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Abstract: This article presents an online teaching tool that introduces students to basic concepts
of remote sensing and its applications in hydrology. The learning module is intended for
junior/senior undergraduate students or junior graduate students with no (or little) prior experience
in remote sensing, but with some basic background of environmental science, hydrology, statistics,
and programming. This e-learning environment offers background content on the fundamentals of
remote sensing, but also integrates a set of existing online tools for visualization and analysis of satellite
observations. Specifically, students are introduced to a variety of satellite products and techniques that
can be used to monitor and analyze changes in the hydrological cycle. At completion of the module,
students are able to visualize remote sensing data (both in terms of time series and spatial maps),
detect temporal trends, interpret satellite images, and assess errors and uncertainties in a remote
sensing product. Students are given the opportunity to check their understanding as they progress
through the module and also tackle complex real-life problems using remote sensing observations
that professionals and scientists commonly use in practice. The learning tool is implemented in
HydroLearn, an open-source, online platform for instructors to find and share learning modules and
collaborate on developing teaching resources in hydrology and water resources.

Keywords: remote sensing; active learning; e-learning; authentic task; constructive alignment;
higher education

1. Introduction

Earth observations refer to any information about physical, biological, and chemical characteristics
of the Earth collected using remote-sensing, defined as the process of detecting and monitoring such
characteristics by measuring the radiation that is reflected and emitted by an area on the Earth’s surface
at a distance (typically from a satellite or an aircraft). Earth observations are critical to measure and
study the occurrence, distribution, movement, and properties of water on our planet. Such information
is fundamental, especially in regions of the world where no ground observations are available (e.g.,
Amazon Forest, High Mountain Asia) and where satellites are the only means to observe the regional
and local hydrology. Remote sensing applications in hydrology and water resources engineering are
numerous, spanning from characterizing the global water budget to monitoring hydroclimatic hazards
(such as floods and droughts) or managing a reservoir.
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Remote sensing concepts are often difficult to grasp for undergraduate students in science
and engineering due to multiple factors. First off, remote sensing requires background knowledge
in physics, geography, engineering, programing software, and computer science, among others,
but also familiarity with the applications of this knowledge (e.g., hydrology, ecology, meteorology,
oceanography, geology, infectious diseases, humanitarian operations, urban planning, and agriculture).
This can be overwhelming, especially to undergraduate students that may not have the appropriate
background to fully comprehend all aspects taught in a traditional remote sensing course.

Second, remote sensing is a rapidly growing technology, requiring continuous adaptation of
the instructional methods used in educational programs [1]. Students are often faced with teaching
material that is outdated and only covers classical optical and radar sensors, basic satellite retrieval
principles, and the main image processing techniques, without introducing more novel technologies,
such as Unmanned Aerial Systems (UAVs) that are becoming increasingly popular in science and
engineering applications [2—4]. Furthermore, as pointed out by the authors of References [5] and [6],
the potential of teaching remote sensing goes beyond just offering a broad range of topics. Students in
science and engineering need to be educated on how to use earth observations to make decisions and/or
to better understand physical processes. This process, especially in hydrology, is far from being linear
and requires accurate analysis of the data, critical interpretation, and the incorporation of expertise in
the field of application (e.g., ecohydrology, extreme event monitoring, crop management) [5].

Third, satellite images are different from the typical images students are familiar with. Normally,
we experience our world from a horizontal viewpoint while living on its surface, and such a view
is limited by obstructions such as buildings, trees, and topography. From a vertical or high oblique
perspective (e.g., from a satellite, UAV, or aircraft), we see the multitude of surface features in
their spatial and contextual relationships. Moreover, remote sensing uses several regions of the
electromagnetic spectrum (including microwave and infrared wavelengths), which can be difficult for
students to grasp, since the human eye can only see a limited portion of the electromagnetic spectrum
(i.e., the visible). Thus, interpreting remote sensing images and deriving useful information relies
on decoding information, which is not a trivial task. On a similar note, remote sensing products are
characterized by several types of resolutions (spatial, spectral, radiometric, and temporal), which are
not easy concepts for students to grasp and differentiate. Interpreting and analyzing remote sensing
images is further complicated by the variety of data formats, which are usually chosen based not only
on the requirements of the sensing system and mission objective, but also on the technology of data
processing, archiving, and distribution systems, and community data standards [6].

These challenges also represent opportunities for course instructors. As stated above, remote
sensing is a complex field, intertwined with several disciplines and applications. One of the key
learning objectives in a remote sensing course should be to raise awareness of such complexity and
interdependence with other fields of knowledge [7]. Class discussions (or board discussions within an
e-learning environment) and collaborative work are educational techniques that instructors could use
to achieve such an objective and enable students to exchange views across disciplinary borders.

The increasing availability of satellite data with longer time series allows for the use of such
products in several applications. For instance, missions dedicated to monitor a specific hydrologic
variable (e.g., the Soil Moisture Active Passive (SMAP [8]) for soil moisture and the Global Precipitation
Mission (GPM [9]) for precipitation) offer the unique opportunity to introduce students to crucial
concepts in hydrology. Furthermore, the free availability of satellite products is an opportunity for
active learning [4]. For instance, instructors can develop learning activities that use real satellite data
and already existing online tools to visualize and manipulate satellite images and products. Examples
of these tools include the Worldview tool from NASA’s Earth Observing System Data and Information
System (EOSDIS; https://worldview.earthdata.nasa.gov/) and the Mascon Visualization tool, developed
by the Colorado Center for Astrodynamics Research (https://ccar.colorado.edu/grace/). Such activities
can be particularly useful for fostering problem-based learning, motivating students and improving
their interpretation and evaluation skills [10]. Past studies showed the importance of active learning
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compared to more traditional educational approaches. Active learning refers to any instructional
method that gets students actively thinking about the content and has been proven to enhance students’
performance and pass rates in science, engineering, and mathematics [11]. Moreover, instructional
methods that use real-world problems as a context for students to acquire knowledge develop more
positive student attitudes, foster a deeper approach to learning, and help students retain knowledge
longer than with traditional instruction [12-15].

The COVID-19 pandemic outbreak in late 2019—early 2020 undoubtedly challenged university
education and, as a result of many lockdown orders, several courses moved to online platforms in
Spring 2020 and will continue with a similar (or hybrid) format thorough the Fall semester (and possibly
through 2021) [16]. Nevertheless, the rapid growth of information and communications technologies
together with more and more online educational platforms can overcome some of the challenges posed
by the pandemic. For remote sensing, in particular, the Internet was already playing a crucial role
in face-to-face teaching, because of its intrinsic connection to multimedia technologies [17,18]. Thus,
developing e-learning tools for remote sensing courses that take advantage of a variety of satellite
products, visualization and analysis tools, and active learning approaches has the potential to improve
college students’” experience and their attitude toward complex remote sensing concepts.

In this article, we describe an online module on Remote Sensing Applications in Hydrology that
uses research-based active learning methods within an online learning platform, i.e., HydroLearn.
The overarching goal of the module is to introduce students to fundamental remote sensing concepts,
online tools to manipulate satellite-based data and images and select applications in the field of
hydrology. This is not a full course; instead, it covers the material traditionally taught in a few weeks
within a semester-long course for junior/senior undergraduate students or junior graduate students.
Specifically, the total time it would take to complete the module is approximately 16-18 h The module
could be used in many different fashions. For instance, one of the authors will use it within her
Remote Sensing of the Environment course to familiarize students with some hydrologic applications
of the tools they learn in the course. Another author will use it in a Water Resources Engineering
course to introduce students to advanced tools (i.e., remote sensing observations, trend analysis,
image interpretation) commonly used to solve problems in the field. The module could also be
combined with other HydroLearn modules that cover different aspects and topics of hydrologic
sciences. The process to develop the module is described in detail in Section 3, whereas the instructional
content is presented in Section 4. The module is grounded in problem-based learning, in which
relevant tasks are used to provide the context of major remote sensing concepts in the hydrology field
and motivation for the learning. These activities, described in Section 5, use real-life examples to
introduce hydrology concepts such as groundwater depletion of the aquifers and melting of glaciers
that can be detected by remotely sensed observations, the effect of extreme weather events (such as
hurricanes) on land surface vegetation, and the physical and anthropogenic processes that may cause
soil moisture variability.

2. HydroLearn

A need for improving hydrology and water resources education has been increasingly expressed
by the community (e.g., References [19,20]) to use emerging data and modeling platforms, supported
with effective educational approaches such as active-learning and real-world case studies. A recent
study used a customer-discovery approach with qualitative surveys to examine factors that affect the
potential sustainability and community-scale adoption of educational innovations [21]. The study
identified key barriers against developing or adopting educational innovations in the field, including
lack of time that instructors need to develop new modules, steep learning curves for instructors to
adopt existing modules, the need for continuous updates and refurbishment of “static” material,
and rigidity of material and locality of case studies to specific hydrologic basins and datasets. Another
key factor was the typical lack of assessment tools and evaluation data from the learning modules.
The pedagogical approach available through the HydroLearn platform addresses some of these
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shortcomings by providing resources that allow for co-development and sharing of learning content,
tools that allow for immediate editing and customization of datasets and instructions, and scaffolding
mechanisms that support instructors in developing rubrics and assessment instruments. Through
HydroLearn, instructors can explore existing modules and learning activities that can be used in their
classrooms, customize such courses and activities, or develop new ones. One key aspect of the project
is the collaborative approach: instructors are encouraged to share teaching content and feedback,
additional resources, and get guidance from others on how to develop effective learning outcomes and
assessment rubrics.

HydroLearn is built on the open-source edX platform and, thus, is freely accessible to everyone,
although it is designed mainly for instructors and students around emerging topics in hydrology
and water resources engineering. The purpose of HydroLearn is to (i) create a community of users
with a common interest of active learning and innovative teaching in hydrology and water resources
engineering, (ii) ease any existing barriers to the development and adoption of active-learning
innovations, and (iii) disseminate sound pedagogical practices on how to develop effective learning
activities and outcomes. In order to guarantee high learning performance, HydroLearn modules
include assessment rubrics that aim to enhance student achievement through communicating the
expected performance levels. Although the Remote Sensing Applications in Hydrology module
described herein has not yet been implemented and studied with students, other HydroLearn modules,
created on the principles described in Section 3, have been shown to support students” understanding
of mathematical modeling, as well as their engagement and learning gains. Our earlier work with
modules designed with similar attributes (e.g., References [22,23]) showed that modules that include
modern data analysis, use of real-world hydrologic datasets, and appreciation of uncertainties, have the
most potential to facilitate students’ self-learning and enhance interests for future careers. In future
phases of our work, we plan to perform evaluation analysis to quantify the effectiveness and impact of
the module from a student’s perspective. We expect such evaluation to identify areas of improvements
and revisions from which the module can benefit.

The authors were selected as Summer 2020 HydroLearn Fellows to participate in a 2-week long
virtual hackathon and workshop. HydroLearn fellows included instructors of both undergraduate and
graduate courses in hydrology and water resources with an interest in developing engaging online
materials to use in their classes and to share with other faculty. As part of the workshop, fellows
learned how to use and develop course modules in HydroLearn and were introduced to research-based
practices in engineering education.

Fellows were divided into 14 teams of 2-3 instructors each and were assigned a content guide,
responsible for providing guidance on the module scientific and/or engineering content, an education
guide, responsible of providing guidance on the educational aspects of the learning experience, and a
technical guide, typically a graduate student, who provided technical assistance with the HydroLearn
platform. The authors worked as a team to design a module in Remote Sensing Applications in
Hydrology. Maggioni and Girotto are the module developers, Habib the content guide, and Gallagher
the education guide. The content guide provided overall guidance and feedback on the technical
content of the module, its potential value for students, and general applicability to a broader audience,
especially for undergraduate and early-graduate courses. The content guide also provided feedback
on the authentic tasks within the module and whether they provide enriching experiences to the
students through the use of real-world case studies, supported with actual datasets and model
assessment. The content guide also reviewed the module to ensure that all adequate background
and supporting material and instructions are provided so that the module can be adapted by other
instructors without much dependence on the authors. The role of the education guide was similarly to
provide guidance and feedback on the educational aspects of the module, including feedback regarding
learning objectives, assessments, and constructive alignment between the objectives, assessments,
and content presented. The details of this module and the process followed for its development are
described in the next sections.
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3. The Design Approach

A backward design approach was followed to create the online educational module. The concept
of backward design was introduced by the authors of References [24] and [25] and proposes a three-step
framework to assist instructors in developing educational content and assessments.

The first step consists of setting the learning objectives, which were identified following the
specific format: [CONDITION], the student will be able to [ACTION] [TASK] [DEGREE]. The condition
is the one under which the student will perform the described behavior. For several learning objectives
that we selected for the Remote Sensing Applications in Hydrology module, we set the condition to be
“Given a remote sensing dataset.” The action verb refers to the action associated with the intended
learning level, whereas the task defines the knowledge students are expected to acquire. In our module,
we tackled many different learning levels, as defined according to Bloom’s Taxonomy [26], shown in
Figure 1, from more basic “remember” objectives all the way to ones that require a higher level of
abstraction from the students (“evaluate”, “create”). The degree refers to the level of performance
required, which was not set in our learning objectives. The learning objectives of our module are listed
in Table 1, together with the corresponding Bloom’s Taxonomy.

Produce new or original work
R Design, assemble, construct, conjecture, develop, formulate, author, investigate

Justify a stand or decision
EVALUATE Appraise, argue, defend, judge, select, support, value, critique, weigh

Draw connections among ideas

/ ANALYZE \ Differentiate, organize, relate, compare, contrast, distinguish,

examine, experiment, question, test

Explain ideas or concepts
/ UNDERSTAND \ Classify, describe, discuss, explain, identify, locate,

recognize, report, select, translate

Figure 1. Bloom’s Taxonomy adopted from the Vanderbilt University Center for Teaching.

In the second step, we created assessment tasks to collect evidence to determine whether students
achieved the learning objectives and to what extent. Such tasks are a combination of simple problems,
formulated for example as multiple choice or checkbox questions, and three culminating learning
activities, described in detail in the next section. In the third and last step, we planned the learning
content that students would need in order to complete the assessment tasks. The team only started
developing instructional content on day 5 of the hackathon and spent the second week to complete it.
The structure of the module and content are described in detail in Section 5 of this article.

Although organized in three well-defined steps, the process to develop the HydroLearn module
was far from being linear. Once a task is generated, it is essential to verify that the learning objectives
and content align with such assessment. Similarly, when the content is finalized, instructors should
ensure that it covers all the notions and tools that students need to perform the tasks and achieve the
objectives. This is what has been defined in Reference [27] as constructive alignment, a process to
design learning activities that is based on the concept that the instructor aligns the teaching activities,
learning outcomes, and assessments, with clearly defined criteria for providing assessment feedback to
the learner [28]. Moreover, during the 2-week hackathon, the teams under the same content guide
met every day in a virtual environment to share aspects of the module with which they were having
difficulty, or were particularly successful. This was extremely valuable to provide/receive feedback
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to/from peers, but also learn how other fellows approached their module development and worked as

a team in a virtual environment.

Table 1. Learning objectives of the HydroLearn Remote Sensing Applications in Hydrology module

and corresponding Bloom’s Taxonomy.

Section in Module

Learning Objectives (The Student Will Be Able To)

Learning Level (As Defined by the
Bloom'’s Taxonomy)

1. Fundamentals of Satellite
Remote Sensing for Hydrology

Define remote sensing

Identify the bands of the electromagnetic
spectrum that are useful in

hydrologic applications

Discuss the main advantages of satellite
remote sensing

Explain the steps of the remote sensing process
from identifying the physical objects

to applications

UNDERSTAND

2. The Temporal Dimension of
Satellite Data

Define temporal characteristics of remote
sensing observations

Recognize (daily, seasonal, climatological)
cycles in a hydrologic variable

Apply statistical techniques to identify trends in
a hydrological variable and test for

their significance

Analyze time series and formulate
recommendations to the local

government authority

UNDERSTAND

3. The Spatial Dimension of
Satellite Data

Define spatial resolution and identify
characteristics of remote sensing observations
Identify tools to visualize and download
satellite data

Quantify and interpret changes in a hydrologic
variable, given a specific event and a satellite
image/product

Compare different spatial scales and identify
the right spatial resolution to analyze
hydrologic variables

UNDERSTAND

4. Uncertainty and Error
Assessment

Define uncertainties and errors in remote
sensing observations

Identify and apply techniques for assessing
uncertainties and errors

Analyze remote sensing data and evaluate
their performance

Formulate and test hypotheses around causes
and effects in hydrologic variables, based on
uncertainty and error analyses

11!

EVALUATE

UNDERSTAND

4. Instructional Content

The Remote Sensing Applications in Hydrology module consists of four main sections (Table 2).
Section 1 introduces the key concepts of satellite-based remote sensing that are useful for hydrological
applications. This includes basic definitions on remote sensing and the electromagnetic spectrum,
a discussion of the main features of satellite image retrieval, as well as the main steps of the remote
sensing process (i.e., from data acquisition to processing and applications), as defined in Reference [29].
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Table 2. Structure of the HydroLearn Remote Sensing Applications in Hydrology module, including

the main topics covered and the type of learning activities in each section.

Section in Module

Main Topics and Tools

Learning Activities

1. Fundamentals of Satellite Remote

Sensing for Hydrology

Definitions, concepts, and characteristics of

remote sensing images and data acquisition.

The electromagnetic spectrum. The main
steps of the remote sensing process.

Check your understanding

2. The Temporal Dimension of
Satellite Data

Concepts and definitions of temporal
resolution and data latency, time series
analysis, cyclic variations, and significant
trends. Linear regression and hypothesis
testing. Online Visualization Tool from the
Colorado Center for Astrodynamics
Research.

Check your understanding
Authentic Task 1: Analysis of
changes in terrestrial

water storage

3. The Spatial Dimension of
Satellite Data

Concepts and definitions of spatial
resolution, image interpretation, and change
detection. Spatial statistical analysis tools.
Worldview online visualization tool.

Check your understanding
Authentic Task 2: Analysis of
vegetation damage caused by
a hurricane

Uncertainties and errors in remote sensing

Check your understanding
Authentic Task 3: Model

observations, continuous and categorical
verification metrics. Worldview and
Giovanni online visualization tools.

performance assessment
using remote
sensing observations

4. Uncertainty and Error Assessment

In Section 2 of the module, we focus on the temporal dimension of satellite data. Notions
like temporal resolution and data latency are introduced, stressing their importance in hydrologic
applications (e.g., floods, hurricanes, landslides, wildfires, sea level changes, urban sprawl,
crop monitoring). The section also presents the definition of time series and discusses tools to
analyze time series data from satellite observations by identifying cyclic variations and significant
trends. Specifically, students will learn how (i) to fit a trendline to a time series dataset using the
least-squares method, (ii) to assess the goodness of the fit using traditional statistical metrics, such as
the coefficient of determination, and (iii) to verify the significance of the trend using the Mann-Kendall
test [30].

Section 3 presents the spatial dimension of satellite observations. First off, the definition of spatial
resolution is introduced and the dilemma of resolution is discussed (i.e., the pros and cons of choosing
higher spatial resolution to obtain more detailed information). Students are then guided through the
tools of image interpretation, such as the eight elements that help identify objects and features that
appear on the image (size, shape, tone, texture, site, association, shadow, and pattern) [31]. In the last
sub-section, students learn how to detect changes in the (natural or built) environment by comparing
images and performing statistical analysis, a fundamental part of remote sensing studies.

In Section 4, we present techniques for assessing uncertainties and errors in remote sensing
observations. This section stresses the importance of validation in the context of satellite products,
introduces concepts of accuracy and precision, and discusses possible sources of error in satellite
observations. Students will also learn how to compute the most common continuous (e.g., bias,
root mean square error, correlation coefficient) and categorical verification metrics (e.g., probability of
detection, false alarm rate, critical success index) and how to simultaneously display several statistics
on the same plot, using Taylor’s and performance diagrams [32,33].

The content in the four sections is presented using multiple modes of instruction. We included
text to introduce concepts and definitions, but also several videos, images, and diagrams to support
students’ comprehension of the content and promote active engagement with the material. Thus,
text was kept to a minimum and sections were built to be comprehensive but short. Videos were
spread throughout, with at least one video per section, generally not longer than 10 minutes, and with
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the closed caption option available for any hearing-impaired student. Images and diagrams that
were used to separate text sections are all open-source or freely available. A valuable feature in
HydroLearn is the iframe, which allows instructors to embed an online database or application as part
of a course. This was particularly useful to link satellite image visualization tools, like the Mascon
Visualization Tool from the Colorado Center for Astrodynamics Research at Colorado University,
Boulder (https://ccar.colorado.edu/grace/). Embedded throughout the instructional content section
were learning activities, which are included to assess students’ achievement of the corresponding
learning objectives. We discuss the learning activities below.

5. Learning Activities

The learning activities proposed in the Remote Sensing Applications in Hydrology module are
a combination of simple “check-your-understanding” problems and quantitative authentic tasks,
as shown in Table 2. The differences between the two types of tasks are presented in detail in the
next sub-sections.

5.1. Check Your Understanding

The “check-your-understanding” activities are low-cognitive-demand tasks, i.e., tasks for which
students are asked to reproduce definitions, formulas, or principles about particular content to
assess learning objectives at the lower levels of Bloom’s Taxonomy. Frequent feedback can help
students to self-regulate their learning, which can lead to enhanced achievement [34]. In these tasks,
the instructor provides lots of guidance, so that students can just follow the instructions without any
high-level thinking. These activities are spread throughout the module and formulated in a variety
of formats to help students process the text and videos. Formats include multiple choice, checkbox,
and drag-and-drop questions. Multiple-choice questions offer a set of alternatives as possible answers
(usually three to four options), but only one is correct, whereas the others work as distractors that are
plausible but incorrect. Checkbox questions are similar, except that they allow students to select more
than one choice as part of their answer (rather than just one) and one or more alternatives may be
correct. A drag-and-drop question has a set of two or more possible answers that the student will drag
to response targets. The target might be a block, a table, an image, or any other location on the screen.
An example of a drag-and-drop question created for our module is shown in Figure 2.

Another interactive activity that we included in the module is discussion boards. Although not
intended for grading, these activities help students to engage with the instructional material and to
share ideas with their peers regarding a specific topic. Discussion boards have been proven to be
effective tools in online courses, as they give all students a chance to “speak”—even the shyest person
who may never speak in a regular classroom would get the opportunity to share their thoughts [36,37].
This is particularly important when teaching to a diverse body of students, who may not be used to
voicing their opinion in class. For example, in Section 1—Fundamentals of Remote Sensing, students
are given a photograph with an aerial view of a forest and asked to discuss what information they
would miss if the photo of the same scene were taken standing in the middle of the trail crossing the
forest. Students are encouraged to either include their responses in the discussion board or comment
on others’ responses.
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Check Your Understanding

The Normalized Difference Vegetation Index (NDVI) is an indicator that is often used in remote
sensing as an indicator of “greenness” of the vegetation. The following figure (Figure 2) illustrates
NDVI values obtained over an irrigated area. You see "circle" patterns because these areas use
central pivot irrigation technology. For this exercise, you can assume that NDVI is a predictor of
water consumption. The set of images uses three different data sources: Planet Data, Landsat, and
MODIS (Moderate Resolution Imaging Spectroradiometer). Planet Data use a sleet of active nano-
satellites in orbit, offering an unprecedented monitoring capacity of daily and global images at 3—-
5 m resolution. Landsat is the longest-running enterprise for acquisition of satellite imagery of
Earth. It was first launched in 1972 and acquires images with a temporal resolution of 16 days, and
spatial resolutions ranging from 15 to 60 m. MODIS was launched into Earth orbit by NASA in
1999 on board the Terra satellite, and in 2002 on board the Aqua satellite. The instruments capture
data in 36 spectral bands at varying spatial resolutions (from 250 m to 1 km). Together, the
instruments image the entire Earth every 1 to 2 days. Drag and drop to match the resolution that
you think is the most appropriate to perform each of the specified analysis.

Calculate 30+ years of water Calculate differences in daily

. X Calculate global daily water .
consumption for the entire ) water consumption between
consumption

Continental US two neighbor farmers
@) 47°S8'E  48°0'E  48°2°E  48°4°E D) 47°58'E  48°0°E  48°2°E E C) 47°58'E 48°0'E  48°2'E  48°4'E
4 Landsat-8 DOY 304 £ £ Planet DOY 318
> O (1 Lo
- - ) ¢ <
& ® L o0

\
ov
L8 (304)
47°58’E 48°0’E 48°2°E 48°4’E
Planet DOY 318

v

v
o 0.9
¢°0Q®

Figure 2. (a—c) Example of a drag-and-drop question in Section 3 to test students’ ability to choose the
appropriate spatial resolution according to a specific hydrologic application. The images are adopted
from Reference [35].

5.2. Authentic Tasks

There are three culminating learning activities at the end of Sections 2—4 (as shown in Table 2).
As opposed to the “check-your-understanding” problems, these activities are high-cognitive-demand
tasks and, more exactly, authentic tasks. In a high-cognitive-demand task, students are asked to engage
in practices to master the content they learned and recognize how a scientific body of knowledge is
developed [38]. These tasks usually include some guidance to students but require them to search
for content, data, or additional information. There are generally multiple possible correct answers,
meaning that if students accurately apply the content and justify their decisions, they will get full
credit for their answer.

Authentic tasks, a subset of high-cognitive-demand tasks, are built to reflect how knowledge is
used in real life and simulate the type of problems that a professional might tackle, in this case as
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hydrologists, remote sensing technicians, scientists, or engineers. They are complex and ill-defined,
defined as tasks that echo the complexity of the real world, with the goal of encouraging students to
explore different perspectives, rather than having one correct or straightforward answer [39]. Ill-defined
tasks have many benefits for students, including better retention of information taught [40], higher
levels of cognitive engagement [41], and more positive attitudes [13]. Such tasks often incorporate
opportunities for the public presentation of an argument to give students the opportunity to defend
their position. Authentic tasks assess higher levels of Bloom’s Taxonomy:.

Each authentic task has a rubric, an assessment tool with the purpose of setting clear expectations
for students and making grading more objective. Thanks to the rubric, instructors that will adopt the
module can easily measure students” achievement of the learning objectives at the higher levels of
Bloom'’s Taxonomy and keep track of their progress on the learning objectives. The rubrics adopted for
two of the authentic tasks in the Remote Sensing Applications in Hydrology module are shown in
Tables 3 and 4. For each learning objective, one or more criteria were selected to assess whether and
how expectations were met. Three levels of expectations were set, as: (1) does not meet expectations
(0 points), (2) meets expectations (between 4 and 7 points), and (3) exceeds expectations (10 points).

Table 3. Rubric of the learning activity in the Spatial Dimension of Satellite Data section (Section 3) of
the Remote Sensing Applications in Hydrology module.

Level #1 Level #3
(Does Not Meet Level #2 (Exceeds
Learning Objective Criterion . (Meets Expectations) .
Expectations) 4-7 Points Expectations)
0 Points 10 Points
Objective #1: Criterion #1: but iﬁgﬁ;‘fhgeghe o All plots are
The student will be able Download and . T included, correct,
. . . Not included more plots are missing.
to visualize and create a maps using Or. plots are not proverl and properly
download satellite data.  a visualization tool ‘P properly labeled.
labeled.
Objective #2:
Given a specific event Values are included,
. oo . All values and
and a satellite Criterion #1: but are incorrect or .
image/product Compute basic incomplete. Or, histograms are
& . ’ L Not included . N correct, complete,
the student will be able statistics and plot histograms are incorrect, .
. . . . and presented in an
to quantify and interpret histograms incomplete, or not .
. ) organized manner.
changes in a hydrologic properly labeled.
variable.
- Part of the discussion .D1scuss1or.1 and
Criterion #2: . . interpretation of
. . and/or interpretation of
- Discussion and . . results and maps
Objective #2 . . Not included results and maps is
interpretation of . . are complete,
- either missing or
maps and statistics . . correct, and well
incomplete or incorrect. :
organized.
Criterion #3:
Quantify daT“age Damage quantification ]?éma.ge
to vegetation and/or related discussion quantlﬁcahon and
Objective #2 caused by a Not included . . related discussion
. are either incorrect or
hurricane and . are complete and
. incomplete.
hydrologic correct.

implications
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Table 4. Rubric of the learning activity in the Uncertainty and Error Assessment section (Section 4) of

the Remote Sensing Applications in Hydrology module.

Level #1 Level #3
(Does Not Meet Level #2 (Exceeds
Learning Objective Criterion . (Meets Expectations) .
Expectations) . Expectations)
. 4-7 Points .
0 points 10 Points
Objective #1: Criterion #1: All values are
The student will be able Identify Values are included but
. ) e s . . . correct, complete,
to identify and apply verification metrics Not included are incorrect or .
. . . . and presented in an
techniques for assessing ~ and compute basic incomplete. .
o " organized manner.
uncertainties and errors. statistics
Objective #2: - Plots are included, All plots are
. Criterion #1: but are incorrect or .
Analyze remote sensing . . . . included, correct
. Plot time series and Not included incomplete. Or, plots are
data and evaluate their : . and properly
scatterplots incorrect, incomplete,
performance. labeled.
or not properly labeled.
Criterion #2: Values are included but co?rlic\:calcl(ljrsl af:te
Objective #2 Compute basic Not included are incorrect or ! bete
- . and presented in an
statistics incomplete. .
organized manner.
Objective #3: Discussion and
Formulate and test o Part of the discussion . .
Criterion #1: . . interpretation of
hypotheses around . . and/or interpretation of
. Discussion and . L results and plots
causes and effects in . . Not included results and plots is either
. . interpretation of . . are complete,
hydrologic variables, - missing or incomplete or
. plots and statistics . correct, and well
based on uncertainty incorrect. .
organized.
and error analyses
Criterion #2: Variables are
Identify remote Other variables are . s
sensing datasets identified but the related identified and
Objective #3 Not included related discussion

whose dynamics
might be cross
related

discussion is either
incorrect or incomplete.

are complete and
correct.

The first authentic task is built at the end of Section 2—Temporal Dimension of Satellite Data.
In this activity, the student plays the role of the science advisor to a local government that wants to use
its local water resources in a more sustainable and efficient manner. Specifically, students will analyze
time series of satellite-based observations of Terrestrial Water Storage (TWS) at three different locations
around the world to infer changes in the regional surface and subsurface water storage. For each time
series, students will identify any temporal pattern (e.g., daily, seasonal, climatological cycles) and/or
trend (Figure 3). Students will discuss possible physical or anthropogenic processes that may cause the
observed patterns and trends. For instance, the unregulated extraction of groundwater may cause the
depletion of the aquifers, which can be detected by remotely sensed TWS observations and from the
trend analysis they performed. Based on their analysis, students will formulate recommendations to
local managers or governments to ensure a more efficient and sustainable use of water resources in the
future. In this task, students will learn about the NASA Gravity Recovery and Climate Experiment
(GRACE, [42,43]) and the GRACE Follow On (FO) missions and how to use the Colorado Center for
Astrodynamics Research tool to visualize time series of TWS data (https://ccar.colorado.edu/grace/).
They will also use a software of choice (e.g., Excel, Python, MATLAB, R) to process the data and
perform the statistical analyses.
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Figure 3. Example of the students’ work for the learning activity in Section 2—Temporal Dimension
of Satellite Data, in which they identify trends in time series of satellite Terrestrial Water Storage
observations. This example is for a location in Greenland and clearly shows a decreasing trend, as well
as a cyclic pattern.

In the second authentic task, students apply the concepts learned in Section 3—Spatial Dimension
of Satellite Data and play the role of remote sensing experts hired by a local insurance company in
Puerto Rico after Hurricane Maria that destroyed the island in 2017. Students are asked to locate the
regions that were affected the most by the hurricane and to quantify the damage in terms of loss in
vegetation, caused by flash flooding and strong winds. As part of this task, students will have the
opportunity to learn about the NASA Moderate Resolution Imaging Spectroradiometer (MODIS), a key
instrument aboard the Terra and Aqua satellites, and MODIS-derived products, such as the leaf area
index (LAI), to monitor vegetation globally. They will also use state-of-the-art tools, such as the NASA
Worldview (https://worldview.earthdata.nasa.gov/), to visualize, interpret, and download MODIS LAI
data. Specifically, students will analyze MODIS LAI before and after the landfall of Hurricane Maria
by computing basic statistics such as the mean and standard deviation and generating the histograms
for both days. Students are then asked to interpret their results by explaining what the implications of
vegetation loss may be on water resources on the island.

The third authentic task tests students on concepts presented in Section 4—Uncertainty and Error
Assessment. Although the instructional content in this section points at the importance of validating
satellite observations for their correct use in hydrologic applications, this task introduces students to a
slightly different use of the validation tools learned in the section, which include a variety of continuous
(e.g., bias, root mean square error, correlation coefficient) and categorical verification metrics (e.g.,
probability of detection, false alarm rate, critical success index). Specifically, they will use satellite data
to validate model simulations. This is particularly critical in regions of the world where no ground
observations are available and models and satellites are the only methods to provide information
regarding water resources. Students will assess the performance of a water model that two counties
in California are considering adopting and will present their findings at a town-hall style meeting.
The model performance will be assessed in terms of soil moisture using a satellite-based product from
the NASA SMAP (Soil Moisture Active Passive, [8]) mission, using a set of statistical metrics learned in
Section 4.

6. Discussion

Although a relatively young science, satellite remote sensing is fast growing, thanks to several
technological innovations, the wide distribution of a variety of satellite products, the wider and wider
breadth of applications, and the development of novel tools to visualize and analyze satellite data.
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As a consequence, remote sensing education should also advance fast to provide students with the
appropriate methodological expertise and skills [1]. Teaching remote sensing is also challenged by
its intrinsic interdisciplinary nature that requires competence in several disciplines that form the
backbone of the field (including physics, electrical engineering, and Earth sciences), but also familiarity
with the field of application (that being biology, water resources engineering, or astronomy). This is
challenged even further in an online teaching environment in which several issues arise, including
learners’ expectations, readiness, identity, and participation in online courses, but also issues with the
role of instructors in content development, integration of multimedia in the content, and the role of
different instructional strategies [44]. However, the myriad of already available online educational
platforms and remote sensing data visualization tools can overcome some of these issues.

In this manuscript, we shared our experience with developing an online module on Remote
Sensing Applications in Hydrology that has the potential to address some of the challenges highlighted
above. At the time of writing, no data on students’ performance were available. Rather than discussing
the impact of the module on students’ learning, the goal of this manuscript was to disseminate our
experience with developing a tool that has the potential to improve the learning and teaching of
remote sensing in higher education and in the interdisciplinary context of environmental sciences
(i.e., hydrology). Our hope is that our work will support and inspire other educators in this field to
successfully design their courses and train our next generation.

Nevertheless, we will survey students to assess changes in their engagement and self-assessed
learning after participating in this module. We will also interview students to explore their perceptions
of the module and their engagement in the tasks. Lastly, we will examine students” work on the
authentic tasks to evaluate whether the module supported them in achieving the higher levels of
Bloom’s Taxonomy called for in the tasks. These data will help us to understand the students’
engagement and achievement after participating in this module, as well as to make revisions to the
module if areas of improvement are noted.

7. Conclusions

In this manuscript, we presented an online module on Remote Sensing Applications in Hydrology
for teaching junior/senior undergraduate students or junior graduate students with no (or little
background) in remote sensing, but with some basic background of environmental science, hydrology,
programming, and statistics. The module utilizes active learning techniques within an online
environment, HydroLearn (https://www.hydrolearn.org/), a free online platform sponsored by the
National Science Foundation with the goal of promoting and sharing educational resources in hydrology
and water resources engineering. This e-learning module takes advantage of a variety of freely available
satellite products and a set of already existing visualization and analysis tools to improve students’
experience and attitude toward complex remote sensing concepts.

The module was created following a backward design approach, which started with identifying
the learning objectives. Such objectives were formulated to address different learning levels, according
to Bloom’s Taxonomy, from more basic objectives (e.g., remember, understand) to ones that require a
higher level of abstraction (e.g., evaluate, create). Next, we created learning activities that provide
evidence of the students” achievement of the learning objectives. These activities are a combination of
low-cognitive-demand tasks, formulated as multiple choice or checkbox questions, and three authentic
tasks, which challenge students with real-life problems that they may have to face in their future
professional career. For each authentic task, a rubric was created to set clear expectations for students,
but also to make grading more streamlined and easily measure the achievement of the learning
objectives at the higher levels of Bloom’s Taxonomy.

Lastly, we built the instructional content, which is organized in four sections. In Section 1,
we introduced key concepts of satellite remote sensing, including the electromagnetic spectrum,
the main features of satellite images, and the main steps of the remote sensing process. Sections 2
and 3 focused on the temporal and spatial dimension of satellite data, respectively. Starting from the
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definitions of time series and spatial resolution, we presented common tools to analyze time series
and maps of satellite observations. In Section 4, we stressed the importance of the validation process
and introduced techniques for assessing uncertainties and errors in remote sensing observations.
The content is presented using multiple modes of instruction, including numerous videos, images,
and diagrams to guide students through the material and also promote active engagement with
the content.

Although the design approach followed three sequential steps, the process was iterative to ensure
constructive alignment between learning objectives, activities/assessments, and content. In order to
verify the alignment between activities, objectives, and content, we used a self-assessment feedback
tool provided by the educational and content guides. In this assessment, we asked ourselves questions
such as “Do learning objectives use measurable verbs?”, “Does the rubric capture how well students
do on the high-cognitive-demand learning objectives?”, or “Is the activity assessing only the listed
learning objectives? Or more?” Thus, after developing a learning activity, we went back to check if
the learning objectives aligned with the task and the rubric clearly defined criteria for assessing the
achievement of such objectives. After the instructional content was finalized, we ensured that all
tools and subject matter necessary for students to reach the objectives and complete the tasks were
introduced and defined.

We consider the HydroLearn module that we presented here to be an ever-evolving tool,
first designed by us but hopefully benefitting from any number of external interventions in the
future. Sections that address high-resolution satellite products, UAVs imaging, and more hydrologic
applications would be more than welcome and will make the module more attractive, comprehensive,
and engaging.
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