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Abstract: This study provides detailed information about the use of a hyperspectral imaging system
mounted on a motor-driven multipurpose floating platform (MFP) for water quality sensing and water
sampling, including the spatial and spectral calibration for the camera, image acquisition and correction
procedures. To evaluate chlorophyll-a concentrations in an irrigation pond, visible/near-infrared
hyperspectral images of the water were acquired as the MFP traveled to ten water sampling locations
along the length of the pond, and dimensionality reduction with correlation analysis was performed
to relate the image data to the measured chlorophyll-a data. About 80,000 sample images were
acquired by the line-scan method. Image processing was used to remove sun-glint areas present in
the raw hyperspectral images before further analysis was conducted by principal component analysis
(PCA) to extract three key wavelengths (662 nm, 702 nm, and 752 nm) for detecting chlorophyll-a in
irrigation water. Spectral intensities at the key wavelengths were used as inputs to two near-infrared
(NIR)-red models. The determination coefficients (R?) of the two models were found to be about
0.83 and 0.81. The results show that hyperspectral imagery from low heights can provide valuable
information about water quality in a fresh water source.

Keywords: Irrigation pond water; principal component analysis; chlorophyll-a concentration;
hyperspectral images; NIR-red model; remote sensing

1. Introduction

Irrigation water usage accounts for about 70% of all the world’s freshwater withdrawals [1].
In the United States, irrigation withdrawals increased by two percent annually between 2010 and 2015,
and accounted for approximately 42% of freshwater withdrawals in 2015 [2—4]. Hence, the need for
safer and more efficient irrigation systems has drawn substantial attention recently and the number
of related studies has rapidly increased [5-7]. In general, water quality is commonly evaluated by
assessing chemical composition using in-situ sensor probes and/or laboratory-scale measurements in
water samples collected on site. These conventional procedures are time-consuming and laborious,
and have limited spatial coverage [8-10]. Microbial quality is also commonly used for evaluating
water quality. Because irrigation water has the potential to be a vehicle for spreading serious human
infections via agricultural produce, poor microbiological water quality can lead to severe hemorrhagic
and gastrointestinal disease in humans [11-15]. Therefore, it is important that the microbial condition
of irrigation water is regularly monitored. Among various microbial parameters, chlorophyll-a
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concentration is one of the strongest indicators used to assess water quality, and quantifying the
concentration of chlorophyll-a is a standard method of monitoring the microbial conditions of a water
body [16-18].

Analyzing major microbiological indicators for comparison with related standards and regulations
isan important component of water quality assessment [5,19,20]. Although US standards for agricultural
produce and microbiological rules for irrigation water were developed by the US Food and Drug
Administration (FDA), assessing irrigation water quality remains difficult because the variability of
the microbial quality across irrigation water sources can be high [15].

Visualizing the spatial patterns of microbiological parameters from data of in-situ sampling
is difficult because the resolution of the spatial pattern map relies on the number of sampling
locations used; the required number of samples can be prohibitively high [21]. Hyperspectral sensing
for water quality can complement the conventional method with intensive spatial coverage and
repetitive temporal coverage. Hyperspectral imaging technology has been used in agricultural,
environmental, medical, military and other applications for over three decades. Hyperspectral imaging
can efficiently and accurately estimate water resource parameters by analyzing spatial, spectral and
temporal variations [10,22-25]. In particular, hyperspectral remote sensing for monitoring water
quality has been developed with satellites and airborne platforms [8,26,27]. However, to the best of
our knowledge, only a few hyperspectral studies for assessing irrigation pond quality have recently
been conducted [9,24,28,29].

The objective of this study was to perform a pilot study on mapping of water quality parameters in
an irrigation pond. Hyperspectral imaging was performed with the camera located in close proximity
over the water surface. To obtain microbial information and environmental covariates in the interior
regions of irrigation ponds and reservoirs, the multipurpose floating platform (MFP) was designed
and deployed to standardize the imaging conditions and to couple imaging with water sampling
and testing with sensors. These tasks had been found very difficult to do in earlier studies that used
traditional water sampling methods performed from kayaks. The MFP carried a hyperspectral imaging
system, a water quality sensing device, and multi-tier water sampling module. The speed of the MFP
was precisely controlled by a trolling motor, a global positioning system (GPS), and a sonar system,
in order to match the sensing data with the hyperspectral images that were collected. All sensing
data was stored in a control computer. The hyperspectral imaging and the chlorophyll-a sensing
of irrigation water were simultaneously conducted by the hyperspectral camera fixed on the MFP
and a handheld water quality monitoring device. Before taking hyperspectral images, spectral and
spatial calibrations were performed to assign wavelengths to the pixels of the spectral dimension and
define the hyperspectral image resolution. The obtained hyperspectral images of irrigation water
were subjected to image processing to remove sun-glint effects on the water surface. After image
processing, principal component analysis (PCA) was conducted to extract key wavelengths within
the chlorophyll-a absorption bands of the NIR-red models which have been widely used for the
chlorophyll-a evaluation of water resources [30-33], and the correlations of the hyperspectral imaging
data with chlorophyll-a concentrations were obtained and analyzed.

2. Materials and Methods

2.1. Irrigation Pond

This study was conducted at an excavated irrigation pond located at the University of Maryland
Wye Research Center (Queenstown, Maryland, USA) (Figure 1). This pond was selected because it is an
actively used irrigation pond where previous studies were conducted to analyze E. coli concentration
variability and relationships with environmental covariates [12,15,34]. The pond’s average depth,
total length, and area are approximately 2.7 m, 191 m, and 447 m?, respectively. To minimize sun-glint
effects, the irrigation water sampling and sensor measurements as well as the hyperspectral imaging
were simultaneously conducted between 9:00 am and 11:00 am during the growing season of plants
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(July-August). Hyperspectral image samples were collected on 4 days, and the details of weather
conditions on those days in Table 1.

Figure 1. Irrigation pond at the Wye Research and Education Center of the University of Maryland
(38°54/59.4”"N 76°08'29.0"W, Queens town, Maryland, US). Numbered water sampling locations are
shown. (The image is from Google Maps [imagery ©2017 Google, map data ©2020 Google]).

Table 1. Weather conditions and water temperatures on data collection days.

Time Condition TempZZ:ttzie c0) Wind Speed (m/s)
29 July 2019 09:00-11:00 Sunny 27.5-28.3 22-2.7
15 Aug 2019 09:00-11:00 Sunny 26.9-27.2 3.1-5.3
22 Aug 2019 09:00-11:00 Sunny 28.5-29.8 3.1-3.6
30 Aug 2019 09:00-11:00 Sunny 28.2-30.6 0-2.7

(Weather information: www.wunderground.com).

The water temperatures listed in Table 1 were measured by a water quality monitoring device
(YSI Exo-2 Sonde, YSI Inc., Yellow Springs, USA). Sampling and imaging of pond water was conducted
at the 10 locations shown in Figure 1. The 10 locations were geotagged so that measurements could
be performed at the same locations across all sampling dates. Water samples were collected with a
500 mL bottle and were immediately placed on ice in enclosed dark storage. Chlorophyll-a content of
pond water was measured using the YSI-Exo-2. Detailed information about the pond, sampling, and
sensing methodology can be found in our previous publications [12,34].


www.wunderground.com
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2.2. MFP Design and Components

Figure 2 shows the schematic diagram of the MFP and a photo of the MFP taken during field
testing on the irrigation pond. The MFP consists of hulls, stainless steel plates, aluminum profiles,
a laptop computer, two trolling motors (MINN KOTA, Pontoon 55, USA), two batteries (12 V, 100 Ah),
a sonar including a GPS system (GPSMAP 547XS, GARMIN, USA), and an electronic control box.
The handheld water quality monitoring device (YSI Exo-2 Sonde, YSI Inc., Yellow Springs, USA),
a hyperspectral imaging camera (MicroHSI 410 SHARK, Corning Inc., USA), and the water sampling
module (SPX-24, Amarine-Made, USA) were mounted on the MFP for this study. The electronic control
box distributed the power voltage for the water sampling module, two trolling motors, the sonar,
and the water quality monitoring device. The sonar scans the irrigation pond by using brightness scan
(B-scan) mode for detailed representations of objects, structures, and fish in the water. Movement of
the MFP can be controlled by the two trolling motors and its path history is stored by the GPS system.
The MFP has a length of 3430 mm, a width of 2160 mm, a height of 980 mm, and a maximum load
capacity of approximately 1450 kg.

Hyperspectral Imaging

Camera
Electrical

Control Box

\

\ Trolling Motor

Water Sampling Module

Figure 2. (a) Schematic diagram of the multipurpose floating platform (MFP) and (b) a field test photo.

Hyperspectral images of the water surface along with the water quality measurements were
taken at the ten designated locations (Figure 1). The hyperspectral imaging system used in this study
includes a push-broom line-scan sensor, a focal-plane array (FPA) detector, an imaging camera with 704
spatial X 155 spectral pixel resolution, an 11.7 um slit, an objective lense (Xenoplan 1.9/35, Schneider
Kreuznach, Germany), and a control computer with commercial control software for MicroHSI 410
SHARK. The FPA detector of the hyperspectral imaging sensor is a CCD/CMOS hybrid with 1408
spatial pixels. The spectral range spans the visible region and a portion of the near-infrared (NIR)
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region, from 400 nm to 1000 nm across 154 bands. The spectral bin size is 2 nm per pixel, and the
maximum frame rate is 300 Hz. The spectral and spatial information of the irrigation water was
simultaneously acquired as the MFP moved in the water. The exposure time and frame rate were set to
8 ms and 120 Hz in this study.

2.3. System Calibration

Before taking hyperspectral images, spectral calibration to assign wavelengths to the pixels of
the spectral dimension was performed for the hyperspectral imaging system. The calibration used
pencil-style Ar, Hg-Ne, Kr, and Ne lamps (Oriel Instruments, CA, USA), which have been widely
used for spectral calibration in the environmental and agricultural fields [35-37]. From the excitation
gases and metal vapors contained within, the lamps generate spectral peaks at known wavelengths
that can be detected by the imaging sensor of the hyperspectral camera. In a darkened environment,
the spectral calibration lamps were placed on a black surface approximately 600 x 500 mm in size at
the distance of 250 mm under the hyperspectral camera. Figure 3 shows the spectral calibration results
for the hyperspectral imaging system used in this study.
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Figure 3. Spectral calibration of the MFP hyperspectral imaging system: (a) single-band example

images from the hyperspectral images of Ar, Hg-Ne, Kr, and Ne lamps, (b) spectral profiles of each
lamp, and (c) a linear regression model, where y is wavelength and x is pixel index.

Figure 3a shows a single-waveband image from the hyperspectral image for each of the Ar,
Hg-Ne, Kr, and Ne calibration lamps. The spectral profiles shown in Figure 3b were extracted from
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the horizontal axis of the hyperspectral images and provide the horizontal (spectral) x-pixel at the
vertical (spatial) y-pixel in the region of 400-1000 nm. From the spectral profiles, the relationship
between pixel positions and corresponding wavelengths was derived by a linear regression function
as shown in Figure 3c. The R? values in the linear fit is 0.999. The spatial calibration is used to
determine the hyperspectral image resolution, and to adjust the field of view and spatial detection limit.
For a line-scan imaging system, the spatial resolution depends on the step distance of the specimen
movement. Figure 4 shows the hyperspectral image of a white paper target printed with parallel lines
spaced 2 mm apart, which was used for spatial calibration.

4>H<— 2 mm
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f !

IHI E - H ||I Spatial dimension
1 |
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Figure 4. Spatial calibration for the MFP hyperspectral imaging system.

The hyperspectral image was taken outdoors on a sunny day, with 35 mm focal length, 1400 mm
working distance, 11.3 mm spatial dimension of CCD, and 1408 spatial pixels of the CCD. The field of
view (FOV) and spatial resolution of the hyperspectral imaging system are 452 mm and 0.32 mm/pixel,
respectively. For detailed description of the calculations for the FOV and spatial resolution, readers are
referred to Qin et al. [36].

2.4. Hyperspectral Image Acquisition

While the MFP moved in the pond at the speed of about 0.2 m/sec, spectral and spatial information
of the imaged water surface were simultaneously acquired by the hyperspectral camera mounted on
the MFP. The exposure time and frame rate were set to 8 ms and 120 Hz, respectively. The hyperspectral
images used in this study consisted of about 80,000 lines in total over 4 days of data collection using all
ten locations on each day. When passing each location, the water monitoring device, GPS (including
time information), and the hyperspectral camera were simultaneously activated, and data recorded.
Thus, we could obtain the hyperspectral images with their location information. About 2000 lines
were taken during a single pass at each of the ten locations marked in Figure 1. The total path length,
including all ten locations shown in Figure 1, was about 191 m, which is, relatively, a much shorter
length than typical geographical data for hyperspectral sensing. Each data collection day was very
clear and sunny. There were no obstructions on the water surface and it took about 15 min for imaging
the total length. The velocity of the MFP was precisely controlled by the trolling motor and GPS system,
and the sonar system was used to monitor for potential underwater obstructions. Therefore, there was
no critical variability regarding sensing location. Images of the white alumina and black reference
boards were taken every 5 min after taking hyperspectral sample images.

The raw hyperspectral images of irrigation water were subjected to image processing to remove
sun-glint effects. These effects include broad high-intensity spectral signals resulting from direct
(specular) light reflection off the water surface at the same angle as that viewed by the CCD sensor [17,27].
The actual spectral response of the hyperspectral images were extracted by first performing a correction
to relative reflectance for the sample images by using the white and black reference board images,
and then, for all remaining image pixels of abnormally high intensity (sun-glint pixels), reassigning
their values to zero (black pixel). The darkened sun-glint image pixels subsequently were omitted
from further image processing and analysis. The corrected image was acquired using the following

equation [36-38].
I -1,

= 1
Ir =1, 1
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where Iy is the relative reflectance image; and I;, Iy, and I, are the hyperspectral images of the sample,
the white alumina reference board, and the black reference board, respectively. Mean values of the
white and dark reference spectra were used in Equation (1) for image correction. Figure 5 shows a
comparison of an image from before and after image processing.

Figure 5. Single-wavelength 670 nm image of pond water surface: (a) before image processing and
(b) after image processing.

Figure 5a presents an example 670 nm single-wavelength image that shows sun-glint effects
that need to be removed by processing. In Figure 5b, the sun-glint parts are masked in black (pixel
intensities set to zero). The process of calculating relative reflectance can also enhance some spectral
differences between the typical raw reflective spectra of water resources [16,18,30,33] as shown in
Figure 6a and the corresponding preprocessed image spectra in Figure 6b. Sample images acquired by
the hyperspectral imaging system on the MFP were stored as 12-bit bitmap images and analyzed using
Matlab (MathWorks, USA), and Excel (Microsoft, USA).
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Figure 6. Example of the reflectance spectra: (a) before and (b) after image processing.
2.5. Key Wavelength Selection and NIR-red Models

The search for key wavelengths to correlate reflectance to chlorophyll-a in irrigation water was
defined as a search within the spectral reflectance region acquired in the sample images. In the spectra
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shown in Figure 6, absorption around the 670 nm region is mainly due to the chlorophyll-a in water,
occurring within the typical chlorophyll-a detection region [8,27,37]. To select key wavelengths from
the sample image spectra, the PCA was performed [33,39-41]. The selected key wavelengths were to
be used for the NIR-red model [31,32] and the model outcome was to be compared with the measured
chlorophyll-a concentrations (ug/L) of the irrigation pond water for verifying the relationship between
the measured concentration data and the MFP hyperspectral images.

Three spectral ranges (A1 = 660~670 nm, A, = 700~730 nm and A3 = 740~760 nm) were used
for selecting key wavelengths [30,31], because these regions have low absorption capacity for the
suspended solids and colored dissolved organic matter [31,32,42,43]. After performing the PCA,
reflectance intensities at the key wavelengths selected from the three spectral ranges were used as
inputs for the NIR-red models that use reflectance in the red and the near-infrared regions [31,32],
and determination coefficients (R?) values were obtained between the models and the measured
chlorophyll-a data. Equations (2) and (3) are the NIR-red models that were used.

Chlorophyll —a o (R3! —R3!) x Ry, )

Chlorophyll —a o R;} X Ry, (©)]

These models have been developed and applied to many purposes related to chlorophyll-a
detection and correlation in turbid water [30-33]. Figure 7 shows the workflow used for analyzing the
hyperspectral images.

Original hyperspectral
images

Spectra analysis

PC coefficient spectra

Image processing scquistilen

Key wavelength
extraction

Correlation with

Chlorophyll-a NIR-red model

PCA !

__________________________

Results

Figure 7. Flow chart of hyperspectral image analysis for chlorophyll-a correlation.
3. Results and Discussion

Figure 8 shows the percentage of variance explained in the sample images by each principal
component (PC) and the cumulative variance accounted for with each additional PC.
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Figure 8. Principal component (PC) variance plot of 10,000 line sample images (bars) and cumulative
explained variance (line).

For the PCA analysis, about 250 lines were selected for each single pass of each of the ten locations,
for a total of 10,000 lines (four days, ten passes on each day). A set of 10,000 lines of preprocessed
images was used for PCA. Although 154 PCs were created, Figure 8 only shows data for PCs 1 to 10
because the rest of PCs explain less than 1% of the hyperspectral images. PC 1 through PC 4 accounted
for approximately 93% of the data variation, and visual evaluation suggested that images beyond
PC 3 contained no useful attributes. About 93% of the variability in images were explained by PCs 1
through 3, and PC 1 alone accounts for 75%. These characteristics are also found in their PC images as
shown in Figure 9.
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Figure 9. (a) Raw sample image at 670 nm, (b) PC 1 image, (c) PC 2 image, and (d) PC 3 image.

In Figure 9, a raw sample image and its first three PC images are presented. The single-waveband
image shown is at 670 nm and is a part of Figure 5a, which does not include any image processing.
In Figure 9b, as expected, PC 1 can describe nearly all the major characteristics of the sample image,
while in Figure 9¢,d PC 2 and PC 3 describe very little of the characteristics of the sample image.
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The PC coefficient spectra of the three PCs are shown in Figure 10. To select key wavelengths from the
PC 1, PC 2, and PC 3 images, the coefficients of each PC were obtained according to wavelength and
examined within the three spectral ranges (11, A», and A3) for correlation to chlorophyll-a.
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Figure 10. PC coefficient spectra of the hyperspectral image samples (10,000 lines) and the key
wavelengths for detecting chlorophyll-a.

In Figure 10, the peaks and valleys within the spectral ranges (A1, A2, and A3) indicate the dominant
wavelengths, where 662 nm for PC 1, 702 nm for PC 2, and 752 nm for PC 3 were observed as local
minima/maxima features. The PC 1 wavelength appeared to be similar with the typical absorption
region (from 640 nm to 680 nm) of chlorophyll-a. This indicates that the reflectance of chlorophyll-a
significantly influences the construction of the PC 1 image and could be used as a combination of
spectral bands for the chlorophyll-a evaluation of irrigation water [18,44]. The PC 2 and PC 3 coefficients
reveal positive values in the NIR region, which can be used in the NIR-red models. In this study;,
PCA results shows the dominant peaks and valleys within the selected spectral ranges. Based on
these facts, the result is statistically significant. When more robust and sophisticated models are
needed rather than the simple correlation model investigated in this study, then we can use feature
selection methods to find the key wavelengths, such as chemometrics models. From the above analysis,
the PC 1 image appeared to provide the best performance for evaluating chlorophyll-a concentration
in irrigation water. Therefore, the three key wavelengths were extracted at peak and valley points
within the optimal spectral ranges (11, A and A3) for chlorophyll-a correlation, selected at A1 = 662 nm,
Ay =702 nm and A3 = 752 nm. The selected key wavelength is summarized in Table 2.

Table 2. Selected key wavelength for assessing chlorophyll-a concentration of the irrigation pond.

Spectral Range (nm) Selected Key Wavelength (nm)
A1 (660~670) 662
Az (700~730) 702
A3 (740~760) 752

In addition, the coefficient spectra of PC 1 has all three key wavelengths for the two NIR-red models
because of its high coefficient and A3 was universally included in PC1, PC2 and PC3. The selected
key wavelengths were used for the NIR-red models and the outcomes were compared with the
measured chlorophyll-a concentration (pg/L) in the pond. A total of 108 consecutive measurements for
chlorophyll-a concentration were acquired along with about 80,000 lines of hyperspectral image data
while the MFP traveled to the sampling locations in the irrigation pond (Figure 1). About 740 image
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lines are compared with each individual single chlorophyll-a concentration measurement. A total of
108 measurements of chlorophyll-a data were compared with the NIR-red model results for the mean
spectra. Figure 11 shows the result of two NIR-red models (Equations (2) and (3)) versus measured
chlorophyll-a concentrations.
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Figure 11. Plots of NIR-red models versus measured chlorophyll-a concentrations: (a) two-band
NIR-red model and (b) three-band NIR-red model.

Figure 11 shows the relationship between the NIR-red model predictions using the selected key
wavelengths and the measured chlorophyll-a concentrations. The two models show very similar results.
The determination coefficients (R?) of both the two-band and three-band models are above 0.8 with the
removal of two outliers beyond +2c. The irrigation pond imaging presented many variables that can
affect the model outcome from the MFP-mounted hyperspectral imaging system such as floating matter,
the interval of white and dark current calibration, and the chlorophyll-a sensing interval. Because
the hyperspectral imaging was performed from a low height, floating and subsurface objects such as
insects, leaves, branches, and various aquatic organisms were included in the images. These objects
were neglected in this study because we focused on assessing the chlorophyll-a concentration in the
water for correlation to the spectral image data. The detection or classification of objects in the water is
a separate research topic requiring different methods of approach [45]. The intensity of sunlight and
the movement of clouds affected the brightness of the obtained images. To prevent this, increasing
the frequency of the calibration images would be an effective way to improve correlation accuracy.
The chlorophyll-a sensing interval was the most important factor influencing correlation accuracy



Remote Sens. 2020, 12, 2070 12 of 15

because the resolution of the hyperspectral images was closely related to the number of lines. As noted
above, the number of measured chlorophyll-a concentration data and hyperspectral line images
were not matched: compared to the number of hyperspectral images per location (about 740 lines),
the number of chlorophyll-a concentration measurements per location (about 108) was relatively small.
The numbers of the chlorophyll-a sample measurements and the line scan images were about 108 and
80,000, respectively. Therefore, one sample measurement was compared with 740 lines. If the interval
of chlorophyll-a measurements is increased, the accuracy (resolution) of the model will be increased.
In addition, the chlorophyll-a data includes the real-time information and the time data is linked with
the laptop computer which controls the hyperspectral camera. Then, we could match the measured
chlorophyll-a data with the hyperspectral information. This illustrates the higher data resolution
that may be achieved by processing hyperspectral images of irrigation pond water compared to data
point sensing. In considering other hyperspectral studies for water quality, this imaging method
using the MFP may be applicable for assessing other major environmental parameters of irrigation
ponds in addition to chlorophyll-a concentration, such as suspended solids, colored dissolved organic
matter, bacteria, nutrient concentrations, turbidity, and so on [8,10,16-18,23,33,46,47]. Consequently,
the imaging from the MFP demonstrated the capability of building a spatial map of chlorophyll-a
concentration in the irrigation pond using the image processing and PCA method. Based on a review
of other related articles, the chlorophyll-a concentration of surface water can be also visualized by
developing other regression models with inputs extracted from hyperspectral images [8,10,40,46,47].
This opens a promising research avenue to explore.

4. Conclusions

In this study, a line-scan hyperspectral imaging system for use on a multipurpose floating platform
for assessing irrigation pond quality was introduced for obtaining the detailed spatial information of
major environmental parameters. We studied the relationship between hyperspectral image data of
the water acquired by the platform-mounted imaging system and data from irrigation water sampling.
The detailed system specifications, image processing procedures, and correlation of hyperspectral
images with chlorophyll-s—one of the most important environmental parameters for assessing water
quality—were presented and analyzed. For verifying the usability of the designed hyperspectral
imaging system, the correlation study was performed and led to a meaningful outcome. Based on the
above simple field test and correlation result, the developed MFP-based methodology has potential for
use as a rapid and precise method for evaluating irrigation water quality. In addition, fast-growing
attention for irrigation water quality and the need for safe agricultural produce will also facilitate the
development of various kinds hyperspectral imaging systems complementing and improving upon
the one presented in this study.
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