5'/)""0$,36

7",.08'9##'+'0*/",#'1$4*2'("'()*'5$3)(')+,#'35+1)6









�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��subset =( �������� , �� , ������ , ������ )    !"#$%&&'(%&&'$)*+,'()*+,-  
bandnbr =��  
 
rasterDN =img . GetRasterBand ( bandnbr ) . ReadAsArray ()  
fig ,  ax  = plt . subplots ( figsize =( 8, 8))  
ax . set_title ( �
�6�H�Q�W�L�Q�H�O�������&���9�9�����1�,�*�(�5��������������{} '  
             . format ( tindex �>bandnbr - �� �@. date ()))  
ax . imshow ( rasterDN , cmap='gray' , vmin =�������� , vmax=�������� )  
ax . grid ( color ='blue' )  
ax . set_xlabel ( 'Pixels' )  
ax . set_ylabel ( 'Lines' )  
!"./%0"01,")23),0"4)"5,60478/,  
if  subset  ���  None��  
    _=ax . add_patch ( patches . Rectangle (( subset �>�� �@��subset �>�� �@���� 
                                     subset �>2�@��subset �>3�@�� 
                                     fill =False , edgecolor ='red' ,  
                                     linewidth =3))  

�,�Q�¦�>�����@��rasterDN =img . ReadAsArray ( * subset )  
mask=rasterDN ==��  
�&�)=np. power ( ������ , - 8.3 )  
rasterPwr =np. ma. array ( np. power ( rasterDN , 2. ) * �&�), mask=mask, dtype =np. float32 )  
!"9%:,"3,/%;"*)"47",$4<./,"0%"8,7,540,"47"=3*0")64/,:":>"*<48,  
!"54)0,5?>@#ABCD7.C<4C/%8AB#54)0,5E;5-FGA-HBCAI"""  
!"54)0,5?>J54)0,5?>KACL@AC  
!"54)0,5?>J54)0,5?>MNIICL@NIIC  
!"54)0,5?>@54)0,5?>C4)0(.,#7.C2*70=-  
!"54)0,5?>@54)0,5?>C&*//,:#B-  
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�:�H���P�D�N�H���D�Q���5�*�%���V�W�D�F�N���W�R���G�L�V�S�O�D�\���W�K�H���4�U�V�W�����F�H�Q�W�H�U�����D�Q�G���O�D�V�W���W�L�P�H���V�W�H�S���D�V���D���P�X�O�W�L���W�H�P�S�R�U�D�O���F�R�O�R�U���F�R�P�S�R�V�L�W�H�����7�K�H���Q�S���G�V�W�D�F�N���U�H�V�X�O�W�V���L�Q���D�Q���D�U�U�D�\���R�I���W�K�H���I�R�U�P���>�O�L�Q�H�V���S�L�[�H�O�V���E�D�Q�G�V�@��
�Z�K�L�F�K���L�V���W�K�H���I�R�U�P�D�W���Z�H���Q�H�H�G���I�R�U���5�*�%���G�L�V�S�O�D�\���Z�L�W�K���P�D�W�S�O�R�W�O�L�E�
�V���L�P�V�K�R�Z�������I�X�Q�F�W�L�R�Q��

!"#$ ���W�K�D�W���Q�X�P�S�\���D�U�U�D�\���L�Q�G�H�[�L�Q�J���V�W�D�U�W�V���Z�L�W�K���������V�R���E�D�Q�G�������L�V���U�D�V�W�H�U�>���@��

�,�Q�¦�>�����@��rgb_bands =( �� , int ( img . RasterCount / �� ), img . RasterCount )   !"#$%&'(")*+'*%(",-&'".-+/  
rgb_bands =( �� , ���� , ���� )   
rgb_bands =( ���� , 45, 74)  
rgb_idx =np. array ( rgb_bands ) - ��   !"0*'"-%%-1"$+/*2"#%34".-+/&".1"&5.'%-)'$+0"6  
rgb =np. dstack (( rasterPwr �>rgb_idx �>�� �@�@��rasterPwr �>rgb_idx �>�� �@�@��rasterPwr �>rgb_idx �>��
�@�@���� 
rgb_dates =( tindex �>rgb_idx �>�� �@�@. date (),  
           tindex �>rgb_idx �>�� �@�@. date (), tindex �>rgb_idx �>�� �@�@. date ())  

�:�H���D�U�H���D�O�V�R���L�Q�W�H�U�H�V�W�H�G���L�Q���G�L�V�S�O�D�\�L�Q�J���W�K�H���L�P�D�J�H���H�Q�K�D�Q�F�H�G���Z�L�W�K���K�L�V�W�R�J�U�D�P���H�T�X�D�O�L�]�D�W�L�R�Q��

�:�H���F�D�Q���X�V�H���W�K�H���I�X�Q�F�W�L�R�Q���
�H�[�S�R�V�X�U�H���H�T�X�D�O�L�]�H�B�K�L�V�W�����
���I�U�R�P���W�K�H���V�N�L�P�D�J�H���H�[�S�R�V�X�U�H���P�R�G�X�O�H

�,�Q�¦�>�����@��rgb_stretched =rgb . copy ()  
!"73%"*-)8".-+/"9*"-::,1"'8*"&'%*)8  
for  i  in  range ( rgb_stretched . shape �>�� �@���� 
    rgb_stretched �>�������� i �@ = exposure . \  
    equalize_hist ( rgb_stretched �>�������� i �@. data ,  
    mask=~np. equal ( rgb_stretched �>�������� i �@. data , ���� ))  

�1�R�Z���O�H�W�
�V���G�L�V�S�O�D�\���W�K�H���X�Q�V�W�U�H�F�K�W�H�G���D�Q�G���K�L�V�W�R�J�U�D�P���H�T�X�D�O�L�]�H�G���L�P�D�J�H�V���V�L�G�H���E�\���V�L�G�H��

�,�Q�¦�>�����@��fig , ax  = plt . subplots ( �� , 2, figsize =( ���� , 8))  
fig . suptitle ( �
�0�X�O�W�L���W�H�P�S�R�U�D�O���6�H�Q�W�L�Q�H�O�������E�D�F�N�V�F�D�W�W�H�U���L�P�D�J�H���5��{} ���*�� {} ���%��{} '  
             . format ( rgb_dates �>0�@��rgb_dates �>�� �@��rgb_dates �>2�@���� 
plt . axis ( 'off' )  
ax �>0�@. imshow ( rgb )  
ax �>0�@. set_title ( �
�8�Q�V�W�U�H�F�K�H�G�
)  
ax �>0�@. axis ( 'off' )  
ax �>�� �@. imshow ( �U�J�E�B�V�W�U�H�W�F�K�H�G)  
ax �>�� �@. set_title ( 'Histogram Equalized' )  
_=ax �>�� �@. axis ( 'off' )  



�‚�‚��! "#$!%&'!#&()*++,

!"#$%&'&(")*')+*,(-%'.(/'&(")*"0*&12*3(#2*425(2-*62&5(7-
!"#$%&'$'(%)#'$%)*'$+'#)'+,$-'$-)..$/"*01%'$+"*'$*'%#)/+$%&2%$-)..$2)3$1+$)($/&2(4'$3'%'/%)"(5$!"#$'2/&$0)6'.$)($%&'$+%2/7$-'$/"*01%'8

9'2(

9'3)2(

926)*1*

9)()*1*

:2(4'$;926)*1*$<$9)()*1*=

>%&$?'#/'(%).'

@>%&$?'#/'(%).'

?:2(4'$;@>%&$<$>%&$?'#/'(%).'=

A2#)2(/'

�&�R�H�]�F�L�H�Q�W���R�I���9�D�U�L�D�W�L�R�Q�����9�D�U�L�D�Q�F�H���0�H�D�Q��

�,�Q�¦�>�����@���P�H�W�U�L�F�V=�W�L�P�H�V�H�U�L�H�V�B�P�H�W�U�L�F�V( rasterPwr . filled ( np. nan ), ndv =np. nan )  

�,�Q�¦�>�����@��!"#$%&'()&'*+,&'&+-'.,#$()/'0-&#$1/'2-3/',#-  
metrics . keys ()  

�/�H�W�
�V���O�R�R�N���D�W���W�K�H���K�L�V�W�R�J�U�D�P�V���I�R�U���W�K�H���W�L�P�H���V�H�U�L�H�V���Y�D�U�L�D�Q�F�H���D�Q�G���F�R�H�4�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q���W�R���D�L�G���G�L�V�S�O�D�\�L�Q�J���W�K�R�V�H���L�P�D�J�H�V��

�,�Q�¦�>�����@��fig ,  ax = plt . subplots ( �� , 2, figsize =( ���� , 4))  
ax �>0�@. hist ( metrics �>'var' �@. flatten (), bins =������ )  
ax �>�� �@. hist ( metrics �>'cov' �@. flatten (), bins =������ )  
_=ax �>0�@. set_title ( 'Variance' )  
_=ax �>�� �@. set_title ( 'Coefficient of Variation' )  

�:�H���X�V�H���W�K�U�H�V�K�R�O�G�V���G�H�W�H�U�P�L�Q�H�G���I�U�R�P���W�K�R�V�H���K�L�V�W�R�J�U�D�P�V���W�R���V�H�W���W�K�H���V�F�D�O�L�Q�J���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V���Y�L�V�X�D�O�L�]�W�L�R�Q�����)�R�U���W�K�H���E�D�F�N�V�F�D�W�W�H�U���P�H�W�U�L�F�V���Z�H���F�K�R�R�V�H���D���W�\�S�L�F�D�O���U�D�Q�J�H���D�S�S�U�R�S�U�L�D�W�H���I�R�U
�W�K�L�V���H�F�R�V�\�V�W�H�P���D�Q�G���U�D�G�D�U���V�H�Q�V�R�U�����$���W�\�S�L�F�D�O���U�D�Q�J�H���L�V�����������G�%���������������������W�R�������������G�%��������������

�2�X�W�>�����@���G�L�F�W�B�N�H�\�V���>�
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�&�K�D�Q�J�H���G�H�W�H�F�W�L�R�Q���Z�L�W�K���W�K�H���3�H�U�F�H�Q�W�L�O�H���'�L�•�H�U�H�Q�F�H���7�K�U�H�V�K�R�O�G���0�H�W�K�R�G
�–�Q���W�K�L�V���P�H�W�K�R�G���Z�H���4�Q�G���W�K�U�H�V�K�R�O�G�V���R�Q���W�K�H���������D�Q�G�������S�H�U�F�H�Q�W�L�O�H���G�L�•�H�U�H�Q�F�H�����7�K�H���D�G�Y�D�Q�W�D�J�H���W�R���O�R�R�N���D�W���S�H�U�F�H�Q�W�L�O�H�V���Y�H�U�X�V���P�D�[�L�P�X�P���P�L�Q�X�V���P�L�Q�L�P�X�P���L�V���W�K�D�W���R�X�W�O�L�H�U�V���D�Q�G
�H�[�W�U�H�P�D�V���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V���D�U�H���Q�R�W���L�Q�5�X�H�Q�F�L�Q�J���W�K�H���U�H�V�X�O�W��

�)�R�U���R�X�U���H�[�D�P�S�O�H�����W�K�H���K�L�V�W�R�U�J�U�D�P���R�I���W�K�H���������D�Q�G�������S�H�U�F�H�Q�W�L�O�H���G�L�•�H�U�H�Q�F�H���L�P�D�J�H���O�R�R�N�V���O�L�N�H���W�K�L�V��

�,�Q�¦�>�����@��plt . hist ( metrics �>'range' �@. flatten (), bins =������ , range =( �� , ������ ))  
_=plt . axvline ( �������� , color ='red' )  



�‚�‚��! "#$!%&'!#&()*++,

�/�H�W�
�V���Y�L�V�X�D�O�L�]�H���W�K�H���F�K�D�Q�J�H���S�L�[�H�O�V�����F�S�����Z�K�H�U�H���W�K�H�������W�K���������W�K���S�H�U�F�H�Q�W�L�O�H���G�L�•�H�U�H�Q�F�H���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V���I�R�U���H�D�F�K���S�L�[�H�O�����[���\�����H�[�F�H�H�G���D���W�K�U�H�V�K�R�O�G��

!"#$% ���W�K�H���L�P�D�J�H���O�R�R�N�V���O�L�N�H��

�,�Q�¦�>�����@��thres =��������  
plt �� figure ( figsize =( 8, 8))  
mask=metrics �>'range' �@<thres  !"#$%"&'()*+,"-.")%.)+%."/0."'12.%(."3+(4  
maskpdiff =~mask !"5/$%."/0'("6$%"*+/.%"$7/)7/  
plt �� imshow ( mask, cmap='gray' )  
plt �� legend ���>'$p_ {95} �������S�B�����!�������������
 �@��loc ='center right' )  
_=plt �� title ( 'Threshold Classifier on Percentile Difference ($P_ {95} �������3�B�����!����������
$)' )  

�&�K�D�Q�J�H���'�H�W�H�F�W�L�R�Q���Z�L�W�K���W�K�H���&�R�H�]�F�L�H�Q�W���R�I���9!"#!$#%&'()$*%+
�:�H���F�D�Q���V�H�W���D���W�K�U�H�V�K�R�O�G�����I�R�U���W�K�H���F�R�H�]�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q���L�P�D�J�H���W�R���F�O�D�V�V�L�I�\���F�K�D�Q�J�H���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V��

�/�H�W�
�V���O�R�R�N���D�W���W�K�H���K�L�V�W�R�J�U�D�P���R�I���W�K�H���F�R�H�]�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q��



"#$!%&'!#&()*++,! �‚�‚��

�,�Q�¦�>�����@��plt . hist ( metrics �>'cov' �@. flatten (), bins =������ , range =( �� , �������� ))  
_=plt . axvline ( ���������� , color ='red' )  

!"#$%&%#$'()$*+,%#-./.0%#$(%1$&23(%4"5(+)%6*7+,%+**8%+"8(%#$(%9*++*6"23%":&3(;

�,�Q�¦�>�����@��thres =����������  
mask=metrics �>'cov' �@ < thres  
maskcv =~mask 
plt . figure ( figsize =( 8, 8))  
plt . imshow ( mask, cmap='gray' )  
_=plt . title ( 'Threshold Classifier on Time Series Coefficient of Variation' )  







�‚�‚��! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��!"#$%&'()"*  
fig ,  ax  = plt . subplots ( �� , 1, figsize =( �� , 16))  
ax �>0�@. axis ( 'off' )  
ax �>0�@. imshow ( np. abs ( r ), vmin =0, vmax=0.3 , cmap='gray' )  
_=ax �>1�@. hist ( r . flatten (), bins =100 , range =( - 0.4 , 0.4 ))  



"#$!%&'!#&()*++,! �‚�‚��

�/�H�W�
�V���G�H�4�Q�H���F�K�D�Q�J�H���S�L�[�H�O�V���D�V���W�K�R�V�H���I�D�O�O�L�Q�J���R�X�W�V�L�G�H���W�K�H���U�D�Q�J�H���R�I��!"#$$���W�L�P�H�V���W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q���R�I���W�K�H���U�D�W�L�R�Q���L�P�D�J�H�� ���M�Y�V�T���[�O�L���P�T�H�N�L���T�L�H�U�� �!

�:�H���D�U�H���X�V�L�Q�J���W�K�H���Q�X�P�S�\���P�D�V�N�L�Q�J���W�R���V�H�W���W�K�H���Q�R�Q���F�K�D�Q�J�L�Q�J���S�L�[�H�O�V���L�Q�V�L�G�H���W�K�H���U�D�Q�J�H��

�,�Q�¦�>�����@��stddev =np. std ( r )  
thres =3* stddev  
mask=np. logical_and ( r >- 1* thres , r <thres )  
masklr =~mask 

�/�H�W�
�V���G�L�V�S�O�D�\���S�L�[�H�O�V���W�K�D�W���I�D�O�O���R�X�W�V�L�G�H�������W�L�P�H�V���W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q

�,�Q�¦�>�����@��fig , ax  = plt . subplots ( figsize =( 8, 16))  
ax . imshow ( mask, cmap='gray' )  
ax . xaxis . set_ticks ���>�@�� 
ax . yaxis . set_ticks ���>�@�� 
_=ax . set_title ( �
�/�R�J���5�D�W�L�R���&�O�D�V�V�L�I�L�H�U���R�I���W�K�H���2�F�W�R�E�H�U�����������������������/�R�J���5�D�W�L�R���,�P�D�J�H�V�
)  

%#&!$'�W�K�H���L�P�D�J�H�V���W�R���D�Q���R�X�W�S�X�W���4�O�H
($!$#)&*$'+,!-,!'.$+)$!#/

�)�L�U�V�W�����Z�H���Q�H�H�G���W�R���V�H�W���W�K�H���F�R�U�U�H�F�W���J�H�R�W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���D�Q�G���S�U�R�M�H�F�W�L�R�Q���L�Q�I�R�U�P�D�W�L�R�Q�����:�H���U�H�W�U�L�H�Y�H���W�K�H���Y�D�O�X�H�V���I�U�R�P���W�K�H���L�Q�S�X�W���L�P�D�J�H�V���D�Q�G���D�G�M�X�V�W���E�\���W�K�H���V�X�E�V�H�W��











�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>���@��!"#$"%&'()*+,&'"-&".&/)*  
caldB =- 83 
calPwr  = np. power ( 10. , caldB / 10. )  
rasterstack_pwr  = np. power ( rasterstack , 2. ) * calPwr  
!"0$"%&123-)"4)5'+  
rs_means_pwr  = np. mean( rasterstack_pwr , axis =( 1, 2))  
!"6$"%&'()*-"-&"78  
rs_means_dB  = 10. * np. log10 ( rs_means_pwr )  

�,�Q�¦�>���@��!"9$"45:)"5"25'75+"-,1)"+)*,)+"&;<)=-  
ts  = pd. Series ( rs_means_dB , index =tindex )  

�,�Q�¦�>���@��!">$"?+)"-@)"25'75+"2A&-"B3'=-,&'"&B"-@)"-,1)"+)*,)+"&;<)=-"-&"2A&-  
!".3-";5'7"'31;)*+"5+"75-5"2&,'-"A5;)A+  
plt . figure ( figsize =( ���� , 8))  
ts . plot ()  
xl  = plt . xlabel ( 'Date' )  
yl  = plt . ylabel ( �
���?�R�Y�H�U�O�L�Q�H�^�?�J�D�P�P�D�A�R�`�����>�G�%�@�
)  
for  xyb  in  zip ( ts . index , rs_means_dB , range ( 1, len ( ts ) +1������  
    plt . annotate ( xyb �>2�@��xy =xyb �>0��2�@�� 

!"!#$%&!

!""#$%&$&'($)*"+%*$,(%-.$/*"&$%-0$0(&(1,2-($31",$&'($&2-0(4$%11%5$%&$6'27'$0%&(.$5"8$.(($,%42,8,$%-0$,2-2,8,$9%*8(.:$;1($1(*%&29($/(%#.$%.."72%&(0$62&'$.(%."-.<





�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��bandnbr =24  !"  
subset =�>5, ���� , 3, 3�@ 
!"#$%#&'()*+,-.,*,*/  
!"#$%#&'()-0,-+,*,*/  

�,�Q�¦�>�����@��showImage ( rasterstack_pwr , tindex , bandnbr , subset )  

�,�Q�¦�>�����@��bandnbr =43 
showImage ( rasterstack_pwr , tindex , bandnbr , subset )  



"#$!%&'!#&()*++,! �‚����

!"!#$%&!

!"#$%&'%()$*+,-.,/,/01

������234)$4#($)3($54)(%$63(#($'478%74))(#$94::%$'(:"6$;$<<$5=>
������?"@A&)($)3($�J�U�D�G�L�H�Q�W�V�����E�D�F�N�V�F�D�W�W�H�U���G�L�•�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�Z�R���F�R�Q�V�H�F�X�W�L�Y�H���G�D�W�H�V��
�������:�K�D�W���L�V���W�K�H���O�D�U�J�H�V�W���J�U�D�G�L�H�Q�W���R�I���E�D�F�N�V�F�D�W�W�H�U���G�U�R�S���E�H�W�Z�H�H�Q���W�Z�R���F�R�Q�V�H�F�X�W�L�Y�H���G�D�W�H�V�"
������234)$4#($)3($54)(%$4%%"7B4)(5$6B)3$)3B%$C#45B(D)$*'(9"#($4D5$49)(#0>

'()*(+,-./0123/,14(,5(/(+61(,6,127(,8(+2(8,39:(01

�,�Q�¦�>�����@��def  timeSeries ( rasterstack_pwr , tindex , subset , ndv =0. ����  
    !"#$%&'(%"%)*"+*',-"'./,0"%)*"%1+*"-*&1*-"'$*-  
    !"&'-%*&"-)'2*"1-"%1+*"-%*2-3".1,*-3"21$*.-4"  
    !"51%)"'$1-67383"9*"':*&'0*".1,*-"',;"21$*.-"</&"*'()"%1+*"  
    !"-%*2"='$1-">?  
    raster =rasterstack_pwr . copy ()  
    if  ndv  !=  np. nan ��  raster �>np. equal ( raster , ndv ���@=np. nan  
    ts_pwr =np. nanmean( raster �>����subset �>�� �@����subset �>�� �@+subset �>�� �@���� 
                       subset �>0�@����subset �>0�@+subset �>2�@���@��axis =( �� , 2))  
    !"(/,:*&%"%)*"+*',-"%/";@  
    ts_dB =������ * np. �O�R�J����( ts_pwr )  
    !"+'A*"%)*"2',;'-"%1+*"-*&1*-"/BC*(%  
    ts  = pd. Series ( ts_dB , index =tindex )  
    !"&*%D&,"1%  
    return  ts  

�8�V�L�Q�J���W�K�H���W�L�P�H�6�H�U�L�H�V�������������I�X�Q�F�W�L�R�Q���W�R���P�D�N�H���D���W�L�P�H���V�H�U�L�H�V���R�E�M�H�F�W���I�R�U���W�K�H���F�K�R�V�H�Q���V�X�E�V�H�W��

�,�Q�¦�>�����@��ts  = timeSeries ( rasterstack_pwr , tindex , subset )  

�3�O�R�W���W�K�H���R�E�M�H�F�W��

�,�Q�¦�>�����@��_=ts . plot ( figsize =( ���� , �� ))   !"E6"1-"'"%&1(A"%/"-D22&*--"+/&*"/D%2D%4  

!;<!#,= >?#,$>@!,'!#!

�,�Q�¦�>�¦�@��!"74"5)'%"'&*"%)*";'%*-"9)*&*"B'(A-('%%*&"<'..-"B*./9"F"77";@G  



�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�¦�@��!"#$"%&'()*+"*,+"-./01+2*3"45/6736/**+."0188+.+26+"  
!"5+*9++2"*9&"6&23+6)*1:+"0/*+3$  

�,�Q�¦�>�¦�@��!";$"<,/*"13"*,+"=/.-+3*"-./01+2*"&8"5/6736/**+."0.&("  
!"5+*9++2"*9&"6&23+6)*1:+"0/*+3>"  

�,�Q�¦�>�¦�@��!"<,/*"/.+"*,+"0/*+3"/33&61/*+0"91*,"*,13"-./01+2*"  
!"45+8&.+"/20"/8*+.?  

�4�X�H�V�W�L�R�Q�����&�D�Q���\�R�X���4�H�O�G���Y�H�U�L�I�\���W�K�D�W���F�K�D�Q�J�H���R�F�F�X�U�H�G���D�W���W�K�L�V���O�R�F�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H�V�H���W�Z�R���G�D�W�H�V�"

�6�H�D�V�R�Q�D�O���6�X�E�V�H�W�V���R�I���W�L�P�H���V�H�U�L�H�V���U�H�F�R�U�G�V

!"#$%&"'()*+&,(-*&./0&#12"&%"31"%&)*)45%1%6&78#"*&1#&1%&+"%13)94"&#-&%,9%"#&#12"&%"31"%&95&%")%-*&-3&2-*#:%&#-&;-2()3"&<1#:&%1214)3&;-*+1#1-*%&-8&)&(3"=1-,%&5")3$%
-9%"3=)#1-*6&>-3&"')2(4"?&1*&)*)45@1*A&BCD)*+&9);E%;)##"3&+)#)?&1#&21A:#&9"&,%"8,4&#-&4121#&;-2()3)#1="&)*)45%1%&#-&+35&%")%-*&-9%"3=)#1-*%&-*45&)%&%-14&2-1%#,3"&21A:#
;-*8,%"&%1A*)4%&+,31*A&#:"&<"#&%")%-*%6&F*&#:1%&%";#1-*&<"&<144&"'()*+&,(-*&#:"&;-*;"(#%&-8&%,9%"##1*A&#12"&%"31"%&)4-*A&#:"&#12"&)'1%6&G"&<144&2)E"&,%"&-8&#:"&()*+)%
+)#)#12"&1*+"'&#--4%H

I-*#:
J)5&-8&5")3

>13%#&<"&"'#3);#&#:"&#12"&%"31"%&)A)1*&8-3&)&)3")&)#&#:"&%,9%"#&4-;)#1-*&KL?MN?L?LO6&G"&#:"*&;-*="3#&#:"&()*+)%&#12"&%"31"%&#-&)&()*+)%&J)#)>3)2"&#-&)44-<&8-3&2-3"
(3-;"%%1*A&-(#1-*%6&G"&)4%-&4)9"4&#:"&+)#)&=)4,"&;-4,2*&)%&$AN$&8-3&A)22)NH

�,�Q�¦�>�����@��subset =( 5, 20, 5, 5)  
ts  = timeSeries ( rasterstack_pwr , tindex , subset )  
tsdf  = pd. DataFrame ( ts , index =ts . index , columns =�>'g0' �@�� 
 
!"@=&*  
ylim =( - 20, - 5)  
tsdf . plot ( figsize =( ���� , 4))  
plt . title ( �
�6�H�Q�W�L�Q�H�O�������&���9�9���7�L�P�H���6�H�U�L�H�V���%�D�F�N�V�F�D�W�W�H�U���3�U�R�I�L�O�H�����6�X�E�V�H�W�������������������������
)  
plt . ylabel ( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
plt . ylim ( ylim )  
_=plt . legend ���>���&���9�9���7�L�P�H���6�H�U�L�H�V���@�� 

�6�W�D�U�W���W�K�H���W�L�P�H���V�H�U�L�H�V���L�Q���1�R�Y�H�P�E�H�U����������

G"&;)*&,%"&#:"&()*+)%&1*+"'&()3)2"#"3%&41E"&2-*#:&#-&2)E"&%")%-*)4&%,9%"#%



"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>�����@���W�V�G�I�B�V�X�E��=tsdf �>tsdf . index >�
���������������������
 �@ 
 
!"#$%&  
�W�V�G�I�B�V�X�E��. plot ( figsize =( ���� , 4))  
plt . title ( �
�6�H�Q�W�L�Q�H�O�������&���9�9���7�L�P�H���6�H�U�L�H�V���%�D�F�N�V�F�D�W�W�H�U���3�U�R�I�L�O�H�����6�X�E�V�H�W����{} ' . �I�R�U�P�D�W( s
ubset ))  
plt . �\�O�D�E�H�O( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
plt . �\�O�L�P( �\�O�L�P)  
_=plt . legend ���>���&���9�9���7�L�P�H���6�H�U�L�H�V���@�� 

!"#$%&'#(')*+&,$-

!"#$%&#'%("#)*"#+,#-%&.%*#/%0"12'"3&."4#+56"$0#.+/%01)*+&,#%&.#&)'-78*#2*3.45265+/#,)&$02+&#0+#*)5*"0#%#02'"#*"92"*#"%*2:7#57#'+&0;<

7584,'&*'75('/5&5'*+2(

�,�Q�¦�>�����@��tsdf_sub2 =�W�V�G�I�B�V�X�E���> 
    np. �O�R�J�L�F�D�O�B�D�Q�G( �W�V�G�I�B�V�X�E��. index . �P�R�Q�W�K>=3, �W�V�G�I�B�V�X�E��. index . �P�R�Q�W�K<=�� ���@ 
 
!"#$%&  
fig ,  �D�[ = plt . subplots ( figsize =( ���� , 4))  
tsdf_sub2 . plot ( �D�[=�D�[)  
plt . title ( �
�6�H�Q�W�L�Q�H�O�������&���9�9���7�L�P�H���6�H�U�L�H�V���%�D�F�N�V�F�D�W�W�H�U���3�U�R�I�L�O�H�����6�X�E�V�H�W����{} '  
          . �I�R�U�P�D�W( subset ))  
plt . �\�O�D�E�H�O( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
plt . �\�O�L�P( �\�O�L�P)  
_=plt . legend ���>���0�D�U�F�K���0�D�\���@�� 

922'*&,%8')*+&,$

=*2&>#&)'-78*#5++:"%&#.+:%8&#,)&$02+&?#@"#$%&#2&A"90#%#*":"$02+&#%&.#2&#0;2*#"4%'-:"#>"0#0+#%::#+0;"9#'+&0;*B



�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��tsdf_sub3 =�W�V�G�I�B�V�X�E���>np. invert (  
    np. logical_and ( �W�V�G�I�B�V�X�E��. index . month >=3, �W�V�G�I�B�V�X�E��. index . month <=5�����@ 
 
!"#$%&  
fig ,  ax  = plt . subplots ( figsize =( ���� , 4))  
tsdf_sub3 . plot ( ax =ax )  
plt . title ( �
�6�H�Q�W�L�Q�H�O�������&���9�9���7�L�P�H���6�H�U�L�H�V���%�D�F�N�V�F�D�W�W�H�U���3�U�R�I�L�O�H�����6�X�E�V�H�W����{} '  
          . format ( subset ))  
plt . ylabel ( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
plt . ylim ( ylim )  
_=plt . legend ���>"June-February" �@�� 

!"#$%&'()*&+*"(*+&,-&-*."&'#&/#)%."*&.0*".1*&,./2+/.''*"&0.3$*+

�,�Q�¦�>�����@��ts_sub_by_year  = �W�V�G�I�B�V�X�E��. groupby ( pd. Grouper ( freq ="Y" ))  

�,�Q�¦�>�����@��fig ,  ax  = plt . subplots ( figsize =( ���� , 4))  
for  label ,  df  in  ts_sub_by_year ��  
    df . �J��. plot ( ax =ax ,  label =label . year )  
plt . legend ()  
!"&'(')*(*+(+,-./0$%&1-23-24  
plt . title ( �
�6�H�Q�W�L�Q�H�O�������&���9�9���7�L�P�H���6�H�U�L�H�V���%�D�F�N�V�F�D�W�W�H�U���3�U�R�I�L�O�H�����6�X�E�V�H�W����{} '  
          . format ( subset ))  
plt . ylabel ( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
plt . ylim ( ylim )  

�2�X�W�>�����@��������������������







"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>�����@���S�L�Y��. plot ( figsize =( 16, 8))  
plt . title ( 'Sentinel-1 C-VV Time Series Backscatter Profile, \  
�6�X�E�V�H�W�������������������������
)  
plt . ylabel ( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
plt . xlabel ( 'Day of Year' )  
_=plt . ylim ( ylim )  

! " #$%&'( &)&*)+, $', $')" &'-+. &'/&0+&1
( #)#
!"#$%&#&'(#%&%)*+"#,-"#,./"#0"1."0#2'1#$-%&3"4#!"#(.))#5.0$600#,('#%771'%$-"08

�������<�H�D�U���W�R���\�H�D�U���G�L�•�H�U�H�Q�F�L�Q�J���R�I���W�K�H���V�X�E�V�H�W�W�H�G���W�L�P�H���V�H�U�L�H�V
�������&�X�P�X�O�D�W�L�Y�H���6�X�P���E�D�V�H�G���F�K�D�Q�J�H���G�H�W�H�F�W�L�R�Q

�,�Q�¦�>�����@��!"#$%%&'&()&"*&+,&&("-&.'/  
!"0&+"."12")3.(4&"+3'&/3561  
thres =3 

�,�Q�¦�>�����@���G�L�I�I�������� = ( �S�L�Y��. �J���>�������� �@- �S�L�Y��. �J���>�������� �@�� 

2&#03),32&#0'!"#$%&'(&)&*)+,$

�:�H���F�R�P�S�X�W�H���W�K�H���G�L�•�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q���W�K�H���L�Q�W�H�U�S�R�O�D�W�H�G���W�L�P�H���V�H�U�L�H�V���D�Q�G���O�R�R�N���I�R�U���F�K�D�Q�J�H���Z�L�W�K���D���W�K�U�H�V�K�R�O�G���Y�D�O�X�H��



�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��_=diff1716 . plot ( 'line' )  

�,�Q�¦�>�����@��thres_exceeded  = diff1716 �>abs ( diff1716 )  > thres �@ 
thres_exceeded  

�2�X�W�>�����@��doy  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
������������������������������  
�G�W�\�S�H�����I�O�R�D�W����
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�)�U�R�P���W�K�H���W�K�U�H�H�B�H�[�F�H�H�G�H�G���G�D�W�D�I�U�D�P�H���Z�H���F�D�Q���L�Q�I�H�U���W�K�H���4�U�V�W���G�D�W�H���D�W���Z�K�L�F�K���W�K�H���W�K�U�H�V�K�R�O�G���Z�D�V���H�[�H�H�G�H�G�����:�H���Z�R�X�O�G���O�D�E�H�O���W�K�D�W���D�V���D���F�K�D�Q�J�H���S�R�L�Q�W�����$�V���D�Q���D�G�G�L�W�L�R�Q�D�O���F�U�L�W�H�U�L�D���I�R�U
�O�D�E�H�O�L�Q�J���D���F�K�D�Q�J�H���S�R�L�Q�W�����R�Q�H���F�D�Q���D�O�V�R���F�R�Q�V�L�G�H�U���W�K�H���Q�X�P�E�H�U���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V���D�I�W�H�U���L�G�H�Q�W�L�4�F�D�W�L�R�Q���R�I���D���F�K�D�Q�J�H���S�R�L�Q�W���Z�K�H�U�H���E�D�F�N�V�F�D�W�W�H�U���G�L�•�H�U�H�G���I�U�R�P���W�K�H���\�H�D�U���E�H�I�R�U�H�����–�I���R�Q�O�\���R�Q�H
�R�U���W�Z�R���R�E�V�H�U�Y�D�W�L�R�Q�V���G�L�•�H�U�H�G���I�U�R�P���W�K�H���\�H�D�U���E�H�I�R�U�H���W�K�L�V���F�R�X�O�G���E�H���F�R�Q�V�L�G�H�U�H�G���D�Q���R�X�W�O�L�H�U�����$�G�G�W�L�R�Q�D�O�O�\�����R�Q�H���F�D�Q���L�Q�W�U�R�G�X�F�H���V�P�R�R�W�K�L�Q�J���R�S�H�U�D�W�L�R�Q�V���Z�L�W�K���W�K�H���L�Q�W�H�U�S�R�O�D�W�L�R�Q

!"!#$%&!'

�:�R�U�N���W�K�U�R�X�J�K���W�K�H���Z�R�U�N�E�R�R�N���D�J�D�L�Q���Z�L�W�K���V�H�O�H�F�W�L�R�Q���R�I���D���G�L�•�H�U�H�Q�W���S�R�L�Q�W���D�Q�G���G�H�W�H�U�P�L�Q�H���L�I���L�W���L�V���D���F�K�D�Q�J�H���S�R�L�Q�W��

$()(*+,-./0&()102340$5+67/08/,/9,-36

�$�Q�R�W�K�H�U���D�S�S�U�R�D�F�K���W�R���G�H�W�H�F�W���F�K�D�Q�J�H���L�Q���U�H�J�X�O�D�U�O�\���D�F�T�X�L�U�H�G���G�D�W�D���L�V���H�P�S�O�R�\�L�Q�J���F�X�P�X�O�D�W�L�Y�H���V�X�P�V�����&�K�D�Q�J�H�V���D�U�H���G�H�W�H�U�P�L�Q�H�G���D�J�D�L�Q�V�W���P�H�D�Q���R�E�V�H�U�Y�D�W�L�R�Q�V���R�I���W�L�P�H���V�H�U�L�H�V�����$���I�X�O�O
�H�[�S�O�D�Q�D�W�L�R�Q���D�Q�G���H�[�D�P�S�O�H�V���I�U�R�P���W�K�H���W�K�H���4�Q�D�Q�F�L�D�O���V�H�F�W�R�U���F�D�Q���E�H���I�R�X�Q�G���D�W���K�W�W�S�������Z�Z�Z���Y�D�U�L�D�W�L�R�Q���F�R�P���F�S�D���W�H�F�K���F�K�D�Q�J�H�S�R�L�Q�W���K�W�P�O

:-)/0&/4-/10+6;0</+61

�)�L�U�V�W���O�H�W�
�V���F�R�Q�V�L�G�H�U���D���W�L�P�H���V�H�U�L�H�V���D�Q�G���L�W�
�V���P�H�D�Q���R�E�V�H�U�Y�D�W�L�R�Q�����:�H���O�R�R�N���D�W���W�Z�R���I�X�O�O���\�H�D�U�V���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V���I�U�R�P���6�H�Q�W�L�Q�H�O�������G�D�W�D���I�R�U���D�Q���D�U�H�D���Z�K�H�U�H���Z�H���V�X�V�S�H�F�W���F�K�D�Q�J�H�����–�Q���W�K�H
�I�R�O�O�R�Z�L�Q�J���Z�H���F�R�Q�V�L�G�H�U�����D�V���D���W�L�P�H���V�H�U�L�H�V

!"#$

%�6�$�5���E�D�F�N�V�F�D�W�W�H�U���D�W���W�L�P�H��

���Q�X�P�E�H�U���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V

�,�Q�¦�>�����@��subset =( 5, ���� , �� , �� )  
!"#$"%&'()*+,+-+-.  
ts1  = timeSeries ( rasterstack_pwr , tindex , subset )  
X = ts1 �>ts1 . index >�
���������������������
 �@ 

=-*,/4-670,5/0,-)/01/4-/1023403(,*-/41

�–�W���L�V���D�G�Y�D�Q�W�D�J�H�R�X�V���L�Q���Q�R�L�V�\���6�$�5���W�L�P�H���V�H�U�L�H�V���G�D�W�D���O�L�N�H���&���%�D�Q�G���G�D�W�D���W�R���4�O�W�H�U���R�Q���W�K�H���W�L�P�H���D�[�L�V�����3�D�Q�G�D�V���R�•�H�U�V���D�����U�R�O�O�L�Q�J�����I�X�Q�F�W�L�R�Q���I�R�U���W�K�H�V�H���S�X�U�S�R�V�H�V�����:�L�W�K���W�K�D�W���I�X�Q�F�W�L�R�Q���Z�H���F�D�Q
�F�K�R�R�V�H�����I�R�U���H�[�D�P�S�O�H�����D���P�H�G�L�D�Q���4�O�W�H�U���D�O�R�Q�J���W�K�H���W�L�P�H���D�[�L�V�����%�H�O�R�Z���L�V���D�Q���H�[�D�P�S�O�H���R�I���D���P�H�G�L�D�Q���4�O�W�H�U���I�R�U���D�Q���R�E�V�H�U�Y�D�W�L�R�Q���4�O�W�H�U�V���W�K�H���W�L�P�H���V�H�U�L�H�V���Z�K�H�Q���W�K�H���R�E�V�H�U�Y�D�W�L�R�Q���E�H�I�R�U�H���D�Q�G
�D�I�W�H�U���D���W�L�P�H���V�W�D�P�S�V���D�U�H���S�D�U�W���R�I���W�K�H���4�O�W�H�U��

�,�Q�¦�>�����@��Xr =X. rolling ( 5, center =True ) . median ()  
Xr . plot ()  
_=X. plot ()  



�‚����! "#$!%&'!#&()*++,

!"#$%&'()#&#*"&#+,"&%"-+"%&./0&+#$%&,"./&)1"-&#*"&#+,"&%'./

�,�Q�¦�>�����@��X=Xr   !"#$%&''($)"*+",&--*$."'(/$"*0"1/$)(2"+&,"+3,)4(,"%&'53)/)*&$  
Xmean = X. mean()  

�,�Q�¦�>�����@��fig , ax =plt . subplots ( figsize =( 16, �� ))  
X. plot ()  
plt . ylabel ( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
ax . axhline ( Xmean, color =�
�U�H�G�
)  
_=plt . �O�H�J�H�Q�G���>'$\gamma^o$' , '$\overline{\gamma^o}$' �@�� 

!"#$%&0"#"-,+/"&#*"&-"%+02.(%&)3&#*"&#+,"&%"-+"%&.4.+/%#&#*"&,"./

�,�Q�¦�>�����@��R = X -  Xmean 

5)6&6"&7),'2#"&#*"&72,2(.#+1"&%2,&)3&#*"&-"%+02.(%&./0&'()#&+#8



"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>�����@��S = R. cumsum()  
 
_=S. plot ( figsize =( 16, 8))  

�$�Q���H�V�W�L�P�D�W�R�U���I�R�U���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���F�K�D�Q�J�H���L�V���J�L�Y�H�Q���D�V���W�K�H���G�L�•�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���P�D�[�L�P�X�P���D�Q�G���P�L�Q�L�P�X�P���Y�D�O�X�H���R�I���6

�,�Q�¦�>�����@��Sdiff =S. max()  -  S. min ()  
Sdiff  

�$���F�D�Q�G�L�G�D�W�H���F�K�D�Q�J�H���S�R�L�Q�W���L�V���L�G�H�Q�W�L�4�H�G���I�U�R�P���W�K�H�����F�X�U�Y�H���D�W���W�K�H���W�L�P�H���Z�K�H�U�H��!"#!$%&'()

�Z�L�W�K

���7�L�P�H�V�W�D�P�S���R�I���O�D�V�W���R�E�V�H�U�Y�D�W�L�R�Q���E�H�I�R�U�H���F�K�D�Q�J�H

!�&�X�P�X�O�D�W�L�Y�H���6�X�P���R�I���5���Z�L�W�K��
!�1�X�P�E�H�U���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V

�7�K�H���4�U�V�W���R�E�V�H�U�Y�D�W�L�R�Q���D�I�W�H�U���F�K�D�Q�J�H���R�F�F�X�U�H�G���������L�V���W�K�H�Q���I�R�X�Q�G���D�V���W�K�H���4�U�V�W���R�E�V�H�U�Y�D�W�L�R�Q���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V���I�R�O�O�R�Z�L�Q�J��*

�)�R�U���R�X�U���H�[�D�P�S�O�H���W�L�P�H���V�H�U�L�H�V���;���W�K�H�V�H���S�R�L�Q�W�V���D�U�H��

�,�Q�¦�>�����@��t_cp_before  = S�>S==S. max�����@. index �>0�@ 
print ( �
�/�D�V�W���G�D�W�H���E�H�I�R�U�H���F�K�D�Q�J�H����{} ' . format ( t_cp_before . date ()))  

�,�Q�¦�>�����@��t_cp_after  = S�>S. index  > t_cp_before �@. index �>0�@ 
print ( �
�)�L�U�V�W���G�D�W�H���D�I�W�H�U���F�K�D�Q�J�H����{} ' . format ( t_cp_after . date ()))  

�2�X�W�>�����@��������������������������������������

�/�D�V�W���G�D�W�H���E�H�I�R�U�H���F�K�D�Q�J�H������������������������ 

�)�L�U�V�W���G�D�W�H���D�I�W�H�U���F�K�D�Q�J�H������������������������ 



�‚����! "#$!%&'!#&()*++,

!""#$#%&''()*+#,-+./0/1&#(2-+$/0$+34+%&)5"014+%-"%5-%()*+#,-+#(0-+$-%(-$

�:�H���F�D�Q���G�H�W�H�U�P�L�Q�H���L�I���D�Q���L�G�H�Q�W�L�4�H�G���F�K�D�Q�J�H���S�R�L�Q�W���L�V���L�Q�G�H�H�G���D���Y�D�O�L�G���G�H�W�H�F�W�L�R�Q���E�\���U�D�Q�G�R�P�O�\���U�H�R�U�G�U�L�Q�J���W�K�H���W�L�P�H���V�H�U�L�H�V���D�Q�G���F�R�P�S�D�U�L�Q�J���W�K�H���Y�D�U�L�R�X�V���6���F�X�U�Y�H�V�����'�X�U�L�Q�J���E�R�R�W�V�W�U�D�S�S�L�Q�J
�Z�H���F�R�X�Q�W���K�R�Z���P�D�Q�\���W�L�P�H�V���W�K�H�����Y�D�O�X�H�V���D�U�H���J�U�H�D�W�H�U���W�K�D�Q�����R�I���W�K�H���L�G�H�Q�W�L�4�H�G���F�K�D�Q�J�H���S�R�L�Q�W�����$���F�R�Q�4�Q�G�H�Q�F�H���O�H�Y�H�O�����L�V���F�R�P�S�X�W�H�G���D�V��

�Z�L�W�K

!�1�X�P�E�H�U���R�I���W�L�P�H�V��!"!

!�1�X�P�E�H�U���R�I���E�R�R�W�V�W�U�D�S�V���U�D�Q�G�R�P�L�]�L�Q�J��

�$�Q�R�W�K�H�U���P�H�W�U�L�F���I�R�U���W�K�H���V�L�J�Q�L�4�F�D�Q�F�H���R�I���D���F�K�D�Q�J�H���S�R�L�Q�W���L�V�������P�L�Q�X�V���W�K�H���U�D�W�L�R���R�I���W�K�H���P�H�D�Q���R�I���W�K�H�����Y�D�O�X�H�V���D�Q�G�������7�K�H���F�O�R�V�H�U���W�K�L�V���Y�D�O�X�H���L�V���D�S�S�U�R�D�F�K�L�Q�J���������W�K�H

�P�R�U�H���V�L�J�Q�L�4�F�D�Q�W���W�K�H���F�K�D�Q�J�H���S�R�L�Q�W��

�7�K�H���S�\�W�K�R�Q���F�R�G�H���W�R���F�R�Q�G�X�F�W���W�K�H���E�R�R�W���V�W�U�D�S�S�L�Q�J�����L�Q�F�O�X�G�L�Q�J���Y�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���W�K�H���6���F�X�U�Y�H�V���L�V���E�H�O�R�Z��

�,�Q�¦�>�����@��n_bootstraps =500   !"#$$%&%'()"&(*)+,"&-.,  
fig , ax  = plt . subplots ( figsize =( ���� , 8))  
S. plot ( ax =ax , linewidth =3)  
ax . set_ylabel ( 'Cumulative Sums of the Residuals' )  
fig . legend ���>'S Curve for Candidate Change Point' �@��loc =3)  
Sdiff_random_sum =0 
Sdiff_random_max =0  !"%$"/,,)"%'(0/"$1"%2,"*(3-4*"56-11"$1"%2,"  
               !"#$$%&%'()),6"&(*)+,  
n_Sdiff_gt_Sdiff_random =0  !"%$"/,,)"%'(0/"$1"%2,"*(3-4*"56-11"$1"%2,"  
               !"#$$%&%'()),6"&(*)+,  
for  i  in  range ( n_bootstraps ����  
    Rrandom = R. sample ( frac =�� )   !"7(86$*-.,"%2,"%-*,"&%,)&"$1"%2,"',&-64(+&  
    Srandom  = Rrandom. cumsum()  
    Sdiff_random =Srandom . max() - Srandom . min ()  
    Sdiff_random_sum  += Sdiff_random  
    if  Sdiff_random  > Sdiff_random_max ��  
        Sdiff_random_max  = Sdiff_random  
    if  Sdiff  > Sdiff_random ��  
        n_Sdiff_gt_Sdiff_random  += ��  
    Srandom . plot ( ax =ax )  
_=ax . axhline ( Sdiff_random_sum / n_bootstraps )  



"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>�����@��CL = ���� * n_Sdiff_gt_Sdiff_random / n_bootstraps  
print ( 'Confidence Level for change point {}  percent' . format ( CL* �������� ))  

�,�Q�¦�>�����@��CP_significance  = ����  -  ( Sdiff_random_sum / n_bootstraps ) / Sdiff   
print ( �
�&�K�D�Q�J�H���S�R�L�Q�W���V�L�J�Q�L�I�L�F�D�Q�F�H���P�H�W�U�L�F����{} ' . format ( CP_significance ))  

!"#$%&'()*&+),(-&$'./($#(0&$&'-."&(*$'&"1$%(#+(2(/%2"1&(3#."$(.*($%&("#'-2,.4&0(."$&1'2,((#+($%&(25*#,)$&(62,)&*(#+($%&(7(/)'6&8

�&�R�Q�I�L�G�H�Q�F�H���/�H�Y�H�O���I�R�U���F�K�D�Q�J�H���S�R�L�Q�W���������������S�H�U�F�H�Q�W 

�&�K�D�Q�J�H���S�R�L�Q�W���V�L�J�Q�L�I�L�F�D�Q�F�H���P�H�W�U�L�F���������������������������������������� 

�,�Q�¦�>�����@��!"#$#%&"'(")*"*+,-./*/"01"'2*",(34.'$'0(1"  
S_ni =( S. abs () / S. abs () . max()) . cumsum() . max() / len ( S�>S !=  np. nan �@�� 
print ( �
�1�R�U�P�D�O�L�]�H�G���,�Q�W�H�J�U�D�O���R�I���F�X�P�X�O�D�W�L�Y�H���V�X�P����{} ' . format ( S_ni ))  

�1�R�U�P�D�O�L�]�H�G���,�Q�W�H�J�U�D�O���R�I���F�X�P�X�O�D�W�L�Y�H���V�X�P���������������������������������������� 





"#$!%&'!#&()*++,! �‚���‚

�,�Q�¦�>�����@��gm_ts . plot ()  

�,�Q�¦�>�����@��X. plot ()  

�,�Q�¦�>�����@��Xd=X- gm_ts  
Xmean=Xd. mean()  
Xd. plot ()  

�,�Q�¦�>�����@��R = Xd -  Xmean 

�2�X�W�>�����@�����P�D�W�S�O�R�W�O�L�E���D�[�H�V���B�V�X�E�S�O�R�W�V���$�[�H�V�6�X�E�S�O�R�W���D�W�����[�������������������!

�2�X�W�>�����@�����P�D�W�S�O�R�W�O�L�E���D�[�H�V���B�V�X�E�S�O�R�W�V���$�[�H�V�6�X�E�S�O�R�W���D�W�����[�����������D�D�����!

�2�X�W�>�����@�����P�D�W�S�O�R�W�O�L�E���D�[�H�V���B�V�X�E�S�O�R�W�V���$�[�H�V�6�X�E�S�O�R�W���D�W�����[�������������������!



�‚����! "#$!%&'!#&()*++,

!"#$#%$&"'()*%$*+%$&)'),-*./%$0)'$"1$*+%$2%0.3)-,0$-43$(,"*$.*5

�,�Q�¦�>�����@��S = R. cumsum()  
 
_=S. plot ( figsize =( 16, 8))  

�$�Q���H�V�W�L�P�D�W�R�U���I�R�U���W�K�H���P�D�J�Q�L�W�X�G�H���R�I���F�K�D�Q�J�H���L�V���J�L�Y�H�Q���D�V���W�K�H���G�L�•�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���P�D�[�L�P�X�P���D�Q�G���P�L�Q�L�P�X�P���Y�D�O�X�H���R�I���6

�,�Q�¦�>�����@��Sdiff =S. max()  -  S. min ()  
Sdiff  

�$���F�D�Q�G�L�G�D�W�H���F�K�D�Q�J�H���S�R�L�Q�W���L�V���L�G�H�Q�W�L�4�H�G���I�U�R�P���W�K�H��$&)2/%$-*$*+%$*.'%$#+%2%$$.0$1")435

#.*+

���7�L�P�H�V�W�D�P�S���R�I���O�D�V�W���R�E�V�H�U�Y�D�W�L�R�Q���E�H�I�R�U�H���F�K�D�Q�J�H

$�&�X�P�X�O�D�W�L�Y�H���6�X�P���R�I���5���Z�L�W�K��
$�1�X�P�E�H�U���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V

�7�K�H���4�U�V�W���R�E�V�H�U�Y�D�W�L�R�Q���D�I�W�H�U���F�K�D�Q�J�H���R�F�F�X�U�H�G���������L�V���W�K�H�Q���I�R�X�Q�G���D�V���W�K�H���4�U�V�W���R�E�V�H�U�Y�D�W�L�R�Q���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V���I�R�O�O�R�Z�L�Q�J��6

�)�R�U���R�X�U���H�[�D�P�S�O�H���W�L�P�H���V�H�U�L�H�V���;���W�K�H�V�H���S�R�L�Q�W�V���D�U�H��

�2�X�W�>�����@��������������������������������������



"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>�����@��t_cp_before  = S�>S==S. max�����@. index �>0�@ 
print ( �
�/�D�V�W���G�D�W�H���E�H�I�R�U�H���F�K�D�Q�J�H����{} ' . format ( t_cp_before . date ()))  

�,�Q�¦�>�����@��t_cp_after  = S�>S. index  > t_cp_before �@. index �>0�@ 
print ( �
�)�L�U�V�W���G�D�W�H���D�I�W�H�U���F�K�D�Q�J�H����{} ' . format ( t_cp_after . date ()))  

!"#"$%&'()*+"#*!,%-.)*/)&)0&'1-*213*&,)*)-&'3)*'#%.)

�:�L�W�K���Q�X�P�S�\���D�U�U�D�\�V���Z�H���F�D�Q���D�S�S�O�\���W�K�H���F�R�Q�F�H�S�W���R�I���F�X�P�X�O�D�W�L�Y�H���V�X�P���F�K�D�Q�J�H���G�H�W�H�F�W�L�R�Q���D�Q�D�O�\�V�L�V���H�•�H�F�W�L�Y�H�O�\���R�Q���W�K�H���H�Q�W�L�U�H���L�P�D�J�H���V�W�D�F�N�����:�H���W�D�N�H���D�G�Y�D�Q�W�D�J�H���R�I���D�U�U�D�\���V�O�L�F�L�Q�J���D�Q�G���D�[�L�V��
�E�D�V�H�G���F�R�P�S�X�W�L�Q�J���L�Q���Q�X�P�S�\�����$�[�L�V�������L�V���W�K�H���W�L�P�H���G�R�P�D�L�Q���L�Q���R�X�U���U�D�V�W�H�U���V�W�D�F�N�V

�,�Q�¦�>�����@��!"#$%"&'"()*+"*%",'-./"'/"&0"+1$2.  
X = rasterstack_pwr  
!"3*2(./"'4("()."5*/+("2$6./"7"8$(.+"9:";<=>?@>>@>;A  
X_sub =X�>1�����������@ 
tindex_sub =tindex �>1���@ 
X= 10. * np. log10 ( X_sub )   !"B%1'CC.%("('"(.+("&0"+1$2."  

�,�Q�¦�>�����@��plt . figure ()  
!D%&*1$(."()."E$%&"%4CE./  
bandnbr =0 
vmin =np. percentile ( X�>bandnbr �@���� )  
vmax=np. percentile ( X�>bandnbr �@������ )  
plt . title ( �
�%�D�Q�G�¦��{}  {} ' . format ( bandnbr +1�� tindex_sub �>bandnbr �@. date ()))  
plt . imshow ( X�>0�@��cmap='gray' ��vmin =vmin ��vmax=vmax)  
_=plt . colorbar ()  

�/�D�V�W���G�D�W�H���E�H�I�R�U�H���F�K�D�Q�J�H������������������������ 

�)�L�U�V�W���G�D�W�H���D�I�W�H�U���F�K�D�Q�J�H������������������������ 



�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��Xmean=np. mean( X, axis =�� )  
plt . figure ()  
plt . imshow ( Xmean, cmap='gray' )  

�,�Q�¦�>�����@��!"  
X. shape  

�,�Q�¦�>�����@��R=X- Xmean 

�,�Q�¦�>�����@��!#$%&'%"&(")*&+%"',&'"-.&')&//0"1)-./&0-"',%"$%-)12&/-"345  
plt . imshow ( R�>�� �@�� 
plt . title ( 'Residuals' )  
_=plt . colorbar ()  

�2�X�W�>�����@�����P�D�W�S�O�R�W�O�L�E���L�P�D�J�H���$�[�H�V�,�P�D�J�H���D�W�����[�������D�����������!

�2�X�W�>�����@��������������������������



"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>�����@��S = np. cumsum( R, axis =0)  
Smax= np. max( S, axis =0)  
Smin= np. min ( S, axis =0)  
Sdiff =Smax- Smin  
fig , ax =plt . subplots ( 1, 3, figsize =( ���� , �� ))  
vmin =Smin . min ()  
vmax=Smax. max()  
p=ax �>0�@. imshow ( Smax, vmin =vmin , vmax=vmax)  
ax �>0�@. set_title ( '$S_ {max} $' )  
ax �>1�@. imshow ( Smin , vmin =vmin , vmax=vmax)  
ax �>1�@. set_title ( '$S_ {min} $' )  
ax �>2�@. imshow ( Sdiff , vmin =vmin , vmax=vmax)  
ax �>2�@. set_title ( '$S_ {diff} $' )  
fig . subplots_adjust ( right =0.8 )  
cbar_ax  = fig . add_axes ���>0.85 ,  0.15 ,  0.05 ,  0.7 �@�� 
_=fig . colorbar ( p, cax =cbar_ax )  

�0�D�V�N���6�G�L�•���Z�L�W�K���D���S�U�L�R�U�L���W�K�U�H�V�K�R�O�G���I�R�U���H�[�S�H�F�W�H�G���F�K�D�Q�J�H

!"#$%#&'(%#')#'**+,-./0)#'*#.0#&0$#,+1&#'1.+'2#1&')3%#$%#%4-%1.#/)#.&%#/,'3%5#$%#1')#.&6%*&027##.0#6%7+1%#10,-+.'./0)#0"#.&%#800.*.6'--/)39#:06#2')7#10(%6

1&')3%#$%#$0+27#)0.#%4-%1.#,06%#.&')#;<=>?#1&')3%#/)#'#2')7*1'-%9#@05#/"#.&%#.%*.#6%3/0)#/*#6%'*0)'82A#2'63%5#*%../)3#'#.&6%*&027#"06#%4-%1.%7#1&')3%#.0#=>?#$0+27#8%
'--60-6/'.%9#B&+*#$%#1')#*%.#'#,'*C#$/.&#.&%#D>.&#-%61%)./2%#0"#.&%#&/*.036',#0"#9#!)#0+6#%4',-2%#$%E22#*.'6.#0+.#$/.&#'#(%6A#10)*%6('./(%#.&6%*&027#0"#;>?9

B&%#&/*.036',#"06##/*#*&0$)#8%20$F



�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��!"#$%&'()*+,)-.#//)+#$*012'3  
precentile =����  
fig , ax =plt . subplots ()  
h=ax . hist ( Sdiff . flatten (), bins =���� )  
thres =np. percentile ( h�>1�@������ )  
print ( 'At the {} % percentile, the threshold value is {:2.2f} ' . format ( precentile ,
thres ))  
_=ax . axvline ( thres , color ='red' )  

!"#"$%#&'(#)%*+%,"-.%/#"$%#"$*%0$1.2#34.5%#-0#6666#7)*-,"%2#4813%#"$%#$-0"19*4:;

<0-,9#"$-0#"$*%0$1.2/#=%#+4,#3-054.->%#"$%#+4,2-24"%#+$4,9%)1-,"0?

�,�Q�¦�>�����@��Sdiffmask =Sdiff <thres  
_=plt . imshow ( Sdiffmask , cmap='gray' )  

�1�R�Z���Z�H���F�D�Q���4�O�W�H�U���R�X�U���5�H�V�L�G�X�D�O�V���D�Q�G���S�H�U�I�R�U�P���E�R�R�W�V�W�U�D�S�S�L�Q�J���D�Q�D�O�\�V�L�V���R�Q���W�K�H�V�H���G�D�W�D�����:�H���P�D�N�H���X�V�H���R�I���Q�X�P�S�\���P�D�V�N�H�G���D�U�U�D�\�V���I�R�U���W�K�L�V���S�X�U�S�R�V�H��

�,�Q�¦�>�����@��Rmask = np. broadcast_to ( Sdiffmask , R. shape )  

�,�Q�¦�>�����@��Rmasked = np. ma. array ( R, mask=Rmask)  

�$�W���W�K�H�����������S�H�U�F�H�Q�W�L�O�H�����W�K�H���W�K�U�H�V�K�R�O�G���Y�D�O�X�H���L�V������������ 



"#$!%&'!#&()*++,! �‚����

!"#$%&#'()*&+#$,'&#)&-,&)#)$(.*#/0#-&),+1(2)#3&#.("#./'41$&#$%&#.1'12($,5&#)1')6

�,�Q�¦�>�����@��Smasked = np. ma. cumsum( Rmasked, axis =0)  

7# 7# #.("#(2)/#8&#./'41$&+#/"#$%&#'()*&+#(--(9)#6

�,�Q�¦�>�����@��plt . imshow ( Rmasked. mask�>0�@��cmap='gray' )  

�,�Q�¦�>�����@��Smasked = np. ma. cumsum( Rmasked, axis =0)  
Smasked_max= np. ma. max( Smasked, axis =0)  
Smasked_min = np. ma. min ( Smasked, axis =0)  
Smasked_diff =Smasked_max- Smasked_min  
fig , ax =plt . subplots ( �� , 3, figsize =( ���� , 4))  
vmin =Smasked_min . min ()  
vmax=Smasked_max. max()  
p=ax �>0�@. imshow ( Smasked_max, vmin =vmin , vmax=vmax)  
ax �>0�@. set_title ( '$S_ {max} $' )  
ax �>�� �@. imshow ( Smasked_min , vmin =vmin , vmax=vmax)  
ax �>�� �@. set_title ( '$S_ {min} $' )  
ax �>2�@. imshow ( Smasked_diff , vmin =vmin , vmax=vmax)  
ax �>2�@. set_title ( '$S_ {diff} $' )  
fig . subplots_adjust ( right =0.8 )  
cbar_ax  = fig . add_axes ���>0.85 ,  �������� ,  0.05 ,  ������ �@�� 
_=fig . colorbar ( p, cax =cbar_ax )  

�2�X�W�>�����@�����P�D�W�S�O�R�W�O�L�E���L�P�D�J�H���$�[�H�V�,�P�D�J�H���D�W�����[�������F�E���������!



�‚����! "#$!%&'!#&()*++,

!""#$#%&''()*+",-%+#.-+/&$0-1+2.&)*-+'"()#+2&)1(1&#-$

�:�H���F�D�Q���Q�R�Z���S�H�U�I�R�U�P���W�K�H���E�R�R�W�V�W�U�D�S�S�L�Q�J���D�Q�D�O�\�V�L�V���R�Y�H�U���W�K�H���Q�R�W���P�D�V�N�H�G���R�X�W���Y�D�O�X�H�V�����)�R�U���H�]�F�L�H�Q�W���F�R�P�S�X�W�L�Q�J���Z�H���S�H�U�P�X�W�D�W�H���W�K�H���L�Q�G�H�[���R�I���W�K�H���W�L�P�H���D�[�L�V��

�,�Q�¦�>�����@��random_index =np. random . permutation ( Rmasked. shape �>0�@�� 
Rrandom=Rmasked�>random_index ���������@ 
 
fig , ax =plt . subplots ( 1, �� , figsize =( 8, 4����  
ax �>0�@. imshow ( Rmasked�>0�@�� 
ax �>0�@. set_title ( 'Band 0' ��  
ax �>1�@. imshow ( Rrandom�>0�@�� 
_=ax �>1�@. set_title ( 'Band 0 Randomized' ��  

�,�Q�¦�>�����@��Smasked_max=np. ma. max( Smasked, axis =0��  

�%�H�O�R�Z���L�V���W�K�H���Q�X�P�S�\���E�D�V�H�G���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���W�K�H���E�R�R�W�V�W�U�D�S�S�L�Q�J���R�Y�H�U���D�O�O���S�L�[�H�O�V�����1�R�W�H���W�K�H���H�]�F�L�H�Q�W���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���X�V�L�Q�J���Q�\�P�S�\���P�D�V�N�H�G���D�U�U�D�\�V��

�,�Q�¦�>�����@��n_bootstraps =1000   !"#$$%&%'()"&(*)+,"&-.,  
 
!"%$"/,,)"%'(0/"$1"%2,"*(3-4*"56-11"$1"%2,"#$$%&%'()),6"&(*)+,7  
Sdiff_random_max  = np. ma. copy ( Smasked_diff ��   
Sdiff_random_max �>~Sdiff_random_max . mask�@=0 
!"%$"0$*)4%,"%2,"56-11"&4*&"$1"%2,"#$$%&%'()),6"&(*)+,7  
Sdiff_random_sum  = np. ma. copy ( Smasked_diff ��   
Sdiff_random_sum �>~Sdiff_random_max . mask�@=0 
!"%$"/,,)"%'(0/"$1"%2,"0$48%"$1"%2,"#$$%&%'()),6"&(*)+,  
n_Sdiff_gt_Sdiff_random  = np. ma. copy ( Smasked_diff ��   
n_Sdiff_gt_Sdiff_random �>~n_Sdiff_gt_Sdiff_random . mask�@=0 
for  i  in  range ( n_bootstraps ����  
    !"9$'",11-0-,80:;"<,"&2411+,"%2,"%-*,"(3-&"-86,3"(86"4&,"%2(%"  
    !%$"'(86$*-.,"%2,"*(&/,6"(''(:  
    random_index =np. random . permutation ( Rmasked. shape �>0�@�� 
    !"=(86$*-.,"%2,"%-*,"&%,)"$1"%2,"',&-64(+&  
    Rrandom = Rmasked�>random_index ���������@   
    Srandom  = np. ma. cumsum( Rrandom, axis =0��  
    Srandom_max=np. ma. max( Srandom , axis =0��  
    Srandom_min =np. ma. min ( Srandom , axis =0��  
    Sdiff_random =Srandom_max- Srandom_min  
    Sdiff_random_sum  += Sdiff_random  
    Sdiff_random_max �>np. ma. greater ( Sdiff_random , Sdiff_random_max ���@=\  
    Sdiff_random �>np. ma. greater ( Sdiff_random , Sdiff_random_max ���@ 
    n_Sdiff_gt_Sdiff_random �>np. ma. greater ( Smasked_diff , Sdiff_random ���@ += 1 



"#$!%&'!#&()*++,! �‚����

�1�R�Z���Z�H���F�D�Q���F�R�P�S�X�W�H���I�R�U���D�O�O���S�L�[�H�O�V���W�K�H���F�R�Q�4�G�H�Q�F�H���O�H�Y�H�O�������W�K�H���F�K�D�Q�J�H���S�R�L�Q�W���V�L�J�Q�L�4�F�D�Q�F�H���P�H�W�U�L�F�����&�3�B�^�V�L�J�Q�L�4�F�D�Q�F�H�`���D�Q�G���W�K�H���S�U�R�G�X�F�W���R�I���W�K�H���W�Z�R���D�V���R�X�U���F�R�Q�4�G�H�Q�F�H���P�H�W�U�L�F
�I�R�U���L�G�H�Q�W�L�4�H�G���F�K�D�Q�J�H�S�R�L�Q�W�V��

�,�Q�¦�>�����@��CL = n_Sdiff_gt_Sdiff_random / n_bootstraps  
CP_significance  = 1. -  ( Sdiff_random_sum / n_bootstraps ) / Sdiff   
!"#$%  
fig , ax =plt . subplots ( 1, 3, figsize =( 16, 4))  
a = ax �>0�@. imshow ( CL* 100)  
fig . colorbar ( a, ax =ax �>0�@�� 
ax �>0�@. set_title ( 'Confidence Level %' )  
a = ax �>1�@. imshow ( CP_significance )  
fig . colorbar ( a, ax =ax �>1�@�� 
ax �>1�@. set_title ( 'Significance' )  
a = ax �>2�@. imshow ( CL* CP_significance )  
fig . colorbar ( a, ax =ax �>2�@�� 
_=ax �>2�@. set_title ( 'CL x S' )  

�1�R�Z���L�I���Z�H���Z�H�U�H���W�R���V�H�W���D���W�K�U�H�V�K�R�O�G���R�I�����������I�R�U���W�K�H���S�U�R�G�X�F�W���D�V���L�G�H�Q�W�L�4�H�G���F�K�D�Q�J�H���R�X�U���F�K�D�Q�J�H���P�D�S���Z�R�X�O�G���O�R�R�N���O�L�N�H���W�K�H���I�R�O�O�R�Z�L�Q�J���4�J�X�U�H��

�,�Q�¦�>�����@��cp_thres =������  

�,�Q�¦�>�����@��plt . imshow ( CL* CP_significance  <  cp_thres , cmap='cool' )  

�2�X�U���O�D�V�W���V�W�H�S���L�V���W�K�H���L�G�H�Q�4�F�L�D�W�R�Q���R�I���W�K�H���F�K�D�Q�J�H���S�R�L�Q�W�V���L�V���W�R���H�[�W�U�D�F�W���W�K�H���W�L�P�L�Q�J���R�I���W�K�H���F�K�D�Q�J�H�����:�H���Z�L�O�O���S�U�R�G�X�F�H���D���U�D�V�W�H�U���O�D�\�H�U���W�K�D�W���V�K�R�Z�V���W�K�H���E�D�Q�G���Q�X�P�E�H�U���R�I���W�K�L�V���4�U�V�W���G�D�W�H���D�I�W�H�U
�G�H�W�H�F�W�H�G���F�K�D�Q�J�H�����:�H���Z�L�O�O���P�D�N�H���X�V�H���R�I���W�K�H���Q�X�P�S�\���L�Q�G�H�[�L�Q�J���V�F�K�H�P�H�����)�L�U�V�W�����Z�H���F�U�H�D�W�H���D���F�R�P�E�L�Q�H�G���P�D�V�N���R�I���W�K�H���4�U�V�W���W�K�U�H�V�K�R�O�G���D�Q�G���W�K�H���L�G�H�Q�W�L�4�H�G���F�K�D�Q�J�H���S�R�L�Q�W�V���D�I�W�H�U���W�K�H
�E�R�R�W�V�W�U�D�S�S�L�Q�J�����)�R�U���W�K�L�V���Z�H���X�V�H���W�K�H���Q�X�P�S�\�����P�D�V�N�B�R�U�����R�S�H�U�D�W�L�R�Q��

�2�X�W�>�����@��<matplotlib.image.AxesImage at 0x126bf49e8>



�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��!"#$%&"$"#$'%"()"(*+",-$./&"0(1.2'")+(#"2-&".&3"2-+&'-(45"$.5"2-&"0+&61(*'"#$'%  
cp_mask =np. ma. mask_or ( CL* CP_significance <cp_thres , CL. mask)  
!"7+($5,$'2"2-&"#$'%"2("2-&"'-$0&"()"2-&"#$'%&5"8",*+6&'  
cp_mask2  = np. broadcast_to ( cp_mask , Smasked. shape )  
!"9$%&"$".*#0:"#$'%&5"$++$:"312-"2-1'"#$'%  
CPraster  = np. ma. array ( Smasked. data , mask=cp_mask2 )  

�7�R���U�H�W�U�L�H�Y�H���W�K�H���G�D�W�H�V���R�I���W�K�H���F�K�D�Q�J�H���S�R�L�Q�W�V���Z�H���4�Q�G���W�K�H���E�D�Q�G���L�Q�G�L�F�H�V���L�Q���W�K�H���W�L�P�H���V�H�U�L�H�V���D�O�R�Q�J���W�K�H���W�L�P�H���D�[�L�V���Z�K�H�U�H���W�K�H���W�K�H���P�D�[�L�P�X�P���R�I���W�K�H���F�X�P�X�O�D�W�L�Y�H���V�X�P�V���Z�D�V���O�R�F�D�W�H�G��
�1�X�P�S�\���R�•�H�U�V���W�K�H�����D�U�J�P�D�[�����I�X�Q�F�W�L�R�Q���I�R�U���W�K�L�V���S�X�U�S�R�V�H��

�,�Q�¦�>�����@��CP_index = np. ma. argmax ( CPraster , axis =0)  
change_indices  = list ( np. unique ( CP_index ))  
change_indices . remove ( 0)  
print ( change_indices )  
!";((%"*0"2-&"5$2&'")+(#"2-&"1.51,&'"2("/&2"2-&",-$./&"5$2&'  
alldates =tindex �>tindex >'2015-10-31' �@ 
change_dates =�>str ( alldates �>x+1�@. date ())  for  x in  change_indices �@ 
print ( change_dates )  

�/�D�V�W�O�\�����Z�H���Y�L�V�X�D�O�L�]�H���W�K�H���F�K�D�Q�J�H���G�D�W�H�V���E�\���V�K�R�Z�L�Q�J���W�K�H���&�3�B�L�Q�G�H�[���U�D�V�W�H�U���D�Q�G���O�D�E�H�O���W�K�H���F�K�D�Q�J�H���G�D�W�H�V��

�>�������������������������������������������������������������������@  
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�����
���������������������
�����
����������������
�����
�����
���������������������
�����
���������������������
�����
���������������������
�@  

�,�Q�¦�>�����@��ticks =change_indices  
ticklabels =change_dates  
 
cmap=plt . cm. get_cmap ( 'magma' , ticks �>- 1�@�� 
fig ,  ax  = plt . subplots ( figsize =( �� , �� ����  
cax  = ax . imshow ( CP_index , interpolation ='nearest' , cmap=cmap��  
!"#$%&'()*+,-'./01('-23$%4-56&78  
!"9)/3./:"5"#$%&/00./:;'2<6&7=>"6&?=>"6&6=>"6&@A8  
!"#$%&9,+,3)/32*>9/:59)/3./:8  
 
ax . set_title ( 'Dates of Change' ��  
!"9)/3"5"#$%&9,+,3)/329/:>-$9B'5-$9B'8  
cbar =fig . colorbar ( cax , ticks =ticks , orientation ='horizontal' ��  
_=cbar . ax . set_xticklabels ( ticklabels , size =���� , rotation =45, ha='right' ��    
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!"#$%&'()*+,'%-"*.$/%01

!"#$%&'$#$(#)*+&*"&,&(-,+.$&/*)+#&)+&#-$&#)0$&1$%)$1&2$&(,+&1/3)#&#-$&1$%)$1&)+&4$"*%$&,+'&,"#$%&(-,+.$&1541$#16&7*%&"*%$1#&'$.%,',#)*+&*%&'$"*%$1#,#)*+&'$#$(#)*+&"*%&$8,0/3$
#-)1&(*53'&,//39&2-$+&*:$%&#-$&(*5%1$&*"&,&053#);9$,%&#)0$&1$%)$1&1$3$(#):$&3*..)+.&/%$($'$1&,&(3$,%)+.&$:$+#&*%&(*+:$%1)*+&*"&,&3*..$'&/3*#&#*&,.%)(53#5%$&*%&%$.%*2#-<&2-)(-
�V�K�R�Z���W�\�S�L�F�D�O�O�\���G�L�•�H�U�H�Q�W���W�L�P�H���V�H�U�L�H�V���S�U�R�4�O�H�V���R�I���U�D�G�D�U���E�D�F�N�V�F�D�W�W�H�U�����7�K�H���D�S�S�U�R�D�F�K���W�R���G�H�W�H�F�W���V�H�F�R�Q�G�D�U�\���F�K�D�Q�J�H���S�R�L�Q�W�V���Z�R�X�O�G���E�H���W�R���U�H�S�H�D�W���D�Q�D�O�\�V�L�V���R�I���W�K�H���W�L�P�H���V�H�U�L�H�V���V�S�O�L�W���L�Q�W�R
4$"*%$&,+'&,"#$%&(-,+.$&/*)+#&'$#$(#)*+6

+$%#231/$%
�3�D�Q�G�D�V���D�Q�G���Q�X�P�S�\���D�U�H���S�R�Z�H�U�I�X�O���R�S�H�Q���V�R�X�U�F�H���V�F�U�L�S�W�L�Q�J���W�R�R�O�V���W�R���L�P�S�O�H�P�H�Q�W���F�K�D�Q�J�H���S�R�L�Q�W���G�H�W�H�F�W�L�R�Q���R�Q���O�D�U�J�H���G�D�W�D���V�W�D�F�N�V�����)�R�U���L�P�D�J�H���E�D�V�H�G���D�Q�D�O�\�V�L�V���Q�X�P�S�\���R�•�H�U�V���P�R�U�H
�H�]�F�L�H�Q�W���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�V���F�R�P�S�D�U�H�G���W�R���S�D�Q�G�D�V�����Z�K�H�U�H�D�V���S�D�Q�G�D�V���L�V���P�R�U�H���S�R�Z�H�U�I�X�O���L�Q���G�D�W�H���W�L�P�H���S�U�R�F�H�V�V�L�Q�J�����H���J�����W�L�P�H���Z�H�L�J�K�W�H�G���L�Q�W�H�U�S�R�O�D�W�L�R�Q��

!$230/$%1

�,�Q�¦�>�¦�@��!"#$"  
ts �>ts <- 11�@. index  

�,�Q�¦�>�¦�@��!"%$  
gradient_lag1  = ts . diff ( 1)  
gradient_lag1 . plot ()  

�,�Q�¦�>�¦�@��!"&$"  
gradient_lag1 . min ()  

�,�Q�¦�>�¦�@��!"'$  
gradient_lag1 �>gradient_lag1 ==gradient_lag1 . min �����@ 

�,�Q�¦�>�¦�@��before  = gradient_lag1 �>gradient_lag1 ==gradient_lag1 . min �����@. index �>0�@ 
before  

�,�Q�¦�>�¦�@��after =tindex �>tindex >before �@�>0�@ 
after  













"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>���@��!"#$%"&'(&)*"+,)-  
bandnbrs =( 24, 24)  
ebd_plot ( bandnbrs )  

!"#$#%$&'($)*&+$,-%$.'(/0$'(/$)1",$,-%$2%(,*(%134$'(/$5'(/0',$!678$*9':%0$";$,-%$0<.0%,=$>-'(:%$,-%$.'(/$(<9.%?0$,"$,-%$.'(/0$#%$'?%$*(,%?%0,%/$*(=

!"#$%&'()*$+,)-



�‚����! "#$!%&'!#&()*++,

! "#$%"&'()$*+(#

�,�Q�¦�>���@��!"#$%"&$'&()"*+(%  
bandnbrs =( 40, 37)  
ebd_plot ( bandnbrs )  

�–�Q���W�K�H���4�J�X�U�H���D�E�R�Y�H�����I�R�U���E�D�Q�G���������R�I���6�H�Q�W�L�Q�H�O�������D�Q�G���������R�I���1�'�9�–�����Z�K�L�F�K���Z�D�V���D�F�T�X�L�U�H�G���W�K�U�H�H���G�D�\�V���D�I�W�H�U���W�K�H���6�H�Q�W�L�Q�H�O�������L�P�D�J�H�����W�K�H�U�H���L�V���D�Q���L�Q�Y�H�U�V�H���U�H�O�D�W�L�R�Q�V�K�L�S�����:�K�H�U�H���6�H�Q�W�L�Q�H�O����
�H�[�K�L�E�L�W�V���O�R�Z���E�D�F�N�V�F�D�W�W�H�U�����1�'�9�–���V�K�R�Z�V���U�H�O�D�W�L�Y�H�O�\���K�L�J�K�H�U���1�'�9�–�����:�K�D�W���D�U�H���W�K�H���U�H�D�V�R�Q�V���I�R�U���W�K�L�V���L�Q���W�K�L�V���H�Q�Y�L�U�R�Q�P�H�Q�W�"

!"#$%&'#

�3�L�F�N���G�L�•�H�U�H�Q�W���E�D�Q�G�V���W�R���F�R�P�S�D�U�H�����/�R�R�N���D�W���W�K�H���O�L�V�W���R�I���W�K�H���G�D�W�H�V���I�R�U���6�$�5���G�D�W�D���D�Q�G���/�D�Q�G�V�D�W���G�D�W�D���D�F�T�X�L�V�L�W�L�R�Q�V���L�Q���W�K�H���D�E�R�Y�H�����2�Q�H���J�R�R�G���R�S�W�L�R�Q���L�V���W�R���F�R�P�S�D�U�H���E�D�Q�G�V���I�U�R�P���W�K�H���G�U�\
�D�Q�G���Z�H�W���V�H�D�V�R�Q�V������������





�‚����! "#$!%&'!#&()*++,

�,�Q�¦�>�����@��fig ,  ax  = plt . subplots ( �� , �� , figsize =( ���� , 8))  
!"#$%&'()*+,-*,&./01$2,-*,&3#(41,2"56758  
s_ts �>0�@. plot ( ax =ax �>0�@��color ='red' , label ='C-VV' , xlim =( min ( min ( ltindex ), min ( stinde
x)),  
                                                     max( max( ltindex ), max( stinde
x))))  
s_ts �>�� �@. plot ( ax =ax �>0�@��color ='blue' , label ='C-VH' )  
ax �>0�@. set_xlabel ( 'Date' )  
ax �>0�@. set_ylabel ( �
�6�H�Q�W�L�Q�H�O���������?�J�D�P�P�D�A�R�����>�G�%�@�
)  
 
!"9#:1"*;1"<7#$.,"(#=1(2"*.>:,"#/0"*.>:"(#=1(,"?#*>;"*;1"(./1">)()6&"#$%&,1*-<(#
=1(+51$'52">)()6@5=58  
!"#$%&*.>:-'#6#?,+5<52">)()6,@5=58  
!"#$A%B"@"#$%&*C./$+8  
!",-*,&'()*+#$@#$A%B2,;#61@#$ADB8  
l_ts . plot ( ax =ax �>�� �@��sharex =ax �>0�@��label ='NDVI' , xlim =( min ( min ( ltindex ), min ( stindex
)),  
                                                     max( max( ltindex ), max( stinde
x))), ylim =( 0, 0.75 ))  
!"#$A%B&'()*+(-*,&./01$2(-*,&3#(41,2>)()6@5E611/52(#=1(@5FGHI58  
ax �>�� �@. set_ylabel ( 'NDVI' )  
ax �>0�@. set_title ( �
�6�H�Q�W�L�Q�H�O�������%�D�F�N�V�F�D�W�W�H�U�
)  
ax �>�� �@. set_title ( 'Landsat NDVI' )  
 
ax �>0�@. axvline ( stindex �>bandnbrs �>0�@- �� �@��color ='cyan' , label ='Sent. Date' )  
ax �>�� �@. axvline ( ltindex �>bandnbrs �>�� �@- �� �@��color ='green' , label ='NDVI Date' )  
_=fig . legend ( loc ='center right' )  
_=fig . suptitle ( �
�7�L�P�H���6�H�U�L�H�V���3�U�R�I�L�O�H�V���R�I���6�H�Q�W�L�Q�H�O�������6�$�5���%�D�F�N�V�F�D�W�W�H�U���D�Q�G���/�D�Q�G�V�D�W���� 
NDVI ' )  
!"J.E&*.E;*-(#<)4*+8"  

�&�R�P�S�D�U�L�V�R�Q���R�I���W�L�P�H���V�H�U�L�H�V���S�U�R�4�O�H�V���D�W���S�R�L�Q�W���O�R�F�D�W�L�R�Q�V��

�:�H���Z�L�O�O���S�L�F�N���D���S�L�[�H�O���O�R�F�D�W�L�R�Q���L�Q���W�K�H���6�$�5���L�P�D�J�H�����4�Q�G���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���O�R�F�D�W�L�R�Q���L�Q���W�K�H���/�D�Q�G�V�D�W���1�'�9�–���V�W�D�F�N���D�Q�G���S�O�R�W���W�K�H���M�R�L�Q�W���W�L�P�H���V�H�U�L�H�V��

�)�L�U�V�W���O�H�W�
�V���S�L�F�N���D���S�L�[�H�O���O�R�F�D�W�L�R�Q���L�Q���W�K�H���6�$�5���L�P�D�J�H�����L���H�����W�K�H���U�H�I�H�U�H�Q�F�H���L�P�D�J�H��

�:�H���X�V�H���W�K�H���J�H�R�W�U�D�Q�V���L�Q�I�R���W�R���4�Q�G���W�K�H���V�D�P�H���O�R�F�D�W�L�R�Q���L�Q���W�K�H���/�D�Q�G�V�D�W���L�P�D�J�H





�‚����! "#$!%&'!#&()*++,

0,-&%&'"%1-(/&%&()"%+"2("+3

�,�Q�¦�>�����@��fig ,  ax  = plt . subplots ( 2, �� , figsize =( ���� , 8))  
!"#$%&'()*+,-*,&./01$2,-*,&3#(41,2"56758  
s_ts �>0�@. plot ( ax =ax �>0�@��color ='red' , label ='C-VV' , xlim =( min ( min ( ltindex ), min ( stinde
x)),  
                                                     max( max( ltindex ), max( stinde
x))))  
s_ts_pixel �>�� �@. plot ( ax =ax �>0�@��color ='blue' , label ='C-VH' )  
ax �>0�@. set_xlabel ( 'Date' )  
ax �>0�@. set_ylabel ( �
���?�J�D�P�P�D�A�R�����>�G�%�@�
)  
 
!"9#:1"*;1"<7#$.,"(#=1(2"*.>:,"#/0"*.>:"(#=1(,"?#*>;"*;1"(./1">)()6&"#$%&,1*-<(#
=1(+51$'52">)()6@5=58  
!"#$%&*.>:-'#6#?,+5<52">)()6,@5=58  
!"#$A%B"@"#$%&*C./$+8  
!",-*,&'()*+#$@#$A%B2,;#61@#$ADB8  
l_ts_pixel . plot ( ax =ax �>�� �@��sharex =ax �>0�@��label ='NDVI' , xlim =( min ( min ( ltindex ), min ( st
index )),  
                                                     max( max( ltindex ), max( stinde
x))))  
!"#$A%B&'()*+(-*,&./01$2(-*,&3#(41,2>)()6@5E611/52(#=1(@5FGHI58  
ax �>�� �@. set_ylabel ( 'NDVI' )  
ax �>0�@. set_title ( �
�6�H�Q�W�L�Q�H�O�������%�D�F�N�V�F�D�W�W�H�U�
)  
ax �>�� �@. set_title ( 'Landsat NDVI' )  
_=ax �>0�@. legend ( loc ='upper left' )  
_=ax �>�� �@. legend ( loc ='upper left' )  
!"J.E&*.E;*-(#<)4*+8"  

�–�Q�W�H�U�S�U�H�W���W�K�H�V�H���W�L�P�H���V�H�U�L�H�V���S�U�R�4�O�H�V�����:�K�L�O�H���J�H�Q�H�U�D�O�O�\���W�K�H���V�H�D�V�R�Q�D�O���W�U�H�Q�G�V���D�U�H���Y�L�V�L�E�O�H���L�Q���E�R�W�K���O�L�N�H�����9�9�����D�Q�G���F�U�R�V�V���S�R�O�D�U�L�]�H�G�����9�+�����G�D�W�D�����D�Q�G���F�R�U�U�H�O�D�W�H���Z�H�O�O���Z�L�W�K���W�K�H���1�'�9�–���W�H�P�S�R�U�D�O
�S�U�R�4�O�H�����W�K�H���F�U�R�V�V���S�R�O�D�U�L�]�H�G���U�H�V�S�R�Q�V�H���L�V���O�H�V�V���S�U�R�Q�R�X�Q�F�H�G���D�W���W�K�H���H�[�D�P�S�O�H���S�L�[�H�O���O�R�F�D�W�L�R�Q���8�7�0���&�R�R�U�G�L�Q�D�W�H�V���=�R�Q�H�������1����������������������������������������

!"!#$%&!

�3�L�F�N���G�L�•�H�U�H�Q�W���S�L�[�H�O���O�R�F�D�W�L�R�Q�V���D�Q�G���U�H�S�O�R�W���W�K�H���4�J�X�U�H���D�E�R�Y�H�����–�Q�W�H�U�S�U�H�W���W�K�H���U�H�V�X�O�W���Z�L�W�K���U�H�V�S�H�F�W���W�R���I�R�U�H�V�W�����Q�R�Q���I�R�U�H�V�W�����G�H�I�R�U�H�V�W�D�W�L�R�Q���D�Q�G���I�R�U�H�V�W���G�H�J�U�D�G�D�W�L�R�Q���V�L�J�Q�D�W�X�U�H�V�����–�Q���\�R�X�U
�L�Q�W�H�U�S�U�H�W�D�W�L�R�Q���O�R�R�N���I�R�U���L�P�D�J�H���V�L�J�Q�D�O�V���R�I���V�W�U�R�Q�J���U�D�L�Q���H�Y�H�Q�W�V���L�Q���W�K�H���6�$�5���G�D�W�D���D�Q�G���F�O�R�X�G���F�R�Y�H�U�H�G���V�F�H�Q�H�V���L�Q���W�K�H���/�D�Q�G�V�D�W���L�P�D�J�H�U�\��











"#$!%&'!#&()*++,! �‚����

�,�Q�¦�>�����@��subset =None 
!"#$"%&'()*++,-+++,*++,*++.///!/(0122,3122,0"45%,3"45%.  
if  subset ==None��  
    subset =( �� , �� , img_like . RasterXSize , img_like . RasterYSize )  
 
raster =img_like . GetRasterBand ( bandnbr ) . ReadAsArray ()  
fig ,  ax  = plt . subplots ( figsize =( 8, 8))  
ax . set_title ( 'Likepol full image {} '  
             . format ( tindex �>bandnbr - �� �@. date ()))  
ax . imshow ( raster , cmap='gray' , vmin =np. nanpercentile ( raster , 5), vmax=np. nanpercentil
e( raster , 95))  
ax . grid ( color ='blue' )  
ax . set_xlabel ( 'Pixels' )  
ax . set_ylabel ( 'Lines' )  
!/671&/&8%/"#$"%&/9"/:%;&9<=7%  
if  subset  !=  None��  
    _=ax . add_patch ( patches . Rectangle (( subset �>�� �@��subset �>�� �@���� 
                                     subset �>2�@��subset �>3�@�� 
                                     fill =False , edgecolor ='red' ,  
                                     linewidth =3))  

!"#$%&'$%()*%+,#$-./011-/"&,0%,2"3$

�,�Q�¦�>�����@��raster_like =img_like . GetRasterBand ( bandnbr ) . ReadAsArray ( * subset )  
raster_cross =img_cross . GetRasterBand ( bandnbr ) . ReadAsArray ( * subset )  

!"#$%&"#%'#()*#+,%-&#,.#/0+12%3#,4"#20&"5-6.++5#%'/#6%,0.#/%,%#%+#%#-.2.6#-.$1.+0,"7

�,�Q�¦�>�����@��rgb , bandnames , sartype =dualpol2rgb ( raster_like , raster_cross )  





"#$!%&'!#&()*++,! �‚����

!"#$%&'()$*+),%-.$'/&$'/&$/+)'"01-2)$-3*$&45-%+6&*$+2-0&$)+*&$7.$)+*&8

�,�Q�¦�>�����@��fig , ax  = plt . subplots ( �� , 2, figsize =( ���� , 8))  
fig . suptitle ( �
�0�X�O�W�L���W�H�P�S�R�U�D�O���6�H�Q�W�L�Q�H�O�������E�D�F�N�V�F�D�W�W�H�U���L�P�D�J�H���5��{} ���*�� {} ���%��{} '  
             . format ( bandnames �>0�@��bandnames �>�� �@��bandnames �>2�@���� 
plt . axis ( 'off' )  
ax �>0�@. hist ( rgb �>�������� 0�@. flatten (), histtype ='step' , �F�R�O�R�U='red' , bins =������ , range =( 0, ������
00))  
ax �>0�@. hist ( rgb �>�������� �� �@. flatten (), histtype ='step' , �F�R�O�R�U='green' , bins =������ , range =( 0, ��
0000 ))  
ax �>0�@. hist ( rgb �>�������� 2�@. flatten (), histtype ='step' , �F�R�O�R�U='blue' , bins =������ , range =( 0, ����
000 ))  
ax �>0�@. set_title ( 'Histograms' )  
ax �>�� �@. imshow ( �U�J�E�B�V�W�U�H�W�F�K�H�G)  
ax �>�� �@. set_title ( 'Histogram Equalized' )  
_=ax �>�� �@. axis ( 'off' )  

!"#$%&�W�K�H���L�P�D�J�H�V���W�R���D�Q���R�X�W�S�X�W���4�O�H
'%$%"(#)%&*+$,+$&-%*(%$".

!"#$%&'()'*))+'%,'$)%'%-)'.,##).%'/),%#0*$1,#20%",*'0*+'3#,4).%",*'"*1,#20%",*5'6)'#)%#")7)'%-)'7089)$'1#,2'%-)'"*39%'"20/)$'0*+'0+49$%':;'%-)'$9:$)%<

�,�Q�¦�>�����@��proj =�L�P�J�B�O�L�N�H. �*�H�W�3�U�R�M�H�F�W�L�R�Q()  
geotrans =list ( �L�P�J�B�O�L�N�H. GetGeoTransform ())  
 
subset_xoff =geotrans �>0�@+subset �>0�@* geotrans �>�� �@   
subset_yoff =geotrans �>3�@+subset �>�� �@* geotrans �>�� �@  
geotrans �>0�@=subset_xoff  
geotrans �>3�@=subset_yoff  
geotrans =tuple ( geotrans )  
geotrans  

�2�X�W�>�����@������������������������������������������������������������������������������������������





"#$!%&’!#&()*++,! ϑ7ϑ



�‚����! "#$!%&'!#&()*++,

!"#$%&'"()$(*$'"+,$-"%.'#)$/(&01$0+2#$'($%-23(/0#14#$'"#$*&31%5#3'%0$-(3')+6&'+(3,$(*$7%34$8#+$+3$
-)#%'+34$'"#$%04()+'"5,$%31$6%-24)(&31$'"%'$5%2#$&.$'"#$6%-26(3#$(*$'"+,$/()29$%31$'($!)%-:$;"#0<
#3$*()$-(3')+6&'+34$'($'"#$')%+3+34$#=#)-+,#,>$$;#$/(&01$%0,($0+2#$'($)#-(43+?#$'"#$@%.%3#,#$A#)(,.%-#$
A4#3-:B,$C:('($%31$D%)6(3$E3+'+%'+F#$/"+-"$"%,$.)(F+1#1$'"#$,.%-#6()3#$8<6%31$GAH$1%'%$(3$'(.$(*$
/"+-"$'"#$IGJ$%04()+'"5$+,$6%,#1>$$I+3%00:9$/#$/(&01$0+2#$'($'"%32$GKHLEH9$MGAEN9$OAGA$%31$ANPD$*()$
5%2+34$'"+,$+3'#)%-'+(3$%$)#%0+':>
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M2B712071>!248!-.:8!2!*9::218!T.::7K/-3;!20!0-.!#21<218!T71./0H
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The measurement of forest structural characteristics is important for a variety of Monitoring, Reporting, and Veriɲcation (MRV) protocols in resource management. 
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use of terrestrial and/or airborne lidar, with airborne lidar being especially useful due to its wide area coverage and direct measurement of forest height. A diʛculty 
with airborne measurements, however, is that while these measurements work well at the tens- to hundreds-of-hectares-level, they are diʛcult to scale beyond that. 
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ϑ86! "#$!%&’!#&()*++,

#$$%&'()*,
%Q05S.0567*P921Q0*J0.6:*
R157-0*HQ567*I_^.6:*J#F**
c*,-./012*A*42.56567*89:;<1

N#F#0(.#1$6:$J#0#3$T%01/+3$%31$G%)F%$P&00%$/+'"$1%'%$%31$
,-)+.',$*)(5$P%&0$G+Q&#+)%$%31$7%34$8#+

(6/;0*:.0.Q10Qg*
R! &M+%!=&M%&’!71!.a93<2:.40!MNB248!

892:N;7:213W.8!3625.1>
R! T71./0!-.35-0!8202!D:3821!71!

517948!?7::.?0374i!L.7"PTTI
R! &!@71./0F474N@71./0!62/C!D7;03742:i!L.7"PTTI

J9W0?.21g
R! &!‘43QFM349Q!.4<31746.40!1.a931.8!

07!194!0-.!=>0-74!/?13;0/
R! _LP%F&1?LP%FL775:.$210-!

D/955./0.8!@71!<3/92:3W20374I
R! &42?7482!@71!=>0-74!248!;2?C25./

P4! 0-3/! 0907132:J!K.!K3::!./03620.! @71./0!/0248!-.35-0!
DT%#I!9/345!MNB248!%&’!8202H!"-.!67/0!2??9120.!K2>!07!
./03620.!T%#!K30-!1.;.20!;2//!340.1@.176.01>!3/!B>!9/345!
2!?76B3420374!7@!%&’!B2?C/?200.1!;7K.1!248!P4%&’!?7N
-.1.4?.H!T71!0-3/!1.2/74J!0-.!2;;172?-!8./?13B.8!-.1.!
?24!B.!1.@.11.8!07!2/!2!?76B34.8!%&’FP4%&’!./03620374!
7@!T%#H!%34?.!0-.!B2?C/?200.1!;7K.1!1.:20374/-3;!3/!67/0!
2;;17;1320.!07!?2:?9:20.!<2:9./!7@!T%#!B.:7K!Ub!6!248!
<2:9./!2B7<.!0-3/!0-1./-7:8!21.!B./0!8.0.1634.8!B>!34N
0.1@.176.013?! ?7-.1.4?.J! 0-3/! 2:57130-6! ?76;90./! T%#!
from interferometric coherence ɲrst, and the backscatter 
;7K.1!.6;313?2:!1.:20374/-3;!3/!9/.8!3@!0-.!T%#!3/!B.:7K!
0-20!0-1./-7:8H

L**'#4#*#,KH(J(4(=&

+4.!MNB248!%&’!/?.4.!248!74.!24?3::21>!8202/.0!21.!
4.?.//21>!@71!0-3/!0907132:H!&4!288303742:!24?3::21>!8202N
/.0!3/!1.?766.48.8H!"7!87K4:728!24!.Q26;:.!8202/.0J!
;:.2/.!/..!/.?0374!VH\!7@!0-3/!6789:.H!!

LGL**#I=J*$#IJ#F

%34?.! 0-.!/019?091.!7@! <.5.020374! 3/!74! 0-.!718.1!7@!
Ubc/!7@! ?.4036.0.1/J! @71./0! <.5.020374! 3/!7@0.4!B./0!7BN

/.1<.8!K30-!=N!71!MNB248/!DlV[!?6IH!&0!0-3/!B248K380-J!
0-.! A2;24./.! &.17/;2?.! $Q;:7120374! &5.4?>! DA&k&Ic/!
A$’%NU!248!&M+%NU!j!NV!/20.::30./!21.!2<23:2B:.J!B90!5.7N
512;-3?2::>! :3630.8H! "-3/! 0907132:! 903:3W./! &M+%NUH! =:.2/.!
1.@.1!07!Z21?!%36218c/!"1234345!Z789:.!34!&;;.483Q!$!@71!
@71!24!.Q;:2420374!7@!-7K!07!2?a931.!&M+%!=&M%&’!8202!
248!/.:.?0!0-.!%345:.NM77C!Y76;:.Q!D%MYI!;1789?0H!"-3/!
0907132:!?79:8!2:/7!;70.4032::>!2;;:>!07!(P%&’!8202!34!0-.!
@9091.H

=17?.//345!P4%&’!8202!07!./03620.!T%#!1.a931./!.30-.1!
12K!/20.::30.!8202! 0-20!-2<.!B..4!87K4:34C.8J!B90!470!
;17?.//.8J!71!%&’!8202!0-20!-2<.!B..4!;17?.//.8!3407!
%MY! 3625.1>! 2;;17;1320.! @71! @716345! 340.1@.175126/H!
P@!>79!-2<.!2??.//!07!%MY/J!30!3/!1.?766.48.8!0-20!>79!
/C3;!/.?0374![!248!;17?..8!07!/.?0374!\H!P@!74:>!12K!8202!
21.!2<23:2B:.J!0-.4!0-.!288303742:!;17?.//345!.Q;:234.8!
34!/.?0374![!7@!0-3/!0907132:!3/!4.?.//21>H!+4.!28<24025.!
7@!B.5344345!K30-!12K!8202!21.!0-20!0-.!790;90!@71620/!
7@!0-.!340.1@.175126/!248!24?3::21>!8202!!62C.!30!.2/>!07!
@7::7K!74!0-.!;17?.//345!6.0-78/!K30-!288303742:!/0.;/!
36;:.6.40.8!07!./03620.!T%#H

LG@**#6X5<<.2M*'.0.Q10Q

T%#!517948!<2:3820374!8202!21.!24!36;710240!?76;7N
4.40!7@!0-.!T%#!./03620374!6.0-787:75>H!"-.1.!21.!0K7!
0>;./!7@!24?3::21>!8202!903:3W.8!34!0-.!2:57130-6H!M7?20374/!
K-.1.!@71./0!-.35-0!-2/!B..4!;1.<379/:>!8.0.1634.8!21.!
1.a931.8!07!01234!0-.!.6;313?2:!678.:/H!&!@71./0F474N@71N
./0!62/C!3483?20345!K-.1.!0-.!./03620./!/-79:8!B.!?2:?9N
:20.8!3/!24!7;03742:!8202/.0H!

X>[>X$I()#,'$J#+4"'$N%'%

P48.;.48.40! 6.2/91.6.40/! 7@! @71./0! -.35-0! 21.!
4.?.//21>!07!8.0.1634.!<2:9./!@71!0-.!.6;313?2:!678.:/!
0-20!1.:20.!12821!B2?C/?200.1!;7K.1!248!340.1@.176.013?!
?7-.1.4?.! 07!T%#H!M3821!8202!21.!;1.@.11.8J!/34?.! 0-.>!
2?a931.! 2??9120.! 6.2/91.6.40/! 7@! <.5.020374! -.35-0!
7<.1! 24! .Q0.48.8! 5.7512;-3?! 1.5374H! T1..:>N2<23:2B:.!
/20.::30.!1./791?./!7@!:3821!8202!21.!?911.40:>!71!2B790!07!
B.?76.!2??.//3B:.J! 34?:98345! PY$%&"NU!248!NVJ!248!0-.!
9;?76345!(&%&!L$)P!63//374H!"-3/!8202/.0!/-79:8!B.!34!
2!L.7"PTT!@71620!248!1./26;:.8!07!0-.!/26.!1./7:90374!
2/!0-.!P4%&’!3625.H!"-.!621534F(7)202!<2:9./!69/0!B.!
/.0!07!(2(!71!/76.!496B.1!:.//!0-24!W.17H!S30-34!0-.!
FSH scripts, this data set is referred to as Ɉref_ɲle.ɉ

P@!:3821!8202!21.!470!2<23:2B:.J!0-.4!2470-.1!@716!7@!
independent forest height needs to be identiɲed or 
?1.20.8H!&!/36;:.!6.0-78! 3/! 07!;.1@716!2! :248!?7<.1!
classiɲcation of a region using optical data sets. Stands 
of diϜerent ages and species composition will have 
diϜerent heights, which can be estimated from the 
517948!07!0-.!/26.!2??912?>!2/!0-.!T%#H!"-3/!2;;172?-!
K2/!9/.8!891345! 0-.!8.<.:7;6.40!248! 0./0345!7@! 0-.!
T%#!2:57130-6!K30-!63Q.8!1./9:0/H

X>[>[$R%.$(*$I()#,'iO(3<*()#,'

"-.! @71./0F474N@71./0! 62;! ?24! B.! 8.13<.8! @176!
2!496B.1!7@! /791?./J!71!628.! 348.;.48.40:>!B>! 0-.!
9/.1H!$Q26;:./!7@!/791?./!0-20!?24!B.!9/.8!07!8.13<.!
2!@71./0F474N@71./0!62/C!21.!3H!A&k&c/!T(T!62/CJ!33H!0-.!
‘%!(203742:!M248Y7<.1!)202/.0J!248!333H!"-.!$%&c/!YY3!
M248?7<.1! D@716.1:>! L:7BY7<.1IH! "-./.! 8202/.0/! 21.!
9/.8!07!38.403@>!K-.1.!@71./0/!21.!/30920.8!248J!-.4?.J!
K-.1.! 07! ./03620.! T%#H! "-.! @71./0F474N@71./0! 62/C!
must be classiɲed so that all regions where FSH should 
B.!./03620.8!-2<.!2!<2:9.!7@!W.17!248!2::!1.5374/!K-.1.!
T%#!/-79:8!470!B.!./03620.8!-2<.!2!<2:9.!7@!UH"-3/!7;N
03742:!8202/.0!/-79:8!B.!2!L.7"PTT!248!1./26;:.8!07!
the same resolution as the ϥnSAR image.  This ɲle must 
B.! 34! 8.51../i! .H5HJ! $=%L! [XV]H! "-.!621534F(7)202!
<2:9./!69/0!B.!/.0!07!(2(!71!/76.!496B.1!:.//!0-24!
W.17H!S30-34!0-.!T%#!/?13;0/J!0-3/!8202/.0!3/!1.@.11.8!07!
as Ɉmask_ɲleɉ.

@**I(&H)*%&U(F=&8%&4*#&'*$b4R=&*J%4H$

S-3:.!=>0-74!/?13;0/! ?24!B.! 194! 34! 0-.!S3487K/J!
+%kJ! 248! ‘43Q! .4<31746.40/J! 0-.! 6.0-78/! 34! 0-3/!
6789:.! 1.a931.!2!‘43Q!71! M349Q!.4<31746.40H!=:.2/.!
@7::7K!0-.!34/019?0374/!34!/.?0374!VHU!07!/.09;!2!M349Q!
.4<31746.40! 74! >791! ?76;90.1! 9/345!+12?:.! O31092:N
*7QJ!/.?0374!VHV!07!34/02::!&42?7482J!248!/.?0374!VHX!07!
34/02::!8.;.48.4?3./!@71!0-.!T%#!/?13;0/H!P@!>79!2:1.28>!
-2<.!2!M349Q!.4<31746.40J!71!-2<.!?76;:.0.8!24>!7@!
0-.!70-.1!/.09;!/0.;/J!;:.2/.!;17?..8!07!0-.!4.Q0!2;N
;:3?2B:.!/.?0374H!

@GL**'9?6<9.:*.6:*(6Q0.<<*U520;.<+9h

UH! T31/0J! 57! 07! -00;/EFFKKKH<31092:B7QH715F! 07!
87K4:728! +12?:.! OZ! O31092:*7QH! Y-77/.! 0-.!
-7/0!2;;17;1320.!@71!>791!?76;90.1H!

VH! (.Q0J! 57! 07! ! -00;/EFFKKKH9B9409H?76F87K4N

https://www.virtualbox.org/
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:728F8./C07;!248!87K4:728!0-.!:20./0!<.1/374!7@!
`B9409H!S.!K3::!9/.!0-3/!:20.1!74!K-3:.!/.00345!9;!
791!<31092:!62?-34.H!

XH! T7::7K!2:745!K30-!0-.!+12?:.!OZ!O31092:*7Q!34/02:N
�O�D�W�L�R�Q�� �Z�L�]�D�U�G���� �2�Q�F�H�� �L�Q�V�W�D�O�O�D�W�L�R�Q�� �L�V�� �4�Q�L�V�K�H�G���� �R�S�H�Q��
0-.!+12?:.!OZ!O31092:*7QH

[H! Y:3?C!d(.Ke!34!0-.!6.49!:7?20.8!20!0-.!07;!7@!0-.!
+12?:.!OZ!O31092:*7Q!Z2425.1!K3487K!07!?1.20.!
0-.!<31092:!62?-34.!>79!K3::!9/.!@71!0-3/!.Q.1?3/.H!
"-3/!6.49!B21!3/!/-7K4!B.:7KH

\H! "-.!dY1.20.!O31092:!Z2?-34.E!(26.!248!7;.120345!
/>/0.6e! K3487K! /-7K4! B.:7K! /-79:8! ;7;! 9;H!
$40.1!2!426.!@71!>791!<31092:!62?-34.H!T71!0-3/!.QN
.1?3/.J!K.!?-7/.!dT%#eH!*17K/.!07!2!@7:8.1!K-.1.!
>79!K79:8!:3C.!07!/2<.!>791!62?-34.J!/.:.?0!dM349Qe!
@176!0-.!817;87K4!6.49!2/!0-.!0>;.!7@!62?-34.J!
248!/.:.?0!d`B9409!D][NB30Ie!2/!>791!<.1/374H

]H! +4?.!0-.!426.!248!7;.120345!/>/0.6!@71!>791!4.K!
62?-34.!21.!/.0!9;!2/!/-7K4!34!0-.!3625.!2B7<.J!
?:3?C!4.Q0H!"-.!dY1.20.!O31092:!Z2?-34.E!Z.671>!
/3W.e!K3487K!/-79:8!;7;!9;H!

gH! $40.1!0-.!267940!7@!6.671>!>79!K79:8!:3C.!07!2:N
:7?20.!07!>791!62?-34.H!P!?-7/.!hUfV!Z*J!2/!/-7K4!
B.:7KH!Y:3?C!4.Q0H!

hH! M.2<.!0-.!#218!83/C!/.:.?0374!74!dY1.20.!2!<31092:!
-218!83/C!47Ke!248!?:3?C!?1.20.J!2/!/-7K4!B.:7KH

fH! �/�H�D�Y�H�� �W�K�H�� �+�D�U�G�� �G�L�V�N�� �4�O�H�� �W�\�S�H�� �V�H�O�H�F�W�L�R�Q�� �R�Q�� �
�9�'�–��
DO31092:*7Q!)3/C!P625.Ie!248!?:3?C!4.Q0J!2/!/-7K4!
B.:7KH

UbH! M.2<.!0-.!%07125.!74!;->/3?2:!-218!83/C!/.:.?N
0374!74!d)>4263?2::>!2::7?20.8e!248!/.:.?0!4.Q0J!
2/!/-7K4!B.:7KH

UUH! �6�H�W���X�S���W�K�H���4�O�H���O�R�F�D�W�L�R�Q���D�Q�G���V�L�]�H���D�V���V�K�R�Z�Q���E�H�O�R�Z����
�<�R�X�U�� �4�O�H�� �Q�D�P�H�� �V�K�R�X�O�G�� �D�X�W�R�P�D�W�L�F�D�O�O�\�� �S�R�S�X�O�D�W�H����
B90! >79! ?24! 2:/7! 42<3520.! 07! 2! 4.K! @7:8.1! 07!
�F�U�H�D�W�H���W�K�H���4�O�H���L�I���Q�H�F�H�V�V�D�U�\�����–���V�H�O�H�F�W�H�G�������*�%���I�R�U��
0-.!<31092:!-218!83/C!/3W.H!!%.:.?0!?1.20.J!248!0-.!
dY1.20.!O31092:!#218!)3/Ce!;7;!9;!K3487K!K3::!
?:7/.H!

UVH! (703?.!0-20!>791!4.K!<31092:!62?-34.!-2/!B..4!
288.8!07!0-.!:3/0!7@!<31092:!62?-34./!2:745!0-.!
:.@0!/38.!7@!>791!+12?:.!OZ!O31092:*7Q!Z2425N
.1H!&/! /-7K4!B.:7KJ!P! -2<.!2!<31092:!62?-34.!
426.8! d/21e! 2:745! K30-! 0-.! <31092:! 62?-34.!
dT%#e!0-20!P!G9/0!?1.20.8H

UXH! %.:.?0!>791!4.K!<31092:!62?-34.!@176!0-.! :3/0H!
P0!/-79:8!2;;.21!-35-:35-0.8J!2/!/-7K4!2B7<.H

U[H! Y:3?C!d%.00345/e!34!0-.!6.49!:7?20.8!20!0-.!07;!7@!
0-.!+12?:.!OZ!O31092:*7Q!Z2425.1!K3487K!07!
28G9/0!0-.!/.00345/!7@!>791!4.K!<31092:!62?-34.H

U\H! S30-34!0-.!/.00345/!;7;!9;!K3487KJ!42<3520.!07!
0-.!28<24?.8!02BH

U]H! `48.1!d%-21.8!Y:3;B7218Je!?-77/.!d*3831.?0374N
2:e!@176!0-.!817;!87K4!6.49H!"-3/!K3::!2::7K!
>79!07!?7;>!248!;2/0.!B.0K..4!>791!-7/0!/>/N
0.6!248!>791!<31092:!62?-34.H



�‚����! "#$!%&'!#&()*++,

UgH! (2<3520.!07!d%>/0.6e!@176!0-.!:.@0!-248!6.49H!
Y-77/.!0-.!;17?.//71!02BH!P4?1.2/.!>791!496N
B.1!7@!Y=`/i!P!?-7/.![J!2/!0-20!K2/!0-.!62Q3696!
K30-34!0-.!/955./0.8!51..4!1245.H

UhH! (2<3520.!07!d%07125.e!@176!0-.!:.@0!-248!6.49H!

UfH! %.:.?0!0-.!d$6;0>e!83/C!3?74!948.1!0-.!Y+4017:N
:.1! P)$! 7;0374H! `48.1! &0013B90./J! ?:3?C! 74! 0-.!
83/C!3?74!4.Q0!07!0-.!7;03?2:!813<.!/.:.?0374!dP)$!
%.?74821>!Z2/0.1He!(2<3520.!07!0-.!`B9409!@71!
8./C07;!0-20!>79!87K4:728.8!34! /0.;!V!9/345!
0-.!dY-77/.!O31092:!+;03?2:!)3/C!T3:.e!7;0374H

VbH! (2<3520.!07!d%-21.8!T7:8.1/e!@176!0-.!:.@0!-248!
6.49H

VUH! Y:3?C!0-.!288!@7:8.1!3?74!!!!!!!!!!!!2:745!0-.!135-0!
7@!0-.!/-21.8!@7:8.1/!K3487K!07!5.0!07!0-.!d&88!
/-21.e!;7;!9;!K3487K!2/!/-7K4!B.:7KH

VVH! (2<3520.!07!0-.!@7:8.1!K-.1.!>791!<31092:!62N
?-34.!3/! /071.8!K30-34!0-.!T7:8.1!=20-!7;0374H!
"-.! 426.! 7@! 0-.! @7:8.1! K3::! B.! 29076203?2::>!
;7;9:20.8H!Y-77/.!0-.!d&907N67940e!7;0374!2/!
/-7K4!B.:7KH

VXH! Y:3?C!+,!07!1.0914!07!0-.!%-21.8!T7:8.1/!;25.H!
w791!@7:8.1!/-79:8!47K!2;;.21!34!0-.!:3/0!7@!Z2N
?-34.!T7:8.1/!2/!/-7K4!B.:7KH

V[H! "7!2<738!2!B:24C! /?1..4!2@0.1!34/02::345!L9./0!
&8830374/!34!2!:20.1!/0.;J!42<3520.!07!d)3/;:2>e!
@176!0-.! :.@0!-248!6.49H!`/.!0-.!817;!87K4!
6.49! @71! 0-.! L12;-3?/! Y74017::.1! 07! /.:.?0!
dO*7QOL&He

V\H! Y:3?C!d+,e!07!2;;:>!0-./.! /.00345!?-245./!248!
1.0914! 07! 0-.! +12?:.! OZ! O31092:*7Q! Z2425.1H!
Y:3?C!d%0210e!34!0-.!6.49!:7?20.8!20!0-.!07;!7@!
0-.!+12?:.!OZ!O31092:*7Q!Z2425.1!K3487K!07!
194!>791!4.K!<31092:!62?-34.H

V]H! "-.!K.:?76.!;7;!9;!/-7K4!B.:7K!/-79:8!2;N
;.21H!Y-77/.!>791!;1.@.11.8!:245925.!@176!0-.!
:3/0!248!?:3?C!dP4/02::!`B9409He

VgH! Y:3?C! ?740349.! 07! 903:3W.! 0-.! 8.@29:0! C.>B7218!
:2>790H

VhH! Y:3?C!?740349.!07!903:3W.!0-.!8.@29:0!34/02::20374!
248!9;820.!7;0374/H!

VfH! Y:3?C!dP4/02::! (7Ke!K30-!0-.!8.@29:0! /.:.?0374/!
2/!/-7K4!B.:7KH

XbH! Y:3?C!?740349.!K-.4!0-.!;7;!9;!K3487K!dS130.!
0-.!?-245./!07!83/Cxe!2;;.21/H

XUH! Y:3?C!?740349.!2@0.1!/.:.?0345!>791!036.!W74.H



"#$!%&'!#&()*++,! �‚����

XVH! T3::! 34! >791! ;1.@.1.8! 426.! 248! ;2//K718! @71!
>791!<31092:!B7Q!2/!/-7K4!B.:7KH!

XXH! +4?.!34/02::20374!3/!?76;:.0.J!0-.!K3487K!B.N
:7K! /-79:8! 2;;.21H! Y-77/.! d'./0210! 47Ke! 07!
9/.!0-.!4.K!34/02::20374H

X[H! &@0.1!2!@.K!63490./J!0-.!dS-20c/!4.K!34!`B94N
09e!K3487K!/-7K4!B.:7K!/-79:8!2;;.21H!Y:3?C!
4.Q0H

X\H! Y:3?C!4.Q0!07!;17?..8!;2/0!0-.!M3<.;20?-!K3487KH!

X]H! Y:3?C!4.Q0!07! ;17?..8! ;2/0!0-.! d#.:;! 36;17<.!

`B9409e! K3487K! 2@0.1! ?-77/345! K-.0-.1! 71!
470!07!1.;710!34@71620374!07!8.<.:7;.1/!@71!36N
;17<.6.40H

XgH! Y:3?C!d)74.e!74!0-.!d'.28>!07!57e!K3487KH

XhH! Y:3?C!d).<3?./e!34!0-.!6.49!74!0-.!07;!7@!>791!
1944345!62?-34.!248!?-77/.!dP4/.10!L9./0!&8N
830374/!Y)!P625.e!@176!0-.!817;!87K4!6.49J!
2/!/-7K4!B.:7KH

XfH! "-.! O31092:*7Q! L9./0! &8830374/! Y)! D-.1.E!
O*7Q^L&/^]HbHUI! /-79:8!2;;.21!74!0-.!8./CN
07;!7@!>791!<31092:!62?-34.!248!2!K214345!K34N
87K!62>!2;;.21!2/!/-7K4!B.:7KH!Y:3?C!d194e!07!
;17?..8H!w79!62>!B.!;176;0.8!07!.40.1!34!>791!
;2//K718!07!194!0-.!L9./0!&8830374/!83/CH

[bH! �2�Q�F�H�� �W�K�H�� �*�X�H�V�W�� �$�G�G�L�W�L�R�Q�V�� �G�L�V�N�� �K�D�V�� �4�Q�L�V�K�H�G��
1944345J!0-.!K214345J!d"-3/!/>/0.6!3/!?911.40:>!
470!/.0!9;!07!B93:8!C.14.:!6789:./e!62>!2;;.21!
20!0-.!.48!7@!0-.!6.//25./!34!0-.!0.16342:J!2/!
/-7K4!B.:7KH!P@!0-3/!3/!0-.!?2/.J!;1.//!.40.1!07!
?:7/.!0-.!K3487KJ!248!@7::7K!/0.;/![b!0-1795-!
[hH!P@!0-3/!K214345!87./!470!2;;.21J!>79!62>!

67<.!74!07!34/02::345!&42?7482!34!/.?0374!VHVH

[UH! +;.4! 0-.! 0.16342:! 9/345! ?01J! 2:0J! 248! 0H! "-.4!
0>;.!34!0-.!?766248!sudo apt-get in -

�V�W�D�O�O�� �O�L�Q�X�[���K�H�D�G�H�U�V���C�X�Q�D�P�H�� ���U�C��

�G�N�P�V���E�X�L�O�G���H�V�V�H�Q�W�L�D�O��71!sudo apt-

�J�H�W���L�Q�V�W�D�O�O���O�L�Q�X�[���K�H�D�G�H�U�V�������X�Q�D�P�H��

���U�����G�N�P�V���E�X�L�O�G���H�V�V�H�Q�W�L�D�O��

[VH! w79!/-79:8!B.!;176;0.8!07!.40.1!d>e!07!?74034N
�X�H���� �7�K�H���S�D�F�N�D�J�H�V�� �L�G�H�Q�W�L�4�H�G���D�V�� �P�L�V�V�L�Q�J�� �L�Q���V�W�H�S��
Xf!/-79:8!47K!B.!34/02::.8H!=1.//!.40.1!07!?:7/.!
0-.!K3487KH

[XH! P4!718.1!07!9/.!0-./.! ;2?C25./J!>79!K3::! -2<.!
07!1./0210!0-.!<31092:!62?-34.H!%.:.?0!0-.!2117K!
2:745!0-.!07;!135-0!6.49!D/-7K4!B.:7KIH

[[H! &4! 288303742:! 6.49J! /-7K4! B.:7KJ! /-79:8!
7;.4H



�‚����! "#$!%&'!#&()*++,

0-20!2;;.21/J!?-77/.!dY7;>!M34C!M7?20374He

\bH! +;.4!0-.!0.16342:!9/345!?01J!2:0J!248!0H!">;.!34!0-.!0-.!?766248!dK5.0eJ!248!0-.4!
;2/0.!0-.!:7?20374!7@!0-.!87K4:728!@71!=>0-74!VHg!<.1/374J!2/!/-7K4!B.:7KH

\UH! "-.!dS.:?76.!07!&42?7482e!0.Q0!/-79:8!83/;:2>!34!>791!0.16342:!2/!/-7K4!B.:7KH!
Y7;>!0-.!-35-:35-0.8!d&42?7482VNVbUhHUVNM349QNQh]^][H/-HUe!0.Q0H

\VH! $40.1! 0-.! ?766248! dB2/-e! 248! ;2/0.! 34! 0-.! d&42?7482VNVbUhHUVNM3N
49QNQh]^][H/-HUe!0.Q0H!T7::7K!0-.!;176;0/!07!1.<3.K!0-.!&42?7482!:3?.4/.!
�L�Q�I�R�U�P�D�W�L�R�Q�����D�Q�G���H�Q�W�H�U���
�\�H�V�����W�R���F�R�Q�4�U�P���W�K�H���L�Q�V�W�D�O�O�D�W�L�R�Q���R�I���$�Q�D�F�R�Q�G�D���Z�K�H�Q��
;176;0.8H

\XH! $40.1!0-.!:7?20374!K-.1.!>79!K79:8!:3C.!&42?7482!07!B.!/2<.8H!P!?-7/.!0-.!

[\H! �&�O�L�F�N���R�Q���W�K�H���S�R�Z�H�U���L�F�R�Q���W�R���R�S�H�Q���W�K�H���3�R�Z�H�U���2�•�� �Z�L�Q�G�R�Z���� �D�Q�G���F�K�R�R�V�H���
�5�HN
/0210eH!S-.4!0-.!OZ!1./0210/J!1.194!0-.!O31092:*7Q!L9./0!&8830374/!Y)!B>!
�F�O�L�F�N�L�Q�J���R�Q���W�K�H���4�O�H���L�F�R�Q���L�Q���W�K�H���P�H�Q�X���R�Q���W�K�H���O�H�I�W���K�D�Q�G���V�L�G�H�����&�O�L�F�N���W�K�H���*�X�H�V�W��
&8830374/!83/C!34!0-.!:.@0!-248!6.49!74!0-.!;7;!9;!K3487KH!"-.4!/.:.?0!
d'94!%7@0K21.eJ!2/!/-7K4!B.:7KH

[]H! "-.!O31092:*7Q!L9./0!&8830374/!P4/02::20374!K3487K!/-79:8!7;.4!2/!/-7K4!
B.:7KH!=1.//!.40.1!07!?:7/.!0-.!K3487KH

[gH! './0210!0-.!62?-34.!2/!8./?13B.8!34!/0.;/![V!0-1795-![\H!

@G@**'9?6<9.:*.6:*(6Q0.<<*#6.X96:.

[hH! +;.4!>791!K.B!B17K/.1!74!>791!<31092:!62?-34.J!248!42<3520.!07!-00;/EFFKKKH
242?7482H?76F83/013B90374Fy:349Q!71!/.21?-!@71!d34/02::!&42?7482He!Z2C.!/91.!07!
/.:.?0!0-.!02B!@71!0-.!M349Q!7;.120345!/>/0.6H

[fH! '35-0!?:3?C!74!0-.!87K4:728!B90074!@71!0-.!VHg!<.1/374!7@!=>0-74!2/!/-7K4!B.:7KJ!
2/!0-.!T%#!/?13;0/!K.1.!8.<.:7;.8!248!0./0.8!9/345!0-3/!<.1/374H!T176!0-.!6.49!



"#$!%&'!#&()*++,! �‚���‚

8.@29:0!2/!/-7K4!74!0-.!;1.<379/!;25.H

\[H! �$�I�W�H�U���W�K�H���L�Q�V�W�D�O�O�D�W�L�R�Q���L�V���4�Q�L�V�K�H�G�����\�R�X���Z�L�O�O���E�H���S�U�R�P�S�W�H�G���W�R���L�Q�L�W�L�D�O�L�]�H���$�Q�D�F�R�Q�G�D����
34!>791!HB2/-1?J!2/!/-7K4!B.:7KH!$40.1!d>./He

\\H! S-.4!;176;0.8!07!;17?..8!K30-!0-.!34/02::20374!7@!Z3?17/7@0!O%Y78.J!2/!
/-7K4!B.:7KJ!;:.2/.!.40.1!d47He

\]H! Y:7/.!>791!0.16342:!248!7;.4!2!4.K!0.16342:!D?01J!2:0J!248!0I!@71!>791!34/02:N
:20374!7@!&42?7482!07!B.?76.!2?03<.H

@G3**'9?6<9.:*.6:*(S/920*'1/16:16X51Q

UH! "7!?1.20.!2!;>0-74!.4<31746.40!426.8!d/21e!K-.1.!K.!K3::!/071.!2::!0-.!8.;.4N
8.4?3./!4.?.//21>!07!194!0-.!T%#!/?13;0/J!.40.1!0-.!?766248!d?7482!?1.20.!N4!
/21!;>0-74oVHgHe!w79!?24!?-77/.!07!426.!>791!.4<31746.40!/76.0-345!70-.1!0-24!
/21H

VH! S-.4!;176;0.8J!.40.1!d>e!07!;17?..8!K30-!0-.!34/02::20374H

XH! "7!2?03<20.!0-3/!;>0-74!.4<31746.40!34!0-.!@9091.J!9/.!0-.!?766248!d?7482!2?N
03<20.!/21e!07!.40.1!0-.!.4<31746.40!248!d?7482!8.2?03<20.e!07!:.2<.!30H!(703?.!2/!
>79!9/.!0-./.!?766248/!0-20!>79!K3::!67<.!@176!dB2/.e!07!d/21e!.4<31746.40/J!
2/!/-7K4!B.:7KH!

[H! (7KJ!:.0c/!/.0!9;!791!d/21e!.4<31746.40!K30-!0-.!1.a931.8!;>0-74!;2?C25N
./E!(96=>J!%?3=>J!%36=>J!G/74J!;3::7KJ!+/L.7FL)&MJ!/36;:.C6:J!6;620-H!
&?03<20.!0-.!d/21e! .4<31746.40!B>! .40.1345!0-.!?766248!d?7482!2?03<20.!
/21e!3407!0-.!0.16342:H!P4/02::!582:J!496;>J!;3::7KJ!/36;:.C6:!248!/?3;>!B>!
.40.1345!0-.!?766248!d?7482!34/02::!N?!?7482N@715.!582:!496;>oUHU\!;3::7K!
/36;:.C6:!/?3;>e!2/!/-7K4!B.:7KH

\H! S-.4!;176;0.8J!.40.1!d>e!07!;17?..8H

]H! $40.1!0-.!?766248!d;3;!34/02::!/36;>!6;620-e!07!34/02::!288303742:!;1.1.aN
93/30./H!

gH! �7�R���F�R�Q�4�U�P���W�K�D�W���\�R�X���K�D�Y�H���L�Q�V�W�D�O�O�H�G���D�O�O���R�I���W�K�H���3�\�W�K�R�Q���S�D�F�N�D�J�H�V�����\�R�X���F�D�Q���H�Q�W�H�U��
0-.!?766248!d;>0-74He!"-.4!.40.1!d36;710!582:e!71!d36;710e!@7::7K.8!B>!
24>!7@!0-.!70-.1!;2?C25./H!P@!47!.1171/!;7;!9;!34!>791!0.16342:!248!0-.!21N
17K/!0-20!3483?20.!2!4.K!:34.!2;;.21J!0-.4!0-.!;2?C25./!-2<.!B..4!34/02::.8!
?711.?0:>H

hH! $40.1!0-.!?766248!d.Q30!DIe!07!:.2<.!;>0-74H!

fH! "7!<3.K!0-.!<.1/374!248!70-.1!34@71620374!2B790!0-.!;2?C25./!>79!-2<.!34N
/02::.8J!34!0-.!d/21E!.4<31746.40!7@!0-.!0.16342:J!.40.1!0-.!?766248!d?7482!
:3/0!;3::7Ke!71!d?7482!:3/0e!;:9/!24>!7@!0-.!;2?C25./J!2/!/-7K4!B.:7KH!



�‚����! "#$!%&'!#&()*++,

3**'=`&I=#'*8#4%F(#IJ*P=F*4R%*4H4=F(#I

"-.!=>0-74!/?13;0/!4..8.8!@71!0-3/!0907132:J!K1300.4!B>!wH!M.3!0-.!;134?3;2:!8.<.:7;.1!
7@!0-.!T%#!0.?-43a9.J!248!24!.Q26;:.!8202/.0!?24!B.!@1..:>!87K4:728.8!@176!L30#9B!
71!@176!0-.!%$'OP'!L:7B2:!K.B/30.H!"-.!.Q26;:.!8202!21.!;1.;17?.//.8J!248!9/345!
0-./.!8202!2::7K!>79!07!/C3;!/.?0374/![!248!\!248!;17?..8!07!/.?0374!]H!

3GL**=^0.56567*0-1*JX25/0Q*W29S*O50R;^

UH! (2<3520.!07!0-.!L30#9B!;25.!-00;/EFF530-9BH?76F:.3>245:.74FT%#!9/345!T31.T7Q!
71!2470-.1!340.14.0!2;;:3?20374!74!>791!<31092:!62?-34.H!

VH! Y:3?C!0-.!51..4!dY:74.!71!87K4:728e!B90074!248!?7;>!0-.!:34C!/-7K4!948.1!0-.!
dY:74.!K30-!#""=%e!;7;!9;!K3487KJ!2/!/-7K4!B.:7KH!

XH! +;.4!2!0.16342:J!248!3@!>79!21.!470!2:1.28>!34!0-.!d/21e!.4<31746.40!?1.20.8!34!
/.?0374!VHXJ!42<3520.!07!0-.!d/21e!.4<31746.40!B>!.40.1345!0-.!?766248!d?7482!
2?03<20.!/21He

[H! $40.1!0-.!?766248J!d530!?:74.e!@7::7K.8!B>!;2/0345!34!0-.!:34C!>79!?7;3.8!@176!
0-.!L30#9BE!!-00;/EFF530-9BH?76F:.3>245:.74FT%#H530J!2/!/-7K4!B.:7KH

\H! P@!530!87./!470!.Q3/0!74!>791!<31092:!62?-34.J!@7::7K!0-.!;176;0/!07!34/02::!30!9/345!
0-.!?766248!d/987!2;0!34/02::!530Je!@7::7K.8!B>!>791!<31092:!62?-34.c/!;2//K718H

]H! P@!>79!42<3520.!07!d#76.e!948.1!0-.!dT3:./e!02B!@176!0-.!6.49!74!0-.!:.@0!-248!
/38.J!>79!/-79:8!B.!2B:.!07!/..!0-.!dT%#e!@7:8.1!0-20!>79!87K4:728.8!K30-!2::!7@!
0-.!/?13;0/!4.?.//21>!@71!0-3/!0907132:H

gH! S30-34!>791!!T%#!@7:8.1J!0-.1.!/-79:8!B.!0-1..!@7:8.1/!D/?13;0/J!0./0^.Q26N
�S�O�H�B�–�6�&�(�����D�Q�G���W�H�V�W�B�H�[�D�P�S�O�H�B�5�2�–�3�$�&�����D�Q�G���W�K�U�H�H���4�O�H�V�����/�–�&�(�1�6�(�����S�U�H�Y�L�H�Z���M�S�J����
'$&)Z$H68I!34/38.J!2/!/-7K4!B.:7KH

hH! S-3:.!0-.1.!21.!0K7!@7:8.1/!0-20!/..6!:3C.!0-.>!/-79:8!?740234!8202!D0./0^.QN
26;:.^P%Y$!248!0./0^.Q26;:.^'+P=&YIJ!3@!>79!7;.4!0-./.!@7:8.1/!0-24!>79!
�Z�L�O�O���4�Q�G���W�K�D�W���W�K�H�\���R�Q�O�\���L�Q�F�O�X�G�H���D���W�H�[�W���4�O�H�����D�Q�G���Q�R���6�$�5���G�D�W�D���R�U���R�W�K�H�U���U�H�T�X�L�U�H�G��
�4�O�H�V�����D�V���V�K�R�Z�Q���E�H�O�R�Z��

fH! "7!87K4:728!0-.!.Q26;:.!8202J!;:.2/.!;17?..8!07!0-.!4.Q0!/.?0374!DXHVIH

https://github.com/leiyangleon/FSH


"#$!%&'!#&()*++,! �‚����

3G@**'9?6<9.:567*%h.S/<1*'.0.

"-.!.Q26;:.!8202!?74/3/0/!7@!0-1..!/?.4./J!34?:98345!2!?.4012:!/?.4.!K30-!7<.1:2;N
;345!(&%&!MOP%!M3)&'!8202!248!0K7!28G2?.40!/?.4./H!

UH! w79!?24!2??.//!0-.! :34C!07!87K4:728!0-.! .Q26;:.!8202!B>!7;.4345!0-.!
0.Q0!87?96.40!K30-34!0-.!0./0^.Q26;:.^'+P=&Y!248!0./0^.Q26;:.^P%Y$!
@7:8.1/!1./;.?03<.:>H!%..!B.:7K!@71!0-.!:7?20374!7@!0-.!:34C!K30-34!0-.!0.Q0!
�4�O�H���I�R�U���W�K�H���5�2�–�3�$�&���G�D�W�D����

VH! w79!?24!2:/7!42<3520.!07!0-3/!:34C!0-1795-!0-.!LP0#9BJ!@7::7K345!0-.!/26.!
@7:8.1!01..J!2/!/-7K4!B.:7KH

XH! �(�L�W�K�H�U���Z�D�\���\�R�X���F�K�R�R�V�H���W�R���4�Q�G���W�K�H���O�L�Q�N���W�R���W�K�H���G�D�W�D�����F�R�S�\���D�Q�G���S�D�V�W�H���W�K�L�V���O�L�Q�N��
3407!0-.!K.B!B17K/.1!74!>791!<31092:!62?-34.H!S-3:.!B70-!8202/.0/!21.!
?76;203B:.!K30-!0-.!T%#!/?13;0/J!K.!K3::!9/.!0-.!'+P^=&Y!2/!791!.Q26;:.!
@71!0-3/!0907132:H

[H! Y-77/.!0-.!87K4:728!3?74!07!87K4:728!0-.!8202/.0!@176!0-.!L775:.!
�'�U�L�Y�H���O�L�Q�N�����:�K�H�Q���S�U�R�P�S�W�H�G���I�R�U���F�R�Q�4�U�P�D�W�L�R�Q���G�X�H���W�R���W�K�H���O�D�U�J�H���V�L�]�H���R�I���W�K�H��
�4�O�H�����V�H�O�H�F�W���
�G�R�Z�Q�O�R�D�G���D�Q�\�Z�D�\�������:�K�H�Q���S�U�R�P�S�W�H�G���W�R���R�S�H�Q���W�K�H���4�O�H�����F�K�R�R�V�H��
�
�V�D�Y�H���4�O�H�����D�Q�G���S�U�H�V�V���
�2�.����

\H! S30-34!dT3:./Je!42<3520.!07!d87K4:728/He!'35-0!?:3?C!74!0-.!.Q26;:.!8202!
W3;J!248!@176!0-.!;7;!9;!6.49J!?-77/.!d$Q012?0!07HHe
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�J�L�I���M�V�R�Q���N�P�O���P�D�W���W�L�I���������5�D�J�B�S�U�R�F� ��

[H! P4!0-.!?2/.!0-20!>79!21.!1944345!0-.!T%#!/?13;0/!74!>791!7K4!8202J!71!K79:8!
�O�L�N�H���W�R���F�D�O�O���H�D�F�K���)�6�+���V�F�U�L�S�W���L�Q�G�L�Y�L�G�X�D�O�O�\���L�Q���W�K�H���F�R�P�P�D�Q�G���O�L�Q�H�����S�O�H�D�V�H���4�Q�G���W�K�H��
34;90/J!790;90/J!248!0.16342:!?766248!:34./!34!/.?0374!]H\H!=:.2/.!470.!0-20!
0-.1.!21.!288303742:J!941.a931.8! ;2126.0.1/!@71!0-.!@71./0^/0248^-.35-0H
;>!0-20!21.!.Q;:234.8!34!/.?0374!]H\!0-20!21.!470!34?:98.8!34!0-.!.Q26;:.H!
+0-.1K3/.J!;17?..8!07!/.?0374!]H[!07!5.4.120.!2!67/23?!7@!>791!@71./0!/0248!
-.35-0!./03620374H

CGA**O1612.01*89Q.5X

UH! "7!?1.20.!2!67/23?!7@!0-.!5.4.120.8!@71./0!-.35-0!62;/!@71!2::!0-.!/?.4./!34!
�*�H�R�7�L�•�� �I�R�U�P�D�W���� �U�X�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���F�R�P�P�D�Q�G���
�S�\�W�K�R�Q���G�L�U�H�F�W�R�U�\�B�R�I�B�V�F�U�L�S�W�V��
�F�U�H�D�W�H�B�P�R�V�D�L�F���S�\�� �G�L�U�H�F�W�R�U�\�� �P�R�V�D�L�F�B�4�O�H�� �O�L�V�W�B�R�I�B�4�O�H�V���� �L�Q�� �W�K�H�� �W�H�U�P�L�Q�D�O���� �<�R�X��
K3::!4..8!07!1.;:2?.!0-1..!;2126.0.1/H

R! '.;:2?.!!831.?071>^7@^/?13;0/!K30-!0-.!:7?20374!7@!0-.!/?13;0/H

R! �5�H�S�O�D�F�H���P�R�V�D�L�F�B�4�O�H���Z�L�W�K���W�K�H���Q�D�P�H���\�R�X���Z�R�X�O�G���O�L�N�H���W�R���J�L�Y�H���\�R�X�U���4�Q�D�O���P�RN
/23?!7@!@71./0!/0248!-.35-0/H!

R! �5�H�S�O�D�F�H���O�L�V�W�B�R�I�B�4�O�H�V���Z�L�W�K���S�D�W�K�V���W�R���H�D�F�K���P�D�S���W�K�D�W���\�R�X���Z�R�X�O�G���O�L�N�H���W�R���E�H��
�F�R�P�E�L�Q�H�G���Z�L�W�K�L�Q���W�K�H���P�R�V�D�L�F���L�Q���W�K�H���I�R�U�P�D�W���
�4�O�H�����4�O�H�����4�O�H��������

VH! T71!.Q26;:.E!

F-76.F8.<F0./0^.Q26;:.^'+P=&YF0./0^.Q26;:.^'+P=&YFF
?1.20.^67/23?H;>!F-76.F8.<F0./0^.Q26;:.^'+P=&YF0./0^.QN
26;:.^'+P=&YF!dX/?^67/23?H03@e!dHHHF0./0^.Q26;:.^'+P=&YF
@hfb^7UUhFhfb^UUh^Vbbgbhbh^#O^VbbgbfVX^#O^@/-H03@!
HHHF0./0^.Q26;:.^'+P=&YF@hfb^7UUfFhfb^UUf^VbbgbgUb^
#O^VbbgUbUb^#O^@/-H03@!HHHF0./0^.Q26;:.^'+P=&YF
@hfb^7UVbFhfb^UVb^VbbgbgVg^#O^VbbgbfUU^#O^@/-H03@e

XH! T7::7K345!3/!2!/42;/-70!7@!0-.!.Q;.?0.8!67/23?C.8!@71./0!/0248!-.35-0!1.N
/9:0/!9/345!0-.!.Q26;:.!8202/.0H



ϑ98! "#$!%&’!#&()*++,

a. ɲletypes (string) - list of the desired output ɲle types formatted as a single 
/01345!K30-!a97020374!621C/!D.H5H!dC6:!G/74!03@eI

b. [--Nd_pairwise] (int) - optional pixel-averaging parameter for edge ɲtting 
D8.@29:0oVbI

c. [--Nd_self] (int) - optional pixel-averaging parameter for central scene ɲtting 
D8.@29:0oUbI

8H! pNN(^;231K3/.q!D340I!N!7;03742:!;3Q.:N2<.125345!;2126.0.1!@71!.85.!.1171!6.0N
13?/!D8.@29:0oVbI

.H! pNN(^/.:@q!D340I!N!7;03742:!;3Q.:N2<.125345!;2126.0.1!@71!?.4012:!/?.4.!.1171!
6.013?/!D8.@29:0oUbI

@H! pnNB34^/3W.q!D340I!N!7;03742:!B34!/3W.!@71!8.4/30>!?2:?9:20374!34!/;21/.!8202!
cloud ɲtting (default=100)

g. [--ɳag_sparse] (int) - optional ɳag for sparse data cloud ɲltering (choose 0 or 
UJ!8.@29:0obI

h. [--ɳag_diϜ] (int) - optional ɳag for exporting diϜerential height maps 
D?-77/.!b!71!UJ!8.@29:0obI

i. [--ɳag_error] (int) - optional ɳag for exporting .json error metric ɲles (choose 
b!71!UJ!8.@29:0obI

GH! pNN496M77C/q! D340I! N! 496B.1! 7@! :77C/! 34! 0-.! ?711.:20374! ./03620374! D8.N
@29:0oVbI

k. [--noiselevel] (ɳoat) - sensor thermal noise level (ALOSɅs value hardcoded as 
8.@29:0!3@!47!<2:9.!;17<38.8I

l. [--ɳag_proc] (int) - ɳag for ϥnSAR processor selection (choose 0 for ROϥ_PAC 
71!U!@71!P%Y$J!8.@29:0obI

m. [--ɳag_grad] (int) - ɳag for correction of large-scale temporal change gradiN
.40!D?-77/.!b!71!UJ!8.@29:0obI

There are no direct outputs from this script, as all the ɲle outputs are created within the 
/?13;0/!0-20!21.!?2::.8!B>!0-3/!6234!/?13;0H

The scripts called by forest_stand_height.py are: auto_tree_height.py, read_linkɲle.
;>J! 340.16.8320.H;>J! 340.16.8320.^/.:@H;>J! 2907^67/23?C345^4.KH;>J!K130.^8.:02%YH
py, write_mapɲle_new.py, write_diϜ_height_map.py, and cal_error_metric.py

VH! 2907^01..^-.35-0^624>H;>!3/!?2::.8!B>!0-.!@71./0^/0248^-.35-0H!"-3/!/?13;0!.QN
tracts data from ROϥ_PAC/ϥSCE output ɲles and formats them for use in the rest 
7@!0-.!/?13;0/H!T71!.2?-!/?.4.J!0-3/!/?13;0!194/!2907^01..^-.35-0^/345:.H;>J!248!
then saves the output correlation magnitudes, kz, and coordinates in a .mat ɲle, 
248!5.7!8202!D:34./J!/26;:./J!?714.1! :203098.!248!:7453098.J!248!:203098.!248!
longitude step size) in a text ɲle.

"-.!?766248!:34.!?2::!@71!0-3/!/?13;0!3/!;>0-74!831.?071>^7@^/?13;0/F2907^01..^-.35-0^
many.py scenes ɳagɲle directory

"-.!34;90/!@71!2907^01..^-.35-0^624>H;>!21.E

R! /?.4./!D340I!N!496B.1!7@!/?.4./!34!0-.!8202!/.0

R! ɳagɲle (string) - ɲle name of the ɲle that lists all the scene ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! pNN496M77C/q!D340I!N!496B.1!7@!:77C/!34!0-.!?711.:20374!./03620374!D8.N
@29:0oVbI

R! [--ɳag_proc] (int) - ɳag for ϥnSAR processor selection (input 0 for ROϥ_
=&Y!71!U!@71!P%Y$J!8.@29:0obI

R! [--ɳag_grad] (int) - ɳag for correction of large-scale temporal change 
51283.40!D34;90!b!71!UJ!8.@29:0obI

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! scenename_orig.mat - .mat ɲle that stores correlation map, kz value, and 
?714.1!?77183420./

R! scenename_geo.txt - text ɲle that stores the geodata (width, lines, corner 
:20!248!:74J!248!:20!248!:74!/0.;!<2:9./I

&907^01..^-.35-0^624>H;>! ?2::/! 2907^01..^-.35-0^/345:.^’+P=&Y! 248! 2907^01..^
-.35-0^/345:.^P%Y$H

XH! 2907^01..^-.35-0^/345:.^’+P=&YH;>!!?2::/!0-.!/?13;0!1.28^1/?^8202H;>!34!718.1!
to read the value of the given parameter from the rsc ɲle produced by ROϥ_PAC 
;17?.//345!7@!%&’!8202H!"-3/!/?13;0!2:/7!?2::/!1.67<.^?711^B32/H;>!07!1.67<.!?71N
1.:20374!B32/!2//7?320.8!K30-!’+P^=&YH!"-3/!/?13;0!3/!?2::.8!B>!2907^01..^-.35-0^
624>H;>!248!?24470!B.!194!34!0-.!0.16342:!74!30/!7K4!2/!30!4..8/!07!B.!30.120.8!
@71!.2?-!/?.4.!34!0-.!242:>/3/H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! date1 (string) - date of the ɲrst image of the interferogram (format howN
ever they are listed in the scene data text ɲle, such as 070911 for SepN
0.6B.1!UUJ!VbbgI

R! 820.V!D/01345I!N!820.!7@!0-.!/.?748!3625.!7@!0-.!340.1@.175126!D/26.!@71N
620!2/!820.UI

R! 496M77C/!D340I!N!496B.1!7@!:77C/!34!0-.!?711.:20374!./03620374

R! noiselevel (ɳoat) - sensor thermal noise level (ALOSɅs value hardcoded 
2/!8.@29:0I

R! ɳag_grad (int) - ɳag for correction of large-scale temporal change gradiN
.40!D34;90!b!71!UI



"#$!%&’!#&()*++,! ϑ99

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! ?711^</!D496;>!2112>I!N!212>!7@!0-.!?711.:20374!62543098./

R! kz (ɳoat) - kz parameter

R! ?7718/! D496;>! 2112>I! N! 2112>! 7@!62Q! :20! 248! :74! <2:9./! 34! 0-.! @71620!
p4710-J!/790-J!K./0J!.2/0q

R! 5.7^K380-!D340I!N!496B.1!7@!?7:964/!7@!3625.!8202

R! 5.7^4:34./!D340I!N!496B.1!7@!17K/!7@!3625.!8202

R! corner_lat (ɳoat) - max latitude value (north)

R! corner_lon (ɳoat) - min latitude value (west)

R! step_lat (ɳoat) - latitude pixel size in decimal degrees

R! step_lon (ɳoat) - longitude pixel size in decimal degrees

4. read_rsc_data.py reads a parameter from the ROϥ_PAC.rsc text output ɲle. This 
/?13;0! 3/!?2::.8!B>!2907^01..^-.35-0^/345:.^’+P=&YH;>!248!3/!470!6.240!07!B.!
194!34!0-.!0.16342:H

P4;90/!@71!0-3/!/?13;0!21.E

R!  ɲlename (string) - ɲle name of the ROϥ_PAC text output ɲle containing 
0-.!8./31.8!;2126.0.1!D62>!34?:98.!/9B831.?0713./!?740234345!0-.!’+P^
PAC output ɲles - everything lower than the main ɲle directory)

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! ;2126!D/01345I!N!426.!7@!0-.!8./31.8!;2126.0.1

Outputs for this script are the parameter values as ɳoats (result)

\H! 2907^01..^-.35-0^/345:.^P%Y$H;>!?2::/!1.67<.^?711^B32/H;>!!07!1.67<.!?711.:2N
0374!B32/!2//7?320.8!K30-!P%Y$H!"-3/!/?13;0!3/!?2::.8!B>!2907^01..^-.35-0^624>H;>!
248!?24470!B.!194!34!0-.!0.16342:!74!30/!7K4!/34?.!30!4..8/!07!B.!30.120.8!@71!.2?-!
/?.4.!34!0-.!242:>/3/H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! date1 (string) - date of the ɲrst image of the interferogram (format howN
ever they are listed in the scene data text ɲle, such as 070911 for SepN
0.6B.1!UUJ!VbbgI

R! 820.V!D/01345I!N!820.!7@!0-.!/.?748!3625.!7@!0-.!340.1@.175126!D/26.!@71N
620!2/!820.UI

R! 496M77C/!D340I!N!496B.1!7@!:77C/!34!0-.!?711.:20374!./03620374

R! noiselevel (ɳoat) - sensor thermal noise level (ALOSɅs value hardcoded as 

8.@29:0!3@!47!<2:9.!;17<38.8I

R! ɳag_grad (int) - ɳag for correction of large-scale temporal change gradiN
.40!D34;90!b!71!UI

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! ?711^</!D496;>!2112>I!N!212>!7@!0-.!?711.:20374!62543098./

R! kz (ɳoat) - kz parameter

R! ?7718/! D496;>! 2112>I! N! 2112>! 7@!62Q! :20! 248! :74! <2:9./! 34! 0-.! @71620!
p4710-J!/790-J!K./0J!.2/0q

R! 5.7^K380-!D340I!N!496B.1!7@!?7:964/!7@!3625.!8202

R! 5.7^4:34./!D340I!N!496B.1!7@!17K/!7@!3625.!8202

R! corner_lat (ɳoat) - max latitude value (north)

R! corner_lon (ɳoat) - min latitude value (west)

R! step_lat (ɳoat) - latitude pixel size in decimal degrees

R! step_lon (ɳoat) - longitude pixel size in decimal degrees

]H! 340.16.8320.H;>!?2:?9:20./!0-.!7<.1:2;!B.0K..4!.2?-!;231!7@!3625./H!"-3/!/?13;0!3/!
?2::.8!B>!@71./0^/0248^-.35-0H;>H

"7!194!34!0-.!0.16342:J!.40.1!0-.!?766248E!;>0-74!831.?071>^7@^/?13;0/F340.16.8320.H
py edges start_scene linkɲle maskɲle ɳagɲle ref_ɲle directory

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! .85./!D340I!N!496B.1!7@!.85./!D2C2!/?.4.N/?.4.!B718.1/I

R! start_scene (int) - ɳag value of the central scene that overlaps the ground 
0190-!@71./0!-.35-0!8202

R! :34C2112>!D496;>!2112>I!N!2112>!7@!0-.!/?.4.!;231/!0-20!?711./;748!07!.2?-!
.85.!34!0-.!@71620!2112>Dpp/?.4.UJ!/?.4.VqJ!p/?.4.UJ!/?.4.XqJ!.0?qI

R! maskɲle (string) - ɲlename of the mask ɲle that excludes all non-forest 
21.2/!D62/C!.Q?:98345!K20.1!248!-9624!83/091B.8!21.2/!/9?-!2/!91B24!
248!2513?9:091.!3/!2:/7!2??.;02B:.I

R! ɳagɲle (string) - ɲle name of the ɲle that lists all the scene ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R! ref_ɲle (string) - ɲlename of the reference data raster ɲle

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

ThereɅs no direct output for this script since all ɲle outputs are created in subprocesses.

P40.16.8320.H;>!?2::/!340.16.8320.^/.:@H;>!248!340.16.8320.^;231K3/.H;>H



@""! "#$!%&’!#&()*++,

gH! 1.67<.^?711^B32/H;>!1.67<./!0-.!?711.:20374!B32/!2//7?320.8!K30-!;17?.//345!B>!
’+P^=&Y!71!P%Y$H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! Y!D496;>!2112>I!N!?711.:20374!62543098.!2112>

R! 496M77C/!D340I!N!496B.1!7@!:77C/!34!0-.!?711.:20374!./03620374

"-.!790;90!@71!0-3/!/?13;0!3/!wY!D496;>!2112>I!N!?711.:20374!62543098.!2112>!DK30-!B32/!
1.67<.8I

hH! 340.16.8320.^;231K3/.H;>!?2:?9:20./!0-.!7<.1:2;!B.0K..4!.2?-!;231!7@!/?.4./J!
1.28345!0-.!8202!831.?0:>!@176!2907^01..^-.35-0^/345:.!120-.1!0-24!@176!24!34N
termediary ɲle. This script in turn calls ɳag_scene_ɲle.py and remove_nonforN
./0H;>H!"-3/!/?13;0!3/!?2::.8!B>!2907^01..^-.35-0^/345:.H;>!248!3/!470!6.240!07!B.!
194!@176!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! ɳag1 (int) - ɳag value of one scene in the pair

R! ɳag2 (int) - ɳag value of the other scene in the pair

R! ɳagɲle (string) - ɲle name of the ɲle that lists all the scene ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R!   maskɲle (string) - ɲlename of the mask ɲle that excludes all non-forest 
21.2/!D62/C!.Q?:98345!K20.1!248!-9624!83/091B.8!21.2/!/9?-!2/!91B24!
248!2513?9:091.!3/!2:/7!2??.;02B:.I

R!   directory (string) - directory path of where the input and output ɲles 
21.!:7?20.8

R!   ɲlename1_orig.mat: correlation map and associated parameters for the 
ɲrst scene (generated in previous steps)

R!   ɲlename2_orig.mat: correlation map and associated parameters for the 
/.?748!/?.4.!D5.4.120.8!34!;1.<379/!/0.;/I

The outputs for this script are link ɲles: one for each overlapping edge region, with the 
ɲlename format ɳag1_ɳag2.mat

fH! 340.16.8320.^/.:@H;>!?2:?9:20./!0-.!7<.1:2;!B.0K..4!0-.!@71./0!-.35-0!<2:3820374!
data and central scene.  This script in turn calls ɳag_scene_ɲle.py and remove_
474@71./0H;>H!"-3/!/?13;0!3/!?2::.8!B>!340.16.8320.H;>!248!3/!470!6.240!07!B.!194!
@176!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! start_scene (int) - ɳag value of the central scene that overlaps the ground 
0190-!8202

R! ɳagɲle (string) - ɲle name of the ɲle that lists all the scene ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! ɲlename_orig.mat: correlation map and associated parameters for the 
?.4012:!/?.4.!D5.4.120.8!34!;1.<379/!/0.;/I

R! reference data raster ɲle (already exists; main input)

The output for this script is self.mat, a link ɲle for the central scene-ground truth overN
:2;!1.5374

10. ɳag_scene_ɲle.py associates ɳag numbers with the name, dates, ALOS location 
D@126.!248!71B30IJ!248!;7:213W20374!7@!.2?-!/?.4.H!"-3/!/?13;0!3/!?2::.8!B>!340.1N
mediate_pairwise.py, write_deltaSC.py, and write_mapɲle_new.py and is not 
6.240!07!B.!194!@176!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! ɳagɲlename (string) - ɲle name of the ɲle that lists all the ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R! ɳag (int) - ɳag of the desired scene

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

"-.!790;90!@71!0-3/!/?13;0!3/!2!!8202^2112>!D:3/0I!N!:3/0!7@!0-.!8202!2//7?320.8!K30-!0-.!53<.4!
ɳag number.

UUH! 1.67<.^474@71./0H;>! 1.67<./!2::!474N@71./0!21.2/! @176! 0-.! 3625.!B2/.8!74!
the non-forest mask_ɲle. This script is called by intermediate_pairwaise.py and 
write_mapɲle_new.py and is not meant to be run in the terminal.

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! P!D496;>!2112>I!N!0-.!3625.!8202

R! @94?^?7718/!D496;>!2112>I!N!2112>!7@!?714.1!?77183420./

R! maskɲle (string) - ɲlename of the mask ɲle that excludes all non-forest 
21.2/!D62/C!.Q?:98345!K20.1!248!-9624!83/091B.8!21.2/!/9?-!2/!91B24!
248!2513?9:091.!3/!2:/7!2??.;02B:.I

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

"-.!790;90!@71!0-3/!/?13;0!3/!+!D496;>!2112>I!N!3625.!K30-790!0-.!474N@71./0!/.?0374/H

UVH! 2907^67/23?C345^4.KH;>! ?2:?9:20./! 0-.!%!248!Y!;2126.0.1/! 29076203?2::>!B>!
30.120345!0-1795-!2::!0-.!/?.4./!34!;1.;2120374!@71!@71./0!-.35-0!./03620374H!"-3/!
/?13;0!3/!?2::.8!B>!@71./0^/0248^-.35-0H;>H!2907^67/23?C345^4.KH;>!?2::/!:/^8.:N
taSC.py and read_linkɲle.py

"7!194!34!0-.!0.16342:J!.40.1!0-.!?766248E!;>0-74!831.?071>^7@^/?13;0/F2907^67/2N
icking_new.py scenes edges start_scene N linkɲle directory



"#$!%&’!#&()*++,! 20ϑ

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! /?.4./!D340I!N!496B.1!7@!/?.4./!34!0-.!8202!/.0

R! .85./!D340I!N!496B.1!7@!.85./!D2C2!/?.4.N/?.4.!B718.1/I

R! start_scene (int) - ɳag value of the central scene that overlaps the ground 
0190-!8202

R! (!D340I!N!496B.1!7@!30.120374/!07!194!0-.!474:34.21!:.2/0!/a921./!;210!7@!
0-.!678.:

R! Linkɲle - the ɲlename of the ɲle that lists all the edge scene pairs.

R! :34C2112>!D496;>!2112>I!N!2112>!7@!0-.!/?.4.!;231/!0-20!?711./;748!07!.2?-!
.85.!34!0-.!@71620!2112>Dpp/?.4.UJ!/?.4.VqJ!p/?.4.UJ!/?.4.XqJ!.0?qI

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! [--Nd_pairwise] (int) - pixel-averaging number for image ɲtting between 
0K7!7<.1:2;;.8!12821!/?.4./!D8.@29:0oVbI

R! [--Nd_self] (int) - pixel-averaging number for image ɲtting between sinN
5:.!12821!/?.4.!248!0-.!7<.1:2;;.8!517948!0190-!8202!D8.@29:0oUbI

R! [--bin_size] (int) - bin size for density calculation in scatter plot ɲtting 
K-.4!517948!0190-!8202!21.!/;21/.!D8.@29:0oUbbI

R! [--ɳag_sparse] (int) - ɳag for sparse data cloud ɲtting (input 0 or 1, deN
@29:0obI

The outputs produced by this script are iteration ɲles (.json format; e.g. ɈSC_#_iter.
G/74e!@71!dye0-!30.120374I!0-20!/071.!0-.!34?1.6.40!/0.;/!7@!%!248!Y!;2126.0.1/!248!0-.!
1./3892:i!47!<2:9./!21.!1.0914.8!B>!0-.!@94?0374H

UXH! :/^8.:02%YH;>!194/!:.2/0!/a921./!74!0-.!?-245.!34!%!248!Y!;2126.0.1/H!"-3/!/?13;0!
34!0914!?2::/!?2:^,*H;>H!"-3/!/?13;0!3/!?2::.8!B>!2907^67/23?C345^4.KH;>!248!3/!
470!6.240!07!B.!194!@176!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! 8;!D496;>!2112>I!N!2112>!7@!34?1.6.40!/0.;/!7@!%!248!Y!;2126.0.1!<2:9./

R! .85./!D340I!N!496B.1!7@!.85./!D2C2!/?.4.N/?.4.!B718.1/I

R! /?.4./!D340I!N!496B.1!7@!/?.4./!34!0-.!8202!/.0

R! start_scene (int) - ɳag value of the central scene that overlaps the ground 
0190-!8202

R! :34C2112>!D496;>!2112>I!N!2112>!7@!0-.!/?.4.!;231/!0-20!?711./;748!07!.2?-!
.85.!34!0-.!@71620!2112>Dpp/?.4.UJ!/?.4.VqJ!p/?.4.UJ!/?.4.XqJ!.0?qI

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! Nd_pairwise (int) - pixel-averaging number for image ɲtting between 
0K7!7<.1:2;;.8!12821!/?.4./!

R! Nd_self (int) - pixel-averaging number for image ɲtting between single 

12821!/?.4.!248!0-.!7<.1:2;;.8!517948!0190-!8202!

R! bin_size (int) - bin size for density calculation in scatter plot ɲtting

R! ɳag_sparse (int) - ɳag for sparse data cloud ɲltering (input 0 or 1)

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! ?-245.%Y!D496;>!2112>I!N!9;820.8!%!248!Y!;2126.0.1/!2/!1.@.1.4?.8!07!
0-.!2<.125.!%!DobH]I!248!Y!DoUXI

R! res (ɳoat) - residual k and b error compared to k = 1 and b = 0

U[H! ?2:^,*H;>!?2:?9:20./! 0-.!,!248!*!;2126.0.1/H!"-3/!/?13;0! 34! 0914!?2::/!?2:^,*^
;231K3/.^4.KH;>!248!?2:^,*^/.:@^4.KH;>H!"-3/!/?13;0!3/!?2::.8!B>!:/^8.:02%YH;>!
248!3/!470!6.240!07!B.!194!@176!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! R (ɳoat) - R parameter for this edge

R! RSME (ɳoat) - RSME parameter for this edge

R! R_RSME_ɲles: one for each edge with the ɲlename format scene1_
/?.4.V^PU248PVHG/74

"-.!790;90!@71!0-3/!/?13;0!3/!ww!D496;>!2112>IJ!24!2112>!7@!C!248!B!<2:9./H

U\H! ?2:^,*^;231K3/.^4.KH;>!?2:?9:20./!,!248!*!B.0K..4!3625.!;231/H!P4!0914J!0-3/!
/?13;0!?2::/!21?^/34?H;>J!6.24^K7^424H;>J!.Q012?0^/?200.1;:70^8.4/30>H;>J!248!
1.67<.^790:3.1H;>H!"-3/!/?13;0!3/!?2::.8!B>!?2:^,*!248!3/!470!6.240!07!B.!194!34!
0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! scene1 (int) - ɳag value of one scene in the pair

R! scene2 (int) - ɳag value of the other scene in the pair

R! deltaS1 (ɳoat) - change in S value for one scene in the pair

R! deltaC1 (ɳoat) - change in C value for one scene in the pair

R! deltaS2 (ɳoat) - change in S value for the other scene in the pair

R! deltaC2 (ɳoat) - change in C value for the other scene in the pair

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! Nd_pairwise (int) - pixel-averaging number for image ɲtting between 
0K7!7<.1:2;;.8!12821!/?.4./

R! bin_size (int) - bin size for density calculation in scatter plot ɲtting

R! link ɲles: one for each overlapping edge region, with the ɲlename format 
/?.4.U^/?.4.VH620!D5.4.120.8!34!;1.<379/!/0.;/I

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! k (ɳoat) - k parameter for this edge

R! b (ɳoat) - b parameter for this edge



@"@! "#$!%&’!#&()*++,

U]H! ?2:^,*^/.:@^4.KH;>!?2:?9:20./!,!248!*!B.0K..4!0-.!?.4012:!3625.!248!0-.!@71N
./0!-.35-0!<2:3820374!8202H!P4!0914J!0-3/!/?13;0!?2::/!21?^/34?H;>J!6.24^K7^424H
;>J!.Q012?0^/?200.1;:70^8.4/30>H;>J!248!1.67<.^790:3.1H;>H!"-3/!/?13;0!3/!?2::.8!B>!
?2:^,*!248!3/!470!6.240!07!B.!194!34!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! deltaS2 (ɳoat) - change in S value for the central scene

R! deltaC2 (ɳoat) - change in C value for the central scene

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! Nd_self (int) - pixel-averaging number for image ɲtting between single 
12821!/?.4.!248!0-.!7<.1:2;;.8!517948!0190-!8202

R! bin_size (int) - bin size for density calculation in scatter plot ɲtting

R! ɳag_sparse (int) - ɳag for sparse data cloud ɲltering (input 0 or 1)

R! self.mat: link ɲle for the central scene-ground truth overlap region (genN
.120.8!34!;1.<379/!/0.;/I

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! k (ɳoat) - k parameter for this edge

R! b (ɳoat) - b parameter for this edge

UgH! 21?^/34?H;>!?2:?9:20./!0-.!34<.1/.!/34?!@94?0374!2/!;210!7@!?2:?9:20345!,!248!*!<2:N
ues. This script is called by cal_KB_pairwise and write_mapɲle_new.py and is 
470!6.240!07!B.!194!34!0-.!0.16342:H!

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! k!N!&!496;>!2112>!7@!Q!<2:9./!@71!0-.!34<.1/.!/34?!@94?0374

R! c_parama - C parameter (ɳoat) from the Forest Stand Height model

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! >!N!2!496;>!2112>!7@!>!<2:9./!7@!34<.1/.!/34?!@94?0374!/203/@>345!Qo/34?D>FYI

UhH! 6.24^K7^424H;>!?2:?9:20./!248!1.0914/!0-.!6.24!7@!2::!496B.1!<2:9./!34!24!
2112>!2/!;210!7@!?2:?9:20345!,!248!*!<2:9./H!"-3/!/?13;0!3/!?2::.8!B>!?2:^,*^;231N
K3/.^4.KH;>!248!3/!470!6.240!07!B.!194!34!0-.!0.16342:H

P4;90/!@71!0-3/!/?13;0!21.E

R! &!D496;>!2112>I!N!34;90!2112>!7@!<2:9./

+90;90/!@71!0-3/!/?13;0!21.E

R! mean of B (A excluding NaN values) (ɳoat)

UfH! .Q012?0^/?200.1;:70^8.4/30>H;>! ?2:?9:20./! 0-.! V)! -3/075126! 7@! 0-.! /?200.1;:70!
B.0K..4!;231/!7@!@71./0!-.35-0!248!1.0914/!0-.!@71./0!-.35-0!;231/!K30-!1.:203<.:>!
:215.!8.4/30>H!"-3/!/?13;0!3/!340.48.8!07!1.;:2?.!1.67<.^790:3.1H;>!34!718.1!07!83/N
034593/-!B.0K..4!@71./0!83/091B24?.!248!@71./0!-.35-0!./03620374H!"-3/!/?13;0!3/!
?2::.8!B>!?2:^,*^;231K3/.!248!3/!470!340.48.8!07!B.!194!34!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! Q!D496;>!2112>I!N!2112>!7@!Q!<2:9./!7@!;7340/

R! >!D496;>!2112>I!N!2112>!7@!>!<2:9./!7@!;7340/

R! bin_size (int) - bin size for density calculation in scatter plot ɲtting (deN
@29:0!o!UbbI

R! threshold (ɳoat) - density threshold (default = 0.5)

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! #6^8.4!D496;>!2112>I! N!2112>!7@!Q!<2:9./!7@! 0-.!;7340/!K30-!8.4/303./!
2B7<.!0-.!34;900.8!0-1./-7:8

R! =6^8.4! D496;>!2112>I! N!2112>!7@! >! <2:9./!7@! 0-.!;7340/!K30-!8.4/303./!
2B7<.!0-.!34;900.8!0-1./-7:8

VbH! 1.67<.^790:3.1H;>! 0-3/! /?13;0! 3/! ?2::.8! B>! ?2:^,*^/.:@^4.KH;>J! ?2:^,*^;231N
K3/.H;>J!?2:^,*^;231K3/.^4.KH;>J!?2:^.1171^6.013?^;231K3/.H;>J! !248!?2:^.1N
171^6.013?^/.:@H;>!07!1.67<.!790:3.1/J!248!3/!/9;;:.6.40.8!B>!0-.!@94?0374!7@!
.Q012?0^/?200.1;:70^8.4/30>H;>H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! Q!D496;>!2112>I!N!2112>!7@!Q!<2:9./!7@!;7340/

R! >!D496;>!2112>I!N!2112>!7@!>!<2:9./!7@!;7340/

R! win_size (ɳoat) - window size to search for neighboring points (defaults 
07!bH\I

R! 0-1./-7:8!D340I!N!496B.1!7@!4.35-B71345!;7340/!4..8.8!K30-34!0-.!K34N
87K!07!470!?7940!2/!24!790:3.1!D8.@29:0/!07!\I

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! kk!D496;>!2112>I!N!2112>!7@!Q!<2:9./!7@!0-.!;7340/!.Q?:98345!0-7/.!?7940.8!
2/!790:3.1/

R! ww!D496;>!2112>I!N!2112>!7@!>!<2:9./!7@!0-.!;7340/!.Q?:98345!0-7/.!?7940.8!
2/!790:3.1/

21. read_linkɲle.py reads in a text ɲle containing a list of all the scene pairs and 
1.0914/!2!V)!2112>!7@!0-.!;231/H!"-3/!/?13;0!3/!?2::.8!B>!2907^67/23?C345^4.KH;>

"7!194!0-3/!/?13;0!34!0-.!0.16342:J!9/.!0-.!@7::7K345!?766248E!;>0-74!831.?071>^7@^
scripts/read_linkɲle.py edges ɲlename directory



"#$!%&’!#&()*++,! @"3

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! .85./!D340I!N!496B.1!7@!.85./!D2C2!/?.4.N/?.4.!B718.1/I

R! ɲlename (string) - ɲle name of the ɲle that lists all the edge scene pairs

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

"-.!790;90/! @71! 0-3/!/?13;0! 3/! :34C2112>!D496;>!2112>I! N!2112>!7@! 0-.!/?.4.!;231/! 0-20!
?711./;748!07!.2?-!.85.!34!0-.!@71620!2112>Dpp/?.4.UJ!/?.4.VqJ!p/?.4.UJ!/?.4.XqJ!.0?qI

VVH! K130.^8.:02%YH;>!?2:?9:20./!0-.!0.6;712:!?-245.!;2126.0.1/!D%!248!YI!2/!1.@.1N
enced to the average values: S=0.6, C=13 based on the ɲnal iteration. This script is 
called by forest_stand_height.py. write_deltaSC.py in turn calls ɳag_scene_ɲle.
;>H

"7!194! 34! 0-.!0.16342:J!.40.1! 0-.!?766248E!;>0-74!831.?071>^7@^/?13;0/FK130.^8.:N
taSC.py scenes N ɳagɲle directory

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! !/?.4./!D340I!N!496B.1!7@!/?.4./!34!0-.!8202!/.0

R! !!(!D340I!N!496B.1!7@!30.120374/!07!194!0-.!474:34.21!:.2/0!/a921./!;210!7@!
0-.!678.:

R! ɳagɲle (string) - ɲle name of the ɲle that lists all the scene ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! SC_#_iter.json: ɲnal iteration ɲle (generated in previous steps)

The output for this script is one ɲle per scene that contains delta S and C. The ɲle name 
@71620!3/!d/?.4.426.^0.6;)HG/74e

23. write_mapɲle_new.py calculates and writes the tree height map to a ɲle. This 
script is called by forest_stand_height.py. This script calls ɳag_scene_ɲle.py, 
arc_sinc.py, remove_nonforest.py and write_ɲle_type.py.

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! /?.4./!D340I!N!496B.1!7@!/?.4./!34!0-.!8202!/.0

R! ɳagɲle (string) - ɲle name of the ɲle that lists all the scene ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R!  maskɲle (string) - ɲlename of the mask ɲle that excludes all non-forest 
21.2/!D62/C!.Q?:98345!K20.1!248!-9624!83/091B.8!21.2/!/9?-!2/!91B24!
248!2513?9:091.!3/!2:/7!2??.;02B:.I!D7;03742:!N!3@!47!62/C!2<23:2B:.!9/.!|Nc!
2/!24!34;90!07!@71./0^/0248^-.35-0H;>I

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! output_ɲles (string) - list of the desired output ɲle types formatted as a 
/345:.!/01345!D.H5H!dC6:!G/74!03@eI

R! /?.4.426.^7135H620E!?711.:20374!62;!248!2//7?320.8!;2126.0.1/!@71!0-.!
?.4012:!/?.4.!D5.4.120.8!34!;1.<379/!/0.;/I

R!  scenename_tempD.json: delta S and C ɲles produced (generated in preN
<379/!/0.;/I

ThereɅs no direct output (all ɲle output created in write_ɲle_type.py).

24. write_ɲle_type.py writes the input array from the tree height map or the diϜ_
height map to a ɲle, with the ɲle type depending on input parameters: gif, json, 
C6:J!620J!71!03@H!P4!0914!0-3/!/?13;0!?2::/!!1.28^5.7^8202H;>H!"-3/!/?13;0!3/!?2::.8!B>!
write_mapɲle_new.py and is not meant to be run in the terminal.

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! data (numpy array) - array to be written to the ɲle

R! 7900>;.!D/01345I!N!/01345!07!/3543@>!K-3?-!34;90!D01..!-.35-0!d/0248^-.35-0e!
or diϜerential height ɈdiϜ_heightɉ) is being output

R! ɲlename (string) - scene ɲle name

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! ɲletype (string) - ɲle extension for the desired output ɲle type (.gif, .json, 
HC6:J!H620J!248!H03@!2??.;0.8!N{!34;90!K30-790!0-.!dHe!D.H5H!dC6:e!34/0.28!
7@!dHC6:eI

R! ?7718/! D496;>! 2112>I! N! 2112>! 7@!62Q! :20! 248! :74! <2:9./! 34! 0-.! @71620!
p4710-J!/790-J!K./0J!.2/0q

R! reʛle (string) - reference ɲlename containing ground truth data (optionN
al; only needed for diϜerential height map)

The outputs for this script are output ɲles(s) of the array image saved in the ɲle type 
speciɲed in the input.

V\H! 1.28^5.7^8202H;>!1.28/!34!:203098.J!:7453098.J!;3Q.:!/3W.J!248!3625.!/3W.!@176!2!
GeoTϥFF or text ɲle based on ROϥ_PAC output. This script is called by write_ɲle_
0>;.H;>!248!3/!470!6.240!07!B.!194!34!0-.!0.16342:H

P4;90/!@71!0-3/!/?13;0!21.E

R! coord_ɲle (string) - ɲle name of the input data ɲle with the location inforN
620374!D:20F:745J!/0.;!/3W.J!3625.!/3W.I

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8



@"A! "#$!%&’!#&()*++,

+90;90/!@71!0-3/!/?13;0!21.E

R! K380-!D340I!N!K380-F496B.1!7@!?7:964/!7@!0-.!3625.

R! 4:34./!D340I!N!:34./F496B.1!7@!17K/!7@!0-.!3625.

R! corner_lat (ɳoat) - latitude of the upper left corner

R! corner_long (ɳoat) - longitude of the upper left corner

R! post_lat (ɳoat) - latitude step size

R! post_long (ɳoat) - longitude step size

26. write_diϜ_height_map.py writes the forest diϜerential height map between SAR 
248!7<.1:2;;345!@71./0!-.35-0!517948!0190-!3625./H!"-3/!/?13;0!3/!?2::.8!@176!@71N
est_stand_height if the parameter --ɳag_diϜ is entered.

P4;90/!@71!0-3/!/?13;0!21.E

R! start_scene (int) - ɳag value of the central scene that overlaps the ground 
0190-!8202

R! reʛle (string) - reference ɲlename containing ground truth data

R! ɳagɲle (string) - ɲle name of the ɲle that lists all the scene ɳags and corN
responding full ɲle names and associated ɲle date (dates, scene location 
D@126.yJ71B30yIJ!;7:213W20374I

R! maskɲle (string) - ɲlename of the mask ɲle that excludes all non-forest 
21.2/!D62/C!.Q?:98345!K20.1!248!-9624!83/091B.8!21.2/!/9?-!2/!91B24!
248!2513?9:091.! 3/!2:/7!2??.;02B:.I!D7;03742:i! 3@!47!62/C/!21.!2<23:2B:.J!
9/.!|Nc!2/!24!34;90!07!@71./0^/0248^-.35-0H;>I

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8!

R! output_ɲles (string) - list of the desired output ɲle types formatted as a 
/345:.!/01345!D.H5H!dC6:!G/74!03@eI

There is no direct output for this script, as all ɲle output is created in write_ɲle_type.py.

VgH! ?2:^.1171^6.013?H;>!?2:?9:20./!0-.!’!248!’Z%$!.1171!6.013?/!@71!0-.!678.:H!"-3/!
script is called from forest_stand_height.py if the parameter --ɳag_error is enN
0.1.8H!"-3/!/?13;0!?2::/!?2:^.1171^6.013?^;231K3/.H;>!248!?2:^.1171^6.013?^/.:@H
;>H!

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! 8;!D496;>!2112>I!N!2112>!7@!34?1.6.40!/0.;/!7@!%!248!Y!;2126.0.1!<2:9./

R! .85./!D340I!N!496B.1!7@!.85./!D2C2!/?.4.N/?.4.!B718.1/I

R! start_scene (int) - ɳag value of the central scene that overlaps the ground 
0190-!8202

R! :34C!D496;>!2112>I!N!2112>!7@!0-.!/?.4.!;231/!0-20!?711./;748!07!.2?-!.85.!
34!0-.!@71620!2112>Dpp/?.4.UJ!/?.4.VqJ!p/?.4.UJ!/?.4.XqJ!.0?qI

R! directory (string) - directory path of where the input and output ɲles are 

:7?20.8

R! (^;231K3/.!D340I!N!;3Q.:N2<.125345!496B.1!@71!/?200.1!;:70

R! (^/.:@!D340I!N!;3Q.:N2<.125345!496B.1!@71!/?200.1!;:70

"-.!790;90!@71!0-3/!/?13;0!3/!wwJ!2!496;>!2112>!7@!’!248!’Z%$!<2:9./H

VhH! ?2:^.1171^6.013?^;231K3/.H;>! ?2:?9:20./! 0-.! ’! 248! ’Z%$! .1171! 6.013?/H! "-3/!
/?13;0!?2::/!21?^/34?H;>J!6.24^K7^424H;>!248!1.67<.^790:3.1H;>H!P0!3/!?2::.8!B>!
?2:^.1171^6.013?H;>!248!3/!470!6.240!07!B.!194!34!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! scene1 (int) - ɳag value of one scene in the pair

R! scene2 (int) - ɳag value of the other scene in the pair

R! deltaS1 (ɳoat) - change in S value for one scene in the pair

R! deltaC1 (ɳoat) - change in C value for one scene in the pair

R! deltaS2 (ɳoat) - change in S value for the other scene in the pair

R! deltaC2 (ɳoat) - change in C value for the other scene in the pair

R! directory (string) - directory path to where the input and output ɲles are 
:7?20.8

R! (^;231K3/.!D340I!N!;3Q.:N2<.125345!496B.1!@71!0-.!/?200.1!;:70

R! link ɲles: one for each overlapping edge region, with the ɲlename format 
/?.4.U^/?.4.VH620!D5.4.120.8!34!;1.<379/!/0.;/I

"-.!790;90/!@71!0-3/!/?13;0!21.E

R! R (ɳoat) - R parameter for this edge

R! RSME (ɳoat) - RSME parameter for this edge

R! R_RSME_ɲles: one for each edge, with the ɲlename format scene1_
/?.4.V^PU248PVHG/74

VfH! ?2:^.1171^6.013?^/.:@H;>!?2:?9:20./!’!248!’Z%$!B.0K..4!0-.!?.4012:!3625.!248!
0-.!@71./0!-.35-0!517948!<2:3820374!8202H!"-3/!/?13;0!?2::/!21?^/34?H;>J!6.24^K7^
424H;>J!248!1.67<.^790:3.1H;>H!"-3/!/?13;0!3/!?2::.8!B>!?2:^.1171^6.013?H;>!248!3/!
470!6.240!07!B.!194!34!0-.!0.16342:H

"-.!34;90/!@71!0-3/!/?13;0!21.E

R! deltaS2 (ɳoat) - change in S value for the central scene

R! deltaC2 (ɳoat) - change in C value for the central scene

R! directory (string) - directory path of where the input and output ɲles are 
:7?20.8

R! (^/.:@!D340I!N!;3Q.:N2<.125345!496B.1!@71!/?200.1!;:70

R! self.mat: link ɲle for the central scene-ground truth overlap region (genN
.120.8!34!;1.<379/!/0.;/I

"-.!790;90!@71!0-3/!/?13;0!3/!ww!D496;>!2112>I!N!2112>!7@!’!248!’Z%$!<2:9./H
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G32<! I32A1;! ./<@:-1IE! 57030! /30! .5-::! GA1;/<015/:!
@328:0<.! /..24-/50;! 6-57! ./<@:-1IE! <0/.A30<015E!
/1;!/::2<053-4!A14035/-159!57/5!<A.5!80!/;;30..0;!89!
570!30.0/347!42<<A1-59!CF7/L0!05!/:M!UVPfE!%//547-!
05!/:M!UVP^E!(I2</1;/!05!/:M!UVPfE!B-</!05!/:M!UVPUE!
F701!05!/:M!UVP^E!,/5033-1I.!05!/:M!UVVPDM
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"70! 421L015-21/:! <0572;2:2I9! G23! 0.5-</5-1I!
570! G230.5! &O*! -1! /19! :24/5-21! 30:-0.! 21! .5/5-.5-4/:!
./<@:-1I! /@@32/470.! /1;! -.! 3042<<01;0;!89!L/3=
-2A.!@325242:.! /1;! IA-;0:-10.!G23!O#O!-1L015239!-1!
G230.5:/1;.!CH?FF!F7/@503! f!UVV_DM!"70.0! ./<@:-1I!
50471-WA0.!7/L0!8001!A.0;!-1!<2.5!(TH!.9.50<.!-1!
;0L0:2@0;!42A153-0.!/1;!-14:A;0!.9.50</5-4!3/1;2<!
./<@:-1I!/@@32/470.E!/.!-1!0d/<@:0.!2G!KM%M!G230.5!
-1L015239!;/5/!CT-IM!UMPD!C#0/57!05!/:M!UVPPDE!%60;-.7!
(TH!C'00.0!05!/:M!�������������� �)�L�Q�O�D�Q�G���1�)�–�� ���7�R�P�S�S�R���H�W���D�O����
UVPPDE!F/1/;/! (TH!C%5-1.21!05! /:M!UVPPDE! /1;!F7-1/!
(TH!Cj01I!05!/:M!UVP^DM!&!4214-.0!.A<</39!2G!570!./<=
@:-1I!;0.-I1.!-1!$A32@0/1!42A153-0.!4/1!80!G2A1;!-1!
570! :-503/5A30!C"2<@@2!05! /:M!UVPPE!B/630140!05! /:M!
UVPVDM!N2.5!2G!570.0!42A153-0.!A.0!0-5703!;05/470;!
�4�H�O�G���V�D�P�S�O�H���S�O�R�W�V���R�U���F�O�X�V�W�H�U�V���R�I���S�O�R�W�V�����D�Q�G���W�K�H�U�H���D�U�H��
L/3-/5-21.! -1! ./<@:-1I! ;01.-59! /1;! 570! /..24-/50;!
A14035/-159M!"70!G230.5!/30/!30@30.0150;!89!210!@:25!
�Y�D�U�L�H�V���I�U�R�P���������K�D���L�Q���W�K�H���:�D�O�O�R�R�Q���U�H�J�L�R�Q���L�Q���%�H�O�J�L�X�P���W�R��
/82A5!UE^VV!7/!-1!570!KM%M!/1;!U_`E`VV!7/!-1!F/1/;/M!
"7030!-.!/:.2!WA-50!/!7-I7!:0L0:!2G!;-L03.-59!-1!0.5-</=
5-21!<0572;.! /1;! 570!A.0!2G!5300! /::2<0539!8/.0;!
21!570!<0/.A30<015.M!"70!30@235.!-1!"2<@@2!05!/:M!
CUVPVD!@30.015!<230! ;05/-:0;! ;0.43-@5-21.!2G!570.0!
42A153-0.X!-1L015239!<0572;.!/1;!47/1I0.!-1!570!;0=
.-I1.!Cj01I!05!/:M!UVP^DM

&1!/@@32/47!.-<-:/3!52!570!(TH!.9.50<.!G23!8230=
/:! /1;!50<@03/50!G230.5.!4/1!80!/@@:-0;!52!532@-4/:!
42A153-0.!6-57!570!/;;-5-21/:!421.-;03/5-21!2G!;-L03=
.-59!2G!.@04-0.E!.53A45A30E!/1;!30WA-30<015.!G23!@304-=
.-21!2G!0.5-</50.M!"70!./<@:0!.-Y0!/1;!570!.7/@0!/1;!
�W�K�H���F�R�Q�4�J�X�U�D�W�L�R�Q���R�I���W�K�H���V�D�P�S�O�H�V���Z�L�O�O���E�H���D�Q���L�P�S�R�U�W�D�Q�W��
0:0<015! -1!430/5-1I! /!@328/8-:-.5-4! ./<@:-1I! ;0.-I1!
/5!570!1/5-21/:!23!30I-21/:! .4/:0M!B/3I0!@:25.! /1;! /!
7-I703!1A<803!2G!./<@:0.!@32L-;0!<230!@304-.0!&O*!
0.5-</50.!/5!570!1/5-21/:!23!.A81/5-21/:!.4/:0.M!#26=
�H�Y�H�U�����R�W�K�H�U���I�D�F�W�R�U�V���V�X�F�K���D�V���W�K�H���G�H�J�U�H�H���R�I���G�L�]�F�X�O�W�\���L�Q��
0.5/8:-.7-1I! :/3I0! @:25.! -1! 42<@:0d! 5033/-1.E! 42.5.E!

�D�Q�G�� �W�K�H�� �W�L�P�H�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �4�H�O�G�� �V�X�U�Y�H�\�V�� �V�L�J�Q�L�4=
4/15:9!42153-8A50!52!570!472-40!2G!./<@:-1I!.-Y0!/1;!
�F�R�Q�4�J�X�U�D�W�L�R�Q�V�����0�F�5�R�E�H�U�W�V���H�W���D�O������������������
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! H1L015239! 7/.! /! :21I! 7-.5239! G32<! 5300=8/.0;!
.-Y0!/1;!;01.-59!<0/.A30<015.!G23!7/3L0.5-1I!/1;!
5-<803!0d53/45-21.M!H1!I0103/:E!5300.!/30!421.53/-10;!
-1! 570-3! I02<0539! /1;! ;-.@:/9! .53-Z-1I! 30IA:/3-5-0.!
-1! 570-3! .53A45A30.M! "70.0! 30IA:/3-5-0.! /::26! 5300!
;-/<0503! <0/.A30<015.! 52! 80! 53/1.G23<0;! -152!
25703! L/3-/8:0.! 2G! -15030.5M! "7030! /30! 562! @30L/=
:015! 0d@:/1/5-21.! G23! 570.0! 30IA:/3-5-0.]! +10! -1=
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4/1!80!47/3/4503-Y0;!-1!0-5703!4/.0!89!570!A.0!2G!.5/=
5-.5-4/::9!4/:-83/50;!0WA/5-21.!Z1261!/.![/::2<053-4!
0WA/5-21.M\! &:.2E! 5300! ;-/<0503! 4/1! 80! 30:/50;! 52!
25703!/553-8A50.!.A47!/.!525/:!5300!</..E!570!/30/!2G!
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e!*3261!UVV^E!F7/L0!05!/:M!UVV^DM

N2.5! 5300.! ;2! 125! I326! .9<<053-4/::9! 2L03!
570-3! :-G0.@/1.M! %</::! 5300.! 7/L0! /! ;-.@32@235-21=
/::9!:/3I03!/<2A15!2G!:0/L0.!/1;!:0..!622;9!5-..A0!
57/1!:/3I0!5300.!C#/::m!e!+:;0</11!PQ`^E!#/::m!05!
/:M!PQ`RDM!%53A45A3/:!<2;0:.!8/.0;!21!5300!.-Y0!/1;!
<047/1-4/:! .5301I57!6030! ;03-L0;!G23!01I-1003-1I!
@328:0<.! G23! 421.53A45-1I! .7-@.! 67030! ;-/<0503E!
70-I75E! /1;! 59@0! 2G! 622;! 6030! A.0;! 52! 4/:4A:/50!
570! </..M! H1! G230.539E! .-<-:/3! 59@0! <0/.A30<015.!
7/L0!8001!A.0;!52!WA/15-G9!570!.-Y0!2G!5300.!/1;!570!
;01.-59!2G!570!622;!G23!:2II-1I!/1;!42<<034-/:!A.0!
2G!622;M!&1! /::2<053-4!30:/5-21.7-@!4/1!80!G2A1;!
8056001!5300!70-I75!/1;!./@622;!/30/!57/5!.4/:0.!
-.2<053-4/::9E!21!/L03/I0E!6-57!570!5300!53A1Z!432..!
.045-21M!"7-.!30:/5-21.7-@!L/3-0.! /.! /!421.0WA0140!
2G!<23@72:2I-4/:!/1;!042@79.-2:2I-4/:!.@04-0.=.@0=
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421.53/-15.M!#260L03E!-5!6-::!A:5-</50:9!421L03I0!21!
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"70! /::2<053-4! <2;0:.! /30! ;0L0:2@0;! G23! 0/47!
G230.5!59@0!/1;!/30!8/.0;!21!0<@-3-4/:!30:/5-21.7-@.!
8056001!</..!/1;!5300!;-/<0503!/1;!70-I75M!#260L=
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:2I-.5-4/::9E!@/35-4A:/3:9!G23!30<250!:24/5-21.!/1;!532@=
-4/:!G230.5.M!N2.5!4/:-83/5-21.!/30!.@/3.0!6-57!30.@045!
52!;/5/!21!:/3I03!;-/<0503!5300.M!%-140!570!0WA/5-21.!
�D�U�H���4�W�W�H�G���W�R���W�K�H���G�D�W�D���X�V�L�Q�J���D���O�R�J���W�U�D�Q�V�I�R�U�P�H�G���P�R�G�H�O����
570!03323.!/..24-/50;!6-57!570!:/3I03!;-/<0503!5300.!
/30! L039! :/3I0! CF7/L0! 05! /:M! UVV^E! F7/<803.! 05! /:M!
UVVPDM!H1!</5A30!1/5A3/:!G230.5.E!/!:/3I0!@034015/I0!
2G!570!525/:!</..!-.!/..24-/50;!6-57!570!:/3I0.5!5300.E!
�V�R���W�K�L�V���L�V���S�R�W�H�Q�W�L�D�O�O�\���D���V�L�J�Q�L�4�F�D�Q�W���V�R�X�U�F�H���R�I���H�U�U�R�U���D�Q�G��
8-/.!C%7AI/35!05!/:M!UVPVDM
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%0L03/:! IA-;0:-10.! 0d-.5! G23! ;0.-I1-1I! @:25.! G23!
G230.5!23!I0103/:!L0I05/5-21!-1L015239!/1;!G23!.53A4=
5A30!/1;!8-2</..!47/3/4503-Y/5-21M!H5!-.!3042<<01;=
0;! 57/5! -15030.50;! 30/;03.! 421.A:5!6-57! ;24A<015.!
.A47! /.!570!'&H(T+'!@325242:.!G23!@:25! ;0.-I1! /1;!
<0/.A30<015.! /1;!�:�L�Q�U�R�F�N�� �–�Q�W�H�U�Q�D�W�L�R�Q�D�OM!"70! ;24=
A<015.!4/1!80!;261:2/;0;!G32<!570!G2::26-1I!:-1Z.]
i ! 755@]SS666M3/-1G23M23ISA@:2/;SN/1A/:.$1=

�)�L�‘�X�U�H�����������7�U�H�H�V���Z�L�W�K���F�R�P�S�O�H�[���V�W�U�X�F�W�X�U�H��
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http://www.rainfor.org/upload/ManualsEnglish/RAINFOR_field_manual_version_June_2009_ENG.pdf


2ϑ2! "#$!%&’!#&()*++,

I: -.7S’ & H(T+’n G -0:;n</1A/:nL03. -21n
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i! 75 5@.]SS666M6-1324ZM23IS6@=4215015SA@=
loads/2016/03/Winrock_Terrestrial_Carbon_
T-0:;n%+?nN/1A/:nUVPUna03.-21M@;G

"70! G2::26-1I!IA-;0:-10.!/30!;0.-I10;! 52!70:@! -1!
0.5/8:-.7-1I!@:25.! G23! 30<250! .01.-1IE! .@04-/::9! %&’!
8-2</..!0.5-</5-21!/@@:-4/5-21.]!
CPD! B24/5-21M!%0:045!570!I0103/:!/30/!2G!570!@:25!:24/=

5-21.!G23!570!.5A;9!/30/M!)0@01;-1I!21!570!30<250!
.01.-1I!/@@:-4/5-21.E!570!I0103/:!:24/5-21!</9!80!
.0:0450;!G32<!/1!/30/!6-57!570!G2::26-1I!43-503-/]
i! ’0/.21/8:9!72<2I012A.!.2-:!@/3015!</503-/:!

/1;!.2-:!59@0
i! &;0WA/50!/440..
i! Reasonably slopped or ɳat terrain to avoid 

complex plot establishment and diʛcult of 
30:/5-1I!-5!52!3/;/3!23!:-;/3!;/5/

i! Suʛcient long-term security from human dis=
5A38/140

i! Suʛcient long-term institutional support in 
4/.0!2G!@03</1015!/1;!<21-523-1I!@:25.

i! &L2-;! /30/.! 57/5! 7/L0! 125! 7/;! G30WA015! ;-.=
5A38/140E!@/35-4A:/3:9!-G!570!@:25.!/30!A.0;!G23!
;0L0:2@-1I!<2;0:.! G23!30<250!.01.-1I!</@=
@-1IE!23!4/:-83/5-21!/1;!L/:-;/5-21!2G!30<250!
.01.-1I!@32;A45.

CUD!%/<@:0!;0.-I1!/:.2!;0@01;.!21!570!/@@:-4/5-21M!
T23! <2.5! -1L015239! /@@:-4/5-21.E! 570! :/1;.4/@0!
is divided based on some stratiɲcation of vege=
5/5-21!59@0E!.2-:E!23!52@2I3/@79g!/1;!570!./<@:0.!
/30!;0.-I10;! 52! 30@30.015! 570!.53A45A30!2G!0/47!
strata. Within strata, plots should be random=
:9! :24/50;E! 52! /L2-;! o</J0.5-4! G230.5X! 8-/.! /1;!
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https://www.winrock.org/wp-content/uploads/2016/03/Winrock_Terrestrial_Carbon_Field_SOP_Manual_2012_Version.pdf
https://www.winrock.org/wp-content/uploads/2016/03/Winrock_Terrestrial_Carbon_Field_SOP_Manual_2012_Version.pdf
http://www.rainfor.org/upload/ManualsEnglish/wood_density_english%5b1%5d.pdf
http://www.rainfor.org/upload/ManualsEnglish/wood_density_english%5b1%5d.pdf
http://www.rainfor.org/upload/ManualsEnglish/wood_density_english%5b1%5d.pdf
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0.5-</5-21M! H1! <2.5! @3/45-4/:! .5A;-0.E! /440..!
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of the plot can introduce signiɲcant errors in 
8-2</..!0.5-</5-21!/.!/! 30G030140!;/5/! 52!80!
42<@/30;!52!570!%&’!<0/.A30<015M!
!b%&’!<0/.A30<015.!/:.2!</9!7/L0!03323.!/..2=
4-/50;!6-57!570!/8.2:A50!4/:-83/5-21!2G!570!.9.=
50<E!570!’"F!<0572;!G23!30<2L-1I!52@2I3/@79!
and incidence angle eϜects, and geolocation 
2G!@-d0:.!6701!A.-1I!570!;/5/!52!42<@/30!6-57!

ground plots. Together these eϜects can cause 
8-/.!/1;!3/1;2<!03323.!-1!0.5-</5-21!2G!0<-.=
.-21.M!)-.4A..-21!7/.!/:30/;9!8001!@30.0150;!
/.!726!52! -<@32L0! 570!03323.!/..24-/50;!6-57!
570!%&’!;/5/!@3240..-1I!/1;! 3/;-2<053-4! 423=
3045-21.M

e' (E3EJGEJ43S' 3:;' (3KISJ:6' A7787Gv"2!;0=
L0:2@! <2;0:.! 2G! %&’! 8/4Z.4/5503! 6-57! I32A1;!
30G030140!;/5/!23!/-382310!:-;/3=;03-L0;!8-2</..!
</9!/:.2!7/L0!03323.!/..24-/50;!6-57!570!./<@:-1I!
/1;!570!.5/5-.5-4/:!30@30.015/5-21!2G!570!@:25.!/1;!
@-d0:.M!H1!I0103/:E!@:25!;/5/!100;!52!30@30.015!570!
:/1;.4/@0!L/3-/5-21.!2G!8-2</..!G32<!:26!52!7-I7!
8-2</..!/1;!<A.5!G2::26!570!30WA-30<015.!2G!570!
.-Y0E!23-015/5-21E!/1;!I02:24/5-21!/1;!1A<803!2G!
./<@:0.M!

e' =345'8H'7DI7DGD:E3EJWD:DGG'8H';3E3v"7-.!
.2A340!2G!A14035/-159!-.!/..24-/50;!6-57!/!:/4Z!2G!
42<@:050! 42330.@21;0140!8056001!I32A1;!/1;!
%&’! ;/5/M! H1! /;;-5-21E! 52! ;0L0:2@! 570! %&’! 8-2=
</..!<2;0:.E!570!@-d0:.!<A.5!80!.@/5-/::9!30@30=
.015/5-L0!-1!570!%&’!-</I0!/1;!125!/::!/30!G32<!/!
4035/-1!-14-;0140!/1I:0E!/5!/!4035/-1!0:0L/5-21!/1;!
.:2@0!-1!23;03!52!</Z0!.A30!57/5!570!30:/5-21.7-@!
;0L0:2@0;! 8056001! 570! %&’! ;/5/! /1;! I32A1;!
/30!30@30.015/5-L0M!&19!03323.!-1!./<@:0!.-Y0!/1;!
./<@:-1I!47/3/4503-.5-4.!4/1!-1532;A40!8257!.9.=
50</5-4!/1;!3/1;2<!03323.M

e' B8;DSGvN2;0:.! ;0L0:2@0;! G32<! %&’! ;/5/!
/1;!8-2</..!2G501!7/L0!A14035/-159!;A0!52!8257!
the choice of the model function and the ɲt of the 
<2;0:!@/3/<0503.M! HG!;/5/!/30!12-.9E! 570!<2;0:!
ɲts may have large errors that include both the 
.9.50</5-4!C472-40!2G!6321I!<2;0:!0WA/5-21D!/1;!
3/1;2<!03323.M!

e' (E3EJGEJ43S' %3:;8K' A7787v"7-.! .2A340! 2G!
03323! 2G501! /@@0/3.! -1! -1L015239! ;/5/! 57/5! /30!
supposed to be a random sample of a ɲnite size 
;0@01;-1I! 21! 570! L/3-/140! 2G! 570! @2@A:/5-21M!
#030E! 570! ./<@:0! .-Y0! -.! /! Z09! .2A340! 2G! A1403=
5/-159M

e' Misclassiɲcation and missing datav
"7-.!A14035/-159!-.!;A0!52!-142<@:050E!A14:0/3E!23!
faulty deɲnition of data, and allometric models 
:0/;-1I!52!8-/.!-1!0.5-</5-21!2G!8-2</..M!"7-.!6-::!
2G501!244A3!6701!623Z-1I!6-57!570!I32A1;!@:25.M!
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T23! 0d/<@:0E! A.-1I! 8-2</..! ;/5/! G32<! @:25.!
�Z�L�W�K�� �G�L�•�H�U�H�Q�W�� �W�\�S�H�� �R�I�� �P�H�D�V�X�U�H�P�H�Q�W�V���� �O�D�F�N�� �R�I��
/L/-:/8-:-59! 2G! /::2<053-4! <2;0:.! 52! 0.5-</50!
8-2</..!C0MIME!/::2<0539!G23!532@-4/:!605:/1;!
G230.5.DM

e' BJGGJ:6';3E3v"7-.!A14035/-159!</9!30.A:5!
6701!<0/.A30<015.!/30!80:26!570!;05045-21!
:-<-5!4/A.-1I!/!121;050450;!;/5/!57/5!4/1E!-1!
5A31E!-1532;A40!8257!8-/.!/1;!3/1;2<!03323.M!
*9! /..A<-1I! 57/5! 57030! /30! .0L03/:! .2A340.!
2G! 03323.! 57/5! -1532;A40! A14035/-159! -1! 570!
@-d0:=:0L0:! 0.5-</5-21! 2G! 8-2</..E! 570! 525/:!
A14035/-159!/..24-/50;!6-57!0.5-</5-1I!&O*!/5!
570!@-d0:!:0L0:!4/1!80!4/:4A:/50;!89!/..A<-1I!
/::! 03323.! /30! -1;0@01;015! /1;! 3/1;2<E! 89!
A.-1I

!!!��AGB= ��measure
2 + ��model

2 + ��sampling
2 + ��prediction
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67030!0/47!2G!570!503<.!/30!570!30:/5-L0!03323.!
/5!57/5!@-d0:! .4/:0M!K.-1I!570! /82L0!0WA/5-21E!570!
03323.! /5!570!@-d0:! :0L0:!6-::!80!@32@/I/50;! /1;! /!
</@!2G!570!A14035/-159!/5!570!@-d0:!:0L0:!6-::!80!430=
/50;M!"70!</-1!30WA-30<015!G23!/!@-d0:=:0L0:!</@!
2G! A14035/-159! -.! 52! 80! /8:0! 52! 7/L0! /! @-d0:=:0L0:!
@30;-45-21! 03323! G32<! 570! <2;0:M! "70! @30;-45-21!
03323! G23! %&'! 0.5-</5-21! 2G! 8-2</..! /5! 570! @-d0:!
:0L0:!-.!2G501!;0L0:2@0;!5732AI7!/!8225=.53/@@-1I!
/@@32/47!67030!570!<2;0:!03323.!/30!.-<A:/50;!52!
�J�H�Q�H�U�D�W�H�� �G�L�•�H�U�H�Q�W�� �S�U�H�G�L�F�W�L�R�Q�V�� �I�R�U�� �W�K�H�� �S�L�[�H�O�� �V�F�D�O�H��
&O*!/1;!52!@32;A40!570!<0/1!/1;!A.0!570!L/3-/140!
/.!570!@30;-45-21!A14035/-159!23!03323M

0&/&O''%A<.>*)='.*@A%A*,A'>@'2.>B)((

"70!I2/:!2G!30I-21/:!0.5-</50!2G!8-2</..!/1;!G23=
0.5!4/3821!.524Z.!-.!52!80!/8:0!52!;0L0:2@!0<-..-21!
G/4523.!G23!4/:4A:/5-1I!0<-..-21.!/1;!30<2L/:.!G32<!
�G�L�•�H�U�H�Q�W���W�\�S�H�V���R�I�� �K�X�P�D�Q���L�Q�G�X�F�H�G���G�L�V�W�X�U�E�D�Q�F�H�V���L�Q��
570!G230.5!.A47!/.! ;0G230.5/5-21E!;0I3/;/5-21E!30=
I0103/5-21E!23!/I32G230.539M!"70!@328:0<!5701!-.!52!
80!/8:0!52!A.0!570!0.5-</50.!2G!8-2</..!/5!570!</@!
A1-5.!C@-d0:! .4/:0D!G32<!%&'! ;/5/!52!0.5-</50!570!
<0/1!/1;!L/3-/140!CA14035/-159D!2G!570!8-2</..!/5!
:/3I0!.4/:0.M!"70!<0/1!-.!0.5-</50;!89!570!/L03/I0!
2G!570!8-2</..!2G!/::!@-d0:.!G23!/!30I-21M!#260L03E!
G23!0.5-</5-1I!570!L/3-/140!.0L03/:!42<@21015.!2G!
03323.!<A.5!80!-14:A;0;!-1!570!4/:4A:/5-21E!.A47!/.!
570!03323.!/..24-/50;!6-57!570!.@/5-/:!42330:/5-21!2G!

8-2</..!0.5-</50.!/5!570!@-d0:!:0L0:M
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"2!;0<21.53/50!570!0d-.50140!2G!.@/5-/:!/A52423=
30:/5-21.! /<21I!570!8-2</..!0.5-</50.! /5!570!@-d0:!
:0L0:E!570!A.0!2G!.0<-L/3-2I3/<!/1/:9.-.!CH.//Z.!e!%3-=
L/.5/L/!PQQVD!-.!3042<<01;0;M!"70!L/3-2I3/<=8/.0;!
/@@32/470.! /..A<0!57/5!570! .@/5-/:! /A5242330:/5-21!
2G!L/3-/8:0.!21:9!;0@01;.!21!570!;-.5/140!,E!67-:0!-5!
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T" M!r!P!C30@30.015-1I!570!.-Y0!2G!570!@-d0:!/.!P!7/D
T" (E!H!/30!570!I0103-4!-1;-40.!30@30.015-1I!@-d0:.!-1!

570!8-2</..!</@
T" .! -.! 570! 1A<803! 2G! @-d0:.! 6-57-1! 0/47! BKBF! 23!

.53/5A<
T" 4!-.!570!3/1I0!G32<!.0<-L/3-2I3/<!0.5-</5-1I!570!

.@/5-/:!42330:/5-21!2G!03323.! /..24-/50;!6-57!570!
&O*!@-d0:!:0L0:!03323.

T" <� � �L�V� � �W�K�H� � �S�D�U�D�P�H�W�H�U� � �R� I� � �4�W� � � I�R�U� � �H� [�S�R�Q�H�Q�W�L�D�O� � �V�S�D�W�L�D�O� �
42330:/5-21!GA145-21!;03-L0;!G32<!.0<-L/3-2I3/<!
/1/:9.-.M!<"� �����������L�V���W�K�H���G�H�I�D�X�O�W���Y�D�O�X�H�����&�K�L�O�ª�V���	���'�H�O=
�4�Q�H�U�����������������X�Q�L�W�O�H�V�V��

T" ' !-.!570!;-.5/140!8056001!@-d0:.!(!/1;!H!6-57-1!6!
C@-d0:.D
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!O#! "#$!%&'!#&()*++,

</@!@-d0:!L/:A0.M!&5!570!.4/:0!2G!@/3Z.E!42140.=
.-21.E!/1;!42<<A1-5-0.E!570!8-2</..!</@!4/1!80!
A.0;!/:21I!6-57!/19!:/1;!42L03!</@!52!;0L0:2@!
<0/1! 8-2</..! ;01.-59! /1;! 4/1! 80! 42<@/30;!
6-57!-1;0@01;015!-1L015239!;/5/!/L/-:/8:0!G23!570!
./<0!30I-21M!

i ! "70!</@!4/1!/:.2!80!0L/:A/50;!/5!570!@-d0:!.4/:0!
C0MIME!P!7/DM!#260L03E!G23!570!42<@/3-.21E!570!G2:=
:26-1I!@304/A5-21.!<A.5!80!421.-;030;]

!b"70!@:25.!7/L0!52!80!/!<-1-<A<!2G!P!7/!23!:/3I=
03M!K.-1I!.</::03!@:25.!-.!125!3042<<01;0;E!/.!
570!8-2</..!2G!570!G230.5!-.!0d530<0:9!705032=
I0102A.E!@/35-4A:/3:9!/5!.4/:0.!2G!:0..!57/1!P!7/M!
!b"70! P=7/! @:25.! 472.01! G23! 42<@/3-.21! 6-57!
570!</@!7/L0!52!80!/:-I10;!6-57!570!</@!@-d0:!
�R�U�L�H�Q�W�D�W�L�R�Q�����$�Q�\���S�O�R�W�V���Z�L�W�K���G�L�•�H�U�H�Q�W���R�U�L�H�Q�W�D�W�L�R�Q��
</9!7/L0!:/3I0!A14035/-159!6701!42<@/30;!52!
570!</@!804/A.0!2G!570!L/3-/5-21.!2G!570!8-2=
</..!/5!570!P=7/!.4/:0M
!b"70!</@!/:.2!-14:A;0.!/1!A14035/-159!1A<=
803! /..24-/50;! 6-57! 570! 8-2</..! 2G! 0/47!
@-d0:M!&19!42<@/3-.21!6-57!570!@-d0:!L/:A0!
8-2</..!.72A:;!421.-;03!570!03323!@32L-;0;!
G23!570!@-d0:M!
!b"70!1A<803!2G!@:25.!<A.5!80!:/3I03!57/1!/!G06M!
F2<@/3-.21!21:9!</Z0.!.01.0!6701!-5!-.!.5/5-.=
5-4/::9!;0.-I10;M!K.-1I!210!23!/!G06!@:25.!6-::!
125!@32L-;0!/19!30/:-.5-4!/1;!G/-3!42<@/3-.21!2G!
�W�K�H���P�D�S�����–�W���L�V���U�H�F�R�P�P�H�Q�G�H�G���W�K�D�W���D�W���O�H�D�V�W��������������
@:25.!80!A.0;!-1!.5/5-.5-4/::9!0L/:A/5-1I!570!</@!
/1;!42<@/3-1I!570!30.A:5.!6-57!570!A14035/-159!
@32L-;0;M!
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�7�K�H���V�F�L�H�Q�W�L�4�F���J�R�D�O���R�I���*�(�'�–���L�V���W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���H�I=
G045.!2G!47/1I-1I!4:-</50!/1;!:/1;!A.0!21!042.9.50<!
�V�W�U�X�F�W�X�U�H���D�Q�G���G�\�Q�D�P�L�F�V���W�R���H�Q�D�E�O�H���L�P�S�U�R�Y�H�G���T�X�D�Q�W�L�4=
4/5-21!/1;!A1;03.5/1;-1I!2G!570!$/357X.!4/3821!494:0!
/1;!8-2;-L03.-59M!T24A.0;!21!532@-4/:!/1;!50<@03/50!
G230.5.! G32<! -5.! L/15/I0! @2-15! 21! 570! H15031/5-21/:!
%@/40!%5/5-21!CH%%DE!O$)H!A.0.! /! :-;/3! .01.23!C10/3!
�L�Q�I�U�D�U�H�G�� �������������Q�P�� �Z�D�Y�H�O�H�Q�J�W�K���� �W�R�� �S�U�R�Y�L�G�H�� �W�K�H�� �4�U�V�W��
I:28/:E!7-I7=30.2:A5-21!CU^!<D!./<@:-1I!28.03L/5-21.!

2G!G230.5!L035-4/:!.53A45A30M!O$)H!/;;30..0.!57300!4230!
�V�F�L�H�Q�F�H���T�X�H�V�W�L�R�Q�V�������������:�K�D�W���L�V���W�K�H���D�E�R�Y�H�J�U�R�X�Q�G���F�D�U=
�E�R�Q���E�D�O�D�Q�F�H���R�I���W�K�H���O�D�Q�G���V�X�U�I�D�F�H�"�����������:�K�D�W���U�R�O�H���Z�L�O�O��
570!:/1;!.A3G/40!@:/9!-1!<-5-I/5-1I!/5<2.@703-4!F+U!
�L�Q�� �W�K�H�� �F�R�P�L�Q�J�� �G�H�F�D�G�H�V�"�� �������� �+�R�Z�� �G�R�H�V�� �H�F�R�V�\�V�W�H�P��
�V�W�U�X�F�W�X�U�H���D�•�H�F�W���K�D�E�L�W�D�W���T�X�D�O�L�W�\���D�Q�G���E�L�R�G�L�Y�H�U�V�L�W�\�"���$�Q=
.603-1I!570.0!WA0.5-21.!-.!43-5-4/:!G23!A1;03.5/1;=
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APPENDIX D
Mapping Forest Biomass 
with Radar Remote Sensing 
– Chapter 5 Training Module

1  SOFTWARE AND DATA SOURCES

Software: 
• QGIS, Microsoft Excel

Remote Sensing Data:
• ALOS 2 / PALSAR -2 RTC annual mosaic product 
• Lidar data that overlaps with some of the ALOS 

2 / PALSAR -2 data 
• Forest inventory plot data that overlaps with 

some of the lidar data.

Note: All of the data to run the tutorial is included in the 
data.zip file for this chapter hosted on the SAR Hand-
book website. If you would like to do the same process-
ing on your own data, you will need a SAR RTC product 
(steps for downloading from ASF or JAXA can be found 
in the tutorial for Chapter 6), lidar data covering part of 
your area of interest, and forest inventory data that over-
laps with the lidar data.

2  AIRBORNE LIDAR AND INVENTORY PLOT 
DATA

Download the Data.zip file for Chapter 5 from the SAR 
Handbook website and unzip it in the desired location. 
The zipped file consists of three folders: Lidar, Ground_
Plots, and ALOS with example data from Nepal. 

Step 1: Open QGIS and add the shape file D:\NepalDa-
ta\Lidar\Lidar_boundary. Add Google Aerial with Labels 
as the background (Web > OpenLayers plugin > Google 
Maps). Examine the location of the Lidar_boundary file 
to understand the study site location and the landscape 
across Western Nepal.

Step 2: Add the LIDAR DTM (Lidar > dtm_5m.tif) and 
DSM (Lidar > dsm_5m.tif) files to QGIS (Layer > add 
Layer > add Raster Layer). The images are provided as 
geotiffs with 5 meter spatial resolution.

Figure 1.1 QGIS interface displaying the study area in western Nepal. The white line represents the 
lidar boundary.

Step 3: In this step, we will produce a Canopy Height 
Model (CHM) by subtracting the DTM from DSM. Us-
ing the raster calculator tool in QGIS (Raster > Raster 
Calculator), enter the following equation: 

!"#$ % &$'()(!"*$ % &$'
Since will be using this file multiple times, you may 
want to create a results folder and save the CHM to 
this new folder under the file name chm_5m.tif. 

Step 4: Double click the CHM image name (chm_5m) 
in the layers panel of QGIS and explore the Layer 

Properties, including projection, display, and other 
image characteristics. The projection is in UTM Zone 
44 N, Datum: WGS-84.

Step 5: From here you can also apply a color scale to 
the CHM that will highlight short to tall forests in the 
study region. With Layer Properties still open, go to 
Style > Render type > Singleband pseudocolor > Load 
min/max values > Min/max > Load > Color > Spectral 
(or any other color scale you like) > Apply. Your result 
should look similar to Figure 1.2.  

Figure 1.2 Canopy Height Model created using the lidar-derived DSM and DTM. The image shows the 
Spectral color band stretched using min/max values.
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the data as a shapefile with the file name lss_100m_
agb. This sampling strategy produces 1822 sample 
points that we will use to develop the model and quan-
tify the uncertainty. 

Step 3: Since the LiDAR based biomass data represent 
plot size of 1-ha, now we are going to resample the pow-
er backscatter radar data into 1-ha (100m) pixel size to 
match. In QGIS, resample the gamma_pw_HV and 
gamma_pw_HH files to 100m (Processing > Toolbox > 
SAGA > Raster tools > Resampling). Save these files as 
gamma_pw_HV_100m and gamma_pw_HH_100m.

Step 4: Next, we extract the resampled HH and HV 
power backscatters (gamma_pw_HV_100m and 
gamma_pw_HH_100m) from the radar images to the 
sampling points (lss_100m_agb) (Processing > Toolbox 
> SAGA > Vector > Raster > Add Raster values to points). 
Save this result as lss_100m_agb_sar. When you save 
the shapefile, it will also create a .dbf file, which easily 
can be opened in Excel.  

Step 5:  In Excel, open the lss_100m_agb_sar.dbf file. 
Before doing any analysis, we need to clean our data 
by removing all rows that have lidar AGB values that are 
negative or equal to zero (likely representing water pix-
els or erroneous data) from the spreadsheet. We also 
need to eliminate any rows where the lidar AGB value 
has missing data or no data (NAN, -9999, or 9999). After 
all cleaning (removing rows where AGB is zero or bad 
points), you should have a spreadsheet with 1649 data 
points. 

Step 6: Now create two scatterplots, one that shows 
HH vs. AGB and a second that shows HV vs. AGB. You 
can use the same methods described in Section 3, step 
5. Note that you should see a large spread of values, 
in part due to differences between the lidar and ALOS 
PALSAR acquisition times. Since the data collection did 
not occur on the same date, there may be some land 
cover or soil moisture change that could cause error in 
your model. Additional issues could include georefer-
encing discrepancies, topographical effects, errors due 
to speckle, and potential incidence angle variations. Be 
sure to consider these limitations as you work to im-
prove your model and interpret your results. 

Figure 1.7 Horizontal and vertical polygons (pink) used to create the systematic sample points (dark 
blue) as inputs to generate the AGB model are displayed.

Figure 1.8 An example of a best fit model 
between AGB and HV backscatter.

Step 7: Fit a logarithmic or a power-law to the both HH 
and HV SAR data to see the strength or weakness of the 
relationship between radar backscatter and lidar de-
rived biomass (See section 3, step  6). 

4.3  Radar Biomass Mapping

Step 1: In the previous section, we looked at the relation-
ship between AGB and HH and HV backscatter. In this 
section, we focus on the relationship between AGB and 
HV backscatter only, as HV polarization has the strongest 
sensitivity to biomass. However, other radar polarization 
measurements and model fits are discussed in the text 
of Chapter 5. 

Step 2:  In section 4.2, step 7, we generated a best-fit mod-
el based on a power-law: AGB = 57696*(HV^2.0042). 
We will use this equation to model biomass from back-
scatter. Using Raster Calculator (Raster > Raster Calcula-
tor), apply this equation to the HV backscatter image at 
100 m spatial resolution (gamma_pw_HV_100m). Save 
this file as HV_biomass_100m. Note that the equation 
is developed from 1-ha (100m) LiDAR derived map and 
should only be applied at the same resolution radar im-
age.  One cannot apply this equation to any other resolu-
tion (smaller or larger) radar image without introducing 
additional uncertainty.

Step 3: Evaluate the saturation in this model.  Although 
the fit shows no saturation, however, the data shows 

that HV backscatter has almost no sensitivity to biomass 
above 200 Mg/ha for these forests (See Saatchi et al. 
2011, or Saatchi et al., 2007 for other alternative equa-
tions and saturation of the radar data). 

Step 4: Display the map of forest biomass from the 2015 
ALOS PALSAR 2 image (HV_biomass_100m) using a color 
range to show the variation of biomass across the image. 
Step 5: Read values of the biomass from the image and 
visually compare it to the reference biomass map de-
rived from the lidar image (lidar_agb_100m). 

Step 6:  Mask out all pixels above 200 Mg/ha to show 
that the map has large uncertainty over areas of above 
200 Mg/ha and cannot be trusted (Raster > Raster 
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DR. MARC SIMARD is a Senior Scientist with NASA-Jet Propulsion Laboratory’s Radar 
Science & Engineering Section.  He obtained a PhD in Geomatics in 1998 at the Université Laval, 
Québec.  Simard is also a Project Scientist within the Joint Institute for Regional Earth System 
Science at the University of California in Los Angeles (UCLA). He is also an Adjunct Faculty mem-
ber at the Department of Oceanography and Coastal Sciences of Louisiana State University 
���/�6�8���������+�H���L�V���D�Q���D�F�W�L�Y�H���P�H�P�E�H�U���R�I���W�K�H���–�Q�W�H�U�Q�D�W�L�R�Q�D�O���%�O�X�H���&�D�U�E�R�Q���:�R�U�N�L�Q�J���*�U�R�X�S�����W�K�H���%�O�X�H���&�D�U-
bon Initiative is sponsored by Conservation International, UNEP and IUCN) and JAXA’s Global 
�0�D�Q�J�U�R�Y�H���:�D�W�F�K���S�U�R�J�U�D�P����

Since 2004, Dr. Simard has served as the Principal or Co- Investigator of several NASA funded 
projects in the Carbon Cycle and Ecosystems (CC&E) program. His research has a strong multi-
disciplinary dimension with a focus on coastal wetlands regions.  He is currently, among other 
NASA projects, a co-investigator in a NASA Carbon Monitoring System (CMS) for mangrove 
forests entitled: “Estimating Total Ecosystem Carbon in Blue Carbon and Tropical Peatland Eco-
systems”. 

Marc Simard was the Principal Investigator for the JPL funded 2016 multi-aircraft campaign 
in the Mississippi River Delta, a precursor to Delta-X. Finally, and highly relevant, Simard is a 
member of the Science Teams of two upcoming NASA spaceborne missions: NISAR (NASA-ISRO 
�6�\�Q�W�K�H�W�L�F���$�S�H�U�W�X�U�H���5�D�G�D�U�����D�Q�G���6�:�2�7�����6�X�U�I�D�F�H���:�D�W�H�U���D�Q�G���2�F�H�D�Q���7�R�S�R�J�U�D�S�K�\�����E�R�W�K���S�O�D�Q�Q�H�G���I�R�U��
launch in 2021.  Dr. Simard expects that, in addition to providing deep understanding of ac-
�F�U�H�W�L�R�Q���S�U�R�F�H�V�V�H�V�����W�K�H���'�H�O�W�D���;���G�D�W�D���Z�L�O�O���E�H���X�V�H�G���I�R�U���W�K�H���1�–�6�$�5���D�Q�G���6�:�2�7���F�D�O���Y�D�O�����D�Q�G���H�Q�K�D�Q�F�H��
these NASA missions.

Simard, Marc. “Radar Remote Sensing of Mangrove Forests.” SAR Handbook: Comprehensive Methodologies for Forest Monitoring 
�D�Q�G���%�L�R�P�D�V�V���(�V�W�L�P�D�W�L�R�Q�����(�G�V�����)�O�R�U�H�V�����$�������+�H�U�Q�G�R�Q�����.�������7�K�D�S�D�����5�������&�K�H�U�U�L�Q�J�W�R�Q�����(�����1�$�6�$���������������'�2�–���������������������������]�P���[������
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new remote sensing algorithms that combine optical 
and radar data for long-term monitoring of man-
groves forests in Southeast Asia. 

#&!''%3;37'%DK8ED'(D:GJ:6
A radar instrument generates its own electro-

magnetic signal by transmitting a microwave pulse 
that enables observation of Earth’s surface (or other 
planets and moons) day and night. In order to gen-
erate an image, the pulse is focused in a direction 
away from nadir (@J6&' #&O������ �:�K�H�Q�� �W�K�H�� �S�X�O�V�H�� �L�V��
transmitted at nadir, the instrument is called a ra-
dar altimeter. The microwave pulse typically illumi-
nates ground areas of tens of kilometers, and only 
�W�K�H���S�R�U�W�L�R�Q���R�I���H�Q�H�U�J�\���U�H�5�H�F�W�H�G���W�R�Z�D�U�G���W�K�H���U�D�G�D�U���L�V��
�P�H�D�V�X�U�H�G���� �7�K�H�� �D�Q�J�X�O�D�U�� �U�H�5�H�F�W�L�R�Q�� �S�D�W�W�H�U�Q�� �G�H�S�H�Q�G�V��
�R�Q���W�K�H���W�D�U�J�H�W���S�U�R�S�H�U�W�L�H�V���V�X�F�K���D�V���U�R�X�J�K�Q�H�V�V�����G�L�•�H�U�V��
greatly between plants, water surface, urban struc-
tures) and geometry. The geometry is determined 
by the look angle and the terrain slope. The former 
is the angle subtended by the line of sight between 
the radar and a target on the ground. Thus, it varies 
greatly across an image. The look angle and terrain 
slope can be combined into the incidence or projec-
tion angle. These angles are often used to perform 
terrain radiometric corrections (sometimes called 
���W�H�U�U�D�L�Q�� �5�D�W�W�H�Q�L�Q�J�������� �Z�K�L�F�K�� �L�V�� �L�Q�W�H�Q�G�H�G�� �W�R�� �U�H�P�R�Y�H��
image artifact due to geometry. In mangroves, topo-
�J�U�D�S�K�L�F���H�•�H�F�W�V���D�U�H���J�H�Q�H�U�D�O�O�\���Q�H�J�O�H�F�W�H�G���G�X�H���W�R���W�K�H�L�U��
�X�Q�L�T�X�H���V�H�W�W�L�Q�J���R�I���Y�H�U�\���5�D�W���D�U�H�D�V��
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�5�D�G�D�U�V���D�U�H���D�F�W�L�Y�H���L�Q�V�W�U�X�P�H�Q�W�V���Z�L�W�K���D���G�H�4�Q�L�W�H���D�G-
vantage over optical sensors: they can see through 
clouds, day and night. This is a particularly prized 
attribute along the tropical coastlines, and its free 
public availability is continuously rising. They trans-
mit a microwave pulse and measure the portion of 
�W�K�H���H�Q�H�U�J�\���W�K�D�W���L�V���U�H�5�H�F�W�H�G���E�D�F�N�����7�K�H���P�H�D�V�X�U�H�G���U�H-
turn is called “backscatter” and is generally present-
ed in decibels (10log10(Intensity)). Some Radar in-
struments come in several “colors” (i.e., wavelength 
bands): Ka and Ku-bands, X-, C-, S-, L-, and P-bands. 
Those are denominations introduced during the de-
�Y�H�O�R�S�P�H�Q�W�� �R�I�� �U�D�G�D�U�� �G�X�U�L�Q�J�� �:�R�U�O�G�� �:�D�U�� �–�–���� �D�Q�G�� �W�K�H�\��
�V�L�P�S�O�\���U�H�I�H�U���W�R���D���U�D�Q�J�H���R�I���I�U�H�T�X�H�Q�F�L�H�V���D�V���G�H�4�Q�H�G���E�\��

the Institute of Electrical and Electronics Engineers 
(IEEE). See +3PSD'!&O'J:' ,F3IED7'! to see com-
mon applications of SAR bands.
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There are three types of scattering mechanisms: 
(1) direct (or single bounce), (2) double-bounce, and 
�������� �Y�R�O�X�P�H�� �V�F�D�W�W�H�U�L�Q�J�� ���V�H�H' @J6&' #&\). In mangrove 
forests, the “double-bounce” term that strongly im-
pacts the HH channel (see ,F3IED7'!a'+3PSD'!&O, 
relative scattering strength by polarization, and the 
subsequent section) may be reduced by the presence 
of aerial roots as microwaves are scattered and at-
tenuated (@J6&'#&0). The dominant scattering mecha-
nism in mangrove forest strongly depends on canopy 
structure. Trends in volume and double-bounces’ 
signatures vary much more than in other types of 
forests. In particular, in mangroves the volume 
scattering decreases and double-bounce scattering 
increases in closed and open canopies, respectively 
(see following section on polarimetry). Inundation at 
the time of data acquisition impacts radar signals in 
open mangrove forests. 

#&!&O''C>=)%.BA+%N

The radar measurement can also be characterized 
through polarimetry. Generally, radar instruments 
are enabled for several orthogonal polarimetric 
modes, transmitting horizontal (H) or vertical (V) po-
larization, and receiving either H or V. For example, an 
L-band radar transmitting a horizontally polarized mi-
crowave and receiving its vertical polarization would 
�E�H���L�G�H�Q�W�L�4�H�G���D�V���/���+�9�����$���V�L�Q�J�O�H���L�Q�V�W�U�X�P�H�Q�W���F�D�Q���F�R�O�O�H�F�W��
data in several polarimetric mode by alternating puls-
es. A quad-pol L-band radar collects four channels: 
L-HH, L-HV, L-VH, and L-VV (e.g., @J6&'#&#). Upcoming 
instruments like the Radarsat constellation suite of 
instruments will provide circular polarization, indicat-
ing that polarization state changes in time. Each pola-
�U�L�P�H�W�U�L�F���F�R�Q�4�J�X�U�D�W�L�R�Q���F�D�Q���E�H���F�R�Q�V�L�G�H�U�H�G���D�V���D�Q���L�P�D�J�H��
band in the radar dataset, each sensing various char-
acteristics of the forest canopy through the variety of 
�V�F�D�W�W�H�U�L�Q�J�� �P�H�F�K�D�Q�L�V�P�V���� �:�K�L�O�H�� �W�K�H�� �+�9�� �P�H�D�V�X�U�H�P�H�Q�W��
�L�V���G�R�P�L�Q�D�W�H�G���E�\���W�K�H���Y�R�O�X�P�H���V�F�D�W�W�H�U�L�Q�J���U�H�5�H�F�W�L�R�Q�V�����W�K�H��
�+�+���D�Q�G���9�9���F�R�Q�W�D�L�Q���D���V�L�J�Q�L�4�F�D�Q�W���J�U�R�X�Q�G���F�R�Q�W�U�L�E�X�W�L�R�Q����
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�W�K�H�� �P�L�F�U�R�Z�D�Y�H�� �V�L�‘�Q�D�O�� �L�V�� �D�W�W�H�Q�X�D�W�H�G���� �G�H�F�U�H�D�V�L�Q�‘��

�E�D�F�N�V�F�D�W�W�H�U���D�W���K�L�‘�K���E�L�R�P�D�V�V��
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opy height proɲle, and AGB. However, what can be 
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ed. However, diϜerent radar parameters are used 
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67030!x!-.!570!&O*E!/1;!AE!IE!KE!/1;!- are coeʛcients 
that can be ɲtted empirically through iteration until x!
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est, the coeʛcient values are Ƽ = 0.013682, A"r!VMUPPP_E!
I"r!VMV^PRf_E!K=0.02192. The coeʛcient -! .72A:;!80!
ɲtted locally. ϥn either case, the ɲtting parameters can 
change signiɲcantly for mangroves given the variation 
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creased signiɲcantly with AGB, attributing increased 
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tion point (Mougin et al. 1992, Proisy et al. 2002). While 
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water surface or water-saturated ground. While these 
eϜects imply estimation of mangrove AGB from back=
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ϥt is diʛcult to map the extent of mangrove forests 
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diʛcult with optical sensors, as ɄcolorɅ (e.g., greenness) 
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vent the wheel. Classiɲcation can be performed with 
.A@03L-.0;!<0572;.!C0MIME!</d-<A<!:-Z0:-722;E!;04-=
.-21!5300.E!10A3/:!105623ZD!23!A1.A@03L-.0;!<0572;.!
C0MIME!H%+)&"&DM!H<@:0<015/5-21.!G23!570.0!/:I23-57<.!
4/1!80!G2A1;!-1!/::!</J23!42<<034-/:!30<250!.01.-1I!
.2G56/30!C0MIME!$(aHD!/1;!/:.2!-1!2@01!.2A340!.2G56/30!
CcOH%! 23! ?95721! :-83/3-0.DM! "3/-1-1I! 2G! .A@03L-.0;!
classiɲers requires knowledge of mangrove forest 
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There have been signiɲcant advances in the use 
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inbo et al. 2013, Lagomasino et al. 2015). Data from 
the SRTM acquired in February 2000, was the ɲrst 
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While this may be a gross assumption in mangrove 
regions with high tides (>3m), it provides a robust 
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-1!</19!30<250E!A1;03;0L0:2@0;!30I-21.!2G!570!623:;!
C0MIME!7-I7!:/5-5A;0.E!532@-4.D!;A0!52!:2I-.5-4/:!42<@:0d-59!
/1;S23!7-I7!42.5.M!T23!57-.!30/.21E!57030! -.! -1430/.-1I!
-15030.5! -1! 570!;0L0:2@<015!2G!106!./<@:-1I!;0.-I1.!
G23! 570!<21-523-1I!2G! G230.5!8-2</..S4/3821! 57/5! 4/1!
eʛciently utilize the low-cost mapped information on 
G230.5!.53A45A30!C8-2</..S4/3821DE!/5!570!I:28/:!.4/:0E!
57/5!-.!-1430/.-1I:9!/L/-:/8:0!6-57!570!304015!/1;!GA5A30!
:/A1470.!2G!.0L03/:!./50::-50!%&’!<-..-21.E!.A47!/.!&;=
L/140;!B/1;!+8.03L/5-21!%/50::-50!C&B+%D!?7/.0;!&33/9!
59@0!B=8/1;!%915705-4!&@035A30!’/;/3!C?&B%&’D!C#20Z=
</1!05!/:M!UVPVD!/1;! !&B+%=U!?&B%&’=U!C>&t&!UVPfDM!
T23!57-.!30/.21E!./<@:-1I!;0.-I1.!/1;!.5/5-.5-4/:!<2;=
0::-1IS0.5-</5-21! G3/<0623Z.! /30! -1430/.-1I:9! .2AI75!
6-57!570!G2::26-1I!@32@035-0.]!

CPD! ?32L-;0!570!8/.-.!G23!.2A1;E!.5/5-.5-4/::9=3-I232A.!/.=
.0..<015!2G!A14035/-159!C0MIME!O30I2-30!05!/:M!UVP_D

CUD! Use a fewer number of expensive ɲeld plots and 
more extensive, eʛcient use of less-expensive 
30<250:9=.01.0;!-1G23</5-21!C-14:A;-1I!/-382310!
:-I75! ;05045-21! /1;! 3/;/3! C:-;/3DE! ./50::-50=8/.0;!
B=8/1;!%&’D

(3) Provide ɳexibility to accommodate a variety of 
ɲeld plot conɲgurations and remote sensing data 
/4WA-.-5-21!.53/50I-0.S30.2:A5-21.

"7-.!47/@503!;-.4A..0.!.0L03/:! -<@235/15!421.-;03=
/5-21.! -1! 570!/..0..<015!2G!A14035/-159! -1! G230.5!8-2=
</..!.A3L09.!/1;!726!570.0!421.-;03/5-21.!.72A:;!G/4=
523!-152!570!;0.-I1!/1;!-<@:0<015/5-21!2G!/!./<@:-1I!
;0.-I1! G23! 8-2</..! -1L015239! /1;! <21-523-1I! A.-1I!
B=8/1;!.@/4082310!%&’!-1!30<250!30I-21.M!

/&1&1''(>?%,A('>@'?*,A%+).*+N'.*')'
,)%2>*'.*MA*+>%N')*$'B>*.+>%.*<'
C%><%)B

"7030!/30!57300!@3-</39!.2A340.!2G!L/3-/8-:-59!-1!570!
42150d5! 2G! /! G230.5! 4/3821! -1L015239! /1;!<21-523-1I!
.9.50<]! CPD! <0/.A30<015! 03323E! CUD! <2;0::-1I! 03323E!
and (3) sampling error. ϥn making the choice of a ɲeld 
<0/.A30<015! @325242:E! ./<@:-1I! ;0.-I1E! /1;! -1G03=
015-/:! G3/<0623ZE!/::! 57300! 59@0.!2G!03323.! .72A:;!80!
421.-;030;M! H1! 570! 42150d5!2G! 4/3821!<21-523-1I!@32=

I3/<.E!<0/.A30<015!03323v23!;-.430@/149!8056001!
a recorded ɲeld measurement and the expected value 
of the measurement as deɲned by documented proto=
42:v-.!2G501!-1532;A40;!5732AI7!-1/;0WA/50!53/-1-1I!
23!:/4Z!2G!/;7030140!52!@325242:M!H1!@3/45-40E!<0/.A30=
<015!03323!-.!A.A/::9!/..0..0;!/1;!<-5-I/50;!C-G!@2..-=
8:0D!5732AI7!WA/:-59!/..A3/140SWA/:-59!421532:!Cc&ScFD!
@3240;A30.!C57/5!4/1!80!WA-50!42.5:9!52!-<@:0<015DE!/1;!
257036-.0!-.!/..A<0;!52!80!<-1-</:!-1!42<@/3-.21!52!
570!<0/.A30<015!-5.0:G!CO30I2-30!e!a/:015-10!UVVRDM!

H1! 570! 42150d5! 2G! G230.5! 4/3821! <21-523-1I! A.-1I!
30<250!.01.-1IE!<2;0::-1I!03323! -.! -1532;A40;! -1! 562!
6/9.]! CPD! 570! A.0! 2G! /::2<053-4! <2;0:.! 52! 0.5-</50!
5300=:0L0:!8-2</..S4/3821!A.-1I!L/3-2A.!5300!<0/.A30=
<015.!C;-/<0503!/5!830/.5!70-I75E!70-I75E!054MDE!/1;!CUD!
570!A.0!2G!<2;0:.!30:/5-1I! 570!30<250:9=.01.0;!<0/=
.A30<015! C%&’!8/4Z.4/5503E!/-3!@7252=;03-L0;!4/12@9!
70-I75!/1;!42L03E!054MD!52!570!@:25=:0L0:!8-2</..S4/3821M!

/&1&!'')==>BA+%.,'B>$A=('@>%'2.>B)((

Given the diʛculty of measuring aboveground 
5300! 8-2</..! ;-3045:9E! L-35A/::9! /::! 4/3821!<21-523-1I!
@32I3/<.!30:9!A@21!/::2<053-4!<2;0:.!52!421L035!5300!
<0/.A30<015.! 285/-10;! -1! /! G230.5! -1L015239! C0MIME!
70-I75E! .50<! ;-/<0503D! 52! /82L0I32A1;! 8-2</..! C23!
4/3821D!0.5-</50.M!)A0!52!570!30:/5-L0:9!.</::!./<@:0.!

Sampling designs that eʛciently integrate information from plot data and a variety of remote sensing systems, including spaceborne SAR, are required 
to support cost-eϜective monitoring of forest biomass/carbon at regional and global scales. ϥn particular, sampling designs and statistical modelling/
estimation frameworks are desired that provide sound, statistically-rigorous assessments of uncertainty and make eʛcient use of expensive ɲeld 
plot data and more extensive use of less-expensive remotely-sensed information. ϥn addition, these designs should also provide the ɳexibility to 
accommodate a variety of ɲeld plot conɲgurations and remote sensing data acquisition strategies/resolutions. This chapter discusses several important 
421.-;03/5-21.!-1!WA/15-G9-1I!A14035/-159!-1!<A:5-=:0L0:!./<@:-1I!;0.-I1.E!-14:A;-1I!8257!570!<2;0:=/..-.50;!/1;!<2;0:=8/.0;!-1G03015-/:!G3/<0623Z.E!
/1;!A.0!.-<A:/5-21!52!-::A.53/50!570!.5/5-.5-4/:!@32@035-0.!2G!570!0.5-</523.!/..24-/50;!6-57!570.0!;0.-I1.E!6-57!570!I2/:!2G!-1G23<-1I!570!;0.-I1!2G!G230.5!
-1L015239!/1;!<21-523-1I!@32I3/<.!-1!30<250!30I-21.M

Hans-Erik Andersen, Research Forester/Vegetation Monitoring and Remote Sensing (VMaRS) Team Leader, USDA Forest Service
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!L!! "#$!%&’!#&()*++,

A.0;!52!;0L0:2@!570.0!<2;0:.E!/1;!570!6-;0!3/1I0!2G!
L/3-/8-:-59! -1! 622;! ;01.-59! /1;! 70-I75S;-/<0503! 30=
:/5-21.7-@.!/432..! 570! I02I3/@7-4! 3/1I0!2G! 5300.E! -5! -.!
widely acknowledged that lack-of-ɲt in the allometric 
<2;0:.!A.0;! 52!0.5-</50!8-2</..! 4/1! 42153-8A50! .-I=
niɲcantly to the true overall error budget for carbon 
<21-523-1Iv/:572AI7! 1/5-21/:! G230.5! -1L015239! @32=
I3/<.!2G501!;2!125!0d@:-4-5:9!/442A15! G23! 57-.!03323! -1!
oʛcial reports. While several recent eϜorts have made 
@32I30..!-1!-<@32L-1I!570!WA/:-59!2G!/::2<053-4!<2;0:.!
A.0;!-1!1/5-21/:=!23!30I-21/:=.4/:0!4/3821!<21-523-1I!
@32I3/<.!CF72J1/4Z9!05!/:M!UVPfE!F7/L0!05!/:M!UVPfD!/1;!
570!0<03I0140!2G!106!504712:2I-0.E!.A47!/.!50330.53-/:!
:/.03! .4/11-1I! CF/:;03.! 05! /:M! UVP^D!72:;!@32<-.0! G23!
improving the eʛciency of ɲeld measurements, uncer=
5/-159!;A0!52!/::2<053-4!<2;0::-1I!30</-1.!570!<2.5!;-G=
ɲcult source of error to account for in large scale carbon 
<21-523-1I!@32I3/<.!C)A14/1.21!05!/:M!UVP‘DM!

/&1&O''A(+.B)+.>*'>@'2.>B)(('?(.*<'()%'

)A0! 52! -5.! .01.-5-L-59! 52! G230.5! 8-2</..E! I:28/:!
42L03/I0E! /1;! 4/@/8-:-59! 52! @01053/50! 4:2A;! 42L03E!
B=8/1;! ./50::-50! 3/;/3!7/.!8001!A.0;!0d501.-L0:9! /.!
/1! /Ad-:-/39! .2A340! 2G! ;/5/! 52! .A@@235! G230.5!<21-=
523-1I!@32I3/<.!/432..!/!3/1I0!2G!8-2<0.!C’9/1!05!/:M!
UVPPE!#20Z</1!05!/:M!UVPVDM!B=8/1;!;A/:=@2:/3-Y/5-21!
C##E!#aD!8/4Z.4/5503!7/.!8001!.7261!52!80!60::=423=
30:/50;!6-57!G230.5!8-2</..!A@!52!/@@32d-</50:9!P^V!
NIS7/E!:01;-1I!-5!@/35-4A:/3!A5-:-59!-1!/..0..-1I!G230.5!
8-2</..! :0L0:.! -1! :26=8-2</..! G230.5.! 47/3/4503=
-.5-4! 2G! 7-I7=:/5-5A;0!8230/:! G230.5!8-2<0!/.!60::! /.!
.0<-=/3-;E!./L/11/!G230.5.!2G!570!532@-4.!C&5622;!05!
/:M! UVPfE! "/1/.0! 05! /:M! UVPfDM! #260L03E! -5! 7/.! 8001!
1250;!57/5!I0103/:-Y-1I!30:/5-21.7-@.!8056001!B=8/1;!
3/;/3! 8/4Z.4/5503! /1;! 8-2</..! /432..! G230.5! 59@0.!
-.! -1/;L-./8:0! .-140! 3/;/3! 8/4Z.4/5503! G32<!/! G230.5!
.4010! -.! /! GA145-21! 2G! 1A<032A.! G230.5! .53A45A3/:!
47/3/4503-.5-4.! C.50<! ;01.-59E! 70-I75E! .50<! ;-/<0=
503DE!/.!60::!/.!25703!.4010!@32@035-0.!C.2-:!<2-.5A30E!
.:2@0E!054MD!6-57!L/39-1I!42330:/5-21! 52! 5300!8-2</..!
(Woodhouse et al. 2012). Although the L-band back=
.4/5503!.-I1/:!./5A3/50.!/5!7-I703!8-2</..!:0L0:.!ClP^V!
NIS7/DE!:-<-5-1I!-5.!A.0GA:10..!/.!/!.5/1;=/:210!423=
30:/50! G23!8-2</..! -1!7-I7=8-2</..! G230.5.E! 57030! -.!
0L-;0140! 52! .AII0.5! 57/5! -14:A;-1I! /;;-5-21/:! G230.5!
.53A45A30! -1G23</5-21E! @037/@.! 285/-10;! G32<! :-;/3!

23! 30@0/5=@/..! -1503G032<0539! C"30A7/G5! /1;! %-WA0=
-3/! UVVVDE! 4/1! 70:@! 52! ;042A@:0! 570! 42<@:0d! 30:/=
5-21.7-@.!8056001!8/4Z.4/5503!/1;! G230.5! .53A45A3/:!
/553-8A50.!57/5!4/1!28.4A30!570!8-2</..=8/4Z.4/5503!
.-I1/:!/5!7-I703!8-2</..!:0L0:.!C>2.7-!05!/:M!UVP‘DM!

+140! 570!<0/.A30<015! @325242:.! /1;!<2;0::-1I!
G3/<0623Z.!7/L0!8001!0.5/8:-.70;!-1!/!G230.5!4/3821!
<21-523-1I!.9.50<E!570!10d5!.50@!-.!;0503<-1-1I!570!
@32@03!./<@:-1I!;0.-I1! 52!285/-1! 570!30WA-30;!@30=
4-.-21! G23! 4/3821! 0.5-</523.! 6-57-1! 570! :-<-5/5-21.!
2G! 570! /L/-:/8:0! 30.2A340.M! &:572AI7! -5! -.! 59@-4/:! 52!
21:9!80!/8:0!52!;-3045:9!<0/.A30!5300.!C/1;!0.5-</50!
8-2</..! L-/! /::2<0539D!21!/! L039! :-<-50;!@235-21!2G!
570!:/1;.4/@0v:0/;-1I!570!57-3;!.2A340!2G!L/3-/8-:=
-59! -1! 4/3821! 0.5-</50.E! ./<@:-1I! 03323v570! A.0!
2G! 30<250! .01.-1I!@32L-;0.! /!<0/1.!2G! 285/-1-1I! /!
<A47!<230!42<@30701.-L0!@-45A30!2G!G230.5!.53A45A30!
/432..!/1!/30/!2G!-15030.5M!"7-.!47/@503!0d@:230.!./<=
pling approaches that utilize a combination of ɲeld 
;/5/! /1;! /Ad-:-/39! -1G23</5-21v-14:A;-1I! 6/::=52=
6/::!./50::-50!%&’!-</I039!/1;!./<@:0;!7-I7=30.2:A=
5-21!C0MIME! :-;/3D! -1!<A:5-:0L0:! -1L015239!;0.-I1.v52!
0.5-</50!.A@@235!G230.5!<21-523-1I!@32I3/<.M!

/&!''?GD'8H'%DK8ED'(D:GJ:6'
E8'(9II87E',37P8:'(97WDXG

/&!&1''B>$A('>@'.*@A%A*,A

"3/;-5-21/::9E! G230.5! -1L015239! /1;! <21-523-1I!
@32I3/<.!7/L0!8001!8/.0;!21! 570!@3-14-@:0.!2G!’*C
;(5.C?-;*’"inference, where ɲeld plots were distribut=
0;!/.!/!@328/8-:-59!./<@:0E!/1;!0/47!A1-5!-1!570!@2@=
A:/5-21!2G!-15030.5!7/.!/!@2.-5-L0!@328/8-:-59!2G!80-1I!
.0:0450;!-1!/!./<@:0M!H1!;0.-I1=8/.0;!./<@:-1IE!570!
population is considered ɲxed, and all uncertainty 
-1! 570! 0.5-</5-21! 2G! /! @2@A:/5-21! @/3/<0503! C525/:!
8-2</..E!L2:A<0E!054MD! -.!;A0!52!L/3-/8-:-59!8056001!
3/1;2<:9! ;3/61! ./<@:0.! G32<! 570! @2@A:/5-21M!
)0@01;-1I!21! 570!28J045-L0.!2G! 570! .5A;9!23! -1L01=
5239E! @328/8-:-5-0.! 2G! .0:045-21! 4/1! L/39! /432..! 570!
@2@A:/5-21!52!30;A40!42.5.!23!-1430/.0!570!.5/5-.5-4/:!
precision of the estimates. For example, in stratiɲed 
./<@:-1IE!570!A1-5.!2G!570!@2@A:/5-21!4/1!80!I32A@0;!
-152! 72<2I0102A.! .53/5/! /1;! 570! @2@A:/5-21=:0L0:!
0.5-</50! -.! 4/:4A:/50;! /.! /!60-I750;! /L03/I0!2G! 570!
.53/5A<=:0L0:! 0.5-</50.! 6-57! 570! 60-I75.! 8/.0;! 21!

.53/5A<!.-Y0.M!G$’*&C-;;(;+*’!-1G030140!-.!/!<0/1.!2G!
A.-1I!:2603=42.5!/Ad-:-/39!;/5/!C0MIME!</@.E!-</I039E!
@7252!@:25.D!/1;!/!<2;0:!;0.43-8-1I!570!30:/5-21.7-@!
8056001!/Ad-:-/39!<0/.A30<015.!/1;! -1L015239!@/=
3/<0503.!52!-<@32L0!@304-.-21!2G!0.5-</50.!6-57-1!570!
;0.-I1=8/.0;! -1G03015-/:!@/3/;-I<M! H1!<2;0:=/..-.5=
0;!/@@32/470.E!;/5/!/5!0L039!:0L0:!/30!.5-::!42::0450;!
as probability samples, but the number of ɲeld plots 
30WA-30;!52!/47-0L0!/!I-L01!:0L0:!2G!@304-.-21!4/1!80!
reduced signiɲcantly (compared to designs using only 
ɲeld plots) if there is a strong correlation between 
/Ad-:-/39!;/5/!/1;!-1L015239!@/3/<0503.M!

H1!42153/.5E!6$’*&C?-;*’!-1G030140!-.!A.A/::9!8/.0;!
21!570!.2=4/::0;!;%3*43$3%&-+($.!<2;0:E!67030!0/47!
L/:A0! G32<! /1! 0:0<015! -1! 570! @2@A:/5-21! -.! 421=
.-;030;! /! 30/:-Y/5-21! 2G! /! 3/1;2<! L/3-/8:0! 6-57! /!
speciɲc probability distribution. Therefore, all pop=
A:/5-21=:0L0:! L/:A0.! C0MIME! 525/:! 23! <0/1! 8-2</..E!
054MD! /30! /:.2! 421.-;030;! 3/1;2<! L/3-/8:0.M! H1! 570!
<2;0:=8/.0;!-1G03015-/:!@/3/;-I<E!570!A14035/-159!-1!
570!0.5-</5-21!2G! /!@2@A:/5-21!@/3/<0503! -.!;A0! 52!
3/1;2<10..! -1! 570!L/:A0.!28.03L0;! G23!0/47!@2@A=
:/5-21!0:0<015M!*04/A.0!570!L/:-;-59!2G! -1G030140.! -1!
570!<2;0:=8/.0;!@/3/;-I<!/30!125!;0@01;015!A@21!
/!3/1;2<!C@328/8-:-59D!./<@:0E! -5!4/1!80!/@@:-0;!-1!
situations where collecting a suʛciently large proba=
bility sample of ɲeld plots is either too expensive or 
logistically diʛcult, such as estimation within small 
/30/.!23!30<250!30I-21.!:/4Z-1I!53/1.@235/5-21!-1G3/=
.53A45A30M!

Due to very diϜerent underlying assumptions, 
570! 30.A:5.! G32<! <2;0:=8/.0;! /1;! <2;0:=/..-.50;!
approaches are diʛcult to compare directly. The ad=
L/15/I0!2G!<2;0:=8/.0;!/@@32/470.! -.! 57/5! 57030! -.!
no requirement that the ɲeld plots be a probability 
./<@:0E!67-:0!57-.!-.!/!30WA-30<015!2G!<2;0:=/..-.50;!
/@@32/470.M!#260L03E!-1G030140.!-1!570!<2;0:=8/.0;!
42150d5!/30!421;-5-21/:!21! 570!<2;0:!/1;!</9!@32=
;A40!.0L030:9!8-/.0;!0.5-</523.! -1! 4/.0.!67030! 570!
<2;0:!-.!;0L0:2@0;!A.-1I!/1!A130@30.015/5-L0!./<=
@:0M! H1! 42153/.5E! ;0.-I1=8/.0;! C-14:A;-1I!<2;0:=/.=
.-.50;D! 0.5-</523.! 4/1E! G32<!/! @3/45-4/:! .5/1;@2-15E!
80!421.-;030;!A18-/.0;!CG23!30/.21/8:9!:/3I0!./<@:0!
.-Y0.D!30I/3;:0..!2G!570!<2;0:!57/5!-.!A.0;M!+8L-2A.:9E!
-1!/!30I-21/:!23!1/5-21/:! G230.5! -1L015239!/1;!<21-=
523-1I! 42150d5v67030! 0.5-</50.! /30! 2G501! A.0;! 52!















"#$!%&’!#&()*++,! !LY

/&11'%DHD7D:4DG
A.’*4;*.:"S=:"L="/+4%.):"S="B*6*;5*.:">="A+#$$’:"-.’"J="Q(.+*4?*45*4="ZR[Z="‘;(.5"6%&+(&*8C

*&"4*6$+*";*.;(.5"-.’"54$%.’"’-+-"+$"*;+(6-+*"7$4*;+"?($6-;;"4*;$%4<*;"(."4*6$+*"
regions: A case study in the boreal forests of interior Alaska. Canadian Journal of 
Remote Sensing 37: 596-611.

A+#$$’:">=J=:"SC0"A.’*4;*.:"I"G-++,(;;:""E="S$&*<F="ZR[\="!000"L$%4.-&"$7"/*&*<+*’"B$3(<;"(."
Applied Earth Observations and Remote Sensing Vol. 7(8): 3262 ɀ 3273.

K-&’*4;:"J="U"@*#.,-6:"A="I%4+:"/="G%43,9:"M="1-%6$.*.:""G="S*4$&’:"G="J--;-&-(.*.*="
@$.’*;+4%<+(8*"*;+(6-+*;"$7"-?$8*C54$%.’"?($6-;;"%;(.5" +*44*;+4(-&" &-;*4";<-.C
ning. Methods Ecological Evolution 6(2):198-208. 

K,-8*:"L="*+"-&="ZR[\="!634$8*’"-&&$6*+4(<"6$’*&;"+$"*;+(6-+*"+,*"-?$8*54$%.’"?($6-;;"$7"
tropical trees. Global Change Biolory 20(10):3177-90

K,$H.-<)9:">K:"N="S*-+,:"L="L*.)(.;="ZR[\="‘3’-+*’"5*.*4-&(F*’"4*54*;;($."?($6-;;"*O%-C
tions for North American tree species, Forestry 87(1):129-51. . 

Duncanson, L. W. Huang, K. Johnson, A. Swatantran, R. McRoberts, and R. Dubayah. 2017. 
!63&(<-+($.;"$7"-&&$6*+4(<"6$’*&";*&*<+($."7$4"<$%.+9C&*8*&"?($6-;;"6-33(.5="K-4C
bon Balance and Management 12:18. 

0.*:" N=" B=:" 0=" @-*;;*+:" B=" U$?-))*.:" B=" U="U4*5$(4*:" U=" /+-,&:" 1="@*&;$.=" ZR[Z=" A;;*;;(.5"
+,*"-<<%4-<9"$7"4*5($.-&"&(’-4C?-;*’"?($6-;;"*;+(6-+($."%;(.5"-";(6%&-+($."-3C
proach. Remote Sensing of Environment volume 123: 579-592. 

Ene, L., E. Naesset, and T. Gobakken. 2016. Simulation-based assessment of sampling 
;+4-+*5(*;"7$4"&-45*C-4*-"?($6-;;"*;+(6-+($."%;(.5"#-&&C+$C#-&&"-.’"3-4+(-&"<$8*4C
age airborne laser scanning surveys. Remote Sensing of Environment 176:328-340. 

GFOϥ 2016, ϥntegration of remote-sensing and ground-based observations for estimation 
of emissions and removals of greenhouse gases in forests: Methods and Guidance 
74$6"+,*"U&$?-&"E$4*;+"Y?;*48-+($.;"!.(+(-+(8*:"0’(+($."Z=R:"E$$’"-.’"A54(<%&+%4*"
Y45-.(F-+($.:"1$6*

U4*5$(4*:"B=U=:"@e;;*+:"0=:"G<1$?*4+;:"1="0=l"/+f,&:"U="A.’*4;*.:"S=C0=l"U$?-))*.:"B=:"0.*:"
L. Nelson, R. 2016. Statistical rigor in LiDAR-assisted estimation of aboveground 
forest biomass. Remote Sensing of Environment. 173: 98-108.

Gregoire, T. and H. Valentine. 2008. Sampling strategies for national resources and the 
environment. Chapman and Hall/CRC, Boca Raton. 

Hoekman, D. 2010. PALSAR wide-area mapping of Borneo: methodology and map valiC
’-+($.="!000"L$%4.-&"$7"/*&*<+*’"B$3(<;"(."A33&(*’"0-4+,"Y?;*48-+($.;"-.’"1*6$+*"
Sensing, Vol. 3, No. 4. 

JAXA. 2014. ALOS-2/Calibration Result of JAXA Standard Products; Japan Aerospace ExploC
ration Agency, Earth Observation Research Center: Tsukuba, Japan.

L$;,(:"@=:"0=B=A="G(+<,-4’:"G="I4$&&9:"L="/<,%6-<,*4:"A="E*4.j.’*FCN-.’-:"2="J="L$,-..;*.:"
M. Marchamalo and R. Fensholt. 2017. Understanding ɄsaturationɅ of radar signals 
over forests. Scientiɲc Reports 7:3505. 

G<1$?*4+;:"1="ZR[R="M4$?-?(&(+9"-.’"6$’*&C?-;*’"-334$-<,*;"+$"(.7*4*.<*"7$4"34$3$4+($."
7$4*;+"%;(.5" ;-+*&&(+*" (6-5*49"-;"-.<(&&-49"’-+-="1*6$+*"/*.;(.5"$7"0.8(4$.6*.+"
114:1017-1025. 

G<1$?*4+;:"1=:"S=C0="A.’*4;*.:"-.’"0="@-*;;*+="ZR[\="‘;(.5"-(4?$4.*"&-;*4";<-..(.5"’-+-"
+$";%33$4+"7$4*;+";-63&*";%48*9;="!."G-&+-6$:"G=:"0="@-*;;*+:"-.’"L="2-%,)$.*.="
2014. Forest applications of airborne laser scanning. Springer: Dordrecht. 

Mandallaz, D., J. Breschan, A. Hill. 2013. New regression estimators in forest inventories 
with two-phase sampling and partially exhaustive information: a design-based 
G$.+*"K-4&$"-334$-<,"#(+,"-33&(<-+($.;"+$";6-&&C-4*-"*;+(6-+($.="K-.-’(-."L$%4C
nal of Forest Research, 2013, 43:1023-1031.

Nelsen, R. B. 2006. An ϥntroduction to Copulas. Springer-Verlag New York. 

19-.:"K=:"B="S(&&:"0="Q$$&&*.:"K="U,**:"0="G(+<,-4’:"U="K-;;*&&;:"L="U4-<*:"!="Q$$’,$%;*:"G="
Q(&&(-6;="ZR[Z="]%-.+(79(.5";6-&&C;<-&*"’*7$4*;+-+($."-.’"7$4*;+"’*54-’-+($." (."
African woodlands using radar imagery. Global Change Biology 18:243-257. 

/--4*&-:"/=:"S$&6:"/=:"U4-7;+4p6:"A=:"/="/<,.*&&:"0="@-*;;*+:"B="U4*5$(4*:"1="@*&;$.:"-.’"U="
Ståhl. 2016. Hierarchical model-based inference for forest inventory utilizing three 
sources of information. Annals of Forest Science 73: 895

Särndal, CE, Swensson, B., Wretman, J. 1992. Model-Assisted Survey Sampling. SpringC
*4C2*4&-5:"@*#"D$4)="

B-.-;*:" G=:" 1=" M-.<(*4-:" J=" N$#*&&:" /=" B(-.:" L=" G=" S-<)*4:" L=" M=" Q-&)*4=" ZR[\=" A(4?$4.*"
6%&+(C+*63$4-&"NC?-.’"3$&-4(6*+4(<"/A1"’-+-"7$4"?($6-;;"*;+(6-+($."(.";*6(C-4(’"
forests Remote Sensing of Environment 145:93-104.

B4*%,-7+:"1=:"-.’"M="/(O%*(4-="ZRRR="2*4+(<-&";+4%<+%4*"$7"8*5*+-+*’"&-.’";%47-<*;"74$6"(.+*4C
ferometric and polarimetric radar. Radio Science 35(1):141-177. 

Q$$’,$%;*:"!=:"0="G(+<,-4’=:"G="I4$&&9:">="G-.(-+(;:"K="19-.="ZR[Z="1-’-4"?-<);<-++*4"(;".$+"
a Ɉdirect measureɉ of biomass. Nature Climate Change 2:556-557. 

Yarie, J., E. Kane, and M. Mack. 2007. Aboveground biomass equations for the trees of inC
+*4($4"A&-;)-="AE0/"I%&&*+(."[[_:"‘.(8*4;(+9"$7"A&-;)-CE-(4?-.);:"E-(4?-.);:"A&-;)-:"
USA (https://www.uaf.edu/ɲles/snre/B115.pdf) last accessed 12/20/2018.



THE SAR HANDBOOK 197

6.5  Overview of Scripts

Let’s review the scripts in the general order that they are called, including their main 
purpose, inputs, outputs, and terminal commands.

1. forest_stand_height.py is the main script, which  in turn calls nine other 
scripts with a total runtime of around 23 minutes 22 secs for the example 
data. Some of the other scripts call additional scripts. 

The command line call is:

• python file_directory/forest_stand_height.py scenes edges start_scene 
iterations link_file flag_file ref_file mask_file file_directory “output_
file_types” [--Nd_pairwise] [--Nd_self] [--N_pairwise] [--N_self] 
[--bin_size] [--flag_sparse] [--flag_diff] [--flag_error] [—numLooks] 
[—noiselevel] [--flag_proc] [--flag_grad].”

The inputs for this script in the order entered into the terminal are:

• scenes (int) - number of scenes in the data set

• edges (int) - number of edges (aka scene-scene borders)

• start_scene (int) - flag value of the central scene that overlaps the ground 
truth (e.g. LiDAR, field) data

• iterations (int) - number of iterations to run the nonlinear least squares 
part of the model

• Link_file (string) - file name of the file that lists all the edge scene pairs or 
‘-’ if processing a single scene

• flag_file (string) - file name of the file that lists all the scene flags and cor-
responding full file names and associated file date (dates, scene location 
(frame#,orbit#), polarization)

• ref_file (string) - filename of reference data raster file (ground truth data, 
e.g. LiDAR, field)

• maskfile (string) - filename of the mask file that excludes all non-forest 
areas (mask excluding water and human disturbed areas such as urban 
and agriculture is also acceptable; if no mask is a available input ‘-’ as the 
filename)

• file_directory (string) - directory path of where the input and output files 
are located

ample_ROIPAC/. Please note that no quotes are used in the terminal for 
this parameter.

• Output file types - the list of output formats should be in quotes, and can 
contain one or all of the following:  “tif kml gif mat json”.  In other words, 
output formats can be created for any of these options. For this example, 
all options are listed.

• The command option --flag_proc 0 indicates that the input data has been 
processed into SLCs by the ROI_PAC algorithm. If the data was processed 
by ISCE, please use 1 instead. For this example, we use a 0 to indicate that 
the data was processed by ROI_PAC.

3. The scripts are also able to be run with a single radar scene. To do this use “-“ 
instead of a link_file name, and in the input have 0 edges. 

• For example: python .../forest_stand_height.py 1 0 1 5 - “flagfile.txt” 
“Howland_LVIS_NaN.tif” “Maine_NLCD2011_nonwildland.tif” /directo-
ry_of_files/ “gif json kml mat tif” --flag_proc=1

4. In the case that you are running the FSH scripts on your own data, or would 
like to call each FSH script individually in the command line, please find the 
inputs, outputs, and terminal command lines in section 6.5. Please note that 
there are additional, unrequired parameters for the forest_stand_height.
py that are explained in section 6.5 that are not included in the example. 
Otherwise, proceed to section 6.4 to generate a mosaic of your forest stand 
height estimation.

6.4  Generate Mosaic

1. To create a mosaic of the generated forest height maps for all the scenes in 
GeoTiff format, run the following command “python directory_of_scripts/
create_mosaic.py directory mosaic_file list_of_files” in the terminal. You 
will need to replace three parameters.

• Replace  directory_of_scripts with the location of the scripts.

• Replace mosaic_file with the name you would like to give your final mo-
saic of forest stand heights. 

• Replace list_of_files with paths to each map that you would like to be 
combined within the mosaic in the format “file1 file2 file3.” 

2. For example: 

/home/dev/test_example_ROIPAC/test_example_ROIPAC//
create_mosaic.py /home/dev/test_example_ROIPAC/test_ex-
ample_ROIPAC/ “3sc_mosaic.tif” “.../test_example_ROIPAC/
f890_o118/890_118_20070808_HV_20070923_HV_fsh.tif 
.../test_example_ROIPAC/f890_o119/890_119_20070710_
HV_20071010_HV_fsh.tif .../test_example_ROIPAC/
f890_o120/890_120_20070727_HV_20070911_HV_fsh.tif”

3. Following is a snapshot of the expected mosaicked forest stand height re-
sults using the example dataset.
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52!0d@/1;!570!28.03L/5-21.!</;0!A1;03!@32I3/<.!
.A47!/.!F2@031-4A.!C0MIME!./<0!@2:/3-Y/5-21.E!/4WA-=
sition angles, beam modes; the inɳuences of these 
G/4523.! 21! 570! %&’! 30<250! .01.-1I! 2G! G230.5.! 6/.!
/:.2!/;;30..0;!-1!570!.0421;!47/@503!2G!57-.!7/1;=
822ZDE! 57/5! 62A:;! I30/5:9! G/4-:-5/50! 570! 4215-1A0;!
A.0! 2G! 572.0! ;/5/M! CF2@031-4A.X! %015-10:=P&! /1;!
%015-10:=P*!./50::-50.!@32L-;0!G23!.9.50</5-4!28.03=
L/5-21!2G!570!$/357E!89!67-47!570!@:/40.!-</I0;!89!
570!56-1!F=8/1;!%&’!-1.53A<015.!/30!/4WA-30;!0L039!
PU!;/9.E!6-57!570!./<0!80/<!<2;0.E!/1;!6-57!570!
./<0!-</I-1I!/1I:0.E!G/4-:-5/5-1I!42<@/3-.21!2G!-<=
agery acquired on diϜerent days.) Taking that and 
25703!G/4523.!-152!42150d5E!570!G2::26-1I!.A8.045-21.!
0d@:230!726!570!GA5A30!%&’!/@@:-4/5-21!:/1;.4/@0!-.!
:-Z0:9!52!80!-<@/450;!89]

CPD!$d@/1;0;!3W3JS3PJSJEX'8H!;3E3!CG32<!0d-.5=
-1I!/1;!A@42<-1I!<-..-21.D

CUD!)0.Z52@! /1;! 4:2A;! 42<@A5-1I! E88SG! 6-57!
67-47!52!@3240..!3/;/3!;/5/

(3) Capacity building eϜorts
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%2<0! @30L-2A.:9! 30.53-450;! %&’! ;/5/.05.! /30! 80=
42<-1I!<230! /L/-:/8:0! C0MIME! 570!2@01!/L/-:/8-:-59! 2G!
&;L/140;!B/1;!+8.03L/5-21!%/50::-50! C&B+%D!?7/.0;!
&33/9!59@0!B=8/1;!%915705-4!&@035A30!’/;/3!C?&B%&’D!
;/5/DE! /1;! <230! %&’! ./50::-50! <-..-21.! 7/L0! 8001!
:/A1470;!C0MIME!570!%015-10:=P!./50::-50.DM!H1!503<.!2G!GA=
5A30!%&’!<-..-21.E!,F3IED7'1!7/.!/:30/;9!4/5/:2IA0;!
570!10/3=503<!3/;/3!./50::-50.!30:0L/15!52!G230.5!<21-=
523-1I!C-M0ME!%&+F+N=P*E!’/;/3!)2@@:03!NA:5-GA145-21!
C’FNDE! *-2</..E! (H%&’E! "/1)$N=BDM! H1! G/45E! 2G! 570!
./50::-50!<-..-21.! @30L-2A.:9! :-.50;E! .-140! 570!63-5-1I!
2G! 57-.! 7/1;822Z! 42<<0140;E! 570! ?&jE! (2L/%&’=%E!
/1;!%&+F+N=P&!<-..-21.!7/L0!/:30/;9!:/A1470;!C-1!
T083A/39!UVPRE!%0@50<803!UVPRE!/1;!+452803!UVPRE!
30.@045-L0:9DM!*0921;!125-1I!57/5!57030!/30!A@42<-1I!
F=E!B=E!%=E!/1;!?=8/1;!<-..-21.E!67/5!-.!./:-015!-.!57/5!
6-57! L/3-2A.! <-..-21.! 7/L-1I! [G300! /1;! 2@01\! ;/5/!
@2:-4-0.E!570.0!6-::!/;;!52!570!/:30/;9!I326-1I!@A8:-4!
/347-L0!2G!3/;/3!-</I039!2G!570!$/357M!&.!1250;!@30L-=
ously, this provides a signiɲcant opportunity for SAR-
8/.0;! /1;! %&’=017/140;!<21-523-1I! 2G! 570! $/357X.!
30.2A340.v.2<057-1I! @/35-4A:/3:9! A1@3040;0150;!
@3-23! 52! %015-10:=PM! "7/5! 2@@235A1-59E! 7260L03E! /:.2!
@30.015.! @3/45-4/:! 47/::01I0.! 52! -</I0! /1/:9.5.! /1;!
their geospatial and/or data departments, speciɲcally 
6-57! 30I/3;! 52!@3240..-1I!/1;!.523-1I! :/3I0!L2:A<0.!
2G! %&’!;/5/! /1;!;03-L0;!@32;A45.M!(0L03570:0..E! /.!
6/.! /:30/;9! 42L030;! 0/3:-03E! -5! 80/3.! 30@0/5-1I! 57/5!
30.2A340.! .A47! /.! 570! F2@031-4A.! +@01! &440..! #A8!
/1;!570!&%TX.!a0350d!@235/:!/30!43A4-/:!30.2A340.!57/5!
@32L-;0!/440..! 52!%&’!;/5/M! H5! -.!/15-4-@/50;! 57/5! 570!
signiɲcance of these portals will only grow over time 
/.![210=.52@!.72@.\!G23!/4WA-3-1I!;/5/!G32<!7-.523-4/:!
/1;! 21I2-1I! <-..-21.M! "70! G235742<-1I! (H%&’!<-.=
.-21! -.! :-Z06-.0! @2-.0;! 52! I0103/50! <230! ;/5/! 57/1!
any NASA Earth observing mission. Faced with signiɲ=
cant ɲle size and data volume challenges, an initiative 
ɈGetting Ready for NϥSARɉ (GRFN) is part of eϜorts to 
<2L0!(&%&!$/357!28.03L-1I!;/5/!/1;!.03L-40.!52!570!
commercial cloud (Blumenɲeld 2018).
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"7030!7/.!8001!/125703!60:42<0!;0L0:2@<015!30=
:/5-1I! 52!.2G56/30!@:/5G23<.! G23!@3240..-1I!%&’!;/5/M!

?3-23!52!501!90/3.!/I2E!3/;/3!;/5/!@3240..-1I!6/.!@/35:9!
570! ;2</-1! 2G! 42<<034-/::9! :-401.0;! .2G56/30! @/4Z=
/I0.M! H1! UVVRE! &%T! 30:0/.0;! -5.! N/@’0/;9! .2G56/30!
@:/5G23<E!67-47!/::260;!G23!570!421L03.-21!2G!%&’!;/5/!
G32<!@/35-4A:/3!F2<<-5500!21!$/357!+8.03L/5-21!%/50:=
:-50.!CF$+%D!;/5/!G23</5.!52!O02"HTT!G23</5M!"7-.!:26=
030;!570!8/33-03!52!L-.A/:-Y-1I!%&’!-</I039!89!/::26-1I!
<230!A.03.!52!0/.-:9!L-.A/:-Y0!%&’!@32;A45.!-1!OH%!@:/5=
G23<.E!.2<057-1I!57/5!6/.!/:30/;9!@2..-8:0!G23!2@5-4/:!
;/5/.05.! :-Z0! B/1;./5! -</I039M! TA35703<230E! /32A1;!
UVVQE!-1!@/3/::0:!52!570!;0L0:2@<015!2G!N/@’0/;9E!$%&!
42<<-..-210;!570!;0L0:2@<015!2G! 570!(0d5!$%&!%&’!
"22:82d!C($%"DE!67-47!6/.!:/503!G2:;0;!-152!570!%01=
5-10:=P! "22:82dE! /1;!67-47! -5.0:G! :/503!804/<0!/!@/35!
2G!67/5! -.!4A33015:9! 570!%015-10:!&@@:-4/5-21!?:/5G23<!
C%(&?DM! &.! -5! .5/1;.E! %(&?!/::26.! G23!@30@3240..-1IE!
@3240..-1IE!/1;!L-.A/:-Y-1I!;/5/!G32<!/!6-;0!3/1I0!2G!
%&’!<-..-21.!C/.!60::!/.!;/5/!G32<!121=%&’!<-..-21.DM!
H1! /! .-<-:/3! L0-1! 52!N/@’0/;9E! %(&?!/::26.! G23! 421=
L035-1I!3/;/3!-</I039!52!OH%=30/;/8:0!G23</5.!.A47!/.!
O02"HTTM!+L03/::E!570.0!522:.!7/L0!/::260;!/!:/3I03!@22:!
2G!OH%!/1/:9.5.!/1;!2@5-4/:!30<250!.01.-1I!.@04-/:-.5.!
52!80I-1!52!83-;I0!2L03!52!570!.5A;9!2G!%&’!;/5/M

While MapReady and SNAP serve as key examples 
2G!67/5!-.!4A33015:9!/L/-:/8:0!-1!503<.!2G!2@01:9!/L/-:=
/8:0!;0.Z52@!.2G56/30!@:/5G23<.E!570!0L2:A5-21!2G!.A47!
@:/5G23<.!</9!/:.2!703/:;!67/5!-.!52!42<0!-1!503<.!2G!
/;;-5-21/:! GA145-21/:-5-0.M! "70! .7-G5! G32<!($%"! 52! 570!
%015-10:=P!"22:82d!52!%(&?E!G23!-1.5/140E!./6!570!/;;-=
5-21!2G!/@@:-4/5-21=23-0150;! GA145-21.M!’0.@21;-1I! 52!
570!@25015-/:!G23!6-;0!/@@:-4/5-21.!2G!%&’!;/5/E!%(&?!
4A33015:9! /::26.! G23! 70-I75! 0.5-</5-21E! 47/1I0! ;0504=
5-21E! 240/1! 28J045! ;05045-21E! /1;! 2-:! .@-::! ;05045-21M!
As this chapter is being written, the ϥnSAR Scientiɲc 
F2<@A5-1I!$1L-321<015!CH%F$D!@3240..-1I!@/4Z/I0! -.!
A1;03I2-1I!GA35703!;0L0:2@<015!-1!@30@/3/5-21!G23!570!
G235742<-1I!(H%&’!<-..-21!C’2.01!05!/:M!UVPRDM
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*0921;! 47/1I0.! -1! 726! ;0.Z52@! /@@:-4/5-21.!
@3240..!/1;!</1/I0!%&’!;/5/E! 57030!7/.!/:.2!8001!
a signiɲcant shift in how SAR data are processed. 
NA47!2G!570!42<<A1-59!2G!A.03.!-.!<2L-1I!/6/9!G32<!
;261:2/;-1I! :/3I0! %&’! ;/5/.05.! G32<! 570! H1503105!
/1;!@3240..-1I!570<!21!;0.Z52@!42<@A503!.9.50<.E!









O"!! "#$!%&’!#&()*++,

aH’=$e%&E! .00! 755@]SS.03L-3M34<3;M23ID! @32I3/<! -1!
UVVRM!H1!UVPRE!’FN’)E!72.50;!570!53/-1-1I.!;210!89!
N/34!%-</3;!/1;!#/1.!&1;03.01E!G24A.-1I!21!%&’!G23!
</1I32L0!<21-523-1I! /1;! ./<@:-1I!;0.-I1E! 30.@04=
5-L0:9M!’0@30.015/5-L0.!2G!’FN’)!/:.2!@/35-4-@/50;!-1!
570!GA::!3/1I0!2G!%&’!53/-1-1I.!A1;03!570!%$’aH’=%-:=
L/F/3821! 42::/823/5-21M! "7/5! -14:A;0;!@/35-4-@/5-21!
-1!53/-1-1I!623Z.72@.!21!%&’!;/5/!@3240..-1I!/1;!570!
/@@:-4/5-21!2G!%&’!G23!G230.5!<21-523-1IE!30.@045-L0:9E!
:0;!89!T3/1Y!N0903!/1;!>2.0G!,0::1;23G03E!/.!60::!/.!
53/-1-1I.!21!570!G230.5!70-I75!0.5-</5-21!:0;!89!?/A:!
%-WA0-3/E!/1;!21!8-2</..!0.5-</5-21E!:0;!89!%/../1!
%//547-M!’FN’)!-.!0.@04-/::9!-15030.50;!-1!A.-1I!%&’!
G23!<21-523-1I!</1I32L0!G230.5.!21!570!42/.5.!2G!$/.5!
&G3-4/M! H1! 57/5! 42150d5E! ’FN’)! 7/.! /:30/;9! .5/350;!
I-L-1I! 53/-1-1I!623Z.72@.! 52! -5.!<0<803! 1/5-21.! -1!
570!A.0!2G!%&’M!’FN’)!-.!42::/823/5-1I!6-57!570!,01=
9/! T230.5! %03L-40! C,T%D! /1;! 570!,019/! T230.539! ’0=
.0/347!H1.5-5A50!C,$T’HD!52!;0L0:2@!570-3!4/@/4-5-0.!-1!
the use of SAR speciɲcally for forest-related applica=
5-21.M!H1!/;;-5-21E!’FN’)!@:/1.!52!.A@@235!-5.!<0<=
803!%5/50.!/.!@/35!2G!-5.!106!%53/50I-4!?:/1!UVPQbUVUU!
-1!570!4/@/4-59=8A-:;-1I!/45-L-5-0.!30:/50;!52!570!A.0!2G!
%&’!G23!8-2</..!0.5-</5-21!C0MIME!"/1Y/1-/E!KI/1;/E!
/1;!’6/1;/DM!TA35703<230E!’FN’)!6-::!01I/I0!6-57!
A1-L03.-5-0.!/.!@/35!2G!-5.!%A<<03!%4722:!@32I3/<!-1!
23;03!52!8A-:;!4/@/4-59!-1!570!A.0!2G!%&’!-1!30.0/347M
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%-140! UVP_E! 570! &I32=<050232:2I9E! #9;32:2I9E!
/1;! N050232:2I9! 30I-21/:! 401503! C&O’#hN$"E! .00!
755@]SS/I379<05M4-:..M-15DE! /! 50471-4/:! /3<! 2G! 570!
?03</1015!H1503.5/50!F2<<-5500!G23!)32AI75!F21532:!
-1!570!%/70:!CFHB%%DE!7/.!8001!570!:0/;!23I/1-Y/5-21!
in the SERVϥR-West Africa (see 755@]SS.03L-3M4-:..M
-15S01SD! .-d=<0<803! 421.235-A<M! H1! -<@:0<015-1I!
SERVϥR-West Africa, AGRHYMET has partnered with 
570!&G3-4/1!F01503!2G!N050232:2I-4/:!&@@:-4/5-21! G23!
)0L0:2@<015!C&FN&)DE!570!&G3-4/1!’0I-21/:!H1.5-5A50!
G23! O02.@/5-/:! %4-0140! /1;! "04712:2I9! C&T’HOH%"DE!
570! F01530! G23! ’0<250! %01.-1I! /1;!O02I3/@7-4! H1=
G23</5-21! %03L-40.! CF$’%OH%DE! 570! F01530! ;0! %A-L-!
$42:2I-WA0! CF%$DE! /1;! 570! H15031/5-21/:! F32@.! ’0=
.0/347! H1.5-5A50! G23! 570!%0<-=&3-;!"32@-4.! CHF’H%&"DM!
$L01! 2A5.-;0! 2G! 570! 42150d5! 2G! %$’aH’E! &O’#hN$"!
7/.! 7/;! @3-23! 0d@03-0140! 623Z-1I! 6-57! %&’! ;/5/M!

&.!@/35!2G!-5.!-1L2:L0<015!-1!570!$%&!"HO$’!-1-5-/5-L0!
G24A.0;! 21! <21-523-1I! 6/503! 30.2A340.! -1! &G3-4/E!
&O’#hN$"! 7/.! 42::/823/50;! 6-57! $%&! 30.0/34703.!
G23!A.-1I!$%&!%&’!-</I039!G23!<21-523-1I!6/503!82;=
ies. Within the SERVϥR context, in 2018, AGRHYMET 
72.50;! /! J2-15! 53/-1-1I! 623Z.72@! 89! T3/1Y! N0903!
/1;! >2.0G! ,0::1;23G03! 21! 570! 52@-4.! 2G! 3/;/3! ;/5/!
@3240..-1I! /1;! A.-1I! %&’! 52!<21-523! ;0G230.5/5-21!
and forest degradation. SERVϥR-West Africa consor=
5-A<!<0<803.!&T’HOH%"E!F$’%OH%E!F%$E!/1;!HF’H%&"!
/:.2!@/35-4-@/50;! -1! 57/5! 53/-1-1IM! H1! 503<.!2G! GA5A30!
activities, and building oϜ the earlier trainings, the 
SERVϥR-West Africa consortium plans to integrate 
%&’!;/5/! -152! -5.! .03L-40.E!@/35-4A:/3:9! 572.0!30:/50;!
to landcover change. The forested parts of West Af=
3-4/!/30!@/35-4A:/3:9!.A.40@5-8:0! 52!7-I7!4:2A;!42L03M!
"7030G230E!%&’!@30.015.!/1!2@@235A1-59!52!<230!G30=
WA015:9!<21-523!:/1;=A.0!/1;!:/1;42L03!47/1I0M!&;=
ditionally, the SERVϥR-West Africa consortium plans 
52!/@@:9!570!L/3-2A.!<0572;.!2G!47/1I0!;05045-21!52!
L/3-2A.!:/1;!;0I3/;/5-21!.03L-40.E!.A47!/.!570!47/3=
42/:!@32;A45-21!<21-523-1I!.03L-40!-1!O7/1/E!/.!60::!
/.!210!57/5!G24A.0.!21!A1;03.5/1;-1I!570!42<<A1-59!
:0L0:!G230.5!47/1I0.M
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"70!H15031/5-21/:!F01530!G23!H150I3/50;!N2A15/-1!
)0L0:2@<015! CHFHN+)E! .00]! 755@]SS666M-4-<2;M
23ID! -.! /1! -1503I2L031<015/:! 23I/1-Y/5-21E! 67-47E!
.-140! UVPVE! 7/.! 8001! 570! 7A8! G23! 570! %$’aH’=#-1=
;A! ,A.7=#-</:/9/! C%$’aH’=#,#E! .00]! 755@]SS.03L-3M
-4-<2;M23ID! @32I3/<M! H1! UVPRE! HFHN+)! 72.50;! 562!
%$’aH’S%-:L/F/3821=.@21.230;! 30I-21/:! 53/-1-1I.]!
CPD! T3/1Y! N0903! /1;! >2.0G! ,0::1;23G03! 21! %&’! G23!
</@@-1I! 2G! G230.5! ;0I3/;/5-21! /1;! ;0G230.5/5-21E!
/1;!CUD!%/../1!%//547-!21!%&’!G23!<21-523-1I!2G!G23=
0.5!4/3821!.524Z.!/1;!8-2</..!0.5-</5-21M!HFHN+)X.!
%&’!4/@/4-59E!.5301I57010;!5732AI7!570.0!623Z.72@.!
/1;! 53/-1-1I.E! -.! -1430/.-1I! /432..! .0L03/:! 570</5-4!
areas. Where ϥCϥMOD collaborates with a number 
2G!I2L031<015!/I014-0.!2G!-5.!<0<803!42A153-0.!C&G=
I7/1-.5/1E!*/1I:/;0.7E!*7A5/1E!F7-1/E!H1;-/E!N9/1=
</3E!(0@/:E!/1;!?/Z-.5/1D!-1!G230.5!<21-523-1Iv-1=
4:A;-1I!570!304015!0.5/8:-.7<015!2G!/!’0I-21/:!B/1;!
F2L03!N21-523-1I! %9.50<! C’BFN%DE! :0L03/I0;! G32<!
%$’aH’=N0Z21IvHFHN+)!@:/1.!52!0d@:2-5!%&’!;/5/!

for national forest monitoring. While not speciɲcally 
-1! 570! G230.5!;2</-1E! HFHN+)!7/.!421;A450;!670/5!
</@@-1I!/45-L-5-0.! -1!&GI7/1-.5/1!A.-1I!/! 42<8-10;!
%&’S+@5-4/:!/@@32/47M!O2-1I!G236/3;E!HFHN+)!-.!42:=
:/823/5-1I!6-57!&GI7/1-.5/1X.!(/5-21/:!%5/5-.5-4.!/1;!
H1G23</5-21!&A5723-59!C(%H&DSF0153/:!%5/5-.5-4.!+3I/=
1-Y/5-21!CF%+D!G23!4/@/4-59!8A-:;-1I!30I/3;-1I!/@@:-=
4/5-21!2G!%&’!;/5/!G23!.0/.21/:!670/5!/30/!0.5-</5-21!
/1;! @:/1! 52! 0d@/1;! 570.0!<0572;2:2I-0.! G23! 25703!
432@.!-1!*/1I:/;0.7!5732AI7!/!42::/823/5-21!6-57!570!
*/1I:/;0.7!&I3-4A:5A30!’0.0/347!F2A14-:!C*&’FDM!&;=
ditionally, building oϜ the successful SERVϥR trainings 
7-I7:-I750;!-1!57-.!7/1;822ZE!HFHN+)!7/.!42<<-550;!
52! G/4-:-5/50! /! G2::26=21!623Z.72@! CUVPQD! -1! 570! 30=
I-21E!6-57!I:28/:!@/35103.E!52!.42@0!2A5!570!10d5!.50@.!
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