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Abstract: Despite an advanced ability to forecast ecosystem functions and climate at regional and
global scales, little is known about relationships between local variations in water and carbon fluxes
and large-scale phenomena. To enable data collection of local-scale ecosystem functions to support
such investigations, we developed the EcoSpec system, a highly equipped remote sensing system that
houses a hyperspectral radiometer (350–2500 nm) and five optical and infrared sensors in a compact
tower. Its custom software controls the sequence and timing of movement of the sensors and system
components and collects measurements at 12 locations around the tower. The data collected using the
system was processed to remove sun-angle effects, and spectral vegetation indices computed from the
data (i.e., the Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index
(NDWI), Photochemical Reflectance Index (PRI), and Moisture Stress Index (MSI)) were compared
with the fraction of photochemically active radiation (fPAR) and canopy temperature. The results
showed that the NDVI, NDWI, and PRI were strongly correlated with fPAR; the MSI was correlated
with canopy temperature at the diurnal scale. These correlations suggest that this type of near-surface
remote sensing system would complement existing observatories to validate satellite remote sensing
observations and link local and large-scale phenomena to improve our ability to forecast ecosystem
functions and climate. The system is also relevant for precision agriculture to study crop growth,
detect disease and pests, and compare traits of cultivars.

Keywords: hyperspectral remote sensing; photosynthesis; ecosystem functions; spectral reflectance;
near surface; vegetation indices; photosynthetically active radiation; climate change; multiple scale;
agriculture; crop monitoring

1. Introduction

Atmosphere, plants, and soils control terrestrial carbon and water cycles [1–5]. Better understanding
of ecosystem heterogeneity and dynamics at the biosphere–atmosphere interface is needed for accurately
forecasting future climate and contributions and responses of the terrestrial biosphere [1,4]. While
our ability to forecast ecosystem functions and climate at regional and global scales has significantly
advanced, little is known about how local phenomena such as heterogeneity in water and carbon fluxes
at a daily time scale relate to large-scale phenomena and vice versa [4,6]. Understanding ecosystem
functions and climate change interactions is a critical knowledge gap, and such interactions need
to be better represented in climate change models [4,6–9]. Researchers have found strong temporal
correlations between meteorological variables (e.g., temperature and photosynthetically active radiation)
and ecosystem properties (e.g., photosynthesis and respiration) at landscape and regional scales or at low
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temporal frequency [7–10]. Near-surface remote sensing would play an important role in experimenting
across spatial and temporal scales and filling the knowledge gap [11].

Gaining insights for local-scale ecosystem functions using near-surface remote sensing is not
a new concept. Spectroscopy, fluorescence sensing, and thermal imaging are three examples of the
most promising near-surface remote sensing techniques for studying plant responses to environmental
conditions at a fine scale [12]. Plant spectroscopy employs observations of spectral reflectance of plants
across a contiguous spectral region that are often collected in the field or laboratory using a spectrometer.
Such detailed measurements of plant spectral reflectance are known to provide information about plant
traits that play an important role in plant photosynthesis [13] and other functions through establishing
empirical relationships between their traits and spectral reflectance. Thus, plant spectroscopy provides
a noninvasive, nondestructive alternative to traditional methods for collecting plant trait measurements.
Sakowaska et al. [14] developed a tower-based hyperspectral system, WhiteRef, to automatically collect
spectral reflectance measurements at a Mediterranean grassland. Spectral vegetation indices derived
from the hyperspectral reflectance measurements collected by the system showed strong correlations
with plant pigment and the fraction of photochemically active radiation (fPAR).

Sun-induced chlorophyll fluorescence (SIF) is known to capture rapid change in photosynthesis,
and its study is a fast-growing research area in remote sensing of vegetation [15]. To track SIF
changes and their correlation with gross primary production (GPP), Yang, et al. [16] developed a
tower-based fluorescence measurement system using a spectrometer having a very fine spectral
resolution (approximately 0.13 nm) for the 680–775 nm spectral range. The study conducted in
temperate deciduous forests showed strong diurnal and seasonal correlations between SIF and GPP
estimated using the eddy covariance method (R2 = 0.82 and 0.73, respectively) as well as with fPAR
(R2 = 0.90 and 0.80, respectively) [16]. Yang et al. [17] further improved the system by optimizing tradeoff

between spectral range and resolution. Grossmann et al. [18] integrated a visible band (400–900 nm)
into a SIF sensing system to allow for calculating vegetation indices (PhotoSpec). The initial testing
based on broad leaves, grass, and dark light showed the stability and robustness of the system for
continuously collecting SIF measurements throughout the day [18].

Increased canopy temperature caused by plant water stress is widely studied using thermal
infrared (TIR) remote sensing [19,20]. For proximal sensing, Mangus et al. [20] assembled a TIR
imaging system using an off-the-shelf TIR camera to evaluate the effectiveness of high spatial resolution
canopy temperature in relation to soil moisture to study plant moisture content. Their 80-day study
verified the canopy temperature measurement at an accuracy of ±0.62 ◦C, and the model developed
using the TIR measurements revealed strong correlation between the canopy temperature and plant
water use [20].

These near-surface remote sensing systems have demonstrated that continuous optical and
infrared measurements at atmosphere–biosphere interfaces would fill the data and knowledge gaps
toward understanding the linkage between local- and regional/global-scale phenomena by providing
new datasets at fine spatial and temporal scales. If we could integrate these sensing technologies and
complementary sensors into a single synchronized system, that would enable a range of simultaneous
environmental and ecological measurements and allow for various experiments and modeling of
local atmosphere–biosphere interactions. This paper presents a highly equipped hyperspectral
remote sensing system, the EcoSpec system, that integrates complementary environmental sensors to
simultaneously collect measurements with hyperspectral reflectance of land surfaces. The ultimate
goal of this system is to enable investigation of temporal patterns and associations between continuous
measurements of hyperspectral reflectance of land surface and continuous meteorological and biological
measurements under natural and managed environments (e.g., agricultural fields).
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2. Materials and Methods

2.1. Hardware and Physical Architecture

The EcoSpec system is equipped with five types of optical and infrared sensors powered by solar
energy (Figure 1, Table 1, Supplementary Materials, Video S1) installed at two locations on the tower,
called the upper and lower packages, respectively.

Table 1. EcoSpec System Sensors and Components.

Instrument
(Model, Manufacture) Description

Spectrometer
(ASDFieldSpec4 Std-Res, Malvern
Panalytical; Cambridge, UK)

Spectral reflectance of land surface using 2150 spectral channels
ranging from 350 to 2500 nm. Instrument with a 1.5 m fiber optic cable
having a 25 degree field of view (FOV). Height of installation: 3–7 m
above ground. Variables: Spectral reflectance (350–2500 nm) and
spectral vegetation indices. 1 Frequency of measurement: ~1 min 2.

Thermal IR sensor
(SI-111, Apogee Instruments Inc.; Logan,
KY, USA)

Radiant temperature of canopy and ground surface. Height of
installation: 3–7 m above ground. Variables: Surface temperature
(plants and exposed soil) and sky temperature. Frequency of
measurement: 1 min.

Red-green-blue (RGB) camera
(Q1604, Axis; Lund, Sweden)

Plant conditions; visual and contextual information within the field of
view of the spectrometer and its surroundings. Height of installation:
3–7 m above ground. Variable: Contexture information of land
surface, such as plant conditions and land cover composition and
structure. Frequency of measurement: 1 min.

Diffuse radiometer
(RSR2, Irradiance Inc.; Cambridge,
MA, USA)

Components of incoming light, such as direct and diffused light
(2–6 m above ground). Variables: Total incoming light, direct light, sky
light, sky temperature, and air temperature. Frequency of
measurement: 1 min.

Albedometer
(Dual-Pyranometer 8104, Schenk; Grass
Valley, CA, USA)

Albedo of incoming and outgoing light. Height of installation: 2–6 m
above ground. Variables: Downwelling irradiance and upwelling
irradiance. Frequency of measurement: 1 min.

Pan-tilt unit
(PTU-D300, FLIR; Wilsonville, AL, USA)

Rotating platform for the upper package, including spectrometer,
thermal IR sensor, and RGB camera, in order to collect measurements
at 12 positions around the tower (300◦). Payloads: 70 lbs.

Enclosure
(ENC 14/16-MM-NC, Campbell Scientific
Inc.; Logan, KY, USA)

House spectrometer and RGB camera.

Actuator
(PA-15-8-11, Progressive Automations;
Arlington, TX, USA)

Extend and retract the white reference panel to enable white reference
measurement right before each measurement from land surface.

White reference panel
(Spectraron, Labsphere; North Sutton,
NH, USA)

Provide a reference surface for white reflectance calibration.
The highly reflective surface has 99% reflectivity across the spectral
range.

Single-board computers
(Raspberry Pi)

Provide commands to all system components and temporary
data storage.

DC/AC converter Convert DC power from the solar power system to AC to power
the instruments.

Enclosure
(Campbell Scientific Inc.; Logan, KY, USA)

House single-board computer, CR1000 data logger,
and cellular modem.

1 Reflectance values are transformed to 100+ spectral vegetation indices that are known to correlate with plant and
ecosystem properties such as biomass, plant greenness or pigment, structure, and moisture including Normalized
Difference Vegetation index (NDVI), Normalized Difference Water Index (NDWI), Photochemical Reflectance Index
(PRI), Enhanced Vegetation Index (EVI), Chlorophyll Index (CI), Moisture Stress Index (MSI), Water Band Index
(WBI), and Modified Chlorophyll Absorption in Reflectance Index (MCARI). 2 Depending on the level of irradiance.



Sensors 2020, 20, 5463 4 of 13

Sensors 2020, 20, x FOR PEER REVIEW 3 of 14 

 

2. Materials and Methods 

2.1. Hardware and Physical Architecture 

The EcoSpec system is equipped with five types of optical and infrared sensors powered by solar 
energy (Figure 1, Table 1, Supplementary Materials, Video S1) installed at two locations on the tower, 
called the upper and lower packages, respectively. 

 
(a) 

 
(b) 

Figure 1. EcoSpec system. (a) The system installed in a corn field (2016) powered by solar energy and 
(b) system components. 

Table 1. EcoSpec System Sensors and Components. 

Instrument 
(Model, Manufacture) Description 

Spectrometer 
(ASDFieldSpec4 Std-Res, 
Malvern Panalytical; 
Cambridge, UK) 

Spectral reflectance of land surface using 2150 spectral channels 
ranging from 350 to 2500 nm. Instrument with a 1.5 m fiber optic 
cable having a 25 degree field of view (FOV). Height of 
installation: 3–7 m above ground. Variables: Spectral reflectance 
(350–2500 nm) and spectral vegetation indices. 1 Frequency of 
measurement: ~1 min 2. 

Thermal IR sensor 
(SI-111, Apogee Instruments 
Inc.; Logan, KY. USA) 

Radiant temperature of canopy and ground surface. Height of 
installation: 3–7 m above ground. Variables: Surface temperature 
(plants and exposed soil) and sky temperature. Frequency of 
measurement: 1 min. 

Red-green-blue (RGB) 
camera 
(Q1604, Axis; Lund, 
Sweden) 

Plant conditions; visual and contextual information within the 
field of view of the spectrometer and its surroundings. Height of 
installation: 3–7 m above ground. Variable: Contexture 
information of land surface, such as plant conditions and land 
cover composition and structure. Frequency of measurement: 1 
min. 

Diffuse radiometer 
(RSR2, Irradiance Inc.; 
Cambridge, MA. USA) 

Components of incoming light, such as direct and diffused light 
(2–6 m above ground). Variables: Total incoming light, direct light, 
sky light, sky temperature, and air temperature. Frequency of 
measurement: 1 min. 

Albedometer 
(Dual-Pyranometer 8104, 
Schenk; Grass Valley, CA. 
USA) 

Albedo of incoming and outgoing light. Height of installation: 2–6 
m above ground. Variables: Downwelling irradiance and 
upwelling irradiance. Frequency of measurement: 1 min. 
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(b) system components.

2.1.1. Upper Package

The upper package consists of a spectrometer and true-color (or red, green, and blue (RGB))
camera, two TIR sensors, a white reference panel with a custom panel housing, and an actuator. All of
these components are mounted on a pan-tilt unit (PTU) (Figure 1, Table 1, Video S1). The spectrometer
and RGB camera are housed in an enclosure.

The spectrometer (ASD FieldSpec 4; Cambridge, MA, USA) measures electromagnetic radiation
(EMR) that is reflected by land surfaces, such as plants and soils (Figure 1). EMR reflected by the land
surface is collected across 2151 narrow contiguous spectral channels from a 350 to 2500 nm spectra
range with 4 to 10 nm channel width (Table 1). The instrument uses a 1.5 m fiber optic cable having
a 25 degree field of view (FOV). The spectrometer is housed in a securely sealed enclosure (ENC
14/16-MM-NC, Campbell Scientific Inc.; Logan, KY, USA) to be protected from elements. The optical
fiber cable that is extended from the spectrometer is housed in a metal casing, and the tip of the cable is
installed perpendicular to the ground to collect nadir-viewing measurement. The enclosure is placed
on a steel plate secured to the top of a pan-tilt platform (PTU-D300, FLIR; Wilsonville, AL, USA) and
mounted on the tower.

The RGB camera (Axis Q1604; Lund, Sweden) housed in the enclosure is installed perpendicular to
the land surface (Figure 1, Table 1). The camera captures true-color photos from the land surface around
the tower via a small glass opening fabricated at the bottom of the enclosure. Because of the large
FOV of the camera, each photo contains the FOV of the spectrometer and its vicinity. The RFB photos
provide contextual information, such as soil exposure, plant condition, canopy closure, and shadowing,
which aid in interpreting the spectrometer and TIR measurements. For example, RGB photos can be
used to identify the cause of sudden changes in spectral reflectance and/or vegetation indices and flag
those data. The photos may be useful for investigating the effects of soil exposure, leaf orientation,
and shadow on optical and infrared measurements.

Two TIR sensors (Apogee Instruments SI-111; Logan, KY, USA), downward-looking and
upward-looking, are installed on the side of the metal casing of the fiber cable (Figure 1, Table 1).
The downward-looking TIR sensor measures the radiant temperature of land surface consisting of plant
canopies. This TIR sensor has approximately 22 degree FOV. The upward-looking sensor measures sky
temperature that is indicative of cloudiness of the sky at a given time. Both sensors are connected to a
data logger, and readings are recorded over the predefined time periods: 1 and 30 min, respectively.

We developed a reference subsystem using the white reference panel (Labsphere spectralon target
SRT-99-050; North Sutton, NH, USA), actuator (Progressive Automation PA 15-8-11; Arlington, TX,
USA), and custom housing (Figure 1, Table 1). The 99% reflective Spectralon® panel extends only
when reference data collection is needed. Movement of the reference subsystem is synchronized with
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movement of the PTU and the spectrometer’s preparatory activities, such as parameter optimization
(Video S1). The reference subsystem supports reliable optical and infrared reflectance data collection
using a spectrometer by collecting white reference data and information on the sensor’s internal noise
more frequently than traditional settings (e.g., every 20–30 min).

2.1.2. Lower Package

The lower package consists of an albedometer and diffuse radiometer (Figure 1, Table 1).
The albedometer (Schenk Dual-Pyranometer 8104; Grass Valley, CA, USA) measures net broadband
radiation and thereby determines how much incoming radiation is absorbed and reflected. Radiation
between 300 and 700 nm is mostly absorbed by plants, and these measurements provide the total
canopy reflectance across all wavelengths. Downwelling solar radiation can also be compared to
top-of-the-atmosphere solar radiation to determine the opacity of the atmosphere, which could provide
insights for the amount of diffuse solar radiation.

The diffuse radiometer (Irradiance Rotating Shadowband Radiometer (RSR2); Cambridge, MA,
USA) measures direct and diffused light separately and allows for quantifying the incoming radiation
components. At least every 30 s, a narrow arm passes over the sensor to cast a shadow. This
movement briefly blocks direct sunlight, and the sensor only measures diffused light during that time.
The radiometer measures diffused light more frequently under partly cloudy conditions than sunny
conditions in order to track rapidly changing irradiance.

The lower package also includes the control box. The control box houses a single-board computer,
data logger, small battery, and cellular modem (Figure 1, Table 1). The single-board computer
(Raspberry Pi) controls activities of the sensors and components in a synchronized manner, monitors
functionality of the upper package, temporally stores measurements, and wirelessly transmits the
temporally stored data to the remote server through cellular connection. The data logger (CR1000) logs
and records measurements collected using the thermal IR sensors, albedometer, and diffuse radiometer
as an average over two time periods: every 1 min and 30 min.

2.2. Software, Operation, and Data Collection and Management Design

We developed custom software to operate the EcoSpec system in a Linux environment, including
collection of hyperspectral EMR measurements. The software package allows a range of autonomous
functions for the system, which include (1) initiating the system 20 min before sunrise each day,
(2) triggering activities of the components in a synchronized manner, (3) monitoring system functions
and sending an email alert when malfunction is detected, (4) rebooting the system when malfunction
is detected, (5) transmitting the data approximately every 30 min throughout the day, and (6) shutting
down the system at sunset each day.

The system automatically initiates 20 min before sunrise each day based on the internal clock with
the longitude setting. The PTU rotates 300 degrees (1 full rotation of the system) to test the functionality
of the platform and return to position 1. The first spectrometer data collection begins at sunrise at
position 1. The actuator extends and places the white reference panel under the fiber optic cable (Video
S1). The spectrometer optimizes the parameter setting. Once optimized, the spectrometer collects over
100 white reference measurements from the 99% reflective Spectralon® panel and records the average
value. The actuator retracts and stores the white panel in the custom housing (Video S1). This protects
the surface from elements (e.g., dust) that may impact the integrity of spectral reference measurements.
While retracting, the spectrometer measures and records dark current or the sensor’s internal noise.
Shortly after, the spectrometer collects measurements from the land surface approximately 500 times
and records the average value. A RGB photo of the spectrometer FOV and its vicinity is captured
during the reflectance measurements from the land surface. Once it completes a full sequence at
its current position, the PTU moves to the next position and repeats the series of steps from the
spectrometer optimization to land surface measurements before moving on to a subsequent position
(Video S1). While rotating 300 degrees for each rotation, the upper package of the system pauses at
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12 positions around the tower and collects measurements from the land surface in order to account
for local variability within the study site. The data collection sequence continues throughout the day.
At sunset, the system moves to position 1 and automatically shuts down to conserve energy for the
next day.

At each position, a set of hyperspectral EMR measurements is comprised of gain, offset, integration
time, white reference (2150 features), dark current (2150 features), and land surface measurements
(2150 features), and all measurements are temporally recorded in the Raspberry Pi along with
measurement identification, PTU position, and sample date and time (Video S1). A set of measurements
at a single position typically takes around 1 min. It will take longer when ambient light is low (e.g.,
cloudy sky conditions, in the early or late day). On a sunny summer day, the system could collect
measurements from 800+ data points.

The system allows us to collect an array of land surface measurements, including hyperspectral
reflectance of plants and soils, true-color photos capturing contextual information of land surface,
radiant temperature of sky and land, incoming and reflected shortwave radiation, and incoming
radiation components (direct and diffuse), as frequently as every minute. Several of the sensors are
mounted on a pan-tilt unit on top of the tower to collect hyperspectral reflectance, land surface photos,
and radiant temperature of sky and land from 12 discrete positions around the tower. This allows for
capturing inherent heterogeneity of the terrestrial ecosystem at a local scale and to obtain representative
spectral signatures of the plant and soil surfaces via averaging those measurements.

2.3. Data Preparation

Hyperspectral reflectance measurements that are collected using the EcoSpec system must
be preprocessed prior to analysis. For this paper, we prepared the data using parsimonious
processing methods to remove outliers and mitigate sun-angle effects to demonstrate the usefulness of
measurements collected using the system.

We first identified outliers in hyperspectral reflectance measurements by applying two criteria
that define the allowable range for instantaneous data values (i.e., values greater than 0 and smaller
than 0.8) and the allowable change in reflectance values within a limited time period (e.g., absolute
change greater than 30% within 30 min). We removed data points that were identified as outliers
from the dataset for subsequent processing and analyses. We developed a prototype methodology for
minimizing the sun-angle effects on hyperspectral reflectance collected from land surface, known as
a bidirectional reflectance distribution function (BRDF). We modeled an overall temporal trend and
pattern in reflectance values on each date. Sunny dates had stronger, more symmetric pattern than
cloudy dates. We removed the modeled trend and pattern from the reflectance values prior to analyses.
To preserve the integrity of the measurements, an independent model was developed for each of the
2150 spectral channels.

After the measurements were preprocessed as described above, we calculated the average
hyperspectral reflectance values over 30 min to match the temporal frequency to that of the
meteorological data collected using an eddy covariance method. Using the half-hourly hyperspectral
data, we computed the Normalized Difference Vegetation Index (NDVI) [21,22], Normalized Difference
Water Index (NDWI) [23], the Photochemical Reflectance Index (PRI) [24], and Moisture Stress Index
(MSI) [25]. We compared the index values with selected flux tower variables during the season
to demonstrate the usefulness of the hyperspectral reflectance measurements collected using the
EcoSpec system.

3. Results

The following results are examples from the 2015 study conducted at the soybean field in
AmeriFlux US-B1 site located within Fermi National Accelerator Laboratory, Batavia, Illinois. Examples
of spectral reflectance values of land surfaces that were collected using the EcoSpec system are shown
in Figure 2. The spectral reflectance signatures presented in the figure were collected at 7:30 a.m.,
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10:30 a.m., 1:30 p.m., 4:30 p.m., and 7:00 p.m. at local time on 21 August 2015 (DoY 234). There are
two atmospheric absorption features around the 1350–1430 and 1800–1940 nm spectral ranges that are
seen across all the time periods. While spectral reflectance signatures show characteristic profiles for
healthy vegetation most of the day, the signature appears noisy, and a vegetation spectral signature
becomes obscured late in the day (Figure 2). This type of system could help determine the effective
daytime period or sun angles and the minimum irradiance to usefully collect optical and infrared
information to study plant properties and functions.
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Diurnal trajectories of selected spectral vegetation indices and TIR on 21 August 2015 (DoY 234) are
shown in Figure 3. The NDVI and NDWI, which are known to correlate with green biomass [21,22,26,27]
and plant moisture [23,28–30], respectively, follow a similar pattern throughout the day, while the PRI,
which is known to indicate photosynthetic radiation use efficiency of plants, shows an opposite pattern
(Figure 3a). The MSI, which is known to indicate plant’s moisture stress [25,31–33], and TIR both show
gradual change during the day (Figure 3b). Plant canopy temperature represented by TIR increases
from morning to mid-day and slightly decreases later in the day. On the other hand, plant water stress
depicted by the MSI decreases from morning to mid-day and steadily increases toward the evening.
This contrasting pattern between the MSI and TIR shows the indication of TIR measurements for plant
moisture content or their responses to water availability, which has been demonstrated in a number of
studies [19,20,34].

RGB photos on the selected dates during the 2015 growing season that were captured using
the EcoSpec system are shown in Figure 4. Soybean plants planted in mid-April 2015 covered
approximately 25% of the ground surface in the beginning of July. Foliage cover exceeded 60% of the
ground in two weeks (Figure 4) and completely closed by early August. The plants started to show a
sign of senescence in early September and completely senesced by mid-September. RGB photos of
ground surface documents plant conditions (e.g., stress, disease) and phenology and would provide
valuable information for interpreting optical and infrared measurements. For example, certain patterns
in spectral reflectance values or signatures may be evaluated based on plant or land surface conditions
captured in the photos. Causes of sudden changes in spectral reflectance and/or vegetation indices
may be identified using the photos. The RGB photos may also be used to investigate the effects of soil
exposure, leaf orientation, and shadow on optical and infrared measurements.
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Figure 4. Selected RGB photos captured at one of the 12 positions (−146 degrees) around the EcoSpec
tower during the 2015 growing season. These photos show phenology of plants and provide contextual
information to aid analyses of measurements collected using the EcoSpec system.

Seasonal trajectories of the NDVI, NDWI, and PRI along with the trajectory of the fPAR that was
measured using the eddy covariance system are shown in Figure 5. All three indices increased toward
the peak growing season of late July to early August and decreased toward the end of the season.
These patterns correspond to that of fPAR throughout the growing season (Figure 5). Because fPAR is a
biophysical variable known to directly relate with the primary productivity or photosynthesis [35–37],
this comparison between spectral vegetation indices and fPAR indicates the potential of spectral
reflectance measurements of land surface collected at a high temporal frequency throughout the
growing season to investigate ecosystem functions, such as photosynthesis and respiration.

Seasonal trajectories of TIR temperature, soil moisture, and NDVI of the 2015 growing season are
shown in Figure 6. The TIR values indicating plant canopy temperature appear to show a pattern in
relation to soil moisture in early August (DoY 213) (Figure 6a), when plants matured as indicated by
NDVI (Figure 6b). High TIR values correspond to low soil moisture during the peak growing season.
The relationship dissipates toward the end of the season. This suggests the benefit of simultaneous
measurement of TIR with optical and near/shortwave infrared reflectance for studying plant responses
to environmental shifts and variability, particularly during the peak growing season.
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4. Conclusions

Understanding interactions of ecosystem functions and climate across varying spatial and temporal
scales could improve climate forecasting capability. However, determining the linkage between very
different scales (e.g., global and local) is particularly difficult because key processes at each scale
operate at different rates and create complex heterogeneity and dynamics. Recognizing that existing
instrumentation would not fully support the type of data collection needed to investigate the interaction
of two extreme scales, we developed a tower-based remote sensing system to automatically collect a
range of optical and infrared measurements of land surface across the visible to TIR spectral region
throughout the day over the growing season. While many existing near-surface remote sensing
systems continuously collect measurements in an automated manner over an extended period of time,
the uniqueness of the EcoSpec system includes the following:

1. Collection of measurements from 12 locations spanning a 300 degree rotation of the platform to
account for heterogeneity of the land surface.

2. Integration of five optical and infrared sensors to collect a suite of measurements that complements
hyperspectral reflectance measurements, enabling various modeling approaches, such as surface
and sky temperature, direct and diffused sunlight, incoming and outgoing albedo, and RGB
photos of the land surface.

3. Custom software to control synchronized movements and functions of the system components
so that every sensor collects measurements properly without interference of other sensors.
This software manages a specific order or timing of actuator movement, reference reflectance
measurement, target reflectance measurement, and platform movement in a compact package.

4. Portability of the system as being powered by a relatively compact power generating
system, such as the solar power system evaluated during the entire testing period, which
allows for deployment at a range of sites, including existing research stations/observatories,
short-term/temporary locations, remote locations, and agricultural fields.

When examining the measurements collected using the system, temporal trajectories between
narrow-band spectral vegetation indices—NDVI, NDWI, and PRI—and a biophysical variable directly
correlated with the primary production—fPAR—were strongly correlated. TIR temperature that
correlates with the MSI at the diurnal scale appeared to correspond to soil moisture across the season.
These patterns suggest that hyperspectral reflectance and simultaneously collected complementary
optical and infrared measurements could provide valuable observations for investigating ecosystem
functions, such as photosynthesis or gross primary production and possibly ecosystem respiration
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in response to environmental changes, which would provide critical information to understand
interactions between biosphere and atmosphere at its interfaces.

Optical and infrared measurements of land surface—plants and surface soils—properties would
provide critical data for understanding ecosystem functions and their responses and contributions
to environmental changes and variability. Instrumentation that allows measurements from multiple
locations at high temporal frequency would enable experiments and modeling with great flexibility
by providing replicates of samples and options for temporal aggregation. This type of near-surface
remote sensing system can be used to complement existing science observatories to validate satellite
remote sensing observations, link local- and regional/global-scale phenomena, and ultimately improve
our ability to forecast ecosystem functions and climate. When applying this system for precision
agriculture, measurements would be useful for studying crop growth, detecting disease and pests,
and comparing traits of breeds or cultivars to improve our future food security.

The EcoSpec system developed in this study is best suited for research that aims to explore various
modeling and analysis approaches to understand fine-scale plant properties and/or ecosystem functions
for heterogeneous land. When studying a relatively uniform and homogenous area, an instrument
that continuously collects measurements from a single patch of land may be sufficient. When the
types of measurements required for research are already known, the system having only those sensors
necessary may be more efficient than using a highly equipped system like the EcoSpec system.

The examples presented in this paper utilized a preliminary method to account for BRDF and
did not consider the effects of varying sky conditions on hyperspectral measurements. When more
sophisticated models are applied for data cleansing, the quantity and quality of the hyperspectral
reflectance measurements useful for the analysis are expected to improve significantly.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/19/5463/s1,
Video S1: Movement of the EcoSpec system and data collection in the agricultural field.

Author Contributions: Y.H. conceptualized and led the project, analyzed the data, and led the composition
of this paper; D.C. led overall design of the EcoSpec system apparatus, constructed and managed the system,
and performed quality control for the data; D.B. integrated sensors into a single synchronized architecture and
developed the software and database architecture. All authors have read and agreed to the published version of
the manuscript.

Funding: This project was supported by Argonne National Laboratory, Laboratory Directed Research and
Development (LDRD, #2014-132).

Acknowledgments: The authors thank Nicola Ferrier for guidance for sensor selection, Cory Weber and Andrew
Ayers for assisting the management of the EcoSpec system functions and improving the software and database
usability, Roser Matamala and Robin Graham for providing insights for linking biological, meteorological,
and spectral data, and Paul Tarpey for developing preliminary data preparation models and providing review
of the manuscript. The authors also express gratitude for anonymous reviewers for insightful comments on
the manuscript. The submitted manuscript has been created by UChicago Argonne, LLC, Operator of Argonne
National Laboratory (“Argonne”). Argonne, a U.S. Department of Energy (DOE) Office of Science laboratory, is
operated under Contract No. DE-AC02-06CH11357. The U.S. Government retains for itself, and others acting
on its behalf, a paid-up nonexclusive, irrevocable worldwide license in the said article to reproduce, prepare
derivative works, distribute copies to the public, and perform publicly and display publicly, by or on behalf of
the Government. The project was funded by DOE’s Office of Sciences through Argonne’s Strategic Laboratory
Research and Development.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Battin, T.J.; Luyssaert, S.; Kaplan, L.A.; Aufdenkampe, A.K.; Richter, A.; Tranvik, L.J. The boundless carbon
cycle. Nat. Geosci. 2009, 2, 598–600. [CrossRef]

2. Bloom, A.A.; Exbrayat, J.F.; Van Der Velde, I.R.; Feng, L.; Williams, M. The decadal state of the terrestrial
carbon cycle: Global retrievals of terrestrial carbon allocation, pools, and residence times. PNAS 2016, 113,
1285–1290. [CrossRef]

3. Dixon, R.K. The global carbon cycle and global change: Responses and feedbacks from the mycorrhizosphere.
In Mycorrhizal Biology; Springer: Boston, MA, USA, 2000; pp. 85–99. [CrossRef]

http://www.mdpi.com/1424-8220/20/19/5463/s1
http://dx.doi.org/10.1038/ngeo618
http://dx.doi.org/10.1073/pnas.1515160113
http://dx.doi.org/10.1007/978-1-4615-4265-0_6


Sensors 2020, 20, 5463 12 of 13

4. Piao, S.; Sitch, S.; Ciais, P.; Friedlingstein, P.; Peylin, P.; Wang, X.; Ahlström, A.; Anav, A.; Canadell, J.G.;
Cong, N.; et al. Evaluation of terrestrial carbon cycle models for their response to climate variability and to
CO2 trends. Glob. Chang. Biol. 2013, 19, 2117–2132. [CrossRef]

5. Xiao, J.; Chevallier, F.; Gomez, C.; Guanter, L.; Hicke, J.A.; Huete, A.R.; Ichii, K.; Ni, W.; Pang, Y.; Rahman, A.F.;
et al. Remote sensing of the terrestrial carbon cycle: A review of advances over 50 years. Remote Sens.
Environ. 2019, 233, 111383. [CrossRef]

6. Gounand, I.; Little, C.J.; Harvey, E.; Altermatt, F. Cross-ecosystem carbon flows connecting ecosystems
worldwide. Nat. Commun. 2018, 9, 1–8. [CrossRef]

7. Ahmed, M.A.; Abd-Elrahman, A.; Escobedo, F.J.; Cropper, W.P., Jr.; Martin, T.A.; Timilsina, N. Spatially-explicit
modeling of multi-scale drivers of aboveground forest biomass and water yield in watersheds of the
Southeastern United States. J. Environ. Manag. 2017, 199, 58–71. [CrossRef] [PubMed]

8. Piao, S.; Liu, Q.; Chen, A.; Janssens, I.A.; Fu, Y.; Dai, J.; Liu, L.; Lian, X.; Shen, M.; Zhu, X. Plant phenology and
global climate change: Current progresses and challenges. Glob. Chang. Biol. 2019, 25, 1922–1940. [CrossRef]

9. Garbulsky, M.F.; Peñuelas, J.; Gamon, J.; Inoue, Y.; Filella, I. The photochemical reflectance index (PRI) and
the remote sensing of leaf, canopy and ecosystem radiation use efficiencies: A review and meta-analysis.
Remote Sens. Environ. 2011, 115, 281–297. [CrossRef]

10. Serbin, S.P.; Dillaway, D.N.; Kruger, E.L.; Townsend, P.A. Leaf optical properties reflect variation in
photosynthetic metabolism and its sensitivity to temperature. J. Exp. Bot. 2012, 63, 489–502. [CrossRef]
[PubMed]

11. Fukumoto, R.; Borlongan, I.A.; Nishihara, G.N.; Endo, H.; Terada, R. Effect of photosynthetically active
radiation and temperature on the photosynthesis of two heteromorphic life history stages of a temperate
edible brown alga, Cladosiphon umezakii (Chordariaceae, Ectocarpales), from Japan. J. Appl. Phycol. 2019, 31,
1259–1270. [CrossRef]

12. Shiklomanov, A.N.; Bradley, B.A.; Dahlin, K.M.; Fox, M.A.; Gough, C.M.; Hoffman, F.M.; Middleton, E.J.;
Serbin, S.P.; Smallman, L.; Smith, W.K. Enhancing global change experiments through integration of
remote-sensing techniques. Front. Ecol. Environ. 2019, 17, 215–224. [CrossRef]

13. Gornish, E.S.; Prather, C.M. Foliar functional traits that predict plant biomass response to warming.
Appl. Veg. Sci. 2014, 25, 919–927. [CrossRef]

14. Sakowska, K.; Gianelle, D.; Zaldei, A.; MacArthur, A.; Carotenuto, F.; Miglietta, F.; Zampedri, R.; Cavagna, M.;
Vescovo, L. WhiteRef: A new tower-based hyperspectral system for continuous reflectance measurements.
Sensors 2015, 15, 1088–1105. [CrossRef] [PubMed]

15. Mohammed, G.H.; Colombo, R.; Middleton, E.M.; Rascher, U.; van der Tol, C.; Nedbal, L.; Goulas, Y.;
Perez-Priego, O.; Damm, A.; Meroni, M.; et al. Remote sensing of solar-induced chlorophyll fluorescence
(SIF) in vegetation: 50 years of progress. Remote Sens. Environ. 2019, 231, 111177. [CrossRef]

16. Yang, X.; Tang, J.; Mustard, J.F.; Lee, J.E.; Rossini, M.; Joiner, J.; Munger, J.W.; Kornfeld, A.; Richardson, A.D.
Solar-induced chlorophyll fluorescence that correlates with canopy photosynthesis on diurnal and seasonal
scales in a temperate deciduous forest. Geophys. Res. Lett. 2015, 42, 2977–2987. [CrossRef]

17. Grossmann, K.; Frankenberg, C.; Magney, T.S.; Hurlock, S.C.; Seibt, U.; Stutz, J. PhotoSpec: A new instrument
to measure spatially distributed red and far-red Solar-Induced Chlorophyll Fluorescence. Remote Sens.
Environ. 2018, 216, 311–327. [CrossRef]

18. Yang, X.; Shi, H.; Stovall, A.; Guan, K.; Miao, G.; Zhang, Y.; Zhang, Y.; Xiao, X.; Ryu, Y.; Lee, J.E. FluoSpec
2—An automated field spectroscopy system to monitor canopy solar-induced fluorescence. Sensors 2018, 18,
2063. [CrossRef]

19. Gerhards, M.; Schlerf, M.; Mallick, K.; Udelhoven, T. Challenges and future perspectives of
multi-/Hyperspectral thermal infrared remote sensing for crop water-stress detection: A review. Remote Sens.
2019, 11, 1240. [CrossRef]

20. Mangus, D.L.; Sharda, A.; Zhang, N. Development and evaluation of thermal infrared imaging system for high
spatial and temporal resolution crop water stress monitoring of corn within a greenhouse. Comput. Electron.
Agric. 2016, 121, 149–159. [CrossRef]

21. Tucker, C.J. Red and photographic infrared linear combinations for monitoring vegetation. Remote Sens.
Environ. 1979, 8, 127–150. [CrossRef]

22. Tucker, C.J.; Choudhury, B.J. Satellite remote sensing of drought conditions. Remote Sens. Environ. 1987, 23,
243–251. [CrossRef]

http://dx.doi.org/10.1111/gcb.12187
http://dx.doi.org/10.1016/j.rse.2019.111383
http://dx.doi.org/10.1038/s41467-018-07238-2
http://dx.doi.org/10.1016/j.jenvman.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28531796
http://dx.doi.org/10.1111/gcb.14619
http://dx.doi.org/10.1016/j.rse.2010.08.023
http://dx.doi.org/10.1093/jxb/err294
http://www.ncbi.nlm.nih.gov/pubmed/21984647
http://dx.doi.org/10.1007/s10811-018-1655-3
http://dx.doi.org/10.1002/fee.2031
http://dx.doi.org/10.1111/jvs.12150
http://dx.doi.org/10.3390/s150101088
http://www.ncbi.nlm.nih.gov/pubmed/25580905
http://dx.doi.org/10.1016/j.rse.2019.04.030
http://dx.doi.org/10.1002/2015GL063201
http://dx.doi.org/10.1016/j.rse.2018.07.002
http://dx.doi.org/10.3390/s18072063
http://dx.doi.org/10.3390/rs11101240
http://dx.doi.org/10.1016/j.compag.2015.12.007
http://dx.doi.org/10.1016/0034-4257(79)90013-0
http://dx.doi.org/10.1016/0034-4257(87)90040-X


Sensors 2020, 20, 5463 13 of 13

23. Gao, B.C. NDWI—A normalized difference water index for remote sensing of vegetation liquid water from
space. Remote Sens. Environ. 1996, 58, 257–266. [CrossRef]

24. Gamon, J.A.; Penuelas, J.; Field, C.B. A narrow-waveband spectral index that tracks diurnal changes in
photosynthetic efficiency. Remote Sens. Environ. 1992, 41, 35–44. [CrossRef]

25. Hunt, E.R., Jr.; Rock, B.N. Detection of changes in leaf water content using near-and middle-infrared
reflectances. Remote Sens. Environ. 1989, 30, 43–54. [CrossRef]

26. Cho, M.A.; Skidmore, A.; Corsi, F.; Van Wieren, S.E.; Sobhan, I. Estimation of green grass/herb biomass
from airborne hyperspectral imagery using spectral indices and partial least squares regression. Int. J. Appl.
Earth Obs. 2007, 9, 414–424. [CrossRef]

27. Mutanga, O.; Skidmore, A.K. Narrow band vegetation indices overcome the saturation problem in biomass
estimation. Int. J. Remote Sens. 2004, 25, 3999–4014. [CrossRef]

28. Jackson, T.J.; Chen, D.; Cosh, M.; Li, F.; Anderson, M.; Walthall, C.; Doriaswamy, P.; Hunt, E.R. Vegetation
water content mapping using Landsat data derived normalized difference water index for corn and soybeans.
Remote Sens. Environ. 2004, 92, 475–482. [CrossRef]

29. Dennison, P.E.; Roberts, D.A.; Peterson, S.H.; Rechel, J. Use of normalized difference water index for
monitoring live fuel moisture. Int. J. Remote Sens. 2005, 26, 1035–1042. [CrossRef]

30. Marino, E.; Yebra, M.; Guillén-Climent, M.; Algeet, N.; Tomé, J.L.; Madrigal, J.; Guijarro, M.; Hernando, C.
Investigating Live Fuel Moisture Content Estimation in Fire-Prone Shrubland from Remote Sensing Using
Empirical Modelling and RTM Simulations. Remote Sens. 2020, 12, 2251. [CrossRef]

31. Danson, F.M.; Bowyer, P. Estimating live fuel moisture content from remotely sensed reflectance. Remote Sens.
Environ. 2004, 92, 309–321. [CrossRef]

32. Gerhards, M.; Rock, G.; Schlerf, M.; Udelhoven, T. Water stress detection in potato plants using leaf
temperature, emissivity, and reflectance. Int. J. Appl. Earth Obs. 2016, 53, 27–39. [CrossRef]

33. Srinet, R.; Nandy, S.; Patel, N.R. Estimating leaf area index and light extinction coefficient using Random
Forest regression algorithm in a tropical moist deciduous forest, India. Ecol. Inform. 2019, 52, 94–102.
[CrossRef]

34. Jones, H.G.; Serraj, R.; Loveys, B.R.; Xiong, L.; Wheaton, A.; Price, A.H. Thermal infrared imaging of
crop canopies for the remote diagnosis and quantification of plant responses to water stress in the field.
Funct. Plant. Biol. 2009, 36, 978–989. [CrossRef] [PubMed]

35. Sellers, P.J.; Mintz, Y.C.S.Y.; Sud, Y.E.A.; Dalcher, A. A simple biosphere model (SiB) for use within general
circulation models. J. Atmos. Sci. 1986, 43, 505–531. [CrossRef]

36. Melillo, J.M.; McGuire, A.D.; Kicklighter, D.W.; Moore, B.; Vorosmarty, C.J.; Schloss, A.L. Global climate
change and terrestrial net primary production. Nature 1993, 363, 234–240. [CrossRef]

37. Hu, L.; Fan, W.; Ren, H.; Liu, S.; Cui, Y.; Zhao, P. Spatiotemporal dynamics in vegetation GPP over the great
khingan mountains using GLASS products from 1982 to 2015. Remote Sens. 2018, 10, 488. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0034-4257(96)00067-3
http://dx.doi.org/10.1016/0034-4257(92)90059-S
http://dx.doi.org/10.1016/0034-4257(89)90046-1
http://dx.doi.org/10.1016/j.jag.2007.02.001
http://dx.doi.org/10.1080/01431160310001654923
http://dx.doi.org/10.1016/j.rse.2003.10.021
http://dx.doi.org/10.1080/0143116042000273998
http://dx.doi.org/10.3390/rs12142251
http://dx.doi.org/10.1016/j.rse.2004.03.017
http://dx.doi.org/10.1016/j.jag.2016.08.004
http://dx.doi.org/10.1016/j.ecoinf.2019.05.008
http://dx.doi.org/10.1071/FP09123
http://www.ncbi.nlm.nih.gov/pubmed/32688709
http://dx.doi.org/10.1175/1520-0469(1986)043&lt;0505:ASBMFU&gt;2.0.CO;2
http://dx.doi.org/10.1038/363234a0
http://dx.doi.org/10.3390/rs10030488
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Hardware and Physical Architecture 
	Upper Package 
	Lower Package 

	Software, Operation, and Data Collection and Management Design 
	Data Preparation 

	Results 
	Conclusions 
	References

