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Abstract

NASA's Ice, Cloud, and Land Elevation Satellite (ICESat), the �rst global

laser altimetry satellite, was operated between 2003 and 2009 with the

primary mission objective of measuring Earth's ice sheet mass balance,

namely sea-ice thickness and ice sheet elevations. In addition of polar

regions coverage, around the globe data about cloud propriety information,

vegetation canopy structure and topographic data were also recorded. It has

proven to be a very successful mission, operating beyond its initial 5-year

goal and saw its data applied e�ectively in many scienti�c models outside

its initial application scope.

The ICESat-2 satellite, the follow-up of the ICESat mission, with a

more capable light detection and ranging (LIDAR) instrument, was launched

in 2018 and represented an advancement over the laser technology of the

�rst ICESat mission, �ring laser pulses at 10 kHz rate, instead of the

previous 40 Hz. This fast-�ring laser technology allows the ICESat-2's

LIDAR, called Advanced Topographic Laser Altimeter System (ATLAS), to

take measurements approximately at every 0.7 meters along the satellite's

track on Earth's surface instead the 170 meters of the previous ICESat

mission. Also, each transmitted laser pulse is split in six individual beams,

arranged in three pairs (each pair having a strong and a weak beam) and

separated by 3 km apart, providing a multi-beam pro�ling of the surface.

The main objective of this thesis was the development of a software

tool, called ICEComb, that allows scientists and researchers to visualise and

process, in a suitable way, the available altimetry data from the ICESat

mission and the ICESat-2 satellite, a follow-up of the previous mission, which

was launched on the 15th of September 2018 and is currently operational.

xi



CONTENTS xii

ICEComb is a web-based software tool that o�ers its users the ability to

access the available data from both missions, visualise them interactively

on a geographic map, store the data products locally, explore data in a

detailed, e�cient and meaningful way, and provide satellite altimetry data

processing by implementing di�erent algorithms and statistical procedures,

thus providing an easy-to-use environment for analysis, interpretation and

processing of satellite laser altimetry data.

The need to create a new tool for processing and visualising the ICESat

and ICESat-2 data products was derived primarily from the fact that existing

solutions only provide access to a limited amount of information contained

in the datasets of both missions and do not allow its processing and analysis

in the same interface.

The developed tool was built using well-known and well-documented

technologies in order to facilitate the incorporation of new functionalities

and features to it and allow to extend its application to data obtained from

other satellite altimetry missions.

Keywords : Satellite laser altimetry; LIDAR; ICESat/GLAS; ICESat-2/

ATLAS; Data visualisation; Software tool design.



Resumo

O primeiro sat�elite de altimetria a laser global da NASA, designado de

ICESat (Ice, Cloud, and land Elevation Satellite), foi operado entre 2003 e

2009 com o objetivo principal da miss~ao em medir as varia�c~oes de massa do

manto de gelo da Terra, ou seja, as mudan�ca de eleva�c~ao do manto de gelo

e espessura do gelo marinho. Al�em da cobertura das regi~oes polares, foram

recolhidos dados �a volta do globo sobre propriedades das nuvens, estrutura

da cobertura da vegeta�c~ao e dados topogr�a�cos. Provou ser uma miss~ao de

muito sucesso, operando para al�em da sua meta inicial de cinco anos e viu os

seus dados aplicados de forma e�caz em muitos modelos cient���cos fora do

seu escopo inicial.

O sat�elite ICESat-2, lan�cado em 2018 no seguimento da miss~ao ICESat,

cont�em um instrumento LIDAR (LIght Detection And Ranging) mais capaz

e representou um avan�co da tecnologia laser da primeira miss~ao ICESat,

passando a disparar impulsos laser a uma taxa de 10 kHz em vez dos

anteriores 40 Hz. Esta tecnologia laser de disparo r�apido permite que

o sistema ATLAS (Advanced Topographic Laser Altimeter System) fa�ca

medi�c~oes aproximadamente a cada 0;7 metros ao longo da trilha do sat�elite

sobre a superf��cie da Terra, em vez dos anteriores 170 metros da miss~ao

ICESat. Al�em disso, cada impulso laser transmitido �e dividido em seis feixes

individuais, dispostos em três pares (compostos por um feixe forte e um

feixe fraco) e separados por 3 km de distância, fornecendo um per�l de feixe

m�ultiplo da superf��cie.

O principal objetivo deste trabalho foi o desenvolvimento de uma

ferramenta de software, denominada ICEComb, que permite aos cientistas e

investigadores processar e visualizar, de forma adequada, os dados dispon��veis

de altimetria laser por sat�elite, nomeadamente dados da miss~ao ICESat e do

xiii
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sat�elite ICESat-2, a miss~ao que a sucedeu, lan�cado a 15 de setembro de 2018

e que se encontra ainda em opera�c~ao.

ICEComb �e uma ferramenta baseada na web que oferece aos utilizadores

�nais uma aplica�c~ao para an�alise e interpreta�c~ao de dados de altimetria a

laser por sat�elite com a capacidade de aceder aos dados dispon��veis de ambas

as miss~oes, visualiz�a-los interativamente num mapa geogr�a�co, armazenar os

registros de dados localmente, explorar os dados de forma e�ciente, detalhada

e signi�cativa e realizar o processamento de dados de altimetria de sat�elite

atrav�es dos diferentes algoritmos e procedimentos estat��sticos implementados,

proporcionando assim um ambiente de software de f�acil utiliza�c~ao.

A necessidade da cria�c~ao de uma nova ferramenta para o processamento

e a visualiza�c~ao dos produtos de dados dos sat�elites ICESat e ICESat-2

foi derivada principalmente do facto de que as solu�c~oes existentes apenas

fornecem acesso a uma quantidade limitada de informa�c~ao contida nos

conjuntos de dados de ambas as miss~oes, al�em de n~ao permitirem o seu

processamento e an�alise na mesma interface.

A ferramenta desenvolvida foi constru��da com tecnologias bem conhecidas

e bem documentadas, de forma a facilitar a incorpora�c~ao de novas

funcionalidades e fontes de dados, permitindo assim estender a sua

aplicabilidade a dados de outras miss~oes de altimetria laser por sat�elite.

Palavras-chave : Altimetria laser por sat�elite; LIDAR; ICESat/GLAS;

ICESat-2/ATLAS; Visualiza�c~ao de dados; Desenvolvimento de ferramentas

de software.
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Chapter 1

Introduction

1.1 Motivation

National Aeronautics and Space Administration (NASA)'s experimental

scienti�c satellite ICESat was launched on the 13th of January 2003 as part

of NASA's EOS (Earth Observing System) program. The satellite operated

for seven years in a 600 km orbit with 94o inclination [28], two more years

than the initial �ve-year mission goal, and was retired in February 2010 after

completing 19 successful laser-operations campaigns [33], the last valid data

having been gathered in October of 2009.

The Geoscience Laser Altimeter System (GLAS) the primary mission

instrument [2, 3] onboard the ICESat satellite, was constituted by three

di�erent lasers that operated sequentially during the duration of the mission,

one at a time|complemented by a dual-frequency Global Positioning System

(GPS) receiver [27] and a customised star-tracker attitude determination

system [29]|and was the �rst spaceborne laser-ranging (LiDAR) system

designed for continuous, near-global observation of the Earth, covering the

latitude range from 86oN to 86oS.

The GLAS lasers emitted short pulses of 4 ns with a repetition frequency

of 40 Hz at both the wavelengths of 1064 nm (near-infrared light, used

for surface altimetry and measurement of dense cloud heights) and 532 nm

(visible green light, used for pro�ling atmospheric clouds and aerosols) [30],

and operated intermittently, having been �red only at strategic time periods

due to the operational and energy constraints resulting from the premature

1
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failure of the �rst of the lasers and the rapid energy decline of the second

one [2].

Due the small footprint of the laser echo (� 70 m), the GLAS altimeter

provided high accuracy earth surface elevation data with few corrections to

be applied.

Although the satellite's main objective was to observe ice elevation

changes on both Greenland and Antarctica [28], the obtained data was widely

used on far more subjects than the initial purpose. A variety of application

�elds, such as ice sheet elevation, land topography, cloud and aerosol height

distribution, vegetation canopy characteristics and height, surface re
ectivity

[38], urban environment monitoring [13], and water level monitoring in rivers

and natural and arti�cial lakes [5, 35] indicate how wide is the scope of

applicability of the ICESat data.

The groundbreaking success of the �rst ICESat mission was proceeded by

the launch, in September of 2018, of a follow-up mission called ICESat-2 [23],

with an updated and more capable LIDAR instrument designated by ATLAS

[19], which is currently operational. This instrument provides a measurement

concept di�erent from the LiDAR on ICESat, providing a faster repetition

rate of 10 kHz, resulting in a separation of about 0.7 m between data points

along the satellite's track [23], compared with about 170 m for the previous

mission, in addition to using much lower energy pulses [36].

Besides that, each transmitted laser pulse is split into six individual

beams, arranged in three pairs composed of a strong and a weak beam and

separated by about 3 km cross-track [23], providing a multi-beam mapping

of the Earth's surface. Thus, the measurements obtained have minimal gaps

and provide higher �delity of the topography obtained along the satellite's

ground tracks [18].

The main science objective of ICESat-2 is to continue the ICESat mission

and quantify changes in Earth's glaciers, ice sheets, sea ice and vegetation [1].

Having the �rst mission as an example, new scienti�c models will certainly

emerge from the use of the ICESat-2 data. Studies performed in regions

where in situ measurements are scarce or almost non-existent, such as

remote areas of Africa and the Amazon, can bene�t from data of this near-

global satellite mission. The potential application of laser altimetry data
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from ICESat-2 for hydrological studies, namely to study the water level


uctuations in lakes, reservoirs and rivers in remote regions of di�erent

continents is a good example of its applicability.

Such data can also potentially be used to study air quality in regions

a�ected by dust storms from the Sahara and the Sahel deserts, such as the

part of the North Atlantic Ocean corresponding to the biogeographical region

of Macaronesia, which includes the archipelagos of Madeira and Canary

Islands.

When comparing satellite radar and laser altimetry data, it is observed

that laser altimetry o�ers higher precision and accuracy data due to the its

�ner range bin resolution. Over Greenland's ice sheet, for example, the laser

elevation measurements from the GLAS altimeter in the ICESat mission, had

a precision from 0.14 to 0.59 m, in comparison with a precision from 0.28 to

2.06 m of the Envisat radar altimeter measurements [6].

Although there are some applications and Application Programmer

Interfaces (APIs) to handle satellite data, there is a lack of tools that allows

to access and visualise all the raw data collected by the ICESat and ICESat-2

satellite missions based on the data gathering location.

Furthermore, it is important to have the possibility of visually

representing data on a map and to be able to process it directly in order to

streamline the analysis and validation of scienti�c data.

A reference tool to visualise ICESat and ICESat-2 data based on the data

collection location is the OpenAltimetry platform [14]. This NASA funded

collaborative project, involving the Scripps Institution of Oceanography

(SIO), San Diego Supercomputer Center (SDSC), National Snow and Ice

Data Center (NSIDC) and the University Navstar Consortium (UNAVCO),

was created to provide a tool that allows access to altimetry-speci�c data from

ICESat and ICESat-2 missions through a web based interactive interface.

However, by only focusing on altimetric laser data, this tool leaves out access

to a lot of other still important information contained in the data products.
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1.2 Objectives

The objective of this thesis was the development of a computational software

tool to process and display data from the ICESat and ICESat-2 missions,

in a meaningfully way, on top of a high detailed web mapping service and

based on the geographic location from where data was collected.

The developed tool o�ers the possibility to browse the raw data contained

in the datasets, represented using visual aids like graphs, tables and data

conversions, in a geographic-related rich environment in order to facilitate

data interpretation and discoverability. It also allows the selection and

processing of altimetry data, based on well-documented methodologies, as

well is able to perform statistical analysis and has data export capabilities.

The developed tool also ful�ls other important requirements. It provides

a friendly and rich user interface, o�ers expected performance levels while

handling large datasets, provides a simple data access model, and allows a

simple software deployment procedure.

The aim of the approach adopted was to simplify the knowledge

correlation and the scienti�c models' validation and conception. After all,

when dealing with satellite data, the data itself is only half of the equation

and having the ability to quickly and precisely identify the location, and

easily characterise its surroundings, is crucial for the interpretation of the

obtained results.

1.3 Thesis structure

The �rst chapter begins with an explanation of the motivation of this study

and its �nal goal. A characterisation of the principles of satellite altimetry

is presented in Chapter 2, where the more common satellite radar altimeters

are compared with the more recent laser altimeters, and the speci�cations of

the GLAS and ATLAS laser altimeters are presented. This chapter �nishes

with a brief explanation of the principles of the spaceborne (laser) altimetry.

Chapter 3 contains the speci�c procedures used to select, identify and

analyse information about the data obtained from the satellite laser altimetry,

as well some of those challenges. The chapter ends with a short review of the

state-of-the-art tools that allow to browse satellite laser altimetry data.
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The ICEComb solution is presented in Chapter 4, where the tool

is described extensively, from its architecture, the technology used,

implementation, functionalities of the user interface in both the Client and

Server applications. It also includes the interpretation and explanation of

the results obtained with the tool developed.

Three papers emerged from Chapter 4. The �rst one is an abstract

that was presented orally in the EGU (European Geosciences Union)

General Assembly, and the second is an extended abstract accepted for

oral presentation in the IEEE International Geoscience and Remote Sensing

Symposium, indicated below:

1. Silva, B., Lopes, L. G., and Campos, P., ICEComb { A new software

tool for satellite laser altimetry data processing and visualisation,EGU

General Assembly 2021(vEGU21), online, 19{30 Apr. 2021, EGU21-

13727, 2021. doi:10.5194/egusphere-egu21-13727.

2. Silva, B., Lopes, L. G., and Campos, P., A new web-based software

tool for ICESat and ICESat-2 laser altimetry data processing and

visualization, IEEE International Geoscience and Remote Sensing

Symposium(IGARSS 2021), Brussels, 12{14 July 2021, Article 4214,

IEEE, 2021.

The third one is a manuscript in preparation, with a more detailed

description, application, and assessment of the developed tool, to be

submitted for possible publication in an open-access journal ranked Q1 in

JCR 2020:

3. Silva, B., Lopes, L. G., and Campos, P., Description and assessment

of a new tool for the processing, analysis and visualisation of satellite

laser altimetry data: A case study in the world's largest coastal lagoon

system (manuscript in preparation).

Finally, Chapter 5 includes the summary and re
ection on the research,

new knowledge contributions and recommendations for forthcoming work on

this subject.
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Chapter 2

Principles of satellite altimetry

2.1 Overview

In a simple phrase, satellite altimetry is a technique for observing the Earth

surface from space by using precise measurements of a satellite's altitude

and its distance to the surface. This space-to-earth measurement technique

is used to accurately measure and understand the Earth's geometric shape,

orientation, gravitational �eld (known as Geodesy science) and how these

elements vary over time. These methods are also applicable to other planets

of the solar system and natural satellites or moons.

Spaceborne radar altimeters are established tools for mapping the ice

sheet mass balance, global sea level changes and terrain and ocean surface

topography. The operational principal of a radar altimeter is to send a signal

pulse to the surface and measure the return time. Delays or interference

caused by the di�erent layers of the atmosphere, climate variations and

other factors are determined, and corrections are applied accordingly. By

combining the altimetry data with the precise spacecraft location, it is

possible to ascertain the surface heights within a few centimetres.

Satellite altimetry is an particular remote sensing approach because it can

contribute with more than surface observations. By measuring the surface

topography and its change over time, altimeters can provide information on

the Earth's gravity �eld, study the ocean 
oor, analyse the ocean's heat

and salt content, the land topography, cloud and aerosol height distribution,

vegetation canopy characteristics and more.

7
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2.2 Radar vs. laser

There are two main satellite altimetry methods, altimetry based on radar

and the altimetry based on laser. The working principal is the same, both

send a pulse of energy and use the round-trip time to determine the distance,

while the �rst uses radar radiation and the second laser radiation.

By having a long history of being used on altimetry missions, radar-

based altimeters are a more re�ned technology thus are more robust and

o�er lengthier operation, and longer up-time, when compared with laser-

based altimeters. One factor attributed to the increased wear veri�ed on

laser altimeters is the use of high-powered lasers that generally are not very

e�cient, when compared to radar signal emitters, and require a lot of energy

to operate.

When comparing the vertical accuracy, radar altimetry can o�er accuracy

values around 5 cm while laser altimeters o�er accuracy of around 10 cm. In

terms of work surfaces, laser altimeters have the advantage as measurements

can be made over water, ice and land, while radar altimeters work best

over water and ice. Weather factors will in
uence laser altimetry, such as

clouds layers and blowing snow due the scattering e�ect on the laser pulses

(Figure 2.1), while radar altimetry is virtually weather independent.

Radar-retrieved elevations inaccuracies are manly caused by errors in

the radar retrieval signal due imprecise surface penetration models, slope-

induced error (due its larger footprint) and limitations in retrieving a precise

geolocated elevation. While with laser altimetry, the major errors are due

inaccurate modelling of the saturation and scattering e�ects in the returning

signal as well as inaccuracies in the pointing angle of the received laser signal.

Also, the slope-induced error in laser altimetry is not as relevant because of

the small footprint of the laser pulse, due its narrow divergence.

Calculations based in surface slope variation in ice sheets over Greenland

and Antarctic found that the ICESat laser altimeter precision would vary

from 14 to 59 cm while the radar altimeter precision in the ERS-2 satellite

varied between 59 cm and 3.7 m [6]. The ICESat laser altimeter footprint

was up to 70 m whereas the ERS-2 radar altimeter had an e�ective footprint

between 1.6 and 10.8 km.
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Figure 2.1: Schematic illustration of the ICESat laser altimeter, taking
measurement while orbiting the Earth. Credits: NASA.

Table 2.1: Radar Altimetry Satellite Missions

Mission Operational Accuracy Altitude (km)

Skylab 1973 for 9 months 100 m 435

GEOS-3 1975 to 1978 20 cm 840

SEASAT 1978 for 3 months 10 cm 762

GEOSAT 1986 to 1990 5 cm 800

TOPEX/Poseidon 1992 to 2006 4.2 cm 1 337

ERS-1 1991 to 2000 5 cm 780

ERS-2 1995 to 2003 5 cm 780

GFO-1 1998 to 2008 5 cm 800

Jason-1 2001 to 2013 3.3 cm 1 336

ENVISAT 2002 to 2012 3 cm 782

Jason-2 2008 to 2019 3.3 cm 1 336

CryoSat-2 2010 to present 3 cm 700

SARAL 2013 to present 8 mm 800

Sentinel-3A 2016 to present 3 cm 814

Jason-3 2016 to present 3.3 cm 1 340

Sentinel-3B 2018 to present 3 cm 814

Jason-CS (Sentinel-6) 2020 to present 3 cm 1 336
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Table 2.2: Laser Altimetry Satellite Missions

Mission Operational Accuracy Altitude (km)

MGS (Mars) 1996 to 2006 2{30 m 378

ICESat (Earth) 2003 to 2011 10 cm 600

SELENE (Moon) 2007 to 2009 5 m 100

ICESat-2 (Earth) 2018 to present < 10 cm 481

Gaofen 7 (Earth) 2019 to present 14 cm 500

2.3 GLAS altimeter

The GLAS is the main instrument aboard the ICESat satellite, it measures

continuously along ground tracks at a rate of 40 Hz (40 times a second). The

surface spot produced by the laser has approximately 70 m in diameter that

are separated by nearly 170 m along track (see Figure 2.1).

GLAS uses lasers with two wavelengths, on with 1064 nm (near-infrared

light) and another with 532 nm (green light). The �rst wavelength is more

targeted for surface applications since it o�ers a better cloud penetration,

while the second wavelength is mainly used for atmosphere applications.

The 1064 nm wavelengths laser uses an analog detection scheme, based on

waveforms [2], while the 532 nm uses photon counting.

2.4 ATLAS altimeter

The ATLAS is the altimetry instrument aboard the ICESAT-2. This is

the successor of the GLAS altimeter and is the most sophisticated Earth-

observing laser instrument deployed in orbit by NASA. The along track

measuring rate is now 10 kHz (10 000 pulses per second, instead of the 40

pulses per second in the previous mission), resulting in a� 70 cm separation

of each measurement along the satellite's path [1]. The laser footprint is

roughly 17 m.

The measurement approach used in the ATLAS altimeter is essentially

di�erent from that used in the ICESat mission. The instrument only

transmits laser pulses at a wavelength of 532 nm and uses only the detection
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scheme based on photon-counting [23], instead of relying on full-waveform.

In addition, each transmitted laser pulse is then spitted into six individual

beams, arranged in three pairs of one \strong" and one \weak" beam

(see Figure 2.2). The ratio between a \strong" beam and the corresponding

\weak" beam is about 1:4.

Figure 2.2: ICESat-2 laser beam surface pattern. The dark and light green
colours represent respectively the \strong" and \weak" beam footprints.

Source: NASA.

The beam separation scheme is illustrated on the right side of Figure 2.2.

Each pair of laser beams is around 3.3 km apart, across the track, while the

\strong" and the \weak" beams are separated by about 90 m (in each pair

of beams). In addition, the \strong" and \weak" beams have an along track

o�set of about 2.5 km.

When comparing with the previous mission, the ATLAS altimeter it is

much more complex, with its high sampling rate and six-beam con�guration.

This con�guration generates an amount of data plenty enough that the

ATLAS altimeter is unable to assign unique time markers to the photon

data. This information is added later by a on-board software system that

uses range windows from 500 meters to 6 000 meters, depending on the type

of surface and topography [16].
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2.5 Height calculation

An advantage of satellite altimetry is the possibility of measuring remote or

inaccessible locations, so the �rst major use of this measurement technique

was to determine the topography of the ocean's surface globally. These new

tool o�ered a broad range of applications in areas such as oceanography,

geodesy and geophysics, and without the di�culty and complexity of

performing in situ measurements.

Figure 2.3: Satellite altimeter measurement principles.
Source: CNES { Centre National d'�Etudes Spatiales.

When analysing Figure 2.3, the Sea Surface Height (SSH) can be

determined by subtracting the range of the altimeter (R) from the satellite

altitude ( S):

SSH = S � R: (2.1)

However, this surface height calculation is not su�cient for oceanographic

applications due the superposition of geophysical e�ects, including the geoid
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undulation, tidal height variation and the ocean surface response to

atmospheric pressure, which a�ect the height calculation [10]. To remove

these external e�ects and determine the dynamic sea surface height (dSSH),

represented by D in Figure 2.3, the geoid undulation (hg), the tidal height

variations (ht ) and the ocean surface response to atmospheric pressure

loading (ha) must be subtracted from the sea surface height (SSH):

dSSH = SSH � hg � ht � ha: (2.2)

Afterwards, the mean sea level (MSL ), often abbreviated to sea level,

can be determined by averaging thedSSH along the satellite track:

MSL =
P N

i =1 dSSHi

N
; (2.3)

whereN is the number of specimens along the track.

2.5.1 Geoid model

The geoid is a mathematical model of the Earth's mass distribution based

on gravitational measurements and by ignoring currents and ocean tides.

The resulting geoidal surface is irregular due to the uneven distribution of

mass and rotation the Earth. An accurate model of the Earth's geoid is

crucial to accurately determine sea level variations and map the topographic

characteristics of the planet.

Although the geoid has been considered an important concept in the

geodesy and geophysical sciences for almost 200 years, it was only in the late

twentieth century, with the advances in satellite geodesy, that its model was

de�ned with high precision.
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Figure 2.4: 2011 geoid model from ESA's Gravity Field and Steady-State
Ocean Circulation Explorer (GOCE) mission. The height deviations from an
ideal geoid is represented on a scale of values from� 100 m (low) to +100 m
(high), denoted by shades of blue to yellow, passing through red.

Source: ESA { European Space Agency.



Chapter 3

Methodology

The main objective of the thesis was the development of a tool in order to

process, analyse and visualise altimetry data from the ICESat and ICESat-2

missions. With that in mind, the �rst step was to understand the data

generated by the satellites and how to interface with it, analyse which tools

that currently exists and perform similar tasks, and �nally the new solution's

design and architecture.

3.1 Know your data

One of the �rst steps to face the challenges proposed by the thesis was

the understanding of the data collected and processed in the ICESat and

ICESat-2 missions. Questions such as how was the data organised, what

type of data was collected and its parameters, in which �le format are the

data available, its internal structure and what tools and APIs do exist to

access them, are answered here.

3.1.1 Data organisation

The data from both missions are organised into di�erent datasets, or data

products, that group the measured/processed altimetry data by a common

subject, as shown in Table 3.1 and Table 3.2.

In the titles of both ICESat and ICESat-2 datasets, there is a reference

to the level of data processing, that is indicated in the beginning of the title

and represented by a letter \L" followed by a number/letter.

15
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Table 3.1: GLAS/ICESat Datasets and Parameters

ID Title Parameter(s)

GLAH01 GLAS/ICESat L1A Global Altimetry
Data

Waveform

GLAH02 GLAS/ICESat L1A Global Atmosphere
Data

Sensor counts

GLAH03 GLAS/ICESat L1A Global Engineering
Data

Total temperature

GLAH04 GLAS/ICESat L1A Global Laser
Pointing Data

Attitude characteristics, viewing
geometry

GLAH05 GLAS/ICESat L1B Global Waveform-
based Range Corrections Data

Glacier elevation / ice sheet
elevation, glacier topography /
ice sheet topography, ice sheets,
terrain elevation

GLAH06 GLAS/ICESat L1B Global Elevation
Data

Glacier elevation / ice sheet
elevation, glacier topography
/ ice sheet topography,
ice roughness, ice sheets,
re
ectance, sea surface height,
sea surface slope, surface
roughness

GLAH07 GLAS/ICESat L1B Global Backscatter
Data

Aerosol backscatter, scattering,
terrain elevation

GLAH08 GLAS/ICESat L2 Global Planetary
Boundary Layer and Elevated Aerosol
Layer Heights

Aerosol particle properties,
planetary boundary layer height

GLAH09 GLAS/ICESat L2 Global Cloud
Heights for Multi-layer Clouds

Cloud height, cloud vertical
distribution

GLAH10 GLAS/ICESat L2 Global Aerosol
Vertical Structure Data

Aerosol backscatter, aerosol
extinction, cloud re
ectance,
transmittance

GLAH11 GLAS/ICESat L2 Global Thin
Cloud/Aerosol Optical Depths Data

Aerosol optical depth/thickness,
cloud optical depth/thickness

GLAH12 GLAS/ICESat L2 Global Antarctic and
Greenland Ice Sheet Altimetry Data

Glacier elevation / ice sheet
elevation, glacier topography /
ice sheet topography, ice sheets,
re
ectance

GLAH13 GLAS/ICESat L2 Sea Ice Altimetry
Data

Ice roughness, re
ectance, sea
ice elevation

GLAH14 GLAS/ICESat L2 Global Land Surface
Altimetry Data

Re
ectance, terrain elevation

GLAH15 GLAS/ICESat L2 Ocean Altimetry
Data

Re
ectance, sea surface height,
sea surface slope
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Table 3.2: ATLAS/ICESat-2 Datasets and Parameters

ID Title Parameter(s)

ATL02 ATLAS/ICESat-2 L1B Converted
Telemetry Data

Engineering telemetry ancillary
data

ATL03 ATLAS/ICESat-2 L2A Global
Geolocated Photon Data

Terrain elevation

ATL04 ATLAS/ICESat-2 L2A Normalized
Relative Backscatter Pro�les

Lidar backscatter

ATL06 ATLAS/ICESat-2 L3A Land Ice Height Glacier elevation / ice sheet
elevation

ATL07 ATLAS/ICESat-2 L3A Sea Ice Height Sea ice elevation

ATL08 ATLAS/ICESat-2 L3A Land and
Vegetation Height

Canopy height, terrain
elevation

ATL09 ATLAS/ICESat-2 L3A Calibrated
Backscatter Pro�les and Atmospheric
Layer Characteristics

Cloud properties, lidar
backscatter

ATL10 ATLAS/ICESat-2 L3A Sea Ice Freeboar Freeboard

ATL11 ATLAS/ICESat-2 L3B Annual Land Ice
Height

Glacier elevation / ice sheet
elevation

ATL12 ATLAS/ICESat-2 L3A Ocean Surface
Height

Sea surface height

ATL13 ATLAS/ICESat-2 L3A Inland Water
Surface Height

Elevation

ATL16 ATLAS/ICESat-2 L3B Weekly Gridded
Atmosphere

Aerosol fraction, apparent
surface re
ectivity, blowing
snow, cloud fraction, cloud
optical depth / thickness

ATL17 ATLAS/ICESat-2 L3B Monthly Gridded
Atmosphere

Aerosol fraction, apparent
surface re
ectivity, blowing
snow, cloud fraction, cloud
optical depth/thickness

ATL20 ATLAS/ICESat-2 L3B Daily and
Monthly Gridded Sea Ice Freeboard

Freeboard
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The lower-level products typically work with more fundamental data,

obtained directly from the instrumentation, therefore indicating individual

events, while the higher-level data products work with data aggregations

from the several sources in order to determine quantities of geophysical

interest. Figure 3.1 illustrates the ICESat-2 data products relations and

their corresponding levels.

Figure 3.1: ICESat-2 data processing 
ow. The external inputs are the PPD
(Precise Pointing Determination) and POD (Precise Orbit Determination).

Source: NSIDC.

3.1.2 Data description

NASA's NSIDC website is a crucial resource for downloading the di�erent

datasets from both the ICESat satellites missions and access to detailed

technical documentation such as user guides and the di�erent data

dictionaries. These documents describe in detail all data points contained in

the �les for each dataset, indicating parameters such as the label, datatype

and dimension, long or standard names of the data point, units used,

description, example value, source and the type of coordinates used.

The data dictionary information is also transcribed internally in each data
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set �le, o�ering direct and immediate access to the description, as explained

in the following section.

3.1.3 Data format (HDF5)

Another step in understanding the data was to learn about its support format.

In the latest versions of the ICESat data products �les, NASA decided to

abandon the distribution in binary �le format and instead adopted the use of

HDF (Hierarchical Data Format) version 5 - or simply HDF5. This decision

was due the fact that the various future missions, including the ICESat-2 and

Soil Moisture Active Passive (SMAP) missions, would also use the HDF5 �le

format.

This �le format is designed to store and organise large amounts of data,

supporting many di�erent data models including multidimensional arrays,

raster images, tables, datasets (homogeneous type of multidimensional

arrays) and groups (containers that can contain datasets and other groups).

Files can contain a mix of related objects that can be accessed as a group or

as an individual object.

HDF �les are of self-describing nature allowing the interpretation of its

structure and contents without resorting to external information. The HDF5

format is open and widely supported by a large community, and its storage

mechanism is considered to be a scalable, versatile, and fast.

3.1.3.1 HDF5 data model and �le structure

As the name implies, Hierarchical Data Format �les are organised in a

hierarchical structure that contains two primary items:

� Groups: a collection structures (folder like elements) that can contain

other groups or datasets.

� Datasets: the data supporting elements. These dataset can contain

one or many values (as an array) or one or many array of values (as a

multidimensional array).
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The self-describing nature of the HDF5 �le is achieved by having a

metadata repository associated to each �le, group, and dataset, which

contains a set of attributes that characterises the data itself. In terms of

structure, these attributes do not necessarily represent a new data type since

they are handled as a one value only dataset.

In Figure 3.2 the data path is visible above each element. The root

element is represented by a forward slash (/) and as you browse each data

element, its name is added to the data path, similar to what happens with

�le paths in a computer �le system.

Figure 3.2: HDF5 data model and �le structure.

The metadata attributes are accessed in a similar way, to do so, simply

add the attribute name in front of the element. For example, to access

"attribute1" at the root location, the data path for that attribute would

be "/attribute1 ", in " Group2" it would be " /Group2/attribute1 " and for

the "Dataset1" inside the "Group2" the attribute data path would be

"/Group2/Dataset1/attribute1 ".
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3.1.3.2 HDF5 viewer

HDFView is the NSIDC recommended tool for viewing raw data from the

ICESat and ICESat-2 data products. It allows the user to view data in a

similar way as a spreadsheet and o�ers the possibility to generate plots and

render images. The tool is open source and requires the Java SE Runtime

instalation to run.

Figure 3.3: HDF5View GUI. The tree structure is visible on the left and
is used to navigate through the data while the raw data is presented on the
right side. In the bottom of the window the metadata for the selected dataset
(latitude) is visible, where the attributes are separated by an equal sign from
their values.



CHAPTER 3. METHODOLOGY 22

3.1.4 Data volume

A major obstacle to be overcome in the processing of satellite data is

obviously the volume of data, especially for long missions. Although the

ICESat-2 mission has only been in operation for about three years, on the

date of this writing, the new ATLAS altimeter has already produced a larger

volume of data than the seven years of operation of the previous ICESat

mission. This is due to the fact that ATLAS works �ve times faster than

the GLAS altimeter and with six beams, instead of one, as already been

mentioned before.

The data volume information presented in Table 3.3 is considered as �nal

since there are no more data revisions scheduled for the ICESat products

while the ICESat-2 mission is still undergoing, the data in Table 3.4 will

change every time there is a new release.

The information collected on the data products from the ICESat and

ICESat-2 missions were carried out on 3rd of May of 2021.

Table 3.3: GLAS/ICESat data volume by dataset

DataSet Latest version Number of �les Total data

GLAH01 33 34 391 470 GB

GLAH02 33 4 306 1 126.4 GB

GLAH03 33 4 306 37.1 GB

GLAH04 33 4 298 227.9 GB

GLAH05 34 34 274 170 GB

GLAH06 34 34 208 84 GB

GLAH07 33 4 317 1 228.8 GB

GLAH08 33 252 2.1 GB

GLAH09 33 515 25 GB

GLAH10 33 262 5.5 GB

GLAH11 33 643 22 GB

GLAH12 34 637 15 GB

GLAH13 34 642 18 GB

GLAH14 34 642 57 GB

GLAH15 34 642 58 GB

Total 124 335 3.46 TB
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Table 3.4: ATLAS/ICESat-2 data volume by dataset

DataSet Latest Version Number of �les Total data

ATL02 3 170 250 100 TB

ATL03 3 156 927 170 TB

ATL04 3 11 161 9.3 TB

ATL06 3 76 900 2.9 TB

ATL07 3 21 336 1.5 TB

ATL08 3 119 100 3.8 TB

ATL09 3 10 912 25 TB

ATL10 3 20 318 0.94 TB

ATL11 2 7 779 0.12 TB

ATL12 3 2 822 630 GB

ATL13 3 2 817 70 GB

ATL16 2 67 200 MB

ATL17 2 17 92 MB

ATL20 1 20 140 MB

Total 600 426 314.24 TB

3.2 State-of-the-art

While there are several tools for accessing the ICESat and ICESat-2 data

products (notably the HDF5 �les), these tools typically only provide raw

data access, without any visual representation of where the data originated

from.

However, when navigating data obtained from satellite altimetry, having

an quick and easy way to characterise the measured geographical location is

a fundamental action for the interpretation, selection and validation of the

data.

Two tools that attempt to address these issues are discussed in this

section.
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3.2.1 ICESatProcessor

The ICESatProcessor is an application that uses MATLAB subroutines for

extraction and visualisation of altimetry data for water bodies, obtained

from the ICESat satellite mission. The water level results calculated by

the application were then validated by comparison with levels acquired by

remote sensing and data from gauged stations belonging to the Brazilian

National Water Agency (Agência Nacional de�Aguas).

The water level obtained from ICESat data approached the levels

measured by the Brazilian National Water Agency gauged stations, within

the mean squared error of less than 30 cm [24].

To use the ICESatProcessor, user must input the following information:

1. The study period (the ICESat mission date interval);

2. The study site (as latitude and longitude limits|equivalent to the

Southwest and Northeast bounds|or the region limits as a Geographic

Information System polygon);

3. Optionally a SRTM DEM (Shuttle Radar Topography Mission Digital

Elevation Model) criterium for the removal of outliers.

3.2.1.1 Setup and case study

Before presenting a case study for ICESatProcessor, there are some tasks

that must be executed before running the application:

1. Download the data product GLA14 { GLAS/ICESat L2 Global Land

Surface Altimetry Data and maintained the sub-folder structure

presented on the NSIDC web site, meaning, the folder must contain

sub-folders with the date of the data colection in the format

(YYYY.MM.DD).

2. Install the MATLAB Compiler Runtime version 8.0.

Completing these tasks, the program can now be executed and the screen

shown in Figure 3.4 will be displayed.

Now, a step-by-step setup of the case study at Gua��ba River region,

located in the state of Rio Grande do Sul, Brazil, provided by the author

as part of the application package:
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Figure 3.4: ICESatProcessor GUI.

1. Select the ICESat Data Folder by clicking the corresponding button

and picking the location of the GLAH14 dataset.

2. Select the Output Folder for the result of the processing.

3. Select the \Water body shape�le" by clicking on Select Shape�le (3a)

by select the provided \Guaiba.shp" �le (sample polygon). By doing so,

the shape is presented on the main preview window and the \Spatial

Limits" are automatically set (3b) with the coordinates (bounds in this

case) of the selected shape (corresponding of the study area of the

Gua��ba River).

4. Optionally the SRTM DEM Selection can be activated by selecting the

checkbox and the provided \srtm26 19.asc" �le for outliers removal.

More grids may be downloaded at the SRTM 90m DEM Digital

Elevation Database web site (http://srtm.csi.cgiar.org/, 2021).

5. Select the ICESat data obtained period by indicating the \Initial Date"

and \Final Date".
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6. Check ICESat data availability for the selected period by clicking the

Availability button, since there isn't data for every day of the satellite

campaign. For this example, the author advises to choose the following

interval: 08/11/2003 to 08/11/2004.

7. The satellite orbits over the selected region can be displayed by clicking

the Spatial Distribution button. The data points are drawn on the main

preview window over the shape and the �le \Results.txt" is generated

containing the \longitude", \latitude", \elevation", \year", \month" and

\day" of the data points.

8. Now the data extracting may be executed by clicking the Extract

Data button generating 3 text �les: \READ-ME.txt"; \Results.txt"and

\ICESat and Srtm.txt".

(a) The \READ-ME.txt" is basically a log �le indicating which data

granule (or �le) has data about the selected region, how many

observations (data points) and how many points were removed

based on the elevation 
ag and saturation 
ag.

(b) \Results.txt" is the same as obtained by clicking the Spatial

Distribution button.

(c) Finally, the \ICESat and Srtm.txt" �le contains the \longitude",

\latitude", \elevation of ICESat", \SRTM elevation", \elevation

used", \year", \month" and \day".

9. The Virtual Stations button action is similar as the Extract Data, it

generates and additional 2 text �les named \ResultsShape�le.txt" and

\VirtualStations.txt".

(a) The \ResultsShape�le.txt" is similar as the \Results.txt" �le

but only contains the observations inside the polygon and an

additional column named \ID" stating the number of the polygon

in which the virtual station was made.

(b) The \VirtualStations.txt" contains the data points removed by the

criteria set by the author.



CHAPTER 3. METHODOLOGY 27

Figure 3.5: ICESatProcessor GUI after loading the Gua��ba River case study.

3.2.1.2 Conclusion

This approach demonstrated that the use of NASA's ICESat satellite

altimetry data for hydrological applications can be applied e�ectively and

with a small deviation from the in situ measurements. This opens the

possibility to apply the same method on other remote locations, with no

local measurement stations, and determine the water elevation with some

degree of certainty.

The developed application facilitates the ICESat data processing, but

requires pre-calculation tasks, namely, manually determine the spatial limits

of the study area, or the use of a third party tools to draw the shape of

the study region, and pre-determine the date interval for the passage of the

satellite over that region.

These are critical tasks that will determine the calculation error and

success. Also, the lack of error checking, an incomplete step-up process and

the need to perform more than ten steps to get a result makes this a non

user-friendly tool and a somewhat frustrating experience.
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Another problem is that the data output �le is formatted as plain

text and with no direct machine-readable format, instead of the standard

comma-separated values (CSV) �le format that can be directly opened in a

spreadsheet.

Also, according to the tests carried out, the ICESatProcessor cannot

read the whole GLAH14 dataset. The application does not return any error

message and does not allow any calculation to be performed. To overcome

this issue it is necessary to break the dataset in smaller chunks, by selecting

data corresponding to a shorter period of time and removing the remaining

data folders.

3.2.2 OpenAltimetry project

The OpenAltimetry project (https://openaltimetry.org/) is a web based

interface that overlays altimetry-speci�c data from both the ICESat and

ICESat-2 missions on top of a interactive geographic map. This collaborative

project was funded by NASA and involves the Scripps Institution of

Oceanography (SIO), San Diego Supercomputer Center (SDSC), NSIDC and

the University Navstar Consortium (UNAVCO) [14].

The objective of this tool is to facilitate the discovery and visualisation

of surface elevation data in an appealing way, without the need to rely on

external tools and without handling multiple and scattered data products.

3.2.2.1 Interface and Architecture

OpenAltimetry uses the OpenLayer's geographical map where a mix of

reference and actual satellite ground tracks are displayed, and o�ers access to

the sampling segments for each sensor beam on which user can visualise track

information, sample point data, view energy waveform, photon information,

and other related data.

When viewing elevation data from the ICESat/GLAS datasets

(Figure 3.6), the only data products used by the OpenAltimetry tool

are the \GLAH06 { L1B Global Elevation Data" for the elevation data, and

the \GLAH01 { L1A Global Altimetry" for the waveform data|although

this last one is not mentioned on their website.
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