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Abstract: Harmful algal blooms (HABs) threaten lake ecosystems and public health. Early HAB
detection is possible by monitoring chlorophyll-a (Chl-a) concentration. Ground-based Chl-a data
have limited spatial and temporal coverage but can be geo-registered with temporally coincident
satellite imagery to calibrate a remote sensing-based predictive model for regional mapping over time.
When matching ground and satellite data, positional and temporal discrepancies are unavoidable
due particularly to dynamic lake surfaces, thereby biasing the model calibration. This limitation
has long been recognized but so far has not been addressed explicitly. To mitigate such effects of
data mismatching, we proposed an Akaike Information Criterion (AIC)-like weighted regression
algorithm that relies on an error-based heuristic to automatically favor “good” data points and
downplay “bad” points. We evaluated the algorithm for estimating Chl-a over inland lakes in
Ohio using Harmonized Landsat Sentinel-2. The AIC-like weighted regression estimates showed
superior performance with an R? of 0.91 and an error variance (¢2) of 0.29 ug/L, outperforming linear
regression (R2=0.34, (7% =2.34 ug/L) and random forest (R2=0.82, 0’% =0.92 pug/L). We also noticed
the poorest performance occurred in the spring due to low reflectance variation in clear water and low
Chl-a concentration. Our weighted regression scheme is adaptive and generically applicable. Future
studies may adopt our scheme to tackle other remote sensing estimation problems (e.g., terrestrial
applications) for alleviating the adverse effects of geolocation errors and temporal discrepancies.
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1. Introduction

Aquatic ecosystems have undergone significant transitions due to climate change,
intensifying extreme climate conditions and exacerbating overall water quality [1]. One
of the major water quality issues worldwide is the occurrence of harmful algal blooms
(HABs), which produce toxins and worsen both aquatic ecosystems and human public
health [2]. HABs are classified into various types (e.g., cyanobacteria, dinoflagellates,
diatoms, and prymnesiophytes) depending on the relevant organism and the produced
toxins [3]. Among these, cyanobacterial HABs are known as major HABs over inland lakes,
occurring mainly due to land use/land cover as well as nutrient and sediment loadings [4].
They produce cyanotoxins (e.g., microcystin, cylindrospermopsin, and anatoxins), and in
turn threaten aquatic life and human health. To monitor HABs, many researchers have
used chlorophyll-a (Chl-a) as a proxy, as it is one of the primary pigments found in all
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different types of algae. Additionally, many researchers have revealed a strong association
between Chl-a and microcystin, major toxins created by cyanobacterial HABs [5,6].

Numerous ground-based networks and sampling campaigns have been carried out
across the U.S. to assess water quality conditions. These initiatives have involved govern-
ment agencies and research institutes, which have utilized buoys and cruises to collect
and analyze the physical, chemical, and biological properties of water bodies [7]. How-
ever, despite the abundance of in situ measurements across the U.S., two limitations need
to be addressed. Firstly, there are constraints on the spatial coverage extent and spatial
representativeness of these measurements. The spatial footprint of in situ measurements
generally ranges from a few meters to tens of meters depending on the sampling location
and instruments used, thus requiring more comprehensive coverage to monitor large-scale
water bodies. Secondly, obtaining temporally continuous water quality parameters (WQPs)
is challenging due to coarse sampling intervals and adverse weather conditions.

To overcome these limitations, satellite imagery plays a crucial role in monitoring
WQPs across various temporal and spatial scales. The fundamental principle of retrieving
Chl-a from satellite imagery relies on the spectral signature of the band reflectance (i.e.,
absorption and reflection), which varies depending on the Chl-a concentration [8]. More
specifically, Chl-a tends to reflect green bands and absorb blue and red bands. For the
near-infrared range, Chl-a absorbs at 680 nm and reflects at 700 nm. Accordingly, band
reflectance from various satellites, including the Landsat series [9-11], Sentinel-2/3 [12-15],
and MODerate Resolution Imaging Spectroradiometer (MODIS)/ Visible Infrared Imaging
Radiometer Suite (VIIRS) [16-19], has been utilized. For example, Manum et al. [11]
developed empirical models to estimate Chl-a over Paldang Reservoir, Korea by using
Landsat 5 Thematic Mapper (TM) band reflectance. The results indicated that estimated
Chl-a yielded a high coefficient of determination (R?; 0.72), while a relatively high root
mean square error (RMSE; 4.9 mg/L) and mean absolute error (MAE; 1.41 mg/L) were
observed. German et al. [12] utilized Sentinel-2 images (from 2016 to 2019) to quantify
spatio-temporal variation in Chl-a in San Roque Reservoir, Argentina by using empirical
regression and data mining analysis. Statistical analysis confirmed that the estimated Chl-a
showed a high R? of 0.77. Cao et al. [19] utilized a deep neural network (DNN) to retrieve
Chl-a using VIIRS Rayleigh-corrected reflectance over 61 inland lakes located in China.
The results indicated that DNN-based Chl-a estimates yielded a relatively low median
symmetric accuracy of 28% with an RMSE of 13.8 mg/L. At the same time, however, DNN
yielded a high uncertainty in low and high Chl-a concentrations.

An extensive literature review of satellite-based Chl-a retrieval reveals that a general
source of uncertainty originates from either geo-registration errors or temporal discrep-
ancies. Geolocation errors are generally caused by spatial mismatch between satellite
observations and in situ measurements. The spatial footprint of in situ measurements is a
few meters, while the spatial resolution of the optical satellite varies from 30 m (Landsat) to
300 m (Sentinel-3). The evaluation of Chl-a estimates from a sea-viewing wide field-of-view
sensor indicated a high uncertainty of Chl-a estimates due to the spatial mismatch between
ground- and satellite-based observation [20]. Salama and Su [21] quantified the influence
of spatial discrepancy between the Medium Resolution Imaging Spectrometer (MERIS) and
field measurement on open-water reflectance. The results indicated that spatial mismatches
of 300 and 1000 m cause the uncertainty of reflectance up to 0.02 sr~! at the red band
(665 nm). Accordingly, many researchers have used Landsat-8 and Sentinel-2 with the
advantage of relatively high spatial resolution, although temporal mismatch often occurs
due to the relatively coarse temporal resolution (Landsat: 16 days, Sentinel-2: 5 days). In
addition, the limitations of obtaining satellite-based observation under cloud cover and
insufficient sampling activities over an inland lake enhances the temporal discrepancy
between satellite- and ground-based measurements.

Here, we aimed to improve remote sensing-based monitoring of water quality by
addressing potential geo-registration errors and temporal discrepancies in the matched
satellite and ground data. Specifically, we proposed an Akaike Information Criterion
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(AIC)-like weighted linear regression to estimate Chl-a over inland lakes in Ohio by using
HLS band reflectance as an input. The AIC-like weighted linear regression implements
an iterative multivariate linear regression (MLR) technique along with a leave-one-out
regression process, as well as the Akaike Information Criterion (AIC) for the weighting
scheme. For the evaluation, we compared Chl-a estimates from AIC-like weighted regres-
sion with those from multivariate linear regression and random forest (RF). Afterward, we
additionally analyzed the overall influence of spatial and temporal windows, which have
been employed in multiple studies to acquire more matching datasets between ground-
based measurements and satellite observations. The rationale behind implementing our
proposed method rather than machine learning or deep learning is that it explicitly shows
the influence of spatial and temporal windows through the weighting factor to accurately
estimate Chl-a.

2. Study Area and Datasets
2.1. Study Area

This study selected inland lakes located within Ohio, with geographical coverage rang-
ing from latitude 38.4°N to 41.98°N and longitude from 80.52°W to 84.82°W (see Figure 1).
Ohio’s climate is classified as a humid continental climate according to the Koppen-Geiger
classification, characterized by humid and hot summers and cold winters [22,23]. There are
relatively large temperature differences between summer and winter, while precipitation
shows an even distribution, with 60% of the annual precipitation occurring in the spring
and summer seasons [24].

42°N

40° N

O  Station

38° N E o HUC

84’ W 82" W 80 W
Figure 1. Geographic information of the study area. The blue dots represent the ground-based

stations utilized in this study, and the dotted line delineates the boundary of the Hydrologic Unit
Code (HUC)-4.

According to the Ohio Environmental Protection Agency (EPA) and Ohio Department
of Natural Resources, there are over 50,000 identifiable inland lakes in or partially within the
state of Ohio, with 110 natural lakes (with surface area larger than 5 acres) and 113 artificial
inland lakes (with surface area larger than 100 acres). Most of the large natural lakes
are located in northeastern Ohio, such as Summit, Portage, Stark, and Medina Counties,
while artificial lakes are spread throughout the state of Ohio. Among them, some of the
major lakes, including the Buckeye Lake and Grand Lake St. Marys (GLSM), suffer from
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cyanobacterial harmful algal bloom (CyanoHAB) [25,26]. For example, GLSM, one of the
largest inland lakes in Ohio, suffered a significant amount of microcystin in July 2010 with
the concentration reaching up to 500 ug/L, mainly due to eutrophication originating from
agricultural runoff [27].

In addition to the inland lakes in Ohio, a portion of Lake Erie, one of the Laurentian
Great Lakes, is included in the study domain. Specifically, this study focuses on the western
basin of Lake Erie, which extends from the city of Toledo to Sandusky. The Western
Lake Erie region consistently suffers from cyanobacterial HAB due to nutrient loadings
from agricultural runoff from the Maumee River watershed [28,29]. This has led local
governments to spend about $3 million per year to address the cyanotoxins in drinking
water [30,31].

2.2. Datasets
2.2.1. Ground-Based Chlorophyll-a Measurements

This study collected ground-based chlorophyll-a (Chl-a) observations via fluorometer
from various sources, including the following: (1) National Water Information System
(NWIS) from the United States Geophysical Survey (USGS), (2) Sustaining the Earth’s
Watersheds, Agricultural Research Data System (STEWARDS) from the United States
Department of Agriculture (USDA) Agricultural Research Services (ARS), (3) STOrage
and RETrieval Water Quality (STORET) from the United States Environmental Protection
Agency (EPA), (4) AquaSat [32], (5) Ohio Sea Grant and Stone Laboratory, and (6) Great
Lake Environmental Research Laboratory (GLERL) of the National Oceanic and Atmo-
spheric Administration (NOAA). Among these sources, Chl-a measurements from NWIS,
STEWARDS, and STORET over inland lakes in Ohio were accessible from the National
Water Quality Council (https://waterqualitydata.us, accessed on 28 May 2022).

Ohio Sea Grant and Stone Laboratory have been collecting water quality samples via
charter boat captains and science cruises since 2013 to efficiently monitor water quality
and algal blooms in Lake Erie [33]. They use a surface-to-2-m intergraded tube sampler
to obtain various water quality parameters (WQPs), including chlorophyll, microcystin,
and Secchi depth, along with ancillary information (e.g., water depth, water temperature,
and geographic location). The dataset can be obtained through the Stone Lab Algal and
Water Quality Laboratory (https://ohioseagrant.osu.edu/research/live/water, accessed
on 7 April 2022).

NOAA GLERL has also initiated the HAB monitoring field campaign over the western
part of Lake Erie since 2012 [34]. NOAA GLERL provides biological, chemical, and physical
properties of water quality through weekly sampling (from May to October), as well
as seven buoys deployed over the western part of Lake Erie that provide temporally
continuous observations. Note that sampling density may vary at each station due to
environmental conditions such as weather constraints [35]. The NOAA GLERL dataset
can be obtained from the NOAA-GLERL website (https://www.glerl.noaa.gov/data/
#biological, accessed on 10 May 2022).

2.2.2. Harmonized Landsat and Sentinel-2 (HLS)

Harmonized Landsat and Sentinel-2 is a project initiated by the National Aeronautics
and Space Administration to combine the surface reflectances from Landsat 8 Operational
Land Imager (OLI) and Sentinel-2 Multi-spectral Instrument (MSI) [36]. The original
surface reflectances from Sentinel-2 MSI and Landsat-8 OLI have slight differences in
revisit frequency (MSI: ~5 days near equator; OLI: 16 days), spectral resolution, and spatial
resolution (MSI: 10-60 m; OLI: 30 m [visible, near, and shortwave infrared] and 100 m
[thermal]). Accordingly, the HLS datasets underwent several processing steps to harmonize
the two datasets. First, atmospheric correction (Landsat Surface Reflectance Code) and
cloud mask were applied to both Landsat-8 and Sentinel-2 imagery. Then, a geometric co-
registration and resampling, bi-directional reflectance distribution function was applied to
normalize based on viewing and illumination angles. Then, the bandpass of Sentinel-2 was
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adjusted based on the Landsat-8 bandpass, which was based on the algorithm developed
based on the Hyperion sensor [37]. After the harmonization process, the HLS datasets
provided the global surface reflectance every 2-3 days with a spatial resolution of 30 m
on the Universal Transverse Mercator (UTM) projection. The temporal coverage of the
HLS was April 2013 and October 2015 for Landsat 8 and Sentinel-2, respectively. The
evaluation of surface reflectance from HLS by comparing against the Moderate Resolution
Imaging Spectroradiometer (MODIS) product revealed good consistency between the two,
with a relative uncertainty of less than 11% [36]. Considering the spectral signature of
Chl-a, as well as the overlapping spectral bands of Landsat-8 and Sentinel-2, this study
implemented eight spectral bands (Table 1) from April 2013 to December 2021 to estimate
the chlorophyll-a over inland lakes in Ohio.

Table 1. Spectral characteristics of the Harmonized Landsat and Sentinel-2 (HLS) datasets.

Band Name Wavelength (um) Landsat 8 Sentinel-2
Costal Aerosol 0.43-0.45 Band 01 BO1
Blue 0.45-0.51 Band 02 B02
Green 0.53-0.59 Band 03 B03
Red 0.64-0.67 Band 04 B04
NIR narrow 0.85-0.88 Band 05 B8A
SWIR ! 1 1.57-1.65 Band 06 B11
SWIR 2 2.11-2.29 Band 07 B12
Cirrus 1.36-1.38 Band 09 B10

1 Shortwave infrared.

3. Methodology
3.1. Data Processing and Quality Control

One of the major challenges encountered in water quality monitoring via satellite-
based observation is acquiring enough matched datasets between ground- and satellite-
based measurements. For instance, the lack of ground-based water quality datasets, along
with the relatively coarse temporal resolution of optical imagery, reduces the number of
available datasets for the estimation. In addition, if locally developed clouds contaminate
only a small portion of the study domain, we can acquire more datasets by obtaining
surface reflectance from nearby pixels. Accordingly, two aspects are generally considered:
(1) spatial window and (2) temporal window. The major assumption in using various
spatio-temporal windows is that water quality conditions remain relatively homogeneous
over the extended spatio-temporal windows if there are no significant climate conditions
causing any types of mixing [38]. Accordingly, many researchers have explored to find
optimized spatial [39-41] and temporal windows [37,42,43], but a consensus has not been
reached. Thus, this study utilized a spatial window of up to 8 neighboring pixels (~500 m)
and a temporal window of 5 days to collect satellite observations and further analyze the
influence of different spatio-temporal windows.

Before conducting the AIC-like weighted linear regression to estimate Chl-a, all
datasets collected from different sources underwent quality control (QC) processes. Firstly,
we only considered ground-based measurements collected near the water surface, as more
than 90% of the reflected signals from a water body originate from the water surface [44].
Additionally, ground-based measurements located within 30 m of the shoreline were dis-
carded to avoid the inclusion of bottom reflectance in shallow waters along the shoreline.
Furthermore, negative values and outliers from ground-based Chl-a (e.g., those outside
the range of three standard deviations) were not considered. Finally, if specific pixels
from either Sentinel-2 or Landsat 8 were cloud-contaminated (indicated by QC flags from
HLS), the corresponding ground-based measurements were discarded to minimize the
uncertainty triggered by clouds. As a result, only 42% of the datasets were available for
model development and validation. Accordingly, we divided them into 6:4 for model
development and validation.
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3.2. Akaike Information Criterion (AIC)-like Weighted Regression

In order to analyze the influence of geo-registration error and temporal discrepancy in
model training, this study proposed AIC-like weighted regression. The overall framework
is summarized in Figure 2. The proposed algorithm consists of three main parts: (1) conduct
a leave-one-out process, (2) calculate AIC-like weight, and (3) compute weighted linear
regression.
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Figure 2. Overall framework of the proposed AIC-like weighted linear regression model.

Suppose we have n combinations of surface reflectance (for each band) from HLS
paired with n ground-based Chl-a measurements across the study domain during the
study period. Note that each surface reflectance combination comprises multiple surface
reflectance observations (8 different band spectra for each observation) depending on
different spatio-temporal windows (described in Section 3.1). The first step is to select one
pair of surface reflectance combinations (composed of 8 bands) and the corresponding
Chl-a measurement. The underlying motivation for leave-one-out weighted linear regres-
sion framework originated from leave-one-out cross-validation. This technique has been
widely applied to evaluate the statistical performance of both classification and regression
algorithms [45]. Although leave-one-out cross-validation is computationally intensive as it
requires repetition, it can minimize the error magnitude by utilizing as many datasets as
possible to build the statistical model.
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Then, the remaining n-1 combinations of surface reflectance for each band will be
averaged, and in turn, we obtain n-1 combinations of simple-averaged surface reflectance
for each band and the corresponding Chl-a measurement, which will be used as predictor
and independent variables, respectively. For the leftover combination of surface reflectance,
we also use m individual band reflectance from each band (before averaging) and the
corresponding ground-based Chl-a measurement. This allows us to develop m different
multivariate linear regression models and calculate the mean square error (MSE) based on
different regression models. Subsequently, AIC-like weight is calculated by considering the
MSE of different regression models following Equation (1):

_1
w( l) — (i—y)*

m 1
Lis1 Wi-v)*

1)

where 1j; denotes the estimated Chl-a from mth regression model and y represents the
ground-based Chl-a measurement. m represents the different number of surface reflectance
observations within the nth combination. The underlying concept of Equation (1) comes
from AIC in that assigning more reliability toward the model yields a smaller magnitude of
MSE. More specifically, Equation (1) indicates the greater weight will be assigned to surface
band reflectance, which provides Chl-a estimates that closely match the ground-based
Chl-a measurement. Once the weight calculation is completed, it is further compared with
the Chl-a estimates based on using simple average of the surface reflectance to ensure that
weighted average of the surface reflectance will provide more accurate Chl-a estimates. If
not, weighted average of the surface reflectance will be replaced with the simple averaged
value. Afterward, we move to the next pair of surface reflectance combinations and ground-
based measurement and repeat the same procedure.

3.3. Evaluation Metrics

To evaluate Chl-a estimates from HLS and AIC-like weighted linear regression, we cal-
culated Chl-a estimates from both multivariate linear regression (MLR) and RE. MLR-based
Chl-a estimates were calculated by using HLS surface reflectance of same-day observations
(temporal windows of 24 h) at specific pixel-containing measurement locations. The same
matched-up datasets were used to calculate the RF-based Chl-a estimates with additional
hyperparameter optimization scheme (gridsearchCV).

For quantitative evaluation, statistical metrics including the coefficient of determina-
tion (R?), bias, mean absolute error (MAE), error variance (0’%), and root mean square error
(RMSE) were computed using the following equations:

NI (07 < vj) — 2 (07) T ()

R2 - 2 = 2 (2)
\/ [Nz}il (v2) - (=X () } {N ) - (T () ]

bias = ;]iil(y} vj) ©)

@

6)

where N represents the total number of ground-based Chl-a measurements over the study
period across the inland lakes in Ohio; yj; and y; denote the jth estimated and measured
Chl-a value, respectively. Note that o2 is calculated as the square of the RMSE.
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4. Results and Discussion
4.1. Overview of Chlorophyll-a over Inland Lakes in Ohio

Before evaluating Chl-a estimated using surface reflectance from HLS and AIC-like
weighted regression, we analyzed the overall temporal behavior of Chl-a measured through
sampling activities across inland lakes in Ohio from 2000 to 2020. The results indicated that
the overall concentration of Chl-a (Figure 3a) increased from 2000 to 2013, although the
mean concentration of Chl-a slightly decreased from 2011 to 2013 (Figure 3b). Afterward,
the mean concentration of Chl-a showed a significant increase in 2015, with the largest
standard deviation of 291.49 ug/L, followed by a slight decrease. The maximum Chl-a
concentration during the study period was 856 pug/L at Buckeye Lake during the year of
2016, indicating a high eutrophication level.

1000
)
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[eT0]
=
© 500
=
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2002 2004 2006 200 2010 2012 2014 2016 2018 2020
Year
100 — . ‘ 300 —
= (b) [Imean }:e
2 —e=std k200 § =
c 50 =k
o) — 41100 = @
= - %2 3
SE s s = ©
2000 2005 2010 2015 2020
Year

Figure 3. (a) Temporal behavior of Chl-a concentration and (b) annually averaged concentration and
standard deviation of Chl-a concentration over inland lakes in Ohio.

Focusing on the top five annual maximum Chl-a concentrations since 2010, they were
generally observed at Grand Lake St. Marys (GLSM), Buckeye Lake, and Lake Erie, which
was also witnessed by Gorham et al. [25] More specifically, 99.2% of the observed Chl-a
concentrations (i.e., 514 out of 519) at Buckeye Lake and GLSM yielded Chl-a concentrations
of over 56 ng/L, suggesting hypereutrophic conditions [46]. Both GLSM and Buckeye Lake
have similar causes for high Chl-a concertation: non-point source pollutant loading. For
example, GLSM is affected by pollutants from non-irrigated crop production, residential
development, and livestock feeding operations [47]. In the case of Buckeye Lake, it routinely
suffered algae blooms every year after 2010 due to nearby crop fields, accounting for 40.6%
of the land cover in Buckeye Lake [48]. The Buckeye Lake reservoir experienced a high Chl-
a concentration during 2015-2016 with the mean Chl-a concentration of 248.59 ug/L, which
corresponds to the algae warning issued by the Ohio Department of Natural Resources.

Figure 4 depicts the time series of Chl-a samples collected across Lake Erie during the
study period. Note that the period from 2000 to 2009 is illustrated separately, as the EPA
Great Lakes National Program sampled water quality parameters only during April and
August of each year. The main difference between the periods before and after 2010 is the
magnitude of the Chl-a concentration. The overall mean Chl-a concentration before 2010
was 2.20 ug/L, with annual averages ranging from 0.74 ug/L to 5.50 pug/L. In contrast, the
later period yielded a mean Chl-a concentration of 13.55 ug/L, with the maximum annual
average Chl-a of 31.49 ug/L occurring in 2015. According to Figure 4b, Chl-a measurement
exceeding 200 pg/L was first observed in August 2011, corresponding to the substantial
algal bloom that occurred in Lake Erie from June to October 2011. Michalak et al. [49]
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reported that the peak bloom intensity in August 2011 was 7.3 times higher than that
from 2001 to 2009, caused by phosphorus loading from agricultural practices coupled with
meteorological conditions such as heavy rainfall and discharge.
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Figure 4. Temporal variation in chlorophyll-a concentration over Lake Erie (a) from 2000 to 2009 and
(b) 2010 to 2020.

In terms of seasonal behavior, the maximum Chl-a concentration was generally mea-
sured in August of each year after 2010 (Figure 4b). This pattern aligns with the positive
relationship between lake surface temperature and Chl-a concentration. Kraemer et al. [50]
noted that phytoplankton incubate more readily under warming conditions, leading to
an increase in phytoplankton biomass in lakes due to enhanced energy transfer to phyto-
plankton consumers. Additionally, changes in meteorological conditions and land cover
triggered by warming can increase nutrient inflow into the lake. In 2014, the maximum
Chl-a concentration was observed in October, corresponding to a harmful and nuisance
cyanobacterial algal bloom in Lake Erie. This bloom further overwhelmed the water
treatment system in the city of Toledo [51].

4.2. Evaluation of Chlorophyll-a Estiamtes from AIC-like Weighted Regression

To examine the statistical performance of AIC-like weighted regression, we compared
the Chl-a estimates from both multivariate linear regression and AIC-like weighted regres-
sion against Chl-a observed from the ground-based stations (Figure 5). Overall, the results
indicated that AIC-like weighted regression yielded better consistency with ground-based
measurements. Specifically, the coefficient of determination (R?) of the AIC-like weighted
regression was 0.91, which was significantly higher than the R? of multivariate linear
regression (0.34). Similarly, the error variance of estimated Chl-a from AIC-like weighted re-
gression (0.30 ng/L on a log scale) was also an improvement over that of multivariate linear
regression (2.34 pug/L on a log scale). Additionally, Chl-a estimates from AIC-like weighted
regression showed better statistics than those estimated from a random forest model with
an R? of 0.82 and an error variance of 0.92 ug/L. While the random forest model performed
better than multivariate linear regression, the AIC-like weighted regression proposed in
this research demonstrated the best agreement with ground-based observations.

Figure 6 represents the scatterplot of observed versus estimated Chl-a from AIC-like
weighted regression for spring (March to May), summer (June to August), and autumn
(September to November). The R? values ranged from 0.89 to 0.93, indicating that the
estimated Chl-a showed good consistency with the observed Chl-a across all seasons. In
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terms of bias and RMSE, summer had the lowest bias (0.06 ng/L) and RMSE (0.55 ug/L),
followed by autumn (bias: 0.20 pg/L, RMSE: 0.89 pg/L) and spring (bias: —0.39 ug/L,
RMSE: 1.08 ug/L). One of the main reasons for the relatively poorer statistical performance
during spring is the presence of a strong vertical line in Figure 6a, along with a scattered
pattern at relatively low Chl-a concentrations. Similar findings have been reported by
Seegers et al. [52] and Neil et al. [53], indicating that Chl-a estimated via satellite-based
band reflectance exhibited lower statistical performance in the low Chl-a concentration
range. Figure 7 depicts a typical example of the Chl-a estimation process by an AIC-like
weighted scheme over the spring period. Specifically, Chl-a estimates from each HLS
reflectance (before averaging each band spectrum) yielded a large deviation from the
observed Chl-a. This phenomenon occurred due to the small magnitude (ranging from
1.9 x 107° t0 8.7 x 107°) and variation in reflectance (ranging from 107° to 10~°) within
spatio-temporal windows. These band reflectances are used as independent variables for
the simple linear equation developed with the n-1 combination of matchup pairs, which
creates a large deviation from the Chl-a observation. In the case of Chl-a estimates with
simple-averaged reflectance, it yielded relatively less deviation with the measurement
than weight-averaged HLS reflectance. Consequently, even though AIC-based weights
are continuously updated during iterations, they may not be updated significantly if the
band reflectance does not vary. The main reason for the small magnitude and variation is
related to the different characteristics of satellite-based reflectance depending on the water
body condition. In general, scattering in water is caused by pigments and other impurities,
contributing to the overall reflectance. Conversely, clean water yields a low signal-to-noise
ratio across the visible and near-infrared spectrum as it acts as an absorber [54]. In addition,
Timmons [55] revealed that inland lakes over Ohio during spring are under well-mixed
conditions due to the spring turnover, leading to homogeneous water conditions and small
magnitude and variation in satellite-based reflectance.
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Figure 7. Example of Chl-a estimation with AIC-like weighted scheme over spring period.

4.3. Influence of the Spatial and Temporal Windows on Estimating Chlorophyll-a

This section focuses on analyzing the overall influence of spatial and temporal win-
dows (depicted in Section 3.3) on the estimation of chlorophyll-a using AIC-like weighted
regression. Figure 8 illustrates the boxplots of the normalized weight across different spatial
windows for Lake Erie and the other inland lakes. For Lake Erie, the median normalized
weight varied from 0.405 to 0.433, while the mean normalized weight tended to increase
with the expansion of the spatial window from 0.696 (zero spatial window) to 1.152 (eight-
pixel spatial window). Sayers et al. [56] explored the spatial and temporal heterogeneity
of water quality parameters and their optical properties during 2015-2016. The results
indicated that the normalized beam attenuation and scattering coefficients from the stations
located within 13 km showed similar magnitudes, even though the water quality indicators
revealed slightly different values. This suggests that expanding the spatial window over
Lake Erie could help acquire more available band reflectance, thereby resulting in more
accurate Chl-a estimation. For all inland lakes except Lake Erie, the median normalized
weight ranged from 0.037 to 0.065, which was significantly less than that from Lake Erie.
Fee et al. [57] suggested that the spatial gradient of nutrient concentration in a smaller
lake was significantly smaller than that in a relatively larger lake due to the difference in
the mixing layer. On the other hand, the mean normalized weight for other lakes sug-
gested that the band reflectance extracted at a point (zero spatial window) revealed the
highest mean normalized weight of 2.085. This phenomenon can be explained by the fact
that a large spatial window can introduce the uncertainty caused by the land vegetation
surrounding lakes.

According to Figure 9, temporal windows of £3 days and 44 days yielded the largest
median normalized weights across Lake Erie and the other inland lakes, respectively. In the
case of exact same-day matches and a temporal window of £1 day, relatively small median
normalized weights were observed across all lakes. In terms of mean normalized weight,
all lakes revealed the highest mean values at a temporal window of &3 days, followed by
£2 days and £1 day. The main reason for the relatively small weight given to the exact
same-day match observations was the insufficient number of datasets compared to other
temporal windows. For instance, the number of cloud-free HLS images matched with
ground-based records during the study period was less than 150, while this number tripled
when the temporal window was extended to 3 days over Lake Erie.
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Figure 9. Boxplot of weight depending on different temporal windows for (a) Lake Erie and (b) other

inland lakes across Ohio.

Several researchers have explored effective time windows for applying satellite ob-
servations to estimate Chl-a. For example, Balley and Werdall [58] suggested to utilize
a 3-h time difference between satellite-based imagery and ground-based measurements
to estimate accurate water quality parameters. Conversely, Li et al. [59] used temporal
windows of +7 days and +12 days to estimate Chl-a over Chinese lakes in the northern
and southern parts of the country, respectively, using support vector machines. Kayastha
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et al. [38] explored effective time windows (up to 5 days) for Landsat-5, Landsat-8, and
Sentinel-2 to estimate Chl-a over Oklahoma reservoirs from 2006 to 2020. Their results
indicated that Landsat-5 yielded the best statistical performance in a relatively short tem-
poral window (%1 day), while Landsat-8 and Sentinel-2 yielded the best coefficients of
determination with temporal windows of £3 days and £5 days, respectively. It is worth
noting that the average cloud cover over the state of Ohio falls within 60 to 70%, with
Lake Erie generally showing cloud cover over 60% excluding the summer season over the
past 30 years [60]. Consequently, the appearance of relatively high cloud cover hinders
the acquisition of cloud-free satellite images and reduces the available number of datasets
to estimate Chl-a. This suggests that extending the temporal windows could help secure
sufficient datasets to estimate Chl-a over inland lakes across Ohio.

5. Conclusions

This study proposed a novel, simple AIC-like weighted regression method for esti-
mating Chl-a using band reflectance observed from HLS and applied it to inland lakes in
Ohio. Prior analysis of the temporal behavior of Chl-a across these lakes revealed that the
maximum Chl-a concentration was observed during the 2015-2016 seasons, with the high-
est concentrations measured in major inland lakes such as Grand Lake St. Marys (GLSM)
and Buckeye Lake. For Lake Erie, there was a significant difference in Chl-a concentration
before and after 2010.

Chl-a concentration was then estimated using cloud-free HLS imagery over Ohio and
an AIC-like weighted regression scheme. The statistical evaluation confirmed that Chl-a es-
timated from AIC-like weighted regression (R? = 0.92, 0% = 0.31 pg/L) yielded significantly
better statistics than both multivariate linear regression (R = 0.34, (7% =234 pg/L) and
random forest (R? = 0.82, (7% =0.92 ug/L). In terms of seasonal analysis, the summer and
autumn seasons revealed good statistical performance, while the spring season showed the
poorest performance due to relatively small variations in band reflectance caused by large
scattering components over deep water and low Chl-a concentrations in spring.

Further analysis of the weight depending on different spatial window length revealed
that spatial homogeneity was high for both Lake Erie and the other inland lakes. However,
the mean normalized weight suggested that the expansion of the spatial window should
be carefully chosen depending on the lake size and surrounding vegetation. In terms
of temporal windows, £2, £3, and £4 days yielded the highest weights over inland
lakes in Ohio. This indicates that increasing the temporal window up to 4 days helps
acquire a sufficient number of datasets to estimate Chl-a without impeding the underlying
assumption of relatively homogeneous temporal variations in inland lake water quality.

The AIC-like weighted regression method proposed in this study can be further
examined by using band reflectance from different optical sensors and applying it to
various water quality parameters (e.g., nutrients, Secchi depth, and organic matter) as well
as hydrometeorological variables (e.g., land surface temperature and soil moisture). For
future studies, consideration of water reflectance by using open-water-based atmospheric
corrections (e.g., Atmospheric Correction for OLI, Case 2 Regional CoastColour) can be
applied to retrieve water quality parameters from optical imagery. Additionally, the AIC-
like weighted regression method can be improved by implementing different weighting
schemes depending on the size of the lake and the influence of different seasons.
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